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ABSTRACT

In thé present resezrch the kinetlics of the extraction into
water of polyphenols ( theaflavins and thearubigins ) and of
caffeine in Koonsong B.P., tea and of polyphenols in Assam B,0.P.
tea were investigated from the early stages to equilibrium. Expe-
riments were carried out at 25°C ( rhere there was interference
from cream formation ), 80°C and 95°C. The techniques employed
included spectrophotometry, chromatography, solvent exitraction
and freeze drying. The resulis were fitted to a2 simple model for
tea infusion and various parameters were calculated. Equilibrium
measurenents were also carried out to find ‘the partition coeffi-
clents of the three soluble constituents. From the temperature
variation of the equilibrium and kinetic parameters it was possible
to caleculate enthalpy changes and energies of actiVation. The ‘

latter are surprisingly small.
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INTRODUCTION
I.0 TEA AND TEA MANUFACTURE

Tea is a2 processed vegetable material used Lo prepare a
delicétely flavoured beverage which is widely consumed in the
ytorld. Tea plants are grown in many tropical and sub-tropical
regions around the world, namely India, China, Sri Lanka and
Africa. The tea plant is usually deseribed as Camelia Sinensis L
().

Hours after harvesting the fresh tea leaves, they are sent
to the nearby factory on the tea estate for manufacture, The shoot
tips or the green leaves form the initial raw material; the har-
vestable portion is called the tea flush., Hanufacturing leads
to the formation of commercial tea products such as green tea
( not fermented )}, oolong tea ( partially fermented ) or black
tea ( fully fermented }. The ten manufeciuring process is a bio=-
chemical one and is outlined in Pigure I. The traditioral process
for making black tea may be divided into the following stages:
( 2 ) Plucking or harvesting the tea flush fixes the biochemical™™
potential of the tea leaf material to make a tea product (>I )
and iritiates ( b ) withering. This 1s essentially a drying
process which usually takes 4 - I8 hr during which the moisture
content of the tea flush is reduced from 757 to about 65 - 557,
The withered tea leaves are ( ¢ ) macerated in machines designed
to break up the flush, causing a great deal of domage to the
tissues of the leaves, This action initiates the ( 4 ) tea fermen-

tation process by causing the tea flavanols to come into contact



with endogenous tea catechol oxldase enzymes [_the tea flavanols
and the tea catechol oxldase are spatlally separated in the tea
leaf tissues ( 6 - 8 )] .

Tea fermentation, the most imporitant and most characteristie
step in tea manufacture, normally takes from I to 4 hr, The pri-
nary Treactions outlined in Figure 2 involve the oxidative trans-
formation of the tea flavanols ( I - IV ) ( 9, IO ). About IS -

25% of the dry weight of the tea leaf tissues are made of flavanols,
ané they are transformed +to colour compounds named theaflavins

( IX = XIT )} and thearubigins ( 9 ) which contribute to the
appearance ( colour characteristic ) and taste of black tea;

these reactions are deplcted in Filgure 3, Theéflavins have been
isolated as pure substances and siructures have been suggested for
them ( 9, ITI - I4 ). Thearubigins, characterised as polymeric
proanthocyanidins ( IS - I8 ), are a complex mixiure of substances
with molecular weights ranging from 700 - 40,000 ( I9 ). The
thezarubigins have fairly strong acidic properties and a considerable
anount of them are present =s potassium and caleium salts in tea
liquors. Unlike theaflavins, no pure substances have been isolated
from the thearubigin mixture although Roberts et al, ( 20 ) se-
parated the mixture into two fractions, namely, SI and SII. The

two fractions differ in thelr solubility relationships and their
chromatographic behaviour,

The final stage in the tea manufacturing process is ( e )}

firing ( drying ) the fermented tea flush., The drying temperature

increases from 65°C to 95°C during a drying cycle of period I8 =~



22 minutes, during which the moisture content of the tea is
reduced to about 2 - 5%. The firing treatment finishes the
conversion of the tea flush to. 2 black tez product. Soxrting and
packing of the tea product is a mechanieal process although it
does separate the pariicles of tea into different grades of tes
with differing qualities. A more detailed account of the tea
manufacturing process can be found in references 2 - 5.

The estimated chemical composition of blaeck tea components

soluble in water is listed in Table ( I Y (21 ),
I.I CAFFEINE AND OTHER ALXALOIDS

Apart from the theaflavins and thearubigins in black tea
whose contribution towards the colour and taste of tea has been
deseribed above, the popularity of tea as a2 beverage must be
accounted for by its alkaloid cbﬁtent. Caffeine, whose structure
is given below, was discovered in tea by Oudry in I827 ( 22 )

and is by far ithe most dominant alkaloid, being present in con-

centrations as high as 4% in b%ack tea leaf ( 2I }.
- 3

Ra
(I) =z caffeine ( I,3,7 - trinethylxanthine )JtRr _ Ro = Rz = CH,

( IT )= theobromine ( 3,7 - dimethylxanthine }:Ry = H; Ry = R3 = CH3z

( ITT ) - theophylline ( I,7 - dimethylxanthine ): Ry = Ry, ¢z CHz;

Ry = H

Two other alkaloids, theobromine ( II ) and theophylline ( IIT )



were found in tea by Zoller and Libich in I8TI ( 23 Y and
Kossel in I889 ( 24 ), respectively. These alkaloids are present

in tea in trace amounts ( 25 ).
I.2 THE PRESENT WORK

No systematic physicochemical measurements have yet been
carried out on tea infuslon processes. It was the aim of the
present research to investigate the kinetics of dissolution of
three main constituents ( théaflavins, thearubigins, and caffeine )
of black tea leaves in agqueous solutions, and also the effect
of temperature on the rate constant. So far Btheaflavins and
%thearubigins ( I5 } and Peaffeine ( 24, 27 ) have been deter-
ﬁined from equilibrium meésurements. Natarajan et al., ( 28 )

did study the rate of extraction of different constituents of
tea with different brewing temperatures but they did not calculate
any parameters.

In the present research the rate constants and partition
coefficients and percentages for the infuslon of theaflavins
and thearubigins from black tea were studied at 25°¢, 79.5°c,
and 94°C, For the infusion of caffeine the above paTameters were
studied at 80°C and 94.5°C, the work at 25°C being discarded
because of the formation of cream at this temperature ( see later )},
The activation energles and enthalpies for the processes invol-
#ing these three constituents were evaluated as well as the

composition of these constituents in the tea leaf,



FIGURE I

OUTLINE OF BLACK TEA MANUFACTURING PROCESS FROM CULTIVATION OF
FPRESH GREEN TEA FLUSH TO BREWING OF BLACK TEA
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TABLE { T )

ESTIMATED COMPOSITION OF BLACK TEA CCMPONENTS SOLUBLE IN

WATER ( 2I }

% dry . wt, % of total
of leaf soluble
.solids

Flavanols ( mainly epl - gallocatechin I ~3 3 - 8
gallate )
Flavanols and flavanol glycosides 2 _ 3 6-~- 8
Phenolic acids and depsides 4 IT
Theaflavins T -2 3 .6
Nondialyzable phenolic substances .- I.5 4
Qther phenolic substances ( bisflavanols, 2 - 4 6 - I0
dialyzable thearubigins,‘oiher fermenta-
tion products )
Caffeine 3 -4 8 - II
Anino aclds and peptides 5 I4
Simple carbohydrates 4 Ix
Organic acids 0.5. I.5
Partially soluble substances
Proteln ca. I5
Polysaccharide I4 4
Nuelelec acid 0.09 0.1
Hineral salts ( ash )} ca. 5 ca.IO




FIGURE 2

THE PRIMARY REACTION OF TEA FERMENTATION, NAMELY THE CATECHOL
OXIDASE - CATALYSED OXIDATION OF THE TEA FLAVANCLS ( I - IV )

©R H Catechol

oxldase

HO

OH H \'\
OXIDIZED FLAVANOLS ( V - VIII ) “ORy
I = (-) = eplcatechin; RI - R2 - H
II = (-) - epicatechin - 3 - gallate; Ry a H, Ry = 3,4,5 - tri-
| hydroxybenzoyl
III = (~) ~ epigallocateching Ry z OH, Ry = H
IV = (-) - epigallocatechin - 3 - gallate; Ry = OH, Rp = 3,4,5 =
trihydroxybenzoyl

V-VIII = 3', 4" orthoquinones of I - IV, respectively



FIGURE 3

CONDENSATION OF OXIDIZED TEA FLAVANOLS ( V - VIII ) PRODUCES
THEAFLAVINS ( IX - XII ) AND THEARUBIGINS [ POLYMERIC PROAN-
THOCYANIDINS; BROWN ET AL., I969a,b (16:47) | WHICH ARE THE
PRINCIPAL COLOURED SUBSTANCES OF BLACK TEA

Oxidized tea flavanols, V - VII

THEARUBIGINS

>

( polymeric

proanthocya~

nidins )

THEAFLAVINS, IX - XIX

IX

h H -R :H
theaflavin; RI = B,

X = theaflavin gallate A; Ry

H, R, = 3,4,5 - trihydroxybenzoyl

XI = theaflavin gallate B; Ry = 3,4,5 - trihydroxybenzoyl, R, = H

XII= theaflavin digallate; Ry ;332-3 3,4,5 - trihydroxybenzoyl



CHAPTER I
THEAFLAVINS AND THEARUBIGINS
T.0 METHODS OF ANALYSIS

Most analysis of the polyphenols (-theaflavins and thearubie
zins ) ofhblagk tea have been performed w;th hot aqueous extracts
9f the tea leaf, at a concentration similar to that used by Roberts
and Smith.( 20 ). These workers used 9g of black tea in 375 ml
boiling water as a standard brew, This infusion was maintained at
I00°C in 2 boiling water bath for 20 min and resulted in almost
complete extraction of the polyphenols, Hilton and Ellis ( 29 )
kept ﬁhg temperature of the iInfusion close to the boiling point
by extracting the black tea in a vacuun flask. This method is
simple and quite 2 number of samples can be infused in a short

tinme, The reproducibility is also good.

The theaflavins and thearubigins in black tea extract were
first separated by solvent extractions with isobutyl methyl ketone
( IBMK ) oxr ethyl acetate 2nd analysed spectrophotometrically ( 30 ).
Details of this procedure are given in the next sectlon. Thezfla-
vins have also been determined spectrophotometrically by a method
devised by Hilton ( 31 ). Diphenyl boric acid ethanolamine complex
("Flavognost", Heyl and Coj; Berlin ) is used as a specific colori-
metric reagent for theaflavins. This reagent does not react with
flavanols or any other constituent of fresh green leaf being
specific for the benzotropolone nuecleus of theaflavins. The reagent
produces a green colour complex with theaflavins which gives a
broad maximum absorpiion at 600 nm, This value is well separated
from the absorption maxima of other pligments which may be present

in the tea extract.
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The development of partition:chromatography -as a preparative
method enabled Bradfield and co ~ workers to-elucidate the
nature of the polyphenols of tea. They isolated and characterised
seven catechins in Ceylon green tea ( 32, 33 ). The success of
rreparative partition chromatography: suggested that useful infor-
mation might be obtained by applying the methods of paper chroma-
tography to a study of catechins and other polyphenols in tea
( 34, 35 ). Later Roberts and co - workers fractionated the pheno-
lie substances of manufactured black tea qualitatively by paper
chromatography ( II, 36 ). Qualitative separation of black tea
polyphenols can also be achieved by thin layer chromatography
( 37, 38 )., Of the two.chromatographic methods thin layer chro-
matography 1s the preferred one, having the advantages over
paper chromatography of high resolution; sensitivity, speed
of development and ease and efficiency of elution from the layers
( 37 ). Two dimensional plates spread with cellulose powder
MN - 300 made by Macherey, Nagel and Co, Duren, Germany, to a
thickness of 0.25 mm are normally used for thin layer chromatog-
raphic work. Essentially, tea infusions are appliedrto’the-plates
with mlcropipettes. The plates are developed in the first dimen-
‘sion with water and the second dimension with the top phase
4 1 T 4 5 butanol - I - acetic acid - water mixture. The chromato-
gramé are dried and examined under. daylight and ultraviolet light
after fuming with ammonia. The spots can also be examined after
spraying with I% ethanolic aluminium chloride solution , vanillin

Teagent, or 0.5 ¥ sodium hydroxide solution, Figure 4 indieates
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2 typiteal chromatogram ( 39 ) and the individual components may
be identified by their colour reactions given in Table ( 2 ).

In recent years liguid column chromatography nethods using
modified dextran gel ( Sephadex LH-20 ) have been introduced to
analyse the theaflavin fractions separately ( 40 ) and in general
these methods have provided useful information concerning the
thearubigin complex ( 4I ). Gas - liquid chromatogravhy has slso
been used to determine theaflavins in tea brew, Collier and Mallows
( 42 ) have estimated theaflavins in tea by gas - liquid chroma-
tography of their trimefhyl s1lyl ethers. Details of the methods
used in the present work will be given in the following experimen-

tal sections.
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FIGURE 4
THIN LAYER CELLULOSE CHROMATOGRAM OF PHENOLIC COMPONENTS OF
BLACK TEA
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Only those components not found in unfermented tea ;re shown, except
the flavanols, which are shown for orientatlon purposes. Spots: C,
catechin; EG, epicatechin; GC, gallocatechin;EGC,epigallocatechin;
ECG,eplcatechin gallate; EGCG,epigallocatechin gallate;SI and Syy,
components of thearubigin; TF,theaflaving ITF, isotheaflavin;TFG,
theaflavin - 3 - gallate; TFG,,theaflavin - 3' - gallate; TFDG,
theaflagvin - 3,3' - digallate; A, digallolylbisepigallocatechin;

B, gallolylbisepigallocatechin; €', bisepigallocatechin; P,q,%,Y,
%2, are of unknown identity ( P may be a pentahydroxy flavylium

salt, and the § the oxidation product of epicatechin and gallie

acid ( 9 ).
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TABLE ( 2 )

COLOUR REACTIONS OF PHENCLIC SUBSTANCES IN AN AQUEQUS EXTRACT

OF BLACK TEA (45).

Spot Colour [UV fluorescence ~SDTay reacents
code + fHy vapour AlCly Vanillin Na0H
F orange chocolate pink pink purple
ITF orange chocolate pink pink purple
TFGp orange chocolate plnk pink purple
TFGo orange chocolate pink pink purple
TFDG orange chocolate pink pink purple
sI orange- dark no dark- darkens
brown change browm
SIT browm dark no dark- darkens
change bromn
A colour- violet nil pink faint
less brown
B colour- violet nil pink faint
less brown
ccC colour- nil nil pink faint
less brown
P pink dark no "no blue
change change
Q orange dark deepexr darkens nauve
brown orange
VA orange yellow no
change
X Yellow dark no pink- darkens
change brovn
Y yellow dark no pink- darkens
change brown
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T.I PRELIMINARY WORK
( 2 ) SEPARATION OF THEAFLAVINS AND THEARUBIGINS ON SEPHADEX

LH - 20 |

0f all the methods mentioned in section I.0, the licuid

column chromatographic method on Sephadex LH - 20 for the deter-
nination of theaflavins and thearubigins ahdmthe complex formation
method for the determination of theaflavins were first tried in
preliminary experiments carried out at the Cadbury Typhoo Labora-
tories,

Sephadex LH - 20 gels separate a mixture of compounds according
to their molecular éize. These gels also absorb aromatic and hetero-
cyclic compounds from aqueous solutions and this adsorption effect
is frequently used to separate az mixture of similar molecular
weights, For example, phenols which strongly interact with these
gels aTe separated on Sephadex LH - 20. Determann and Walter ( 43 )
have shown that adsorption oceurs via the hydroxy - ether groups
which cross - link the dextran chains. The bonding of any aromatic
conpound to Sephadex is thought to arisé from the interactiéﬁ of
the T electrons with the gel matrix, However, Woof and Pierce
( 44 ) have noted that the adsorption of a substituted phenol
depends on whether the substituent - donates or withdraws electrons
from the aromatic ring, This suggests that the hydroxyl group
takes part in the interaction with the gel,

EXPERIMENTAL PROCEDURE

FPreeze dried extract of the tea was prepared by infusing 90g
of black tea ( Assam Broken Orange Pekoe,B.0.P. ) in 375 nl of
bolling distilled water. The infusion was stirred for 20 nin

and filtered through cotton wool. The clear solution ( filtrate )
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\

was frozen on.a BRoneo Vickers Freeze Drier., The yleld was appro-
xinately 30g of{brown hygroscopvic powder. 500mg of the‘freeZe
dried extract was weighed and suspended in 2 ml of 60 vol3
acetone - water §olution. Precipitated polysaccharide:matérigl
was centrifuged off and the supernatant layer added to- the top
of 2 column ( 30 em x 2.5 cm ) containing Sephadex LH -.20
previously equilibrated and eluted with 60% acetope_Q water,
Separation took Place over approximately 6lhr. Photograph I
shows the column of Sephadex LH - 20, The top - » band is

the theaflavin one and the rest of the bands contain the thearu-
bigin complex., Thearubigins were first eluted with 60% acetone -
water and then the bright orange band of theaflavins collected
as 40 ml eluent in a flask., The different components can be
identified by their elution profile. The eluent can be monitered
at 380 nm by passage through a flow cell contained in a photo-
meter or a spectrophotometer connected to 2 logarithmic scale
recorder, Since the monitoring system was not available at the
time of the experiment the elution profile was not recorded,
However, a typical elution profile "~ 4is depicted in Figure 5,
Acetone was removed from the eluted theaflavins by vacuum distil-
lation., Theaflavins were extracted into ethyl acetate which was
then eVaforated off leaving a brown/orange solid. This solid was
dissolved in approximately 3 ml of 35% acetone - water and

added to the top-of a ( 30 em x 2,5 cn )} column of Sephadex

LH - 20 previously equilibrated and eluted with 359 acetone -

water, In about 5 hr theaflavins separated out into three
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distinctive orange bands ( Photograph II ). The three bands
correspond to theaflavin lsomers, theaflavin monogallates,
and theaflavin bisgallate. Here agaln due to the unavailibility
of the monitoring system the elution profile was not recorded,
ihese compounds can easily be ldentified by comparison of their
Qbsorption spectra at 380 nm with authentic synthetic samples
( 45 ), A typical eiution profile is shown in Figure 6.

The above method can also be performed by a less time con-
suning way ( 40 ), Instead of separating the theaflavins from
the tea extract by liquid column chromatography, one could simply
extract the theaflavins from the filtered tea infusion by means
of solvent extraction with ethyl acetate and wash briefly with
2.5% aqueous sodium bicarbonate solution followed by removal of
eth&l acetate by rotary evaporation., The brownish powder obtained
- after evaporation of ethyl acetate is dissolved in 35% acetone -
water. The mixture can be added to the top of a column { IC em x
I em ) of Sephadex LH - 20 equilibrated in 35% acetone - water,
It takes about 5 hr for the theaflavins to separate out into

three distinctive components.
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FIGURE 5
ELUTION OF AN INFUSION OF BLACK TEA FROM A COLUMN OF SEPHADEX
LH - 20. SOLVENT: 6:4 ACETONE WATER. COMPONENTS I - 7, THEARUBIGINS.
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FIGURE 6

ELUTION OF THEAFLAVINS FROM A COLUMN OF SEPHADEX LH - 20. SOLVENT;
35365 ACETONE - WATER.,
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( b ) DETERMINATION OF THEAFLAVINS IN BLACK TEA EXTRACT BY
A COLORIMETRIC METHEOD
This experiment was carried out at Cadbury Typhoo Lid,
Birmingham, in order to make a correlation with the method

of Roberts and Smith.

EXPERIMENTAL PROCEDURE :

375 ml of bolling distilled water were poured onto 9g of
black tea ( B.0.P.,Broken Orange Pekoe ) in a vacuum flask.
The flask was placed in a mechanical shaker and the infusion
shaken for 20 min, It was then filtered through a cotton
wool plug in a filter funmnel, 5 ml aliquots of the filtered
tea infusion were placed into three different bottles ( 25 ml
capacity ) and to each of these bottles 5 ml aliquots of iso-
butyl methyl ketone ( BuCoMe ) were added. In a fourth botile
5 nl distilled water and 5 ml BuColle were placed to serve as
a blank solution. All four boititles were stoppered and shaken
in a mechanical shaker for I5 min to ensure complete extrac-
tion of the theaflavins from the tea infusion. I ml of the
top BuColle layer was plpetted into a test tube followed by
the addition of I ml absolute ethyl alcohol and I nl 2%

( weight / volume ) ethanolic flavognost. This reagent had
been prepared by dissolving Ig of diphenyl boriec acid - 2 -~
anino ethyl ester ( Sigma Chemical Company )} in 50 ml absol-
ute ethyl aleochol., After the mixture had stood for 5 nmin a
green coloration dewveloped. The absorbance of this solution
was measured at 600 nm in a Hitachi Perkin - Elmer I24 Double

Bean Spectrophotometer where it exhibited a broad maximum5
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a typical spectrum is depicted in Figure 7, The same pro-

cedure was applied to the replicate samples.

RESULTS AND CALCULATION

Baselineblank readings of 0,0I were subttracted from all
absorbaﬁce values. The absorbances of the three replicate
solutions after correction were, 0.290, 0,290 and 0,287
giving an average value of 0,289, The following approximate
conversion factor given in the Encyclopedia of Industrial
Chenleal Analysis ( 45 ) for determining percentage theaflavin

can be used,

Theaflavin, w/w in black tea = 4,28 ('Asoo‘)

- 4‘.28 X 0-289 - 1124(’;

Table ( 3 )} compares ithe Roberts and Smith and the Hilton
method for tea infusions prepared at 2500. Bxcept for run I,
the optical absorbances ( A ) of the solutions at 600 nm were
found to be viritually the same as those of solution C at 380 nm
in the Roberts and Smith method. However, the percentage thea-
flavin is quite different between the two methods. The appro-
priate factor for determining percentage theaflavin ( solution C )
of Roberts and Smith's method is 2.25., This value is arbitrary
because Roberts and Smith were not aware of the existence of

theaflavin gallates or their formulae.
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FIGURE 7

SPECTRUM OF THEAFL AVIN DIPHENYL BORIC ACID COMPLEX
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TABLE ( 3 )

COLFARISON BETWEEN ROBERTS AND SHITH'S AND HILTON'S NETHOD

FOR THE DETERMINATION OF TEEAFLAVINS I BLACK TEA EXTRACT

Runs | T/°C Time A% Al 2T arr’
/min ,

; 25 5 0,030 0,0I5) 0,I60 0.064

2 o5 5 o.;;7 0.025| 0.I34 [ o0.I07

I 25 24-25 0.090 0.092{ 0,480 0.394

| 2 25 24-25 0,089 0.075| 0.478 0,321
| I 25 60 0.II0 0.102| 0.500 | 0.437
2 25 60 0.I00 O;IOO 0.537 0.428

3 25 60 0,105 0.I00] 0,560 0.428|

X = Roberts and Smith's method

¥ = Hilton's nethod
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( ¢ ) ROBERTS AND SMITH?S METHOD FOR THE DETERMINATION OF
THEAFLAVINS AND THEARUBIGINS

Roberts and Smith’s method for the determination of thea-
flavins and thearubigins is based upon the fact that the
theaflavins are almost quantitatively extracted from a tea
infusion by one extraction with ethyl acetate or IBMK. These
solvents do not extract thearubigins of the SII itype, although
SI type thearubigins present in the form of free acid are
partially extracted, Those thearubigins which are extracted
by ethyl acetate or IBMK are soluble in aqueous hydrogen
carbonate, whereas the theaflavins are insoluble. Therefore
theaflavins and SI thearubigins can be almost quantitatively
separated by shaking the organic tea extract with an agqueous
solution of sodium hydrogen carbonate. Theaflavin and its
gallate have well defined absorpition maxima at 380 nn and
460 nm ( 46, 47 ) vhere other substances present in tea do not
absorb. The extractable thearubigins can be determined by the
decrease in optical density which occurs after washing with
sodiun hydrogen carbonate. The residual SII thearubigins in
the agueous laver, after extraction with ethyl acetate or
IBMK, are largely present in the anion forms which are more
deeply coloured than the acid forms. Hence an excess of
agqueous oxalic acid is added to the aqueous layer in order
to convert all thearubigins to the acid form and reduce the
colour intensity. Direct spectrophotometric analysis thus

becomes possible after acidification. The recommended schene
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of analysis is conveniently summarized in the block diagran
depicted in.Figure §,- ',

Given below is the general experimental procedurg which
was used for work done at three different temperatures,

nanely, 25°¢, 80°¢ and 95°c.
EXPERTMENTAL PROCEDURE

A glass stoppered 250 ml flat-bottomed flask containing
a2 bar magne!t stirrer was placed in a thermostatic water
bath maintained at the appropriate temperature. X ml of dis-
t1lled water at the same temperature were added to the flask
and the immersible magnetic stirrer ( Rank Bros; Bottishan,
Cambs. )} turned on and left for 5 min to ensure that the
water in the flask attained the temperature of the surrcund-
ing bath, Yzm of tea were added to the flask, and the initial
temperature of the infusion was recorded with z thermometer
( the actual amount of distilled water and tea used are
+tabulated in the resulis section ), The tea solution was
stirred for the desirecd period and the final temperature
was recorded. At the end of the desired time a2 I0 ml sample
of the tea infusion was removed by means of a L0 ml sytinge
( Beacon Interchangeable Syringe ) fitted with a hypodermic
needle ( metal tip ) to ensure that no tea leaves entered
the syringe., In Robert's method ( I5 ) the tea infusion
together with the tea ieaves are filtered through a cotton
wool plug; such a method of removing tea leaves was not approe-
priate in the present work with dilute solutions since tan-

nins were adsorbed by the cotton wool plug., The I0 nl tea
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infusion was shaken with I0 ml IBMK solution in 2z closed
quickfit glass tube ( 30 ml capacity ) for 5 min taking care
( by not shaking too vigorously )} to avoid the formation . of
a tea cream as mentioned in Chapter I, However, a brownish
precipitate did form at and around the interface itself. The
precipitate was very slight at low tea concentrations and
hightenperatures but more evident at high. tea concentrations
and low temperatures. After being shaken the two layers were
allowed to settle. 4 m1 of the top IBMK layer was placed in
a 25 nl volumetric flask and the volume was made upto thg
mark with methanol ( B.D,H,, Analar )} to form solution A,
Another 5 ml of theAIBMK iayer vas shaken vigorously in a

30 ml quickfit glass tube with freshly prepared 5 ml of
agueous 2.5% (.'W/V ) sodium hydrogen carbonate { B.D.H,, Analar)
for 30 sec.'The layers were zllowed to separate and 4 nl of
the top washed IBMK layer was placed in a 25 nl volumetric
flask and diluted to the mark with methanol to form solution
€. Then, to a 2 .ml portion of the aqueous layer left from
the first extraction with IBMK were added 2 nl of a saturated
aqueous solution of oxalic acid ( B,D,H., Analar )} and 6 nl
of distilled water in a 25 nl volumetrie flask, made upto -
the mark with methanol to form solution D. The optical den-~
sitles ayy apy and ag of solutions A, C, and D respectively
were measured.- in I cm cells at 380 nm in a Hitachi Perkin -

Elmer I24 Double Beam Spectrophotometer.

EVALUATION OF THE THEAFLAVIN AND THEARUBIGIN COITENT

The content of theaflavins ( as anhydrous theaflavin gallate,
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since there is always conslderably more theaflavin gallate,
than theaflavin in tea } and thearubigins in the tea solutions
are calculated by the following formulae given by Roberts and
Smith,

% Theaflavin = %5 ag fI1= 6.25 ap f1

% Thearubins

(Z2-25C2-2)],

6.25 ( Z,QD -a -a, ) f2

The factor 25/4 arises from the dilution of solutions A and
C, and 25/2 is the dilution factor of solution D. The symbols
f_ and f_ represent spectrophotometric conversion factors.

I 2

1

fr = { 0,02 ) (856,7) ( 375 ) = 0,36
( 2.225 ) (892.7 ) ( 9 )

where, 2.225 = Eg'gig value of theaflavin gallate dihydrate

at 380 nm

856,7 = gram - molecular welght of anhydrous theaflavin
gallate

892.7 = gram - molecular weight of theaflavin gallate
dihydrate

375 = volume of the black tea infusion in ml ( as used
by Roberts )

9 = welght of tea leaves in grams ( as used by Roberts)

The value of f2 1s necessarily arbitrary, due to incomplete
knowledge of the chemistry and degree of hydration of the

thearubigin complex., The formula given by Roberts and Smith iss
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t

£, = (0,02) (375 ) = I.I3
(0.733) (9)

0.02%
I em
This method only glves a measure of the total theaflavin

where; 0.733 - E of thearubigins at 380 nanm,

content of a tea infusion without taking into--consideration
the existence of different theaflavin fractions. This total
#theaflavin is arbitrary, for it is calculated on the.basis of
ﬁean extinction coefficlients which are assumed to be independent
of the composition of the theaflavin fraction. Collier and
Mallows ( 42 } proved the assumption to be false and showed
that though the molar extinction coefficients (£ ) of the
theaflavins are closely similar, their gram - concentration
extinection coefficients ( Eg.:j%)»differ,considerably, as
showm in Table (4 ). Therefore it is nuch nore accurate to -
determine the molar concentration of theaflavins in.a tea in-
fusion rather than the total #theaflavin as by Roberts and
Smiths' method, The molar concentration in the present method
was determined b& using the Beer - Lambert equation. This can

written as:

logro(Ig/I)= Ecl = o

where Ig = the intensity of the incident 1ight
I - the intensity of the transmitted light
1 = path length of light ( length of cell }

¢ = concentration of the absorbing material

. = absorbance of the soluble constituent
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For theaflavins the average extinction coefficient wvalue
obtained from Table (4 ) was used in the present work in
order to find the concentration of the theaflavin fractions.
The factor for calculating percentage thearubigins from
optical densities is arbitrary due to the uncertainty of the
exact'structure of the thearubigins as mentioned in the Introduc-
tion , Since no extinctlon coefficients of the thearubigin
conplex are avallable we had to resort to Roberts and Smith's
formula for caleculating percentage thearubigins, '
-In the present work the general procedure of Roberts and
Smith was used but with different experimental conditions,.
In order to find out whether this method works for low concen-
tration tea infusions, a standard Robexrts and Smith run was
carried out at 95°C. Absorbances of solutions A,-C, and D
respectively were measured taking hot infﬁsion / cold IBMK
Table ( 5 ) . Hot infusion / cold IBMK was preferred %o
cold infusion / cold IBMK because the later gave slightly
lower theaflavin values ( could have been due to the formation
of eream ) as showm in Table (I8 ), however, the thearubigin
values remained practically the same in both cases. Then a
certain volume of the infusion ( %i.e, the hot infusion )
was diluted with an equal volume of distilled water and again
the absorbances of the diluted solutions were measured. The
values of the absorbances are recorded in Table ( 6 ), From
the present results it appeared that Roberts and SmithSmethod

is feasible for diluted tea infusions.
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FIGURE 8

FLOW CHART FOR THE ANALYSIS OF THEAFLAVINS AND THEARUBIGINS

BY THE METHOD OF ROBERTS AND SMITH

4
50 ml IBMK

50 ml infusion

e N/
Agueous IBMK
‘| | layer | layer l
2 nl 4+ 8 ml 2ml ¢ 2 nl 4 m1 4 25 ml ¢ 25 nl
distilled wad | saturated oxaliq|methanol 2.5%(w/v)sodiun
ter + metha- aclid solution 0o 25 nl bicarbonate
nol to 25 ml ¢ 6 nl distilleq solution
vater + methanol
to 25 ml
‘%OLUTION B SOLUTION D SOLUTION 4
IBMKX layewr Sodium bicar-
4 m1 ¢ methanoll bonate layer
to 25 ml
SOLUTION C DISCARD

*In the present research solutlion B was not made since it is

used to measure total colour which was not required in the

present work.
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TABLE { 4 )

EXTINCTION COEFFICIENTS OF THE THEAFLAVINS IN METHANOL
SOLUTION (42) '

377 om 459 nm
Fren £ 2oia £
TFy | 1;9; 10800 0.730 4060
TFgAiV 1439 I0004 0.546 39I0
TF ,B I.45 10038 0.570 4081
TF I.I8 10231 0;407 3540
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TABLE ( 5 )

EFFECT SHOWING THE DIFFERENCE BETWEEN EXTRACTING HOT INFUSION/

COLD IBMK AND COLD INFUSION/COLD IBMK.

/cold IBHK

Welght of . conen,
tea leaves of TF 2TR
Type of (g)/hl of a, 24 2y /;6; -
tea used distilled ~‘'nol i-I
water
Assam 4/200
B.0.P, hot infusior {0,844 0.558 0.555 5.43 0.238
/cold IBMK
Assam 4/200 0,844 0.522 0.557] 5.I0 0.245
B.0.P. cold infusiocn
/eold IBMK
KOOnsong 4.8/200 00856 0. 518 0. 779 5004 0.323
B.P, hot infusion
/cold IBMK
Koonsong | 4.8/200 0854 0.496 0.772] 4,83 0.324
B,P, cold infusionl




TABLE ( 6 )

TEST OF ROBERTS AND SMITH'S METHOD USING TEA INFUSIONS AT
95°¢ . .

Welght of tea |Dilution ay ag 2 concn, Z%4TR
leaves (g)/ml |factor of TF
of distilled /10™7n01
water 1-I
4,8/200 - 0.881]0.500 [0.782]  4.87 0.33T

4,8/200 2 0.440}0.245]0,390 2.385 0.166
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CHAPTER 2
PRESENT RESEARCH

T.0 SIMPLE MODEL FOR TEA INFUSION

THEORY
: ;
WX, o y'v'v‘xo-cV eV Txo~CooV CooV
TEA WATER TEA WATER TEA WATER
t =0 Tt t = o0

If W g of tea leaves initially contains a weight fraction Xq
of a soluble ( partitionable ) constituent ( eg.,theaflavin,
thearubigins or caffeine ) at a given temperature, and a

volume V of distilled water is added, then at a time t = oo

concn, in water = Coo = Coo = KX
concn, in tea ( Wxo-ca VYW Xo-CoV/W

vhere the constant K is the partition coefficient for that

constituent,
*

. Cog = KXp - KeeoV

co( I + KV/W } = Kxq

L =(¥)Ll+ I
Coo W xo EKx,

A plot of I/ce versus I/W should produce a straight line of
slope V/x, and with intercept I/Kx,. Since V is knowm x, and

the partition coefficient K can then easily be calculated,

(1)

(2)

(3)
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KINETICS

The above model also allows the formulation of kinetic
eq_ua{ions to describe the rate of tea infusion. It seems
likely that the extraction of a soluble constituent will be a
zero order process, with the back react.ion of readsorption

by the leaves following first order kineties, Thus

dg/at

ko (HMxo - eV ) A - k_g¢ . (4
.. w

koAxXo - ( koAV + k_y ) ¢
W

' '
I{Q - I:_Ic

where A = surface area of the tea leaves mer=gran
]
ko = the effectlve zero order rate constant

L
and k-l’ = an effective first order rate constant

At t = 00, dc/dt = 0, so that:
k.'.Iceo . (5)
k_.Icw - k:Ic

;m!p. e
ck{Cx O =

k.'.I(ceo'c)

This equation can be integrated:

(o] o t'
ac_ =| k. at
0 ( Coo - ¢ ) 0

k;It = 1ln g Coo % = 2.303 loggy, g___‘?_es_..% (6)
¢ ) Co» = C |

Therefore a plot of 1n [c,,/( Ces - ¢ )] versus t should be
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1inear 7ith a slope from which klI can be evaluated with ¢
1 ]
known, k; is then given by k_qug.
In the early stages of the infusion, where t is snall and

¢ <Cew y 1n [ ce/( Cw - © )] can be expanded as a series :

n Ceo - - -2 - c V2 4 -
S S Tl S R ILE LI oo B (M

The reaction is therefore zZero order at small times. From the
initial slope of ¢ versus t it might be possible to odbtain
Q”k:I.= k;-

At infinite time ( equilidbrium ) , d&/dt = 0. It then

follows from the basic Lkinetic equation (4 ) that:

k Axy = ( IcﬁAV * k.7 ) e

Combination with equation (2 )} gzives:

koAxo

Kxo ( LkoAV # k_1 )
W

(I+KV)

W ;
- koA
whenee k. A = Kk_T (3)
From the definiiion of k; it also follows that
K = koA/k_1 = ko/k_1%g , (1)

L
From the definition of k_y and ko, and equation ( 8 ), we have:

L
k_ - kQAV + k-I .
I W (10«)
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= KAV + koA = koA ( I+ VY = k' (T + 7 10)
Zoal¥ o I+ YV = e 'S
v gx wg f§§x w; (

Thus k'y should vary linearly with V/W.
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I.I THE TEA HOLDER DEVICE

At first all the measurenents at 25°C were done by sinply
pouring the weighed tea leaves from the weighlng bottle 1into
the flask contalning a known volume of distllled water at the
desired temperature. This method was not thought to be accurate
for the higher temperﬁture neasurements, Here the hot water
vapour rising through the falling tea lea§es 1s likely to take
with it some of the volatile components which are thereby lost
to the atmosphere. Experiments confirmed this view, for when
the tea.leaves were poured onto the flask from the weighing
bottle at 95°C, the points on the kinetic plot were fairly
scattered 1ndicating irreproducibility. At this stage it was
decided teo construet a tea holder device which could be inserted
into the flask a quarter of the way dowmn and which would drop
all the tea leaves simultaneously, Figure 9 illustrates this
device, which was ma&e-of stainlesé steel, A weighed amount of
‘tea leaves was placed into the holder by means of a narrow glass
funnel with the cone part pulled tight zgainst the eylinder as
showm in Figire 9o . Manoceuvering of the cone at the bottom
was done by means of a movable spring system as showmn in F&ggze,gb;

In order to drop the tea leaves into the flask, the ring
holder at the top was taken out of its position and the cone
lowered, Thils device proved particularly useful at higher tempe-
ratures, and the points on the kinetic plots became much more

consistent,
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FIGURE §

THE TEA HOLDER DEVICE

RS

Thickness of the material . ( stainless steel ),

the end piece !

used for the container and
* = 0.05 en

Length of the contalner = I0.5 cm
Breadth of the container - I.0 cn

Thickness of the wire = 0.I em

Ol
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I.2 DETERMINATION OF THE PERCENTAGES,PARTITION COEFFICIENTS
AND RATE CONSTANTS OF THEAFLAVINS AND THEARUBIGINS AT 25%C

The experimental procedure ‘is in Chapter I , section I.I ( ¢ ).
These sets of run were done without the tea holder device, The
particular brand of tea used was Assam Broken Orange Pekoe

( unsieved ) kindly supplied to us by Cadbury Typhoo Ltd,
( a ) RESULTS AND TYPICAL CALCULATIONS

The results are tabulated for both equilidbrium and kinetic
measurements. [Ta‘bles (7)- (11 )] .

EQUILIBRIUM MEASUREMENTS FOR THEAFLAVINS

Calculations were done by the least squares method., A graph
of I/c,versus I/W is plotted in Figure IO, and the poinis seem
to fall on a straigat line. A least squares program of the data
was run on an HP - 25 calculator. The program used is given on
page ( 49 ). From the least squares plot the slope equals
0.947 x I0° g1 mo1~T andithe intercept 0.I7I x I0° 1 mol-I.
According to the model theory for tea extraction ( page 33 )

and equation ( 3 ), the slope equals V/x,. Thus;

Xo = V/slope

6 I

2.IT x I0~

mol g~
Relative moleculai‘weight of theaflavins is 562 g
Xo = 2.II x 10-6 x 562 x I00%
= 0,II9 wt3
The intercept equals I/ﬁxo. Thus:



T,

K: 1 X 1
5,II x T07® mol g % 0.I7I x I0° 1 mol T

27.7 & 17 x 11/I0%

2.77 x I0-2 - molality of TF in watex
nolality of TF in tea leaf

Thus the partition coefficient X was found to be 2,77 x I0~2.
KINETIC MEASUREMENTS FOR THEAFLAVINS

These were carried out with 2g of Assam B,0,P. tea-in 200 nl
distilled water. A graph of logyq( Coo ) versus time is
plotted in Figure II  ; and again & strafeht - lime plot
results, The fact that the line does not pass through the origin
is discuséed in the next section. A least squares program

of the data was run on the calculator, giving a slope of 22.6

x T0~2 min-I, Thus:
k:I = 2.303 x 2.26 x 1072 min~T = 5.20 x 1072 nin-T
From equation ( 10 )i

]
Klp % % = Ky (I 4 1)
X

( w
5,20 X 1072 nin-I x 2.1T x IO-6 mol g'I=k; E I 4 ggg_;_:g;é;l
I.097 x 107 nin~T mol g~T . 0.I36 k, 1 g-1 |
k; = 8,07 x I0™7 mol 1 Imin-T
Check:

According to equation ( 5 ) of the theory:
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Q)
=]
n

klz Coo
5.20 x T0~2 nin=T x 75.7 z 70~C mo1 1-I

8.16 x T0"! mol 1-I min~I

Furthernmore, from the definition of k,
. '

IéoA = I{o/xo
= 0,807 x 10‘6 mol 17T min~I
o 2.IT x 16'6 mok g'I

. R -T
0.382 g 17 min™ x ( I1/T0%g ) = 3.82 x T0~% man-I

. =4 =T -3
k,AV= 3.82 x I0” min~% x 200 x 1077 1 x ( I0 5/11 )
# 2 8

e 3.82 x 10~2.min~1
Thus from the definition of k I

=(5.20 x T072 - 3,82 x 10" 2)n1a~I"2.1738 x T0~2 min-I
Checks ’
kA = Kk_1 : i

- 0,0277 x I.38 x 102 min-I = 3.82 x 10'4 nin~T
EQUILIBRIUM MEASUREMENTS FOR THEARUBIGINS

A graph of I/%TR versus I/W is shown in Figure I2 . A least

squares programn of the resulis gave a slope of 19.78 g (- % )'I

and an intercept of I.50 ( %)L, Thus frem equation ( 3 ):

x, = V/slope = 200 x T0°3 1/19.,78-¢ ( % )-I = 0.0T0T ( %) 1 g%
- 0.0T0T % 1/g x ( 10> g/I1 ) - T0.I %

The intercept equals I/Kxo. whence

K = 1/1.50 ( %)"F x T0.I ( %) = 0.066



A
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KINETIC MEASUREMENTS FOR THEARUBIGINS

The calculations will be illustrated for 2 g of Assam B,0,P.

tea in 200 ml distilled water., Figure I3  shows a plot of

log.a( oo versus time:; the non - zero intercept will
IO( /OTR.F ;o R

be diécuésed 1éter. Least squares calculations give a slope

of 0.0256 min~I,

k'1 = 2.30 6 min~T 2 pin-T
I = . 3 X 0,0256 min - 5089 x I0 min

From equation (IQ ):
' ' |
k-I X xo - ko g_%_ + %;

hl

5.890 x 1072 min-T x 0.70T = k' ( _I % 200 x T0-3 1 x To>
© ( 6,066 aq =1

2 -I

0.595 x I0™ © min ( 0.II5,I5 ) k;

whence:
ke = 5.IT x I0~5 min-T
Check: .

ko

0

8.77 x T0°2 x 5.89 x IO ° min~

5.I65 x I0~° min~I

"

1 ]
From the definition of ko’

kok = k. /%o = 5.IT x 1072 min-T/0.701 = 5.12 x T0™# nin-T

kAT = 5.I2 x 10 ninT 5 200 x 1073 1 x 103 .
W ~ 2 g8 1
= 5.I2 x T0~2 pin~ T

' .- .. . . - S
% Tﬁnkgi' . : s T i R

g

Nt gt~
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Thus from the definition of k_1

ko = klr - ko AV
e w
- 5.89 x 10"2 nan"T - 5,12 x 1072 nin”T
= 0,77 x 10”2 nin~T
Checks
-2 -I -2 -I
koA = Kk.T = 0,066 x 0,77 xI072 nin~T . 5,08 x 1072 nin

All subsequent calculations-on equilibrium and kinetic runs
were carried out in the same way.

Another set of experiments was done at 25°C using the tea
holder device. The particular brand of teag used here was Koonsong
Broken Pekoe ( sieved through I6 = I,00 mm ), and again kindly
supplied to us by Cadbury Typhoo Ltd. The results and calculations
are given in Tables ( I2 ),( I3 ) and ( I4 ). Table ( IS5 ) shows
the calculated percentages and partition coefficlents for theaflaving
and thearubigins for all work done at 25°C. Tables ( I6 ) and ( IT7 )
show the calculated rate constants for all work done at 25 C., Fig-
ures I4 and I5 show the equilibrium plots of theaflavins and thearu-
bigins respectively. Figures I6 and I7 respectively show the kinetic
plots of theaflavins agnd theagrubigins.,

The equilibrium time for maXimum extraction of theaflavins and
thearubiging was found to be 60 min for work done at 25°C. The tea
leaves which were used throughout this research were stored in 2.5 1
capped. glass bottles. The bottles were kept in a cool dark place

in the researth laboratory in order to ensure minimum loss of cons-

.tituents through evaporation,
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I.3 EFFECT OF THE FORMATION OF CREAM ON THE COMPOSITION OF
THEAFLAVINS AND THEARUBIGINS IN A TEA INFUSION AT 25°C

It was found that at 25°C the kinetic plots of theaflavins
and thearubigins did not pass through the origin as expected
from equation (6) in the model theory. Furthermore doubling
the mass of the tea leaves - and hence thelr surface area A
should have doubled k A and ko, and left k_y and k ; uneffected,
The first three predictions were roughly met but not the fourth.
These dlscrepancies probably arose from the fact that tea forms
a"crean™ in certain tea liquors when they cool, This crean is
a finel& dispersed precipitate which is essentially formed
between caffelne and polyphenols, namely theaflavins and thearu-
bigins, Cream may elther be separated from the liquor after
cooling by centrifugation ( 48 ), or by the process of"ereaning
down", This is the enhancement of the formation of cream by
acidification of the solution in the proportion I:199 sulphuric
acid ( 49a); the flocculent precipitate so obtained is easier
to separate. Neither of these processes for removing cream
was sultable for the present work where cream had already
formed at the time of sampling whereas Roberts ( 49a) and Smith
( 48 ) had sampled clear hot infusions as well as the solution
left after centrifugation of the cream 1n order vo find %crea,m'i
To overcome this problem of cream in the present work, it was
decided to dilute the tea infusions ( so as to decrease the

extent of association between caffeine and the polyphenols )
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at the end of the desired infusion period.( equilibrium time ).
The cream seecmed to form very slightly with low concentration
tea Infuslons but quite markedly with concentrated infusions.
Solutions A, C and D respectively were prepared with the
initial concentrated~tea infusions and their absorbances
measured, Then a certaln volume of the concentrated tea solutilon
was diluted with an equal volume of distilled water and the cox-
responding solutions A', C' and D' were prepared immediately
after dilution and thelr absorbances neasured, In the third set
of analyses the diluted tez infusion was left to stand for an
ﬁour before solvent extraction and the preparation of solutions
A", C" and D" whose absorbances were then measured, All the
Tesults are recorded in Table ( I8 ). After dllution the concen-
tration of theaflavins seem to be as often higher as lower which
suggests 1rreproducib?lity. The “Jthearubigins seem to be as high
in about half the diluted samples, again showlng irreproducibility;
however, most theaTubigin results could be accomwdated by a 6%
increase within experimental error on diluting diluting two -
fold and measuring absorbances immedlately, A1l the dilluted
absorbance and concentration readings in Table ( I8 ) have

already been multlplied by the appropriate dilutlon factor.

CONCLUSION ~

The‘results are not constructive enough to érrive at a de-
finite conclusion about how to Temove the cream in the tea infu-
slon, A theoretical approach to the eresm problem was attempted

but the resulting equations proved too unwleldy for practical use,
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I.A DETERMINATION OF THE PERCENTACES, PARTITION COEFFICTENTS
AND RATE CONSTANTS OF THEAFLAVINS AND THEARUBIGINS AT 79.5°C
AND 94%¢ ‘ ' '

(o ) EXPERIMINTAL PROCEDURE

The distilled water for this purpose was heated to the
apyrbpiate temperature and the hot water was measured and trans-
ferred to the glass stoppered 250 ml flat - botitomed flask con-
tained in the thermostatic water bath., The magnetic stirrer was
switched on and the water was-stirred until it attained the
required temperature. The rest of the experimental procedure
is the same as before.'All runs were carried out using the tes
holder device. The thermostat was well insulated for these high
temperature expériments, and a booster heater was used to raise
the temperature of the bath together with the tWo electrical
immersion Tod heaters. The temperature was regulated by an
electrical thermometer relay system., The initlal and final
temperatures of the infusions were recorded with a thermometer
ranging from 50°C - I00°C ( subdivisions: 0.I0 ). This thermonmeter
was also checked with boiling water at I00°C, The tea used here

was Koonsong B.P., sieved through Ié:l:l:;_ I.00 nn (3t - mesh sieve )

( b ) RESULTS AND CALCULATIONS

Equilibrium data were analysed by a least square program,

Kinetlec data were analysed graphically and by least squares

program. When plots wWere made graphically with the kinetiec data,
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the straight lire plot could be made to pass through the origin,
but the least squares program of the kinetic data produced a
negative intercept as showm by Tables (31,33), and (32,34) for
theaflavins and thearublging respectively at high temrerztures,

The eduation for a straight line is:

¥ = DX ¢+ ¢
where ¥y and x are the variables and m 1s the slope of the line
with intercept c¢. The purpose of the least square program is
to fird the constants m and c

In order to o&ercome the problem of the negative intercept,
t was decided to solve the equation, y - -nx, where ¢ is assuned
to be zero. To minimlize the errors in = and y values one taokes
the sum of the square of the equation y z mx., All summations

aTe performed for n number of readings. Thus:

Zm(y-_mx)z’z' fr‘(yQ-?mXVer?x?):S

Differentiate S with respect to m:

ds = ﬁ;( -2xy + 2mx*}

t minimum, dS - O

dm
ZZXy: 2 nf x*
n = fxy = the slope
ax%

The least square program for Work at 25°C using the equation
y = DX 4 c is given on page ( 49 ). A different program ( for
only kinetic work at 79.5°C and 94°¢ ) 1s given below.
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PROGRAM ENTRY IN PROGRAM MODE

LINE CODE KEY ENTRY
00 £, PROM
oI : 25 -

02 1300 GTO 00

03 24 55 RCL 5

o4 24 66 RCL 6

05 . 1T

06 1300 CTo 00

NOTE: Y DATA MUST BE ENTERED BEFORE X DATA

KEY ENTRY DISPLAY

7] [Frem] [%) EEa

S I . 1.00

Y, [T =x, 2.00
' Displays number of vpoints
:

v_ ]'E x_ @ n..OO entered

etol [0 ] [3] [rzsl - Displays the best fit gradient

for equations m = Z*cy /£x2

The activation energy and enthalpy calculations for the

infusion of theaflavins and thearubigins are described in
Chapter 5,



This least square program was used throughout this research
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except where otherwise stated.

PROGRAM ENTRY IN PROGRAM MODE

LINE

00
(e}
02
03
04
05
06
07
08
09
I0
1T
I2
I3
14
15
16
17
18
19
20
2T
22

CODE

31

I5 02
23 51 02

I3
24

24"

24

24

24

24

I5
24

23

22

21

25
00
05
07
04
61
03
I
41
06
07

102

03
X
41
I
0I

KEY ENTRY

23

24
gx° 25
STO + 2 26
R 27
X 28
4% 29
GTO 00 30
RCL 5 31
RCL T 32
RCL 4 33
X 34
RCL 3 35
* 26
- 37
RCL 6 38
RCL 7 39
gx2 40
RCL 5 41
n 42
- 43
: 44
STO I

LINE

CODE

24

24

24

23

24

24
24
I5
24

I3 00

o7
61
32
04
5T
03
TI
00
74
0T
T4
2T
22
61
02
04
02
03
TI
41
TI

RCL
x

CHS
RCL

RCL
RCL
gx

RCL

GTO

KEY ENTRY

T

00
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The results are tabulated for both equilibrium and kinetic
measurements [ Tables ( I9 ) - ( 30 )] at 79.5°C and 94°c,
Tables[( 31 ) = ( 34 )] compare the results obtained with the
three different methods of calculation ( graphical and the two
different least squares method ) for kinetic measurements at
both the temperatures. Flgures I83 and I8b represent the equilibr-

ium plots of theaflavins at 79.5°¢ and 94°C respectively. Similarly
Figure I9 show the equilibrium plots of thearubiging at the two
different temperatures, while Figures 20 and 2I show the kinetic
plots of theaflavins and thearublgins respectively, again at two
different temperatures. Figures 2Y,, 2Ib and 2Ic show spectrums

of solution A, solution ¢ and solution D respectively. These are

typical spectrums of these solutions.
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TABLE ( 7 )

EQUILIBRIUM RESULTS AT 25°C AFTER 60 MIN INFUSION WITH ASSAM
B.0.P. TEA ( UNSIEVED )} / 200 ML DISTILLED WATER.

' -5 b
We |I/M | a a Car _ I0:°mol| #TRe: | I/#TR,
mol 1
2 0,500 [0.2535 0.I6I 0.2ITI | I.568 0.64¢ 8,77 II.40
4 0.25C |0 . 4I5 0.245| 0.36T| 2,387 | 0.4I¢ | 15.40| 6.49

é 0.I67/0.535 0.305] 0.5I5/ 2.960| 0.337 | 2I.48

4,65
8 | c.I250.695] ©0.372] 0.555 8.622 0.275| 24.43 4,09
a'concn. of TF, c, = absorbance ofAsolu-bion c ( see page27)

Extinction coefficient of TF x I
b .
#TRaz 6.25 ( 2ap - ay - ag ) 0.02 ( see page2¢)
153
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TABLE ( 8 )

KITETIC RESULTS AT 25°C

2g OF ASSAM B,0.P. TEA ( UNSIEVED ) / 200 ML DISTILLED WATER

Infusion

*

a a Mean a Mean a Hean &
time/min A ¢ °p A ¢ D
2. 0.048 0.025 | 0,045 0.048 0.025 0.045
5 0,090 0.055 | 0,065 y
5 0.080 0.040 | 0,055 0.070 0. 045 0.06I6
5 0,065 0.040 | 0,065
I0 0.I39 0.070| 0.092
I0 0.I40 0.075| 0,II0 0.I37 0.073 0.I0I
10 0.,I32 0,075| 0.I00
20 0.I90 | 00,IIC| 0.I44 . )
' 0.I90 0.I075 0.I45
20 0.I90 0.I05{ 0.I45
30 ¢.225 0.I30] 0.ITC ‘
0.,2245 0,I30 0.I70
30 0.224 0.I30| 0.I70
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TABLE ( 9 )

KINETIC CALCULATIONS FOR THEAFLAVINS AND THEARUBIGINS AT 25°¢ )

Cw = 2.385 x T0-°

FPh = 15,40 x 1072

infusion cy (C.o;‘c-{-;) logIc(cc;. ) [ %TRt (:??I‘R,-ﬁTRt‘logI FTRee
time/min|/I0™’mol |/T0 “mol w-ct/ | /T079 C?TR -TR,
.. : “I _I ’
1 1
2 0.487 I.898 0.099 0.0308 I2.35 0.096
5 0.8276| I.557 0.I85 5.83 9.57- 0.206
I0° 0.I266 1I.II9 0.329 8.70 .70 0.36
20 0.I753 0,632 0.577 I2,I 3.30 0.669
30 0.I994 0.389 0.787 I3,73 I.67 0.965
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TABLE ( IO )

KINETIC RESULTS AT 25°¢
4g OF ASSAM B,0.P, TEA ( UNSIEVED )} / 200 ML DISTILLED WATER

:
Infusion a, 2n )
time/min
2 0.089 0.050 0,070
5 0.I57 0,085 0.I35
T0 0230 0.I30 0.205
20 0.3I0 0.I80 0,290
30 0.330 04205 0,340
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TABLE ( ITI )

KINETIC CALCULATIONS FDR THEAFLAVINS AND THEARUBIGINS AT 25°C

c” —

- 2,385 x I0~2 mol 1~

FTReo = 15,40 x I0~2

I

Infusion cy (c"’;é‘tl‘ 10811 Coo \|%TRoo (%TR“;%TRt)logIo( f’:TR.g\
time/min) /Io-smcal/,l‘f)-smc1J ComCy /IO"2 /Io-2 %TR:%TBf

. R e .

17 1‘_I

2 0.487 | 1.898 0 099 3,05 I2.35 0.096

5 0.8276| I.557 0.I85 5.83 9.57 0.206

Io 0.,I266] I.II9 0.329 8.70 6.70 0.36

20 0.I753{ 0.632 0.5TT I2.1 3.30 0.669

30 0.1996] 0.389| 0.787 I3.73 I.67 0.965
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TABLE ( I2 )

EQUILIBRIUM RESULTS AT 25°C AFTER 60 UIN INFUSION WITH KOONSONG

BROKEN PEKOE TEA ( SIEVED ) / 200 ML DISTILLED WATER USING THE

TEA HOLDER DEVICE.

w/e a, aq 2 Coo 10" ’mol gTRo. I/%TR,.
/1075 {17 /o /Io'2
mol 1’I
5 0,209 0.III | 0.2306] 71.08 0.726 | '9.54° | 10.48
3 0.297 0.I57 | 0.353 I.53 0.654 | 14.4 " 6.03
4 0.378 0.I94 0.475 I.89 0.529 I8.6 5.38
6 0.530 0.287 | 0.540 2.79 0.358 | 22.55 4,43
r. -
8 0.547 0.342 | 0.78I 3.33 0.300 | 30.I 3,32
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TABLE ( I3 )

'KINETIC RESULTS AT 25°¢C
4g OF KOONSONG B,P., TEA ( SIEVED ) / 200 ML DISTILLED WATER
( TEA HOLDER DEVICE WAS USED HERE ).

Infusion ap ag ap cy - |BTR,

time/min /IOESmol /T0™2
2.5 0,070 0.03I 0.079 |0.302 3.36
5 0.II5 0.057 0.I45 |c.555 5.90
TI0 0.I75 0.088 0.224 10,857 9,20
I5 0,215 0.I06 0,275 |[I.032 II.20
20 0.2545| 0.,I245] 0,318 |TI.2I2 I3,05
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TABLE ( I4 )

KINETIC CALCULATIONS FOR THEAFLAVINS AND THEARUBIGINS AT 25°C

- I.890 x I0"° mol 1°%

Coo
FTR = I8.6 x 02
-
Infusion oy (coo =c1) ;logIOC Coa Y9OTRy ‘L%TR,_-\-&'.?I'B.,;) logro _7TReo
time/min/IO-smol /10'5mol -ct) /Io'2 /1072 %T R %TRa
REERE
2.5 0.302 T.588 0,0756 3.36| I5,24 0,0865
5 0.555 I.335 0.I5I 5.2¢] TI2.70 0.I66
I0 0.857 I.033 0.262 9.20 9.40 0.290
I5 I.032| 0.858 0.343 0.IT?] T7.40 0.400
20 I.2I2| 0.678 0.445 0.I1309 5.55 0.525
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TABLE ( IS5 )

PERCENTAGES AND PARTITION COEFFICIENT COEFFICIENTS OF THEAFLAVINS

AND THEARUBIGINS AT 25°C

-

- M - xor TF Kg 3y n Xo K
slope Inteiceyt /10'6 /wt% /EOT? slope |Imtercept] /%
/1071 | /1071 mol ' B V16 s R WA ¢+ R ’
mol'; mol-; g~T
(TF) (m) (7F) (TF) {(TF) (TR) (TR) (TRY ('
%0.947 { o0.17T | 2.1 | 0.119 ] 2.77| 19.78 | I.50 |T0.TIO0 [ 0.066
b :
I.685 0.098 | I.I9 | 0.067 9.25| I8.62 0.999 [I0.74 | 0.0935
i
a2 = experiments done without the tea holder device

g
Y

- experiments done with the tea holdexr device
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TABLE ( 16 )

RATE CONSTANTS FOR THEAFLAVINS AT 25°¢C

Type of | g of tea [Fig( ) k:,I k; koA kLAY k_y
“tea used /200ml |slope /10~2 /Io'7mol /10'4 /Io'2 /10'2
distilled/10°2 | min~T |1 Ipin~T| ain"T| n1n~T| min-]
water ‘min~T
2pssan A
2 2.29 5.27 8.I7 3.87 3,87 | I.40
B.O.P.
(x)
2Assan
B.0.P. 4 2.46 | 5.67 | T3.90 | 6.59 | 3.30 | 2.38
o (v}
bKoonsong .
4 2.05 4.72 9.24 T.76 3,88 0.84
B.P,
’ (z)

a and b are the same as in Table ( 15°)

(x): the intercept in this case at £t = 0 is ©0-035

(v): the intercept in this case at t = 0 is 0:.065

(z): the intercept in this case at t

0 is o-040
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TABLE ( IT7 )

RATE CONSTANTS FOR THEARUBIGINS AT 25°C

Type of

kA

g of tea |- k_1 kp X kﬂAV' <1
tea used |/200n1 slope /Io‘2 /Io"5 : /'_ro’4 /'_ro'2 /:co"2
distilled /2!:0'2 nin~t | nin-T nin~T nin™} min-T
water min_I
3pssam 2 22.536 5.89 5,17 5.I2 | 5.I2 | 0.77 |
x . :
B.0.P,
Zpssan
4 3,08 | 7.09 | 10,99 10.88| 5.44 | 1.65
B,0.F. :
(¥) |
b
Koonsong :
o 6 2.46 5.67 I0,00 9.51| 4.66 | T.0T
B.F. ,
(z)
a and b are the same as in Table ( 15v)
(x)s the intercept in this case at t = 0 is ©-040
(y): the intercept in this case at t = 0 is o -O“8%
(z)s the intercept in this case at t = g is o 035
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TABLE ( I8 )

EFFECT OF DILUTION oON TF AND TR ANALYSES OF INFUSIONS OF ASSAM

B.0.P. AT 25°C THICH SHOWED CREAM FCRIIATICH

TTeight of Dilution concn, of.
tea leaves factor a, ag ap TF/IO'5 mol| STR
(zY/m1 of ‘ 17T
distilled
water
8/200:I - 0.692 | 0.432 | 0.554 4,20 0.233
IXa 2 0.680 0.420 0,606 4,09 0.25I
IIb 2 0.804 | 0.478 | 0,544 4,65 0.241
8/200: I - 0.622 | 0,372 | 0.527 2,62 0.224
IIa 2 0.620 | 0,372 | 0.550 3,62 0,229
IIb 2 0.664 | 0.366 0.580 3,56 C.249
8/I00: IIa 2 0.625 | 0.425 | 0.479 4,14 0,I97
. ITh 2 0.638 | o0.414 | 0.469 4,07 0.108
III 4 0.664 | 0.,4I2 | 0,470 4,01 G.203
12/150:1 - 0.7I0 | 0.45T | ¢,784 4,39 0,312
ITa 2 0.800 | 0.444 | 0,780 4,32 0.372
IIb 2 0.788 | 0.446 | 0.824 4,34 0.340
TIT 4 0.852 | 0,448 | 0.85? 4,36 0.359
4/200s I - 0.440 | 0.260 | 0,300 2,53 0.I33
IIa 2 0.408 | 0.244 | 0.338 2.38 0.I43
IIb 2 0.408 | 0,232 | 0.3I2 2.26 0.I3%6

{

I « Readings taken with the initial concentrated solution
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TABLE ( I8 ) CONTD,

ITa = Readings taken immediately after the dilution of the

concentrated solution ( concentrated solution diluted

twice with distilled water ),

IIb - Readings taken an hour after dilution of the concentrated

solution,

IIT - Readings taken ilmmediately after dilution of the diluted
solution ( diluted solution diluted twice with distilled

water).

All absorbances and concentratiors of diluted solutiors in the
Table have already been multiplied by the appropriate dilution

factor.
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TABLE ( I9 )

EQUILIBRIUM RESULTS AT 80°C (BATH TEMPERATURE) AFTER 20 MIN
INFUSION WITH KOONSONG B.P. TEA (SIEVED) / 200 ML DISTILLED

WATER,
] k (TF) _s
W/g{Initial _inal a, ag ap |ce I0 “mol| TR, | I/#TRJ]
T of [T of /1077 17T /e, ‘
infusionfirfusion mal 177
/°c /°c
2] 79.0 79.5 [0.4I3[0.25¢|0,.335{ 2.434 [0,4IT [0.I42 | 7.04
3 | 79.0 79.5 10.582]0.320/0.485 3,116 |0.321 | 0.2Ic | 4.80
41 79.0 79.5 [0.672]0.402|0.639 3.914 J0.256 | 0,264 | 3,79
78.0 79.5 |0.875]0.503|/0.907 4.900 [0.204 | 0.373 | 2.68
8 | 718.0 79.5 [£.05 |0.580[/I.IT7] 5.65 Fo.177 0.480 | 2,08
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TABLE ( 20 )

KINETIC RESULTS AT 80°c (BATH TEMPERATURE)

"4g KOONSONG B.P. TEA (SIEVED) / 200 ML DISTILLED WATER.

Infusion ;nitial Final a, a, ay cy ‘ 5'?I'R.t
time/min| T of T of : /IO"Smol
infusioz in:fusiuf:. j_"I
/°¢ /°¢
2 78.5 |79.0 wo.ssz 0.2I19| 0.359| 2.I32 0.1I50
3.5 78.5 79.5 lp.,500 | ©0.292| 0.469 ] 2,843 0.I95
5 79.0 79.5 |0.565| c.330| 0.545| 3.2I3 0.226
7 79.0 79.5 |o.642 | 0,372| 0.,605| 3,622 0.252
I0 79.0 79.5 |0.670| 0,29 | 0.623]| 3.8T 0.260
I5 79.0 79.5 |0.679 | 0.40I | 0.634]| 3.91 0.2635
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TABLE ( 2I )

KINETIC CALCULATIONS FOR THEAFLAVINS AND THEARUBIGINS AT 80°C

( BATH TEMPERATURE ). .

ce; = 3.9T4 x 1077 mol 1-I

BTRy = 0.264
. f A
Tnfusion fcu (e =cy) logIOL Coo ) 2R, K#TR,-ZTR¢) 081/ TRy
tine/min /Io-smol /10'5m01 0o~ CL | £ ﬁ“-%TR
17t 17t |
2 2,132 | I.782 0,342 0.I50{ 0.I44 0.365
7.5 2,843 I.07 0.563% 0.1959 0.062 0.583
5 3,213 | 0.70I 0.747 0.224 0,038 0,842
7 3,622 | 0.292 1.I3 0.254 0.0I2 1.%4
Io 3, 8T 0.I04 1.58 0.2604 0,004 1.82
15 3,90 0,014 2.45 0.2639 0.0004 2.82
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TABLE ( 22 )

EQUILIBRIUM RESULTS AT 95°C ( BATH TEMPERATURE ) AFTER 20 MIN
INFUSION WITH KOONSONG B,P, TEA ( SIEVED ) / 200 ML DISTILLED

WATER

W/g [Initial |Final a, | 2 | 2p fce " |10"%mo1 4TR,, |I/#TR,
T of T of : ' /IO'S" 1'I/c°°
jnfusioninfusion : L - |mo1 1"':d
/°c /¢

2 93.5 | 94.0 |o0.469}0.250 |0.362| 2.43 | 0.412 | 0.161| 6.20

3 94.0 | 94.0 |0,600/0.334|c.531] 3.25 | 0.307| 0.230| 4.35

4 93.5 | 94.0 |0.765|0.453|c.675| 4.4 | 0.230| 0.283| 3.53

0.965|0.550(0.954 5.36 | 0.I87] 0.396] 2.53

8 94 94.0 |r.148|0.705|T.242] 6.86 | 0.146] o0.500] 2.00




Sy - P

TABLE ( 23 )
KINETIC RESULTS AT 95°C ( BATH TEIPERATURE )
4¢ KOONSONG B,P, TEA ( SIEVED } / 200 ML DISTILLED WATER

Infusion|Initial | Final a, ag ap ey - ZTR,
time/min|T of [ of /I0"%mol
- infusionﬁ.nfusion 1":.[ 4
/°c /oc
I.75 94.0 94.0 0.42T | 0.230 |0,369 2.24 0,158
3 94.0 ‘| 94.0 0.558 | 0.3I4 [0.498 3,06 0.2IT
5 94,0 c4.0 0.68c | 0,395 )0.598 3,85 0.25%
T 94,0 94,0 0.735| 0.42I | 0.638 4,10 0.27I
I0 . 94,0 94.d 0.749 0.444 ]} 0.660 4,32 0.280
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TABLE ( 24 )

KINETIC CALCULATIONS FOR THEAFLAVINS AND THEARUBIGINS AT 95°C

( BATH TEMPERATURE ).

é,; ='4.4I x I02 mol 1~%

FTRe = 0.283
InfusionLt (e ~c1) logIo( c,,) BTR+ {(FTR ~%TR+Ylog_ [ ZTReo '
tme/min/I0'5m01 /I0" ’mol Coo—C1 ZTRBIR,
| 17t 171
I.75 2.24 2.I7 0.3I0 0.I58 0.I25 0.355
3 3.06 I.35 0.5I4 €.2II 0.072 0.594
5 3,85 0.560 0.900 0.253% 0.030 0.975
7 4,10 0.3I0 I.IS 0.27T 0.0I2 I.37
4,32 0.090 I.69 0.280 0.003 I.97
I0
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TABLE ( 25 )

RATE CONSTANTS FOR THEAFLAVINS AT 79.5%C

1 [
g of tea [Fig(20)| k_1 k, koA kaAV k_T
/200 ml |slope /102 | /10-6&01| /10-3 /1072 | /10-2
aistilled /1072 | min T |17TpinY nin-I nin~Y pin-T
water hin'I »
TABLE ( 26 ) -
RATE CONSTANTS FCR THEARUBIGINS AT 79.5°C
, ' '
g of tea [Fig(2as1) |k_g | &, kA kﬂAV k_1
/200 nl [slope /1072 | /1073 | /107° /10°2 | /1072
latstilled /1072 pin=T | min=? | pin-T nin~T | nin-T
water min-I
4 18.4 42,4 I.I3 T.43 37.2 5.25
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TABLE ( 27 )

RATE CONSTANT FOR THEAFLAVINS AT 94°c

.
g of tea [Fig(20)|k_, k, | xR koAV | k_1
. ) ) - : - - w -
/200 1l |slope |/1072 |/107Cp01| sro™3 | /1072 | /ro-2
distilled /10-2 minT [17Tns0"T minT| pin~I|  pin-T
T
water nin
4 I7.0 39.2f T6.39| 5.79 | 28.95| to0.25
TABLE ( 28 )
RATE CONSTANTS FOR THEARUBIGINS AT 94°C
g of tes Fig(as ) k. k, kA kEAV Ky
/200 m1 | slope | /1072 | /1073 | /1073 /1072 | /ro-2
distille& /IO"'2 nin~I min~T| pin-T nin=Y pin-T
water min~I _

4 I9.6 45.1 I.31 T.29 36.5 8,60




-T2~

TABLE ( 29 )
PERCENTAGES AND PARTITION COEFFICIENTS OF THEAFLAVINS AND
THEARUBIGINS AT 79.5°C '

Fig( 48 )} Fig( 13 )| =x, TF K ~ [Fig(aq}| Fig(1q} X, K
slope [Intercept /10’6 /wt3| /1072 siope | intercepd /%
/10581 /105'1 nol 1 /e(%) “O/(n-T
nol~L mol™T g'I -
(z7) | () | (z®) | (tP) (@ [(mR) | (&0 ity | (1

0.633% 0.I00 3,16 0.I83| 3.I7 I3,I6 0.466 I5,2 0.I41

TABLE ( 30 )

PERCENTAGES AND PARTITION COEFFICIENTS OF THEAFLAVINS AND
THEARUBIGINS AT 94°¢C

Fig(4e YFig(sg) | x, |TIF £ |Fle(a) Fig(aa V| =, K
slope |Intercept /IO'6 /wt% | /10-2 intercept| /%

/10581 /1051 mol /(%)‘I"

mol™r | o1t | g7 |

(TF (TF) (TF) (TF} (TF | (TR) (TR) (TR) (TR)
0.707 [0.0625 P.83 P.I59 |5.65 | II.I3| 0.669 [IT.97 [0.0832
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TABLE ( 3T )

TF AT 79.5°C

Intercept| Slope 'y | ko k A kﬁAv' k_r
/102 /10-2| /10-6 /1073 /1072| /10-2
mﬁ.n"I nin~Tlmol 1T min'I min~T min~T

nin®
0 %6.5 37.5 | 14,54 4.60 | 23.0 | 14.5
0 161 37T.I | I4.67 4.50 22,5 | I4.,6
-0.015 | 16,3 37.5 | 14.88 456 | 20.8 | 14.7
TABLE ( 32 )
TR AT 79.5°C
J - |

Intercepq Slope k' ke | kA | E.Av k_p
/1072 /1072l /1073 | /10-3| /T0"2| /1072
min_I nin~T nin~I] nin=T nin-I

o | %18.4 42.4 I.I3 7.43 | 3T.2 5.25
0 b18.5 42.6 I.12 7.41 | 37.T 5.50
-0.058 °19.1. 43,9 I.I6 T.67 38,45 5.45

values obtained by graphical method

It

o
H

values obtained by least squares method (

values obtained by least squares method ( using y = mx )

using y = nx + ¢

)
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TABLE 33
TF AT 94°¢
Intercepy Slope | klp k; kA k AV k7
/102 /107% |/1078n01| /10°3 /10721 /10-2
‘pin-I min~T 17 Ipan-T min"I min'I min'I
0 *17.0 39.2 | 16,39 | 5.79 28.95| 10.25
0 6.9 58,9 | 16.40] s5.7951 =28.97] 9.93
_D.026 %6,6 38,2 I6,I3 5.64 28.20 10.0
TABLE 34
TR AT 94°¢
o ' .
Intercept| Slope k_; k, koA _gﬂéx k.1
/10-2 /1072 | /1073 /10> | /1072 | /1072
nin~T min-I min'I nin-I min~I] min-T
0 819,60 45,1 I.3I 7.29 36,5 8,60 -
0 "19.65 | 4s.2| 1.3 | 7.20 | 36,5 | 8.70
-0.006 °19.60 45,7 | 1.3 7,290 36.5 8. 60
.

a = values obtained by graphical method

b

= Vvalues obtained by least squares method ( using y « nx )

¢ = values obtained by least squares method ( using y = mx ¢ ¢ )
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FIGURE 2Ia
4g of Koonsong B,P, tea 1in 200 nl distilled water swwere used here.
The infusion time was 5 min and the infusion temperature was 95°C.

This Figure represents the spectrum of solution A. Figures 2IDb and

2Ic represent the spectrums of solufions C and D respectively.
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FIGURE 2Ib
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CHAPTER 3
CAFFEINE
I.0 METHODS OF ANALYSIS

Most anglyses of caffeine in black tea have been performed
by taking hot aqueous extract of tea aﬁd extracting the caffeine
in the aqueous solution with chloroform. However, as mentioned
earlier, caffeine forms chenical complexes with polyphenolics
in tea leaf which hinders chloroform extraction. Hot water ( 49j,
26, 50 - 52 ), dilute acid ( 53 }, or a basic additive, such as
magnesium oxide ( 50, 52 )} or ammonia ( 53, 54 ) help in isolating
caffeine from the caffeine - polyphenolic complex. Chloroform
is used as extractant because it is selective in extracting
caffeine but no polyphenols, Caffeine also exhibits a2 high solu-
bility in chloroform ( 20g/I00ml a2t room temperature ). The
extracted caffeine is elther determined through nitrogen analysis
by the Kjeldahl method ( 55 ), by a spectrophotometric method
at 273 nn ( 52, 54 ) or by gas - liquid chromatogrz=phy ( 56, 57 ).
The followlng two methods are standard ones for the determination
of caffeines
(1) The modified Bailey - Andrew Method (52 ) employs magnesium
oxlde to free chemically bonded caffeine. The caffeine is extrac-
ted with chloroform, and estimated from its nitrogen content
as determined by the Kjeldahl method, Smith and Rees ( 26 ) also
used a magnesium oxide filter ald column to release bonded
caffeine, extracted the caffeine with chloroform and determined
it by spectrophotometry at 273 nm,

( 41 ) The second method, devised by Borkar and Sloman ( 58)
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and modified by John ( 59 ), uses zmmonia to release chemically
bonded caffelne and alternate basle and acidle columns of
Celite as the purification procedure, Caffeine may be analysed
by ultraviolet spectrophotometry or gas chromatography.

Apart from the above methods another rapld way of determining
caffeine black tea exiract was devised by Lehmann and Moran
( 27 ). They used polyamide powder as the column material to
separate'polyphenolic hydroxy compounds, The polyphenols are
absorbed by the polyamide powder. Purines'( e.g., caffeine ) by
contrast pass through the polyamide column. Hence, a direct
spectrophotometric determination is possible as there are no
interferences from the polyphenolic compounds.

In the present work Smith and Rees's method was itried out
initially to determine caffeine in black tea extract, It was
soon>ahandoned since 1t was lengthy 2nd not suitable for kinetie
determingtions, The polyamide method seemed to be the most

appropriate for kinetic measurements.
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TI.I PRELIMINARY WORK
| SPECTROPHOTOMETRIC DETERMINATION OF CAFFEINE IN TEA BY
THE SMITH AND REES METHOD

The tea sample was first extracted with boiling water and
filtered on a magnesium oxide filter - ald column, The percentage
caffeine in the tea sample was calculated from the difference
in absorbances at 273 nm of the clear tea infusion before and
after extraction with chloroform. This experiment was carried

out at the Cadbury Typhoo Laboratories.
EXPERTMENTAL PROCEDURE

To prepare the column ( I80 mm x 22 mm ) in a Soxhlet filter
tube with a sintered glass plate ( porosity approx., 2 - 3 ),
a suspension in distilled water of a mixture of 2.5g of heavy
nagnesium oxide and 2.5g of Celite 545 ( a diatomaceous filter
aid ) was sucked through under reduced pressure ( water pump ).
Both heavy magnesium oxide and Celite 545 were obtained from
Hopkin and Williams Litd. To ensure that the column was not
sucked dry during the process, distilled water was continuously
added to the top.

0.5g of Assam B,0.P. tea were weighed and placed in-a besker
folloyed by 3g of heavy magnesium oxide and IS ml of boiling
water, The beaker was left standing on the bolling water bath
for I5 nin and the contents were stirred from time {to time
with a2 glass rod, The contents were then transferred teo the
Soxhlet filtef tube with boiling water ( distilled water ) until

about I50 ml of the filirate was obtained, This was placed into



—-92-

a-500 ml conical flask and 5 ml of I0% ( volume/volume ) sulphu-
ric z2cid was added., This solution was then boiled for a few minutes
in order to reduce the volume to about I50 ml, The solution

was cooled, transferred to a 200 ml calibrated flask and diluted

to the mark with distilled water to form solution A.

PREPARATION OF THE SOLUTIONS FCR SPECTROPHCTOMETRIC MEASUREMENTS

I0 ml of solutlion A were pipetted into a2 50 ml calibrated
volumetric flask and diluted to the maTk with distilled water
to form solution B. 20 ml of solution A were pipetted into a
250 ml seperating funnel and extracted 5 times with I5 ml of
chloroform ( analytical reagent ) each time. The agueous solution
in the separatiﬁg funnel was transferred to a beaker with dis-
tilled water and boiled to expel any residual chloroform till
the volume was reduced to less than 50 ml. The contents of the
beaker were then transferred to a 50 ml volumetric flask and

diluted to the mark with distilled water to form solution C,

RESULTS AND CALCULATIONS

o
The values of EgéEOIé

for a solution of pure caffeine were
determined at the mavelength of maximum absorption ( 273 nm )

and of points on the ascending ( 250 nm ) and descending ( 296 nn )
portions of the curve equidistant from the maximum ( 60,26 ).

E values or the absorbance of the tea sample containing caffelne
were also obtalned in this manner, The caffeine content, wt%sC,

of the sample was obtained from the equation used by Roberts
and Smith ( 26 ) and by Lee Kum - Tatt ( 60 ):
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wt %€ = ( 2Eg - E, } x 0.00I x 50 x 200 x IOO

EO.OOI%
caffeine

20 20 w

where,EB = absorbance of solution B
Eg

0,00I%
caffeine

absorbance of solution C

E

absorbance of 0.00I7% pure caffelne solution

W = welght of tea sample used

50/20,200/20 are dilution factors,

In the present research:

Eg = By73 - (_Ezso ; Er96 )

0.692

= 0.983% - (_0.38 - 0,200 )
2

¢ = Foqz - ( Epgo . Esg6 )

= 0.290 - ( 0.2T - 0,23 ) = 0,070

)
0.00I%
caffeine ® 0385
W = 0.50
wt %C - (_I.3%84 - 0.07 ) x I250

385
= 4.27
The caffeine content obtained by this method seems falrly
reasonable since caffeine is present in concentraztions as high

as 47 in black tea leaf ( 2I ).
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Because of the many steps involved, thils method is prone
to many errors. Also the sample is boiled several times which
in effect means loss of caffeine through evaporatlon. Therefore
for the present research it was decided to discard the above
method and follow the rapld method for determining caffeine
by Lehmann and Moran ( 27 ).A few modifications were made +o

this method.
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CHAPTER 4
PRESENT RESEARCH ON CAFFEINE

The same model theory which was used for determining theaflavins
and thearubigins in tea infusions applies to the determination

of caffeine,

I,0 EXPERIMENT TO DETERMINE THE EFFECT OF HEAVY MAGNESIUM

0XIDE ON TURE CAFFEINE SOLUTION

A solution of 0.003% caffeine ( BDH Chemicals Ltd. ) was
preparsd ( 0.003% is,an.arbitrary>Va1ue } and its absorbance
was Trecorded. 20.m1 of this solution anrd 3g of heavy magnesium
oxide ( Hopkin and Williams Ltd ) were placed in a I00 nl flat -
bottomed quickfit flask and welghed. The flask was then fitted
with a water cooled reflux condenser and boiled gently for 5 min
( solution AT ), The flask was left standing with the water cooled
reflux condensexr for 5 min at room temperature and then the
flask plus the contents were reweighed. Loss in weight was com-
pensated for by the addition of an appropriate volume of distilled
water ( solution A2 ). 4 ml of solution A2 was passed through a
pre - packed polyamide ( see section I.2, page 99 ) co‘lomn7_{allowecl
by two 3 ml and one I0 ml portions of distilled waterythe eluwent was
collected in a 25 ml volumetric flask made upto the mark with
distilled water ( solution A3 ). Absorbance of solution A3 was
recorded a2t 273 nm. 20 ml of solution A3 was then placed in a
250 ml separating funnel and extracted 5 times wlth I5 ml chlo-
roform ( Analytical Reagent, obtained from B.D,H, Chemicals Ltd. )

each time, The chloroform layer wys dlscarded and the absorption
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of the aqueous layer was recorded at 273 nm ( solution A4 ).
Results are recorded in Table ( 35 ).

The experiment was repeated but this time without heavy
magnesium oxide [ Table ( 36 )] . Both the experiments were dome
twice,

The dilution factor used in Tables ( 35 ) and ( 36 ) arises
from the corrected or calibrated volumes of the volumetric
flask in which the eluent was collected and the syringe pipette

from which the sample was introduced into the column. Hence:

24,952 corrected volume of the v tri <
3,98 corrected volume of the syringe pipette
From the results it appears that heavy magrneslum oxide has
no apparent effect on a solution of pure caffeine., However,
there is an inerease in the absorbance on boiling the caffelne

solution on both occasions, ie,, with or without heavy magnesium

oxide,

T.I EXPERIMENT TO DETERMINE THE EFFECT OF HEAVY MAGNESIUM OXIDE
ON THE DETERMINATION OF CAFFEINE IN BLACK TEA EXTRACT BY THE
POLYAMIDE METHOD

The- experimental procedure was the same as described in
section I,2. After recording the absorbance of solution B at
273 nm, 20 ml of solutionAA and 3g of heavy magnesium oxide
were placed in a I0O0 ml quickfit conical flask and the flask
was welghed., The flask was then fitted with a watex cooled
reflux condenser and the contents of the flask were bolled gently

for 5 min, Then the flask plus the contents were cooled and re-
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welghed. Loss in weight was compensated for by the addition of
an appropriate amount of distilled water to form solution D.
The colour of solution D was much lighter than that of solution
A, probably due to the absorption of the coloured volyphenols
by the heavy magnesium oxide.

4 m1 of solution D was passed through the pre - packed polyamide
colunn ( see section I.2 ) followed by two 3 ml portions and one
I0 nl portion of distilled water, The eluent was agaln collected
in a2 25 ml volumetric flask: and magde upto the mark with distilled
water, The absorbance of the resulting solution was recorded at
273 nonm,

Another 20 ml portion of solution A was placed in IO0O0 ml
quicffit conical flask and the flask weighed, The same procedure
as above was carried out but this time without heavy nmagnesium-
oxide. After polyamide separation, the absorption of the resul-
ting solution ( solution E ) was recorded at 273 nm. The whole
procedure was repeated twice ( with freshly prepared solution
A each time ), obtaining two more values for solutions B, D and
E respectively. The results are recorded in Table ( 37},

Table ( %7 ) shows that the sbsorbance of solution P compared
to the absorbance of solution B is low in the first case, but in
the other two cases it is low within experimental error. A test
using more Mg0 was considered but it would have been difficult
to separate the tea infusion from Mg0 for column analysis,

Boiling solfitioh A by itgelf seemed to increase the absorption

after polyamide separation. Extraction with chloroform of the
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solution treated with MgO yielded the same results as the solution
not treated with Mg0. Thus apart from the discrepancy in absor-
bance values after boiling, there seemed to be no apparent effect
on tregting the tea infusion with Mg0. From these results it

can be deduced that 1t 1s not necessary to treat the tea infusion

with MgO prior to the polyamlde separation of the polyphenols.

I.2 RAPID METHOD FOR THE DETERMINATION OF CAFFEINE IN TEA LEAF
BY POLYAMIDE SEPARATION OF THE POLYPHENOLS: DETERMINATION OF THE
PERCENTAGES,PARTITION COEFFICIENTS AND RATE CONSTANTS OF CAFFEINE
AT 80°C AND 94,5°C

The method by Lehmann and Moran ( 27 ) was employed but

changes were made ( 9.y chloroform extraction ) in order to

sult the present research.
EXPERIMENTAL PROCEDURE

A glass stoppered 250 nl flat -~ bottomed flask containing
a bar magnet stirrer was placed in a thermostatic water bath
maintained at the appropriate temperature. The thermostatic
set up was the same as for the determination of theaflavins
and thearubigins at higher temperatures. All runs were carried
out using the tea holder device, X ml of distilled water heated
to the appropriate temperature were added to the flask and the
immersible magnetic stirrer turned onr; the water was stirred
until it attained the required temperature, Yg of Koonsong
B,P. tea ( sieved ) were added to the flask., The initiazl and the
final temperatures of the infusion were recorded with the same

type of thermometer as before. At the end of the recuired infu-
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slon period a IO ml sample of the infusion was removed by

means of a IO ml syringe ( of the.same type as used for previous
experiments'). The sample was placed in a I00 ml volumetric
flask and made ﬁpto the mark with distilled water to form
solution A.

At first it was declded to use pasteur pipettes manufactured
by John Poulten Ltd., as columns. But it was soon discovered
that these pipettes were not at all suitable for separation
purposes since the rate of elution was too fast for any sepa-
ration to take place. Therefore it was decided to construct 2
g8lass microchrematographic tube which has a2 constrietion at the
top ( Figure 22 ) so that the rate of elution is slowed down to
about one drop/2 sec. The tubes were made by the glass work-
shop in the Chemistry ﬁepartment of Inperial College. The tube
( IS cm x 0.8 cm ) was closed at the narrow end with a snall
piece of glass wool and about % mm of sea sand ( acid purified )
deposited on top of the glass wool.

Polyamide CCé powder for column chromatography obitained
from Camlab, supplied to them by Macherey Nagel 4 Co., was
allowed to swell in distilled water several hours before usse,
The chromatographic tube was fille&ﬁgblyamide powder suspended
in distilled water by means of a wide bore plunger pipette of
I0 ml capacity ( Gallenkamp )} as shown in Figure 22 , Care
was taken not to let the.column run dry,

4 ml of solution A was passed through the polyzmide column
followed by distilled water in two 3 ml and one I0 ml portions.,

The eluent was collected in 25 ml volumetric flask and made upto
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the mark with distilled water to form solution B. The azbsorbance
of solutlon B was recorded at 273 nm in a I cm quartz cell,
distilled water belng used as the blank solution,

Another 20 ml of solutlion B was placed in a 250 ml separa-
ting flask and was extracted 5 times with I5 ml of chloroform
each time. The chloroform layer was discarded after extraction
and the absdrbance of the aqueous layer ( solution C ) was
recorded at 273 nm. Lehmann and Yoran did not perform the
chloroform extraction, however, this step was found to be neces-
sary in the present research because after extraction of caffeine
with chloroform the spectrophotometer did detect some zbsorption

as seen from the results.
( 2 ) RESULTS AND CALCULATIONS

Tea leaves were stored in 2.5 litres capped glass bottles
as mentioned earlier. Work at 80°C was done with tea kept in 2
botile numbered I. For work at 94.5°C tea from 2 boitle numbered
2 had to be used since tea in bottle I had almost firished,
Therefore, in order to detect any difference in the caffelne
determination the absorbances of caffeine obtained from both
the bottles at 89°c were compared, All the experiments were

done with the tea holder device,

4g Koonsong B.P., Tea ( used from bottle I )/200 ml Distilled Water.
Absorbance of caffeine solution = 0.692

Ag Koonsong B,P, Tea ( used from botile 2 )/200 ml Distilled Water
Absorbance of caffeine solution = 0.660

. Difference in absorbance value = 4.62%
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Hence this factor of 4,62% was added to all absorbance values
at 94.5%, |

The fachor A used in the Tables is obtained from ( B - C )
and is the real absorbance of the solution containing caffeine.
The value of the extinction coefficient was obtained from the
literature ( 60 ) as 9900 1 mol™I em~T and was used throughout
the caffeine calculations., This value was also checked in the
present research, A known concentration of .pure caffelne solution
( pure caffeine was obtalned from B.D,H, Chemlcals Ltd. ) was:
diluted several times and absorbance vzlues at 273 nmn weTre Tre-
corded Table ( 38 ) . A curve of absorbance versus concentra-
tion was plotted ( Figure 22a) and the gradient ( extinction
coefficient ) was calculated. This value was found to be 9960 1
mol"I cm'I which is in good agreement with the literature value.
The concentration of caffeine in the sample solutions were

calculated from the Beer - Lambert equation

concentration of caffeine in sample solution 5 _A mol 1%
900

0

The percentages, partition coefficients and rate constants
for the infusion of caffeiné at 80°C 2na 94.5°G were calculated
in the same manner as with the theaflavins and thearubigins.

All Tesults and calculations are tabulated | Tables ( % - 48 )] .
The dilution factor 62,5 1s obtained from:

I00 x 25 = 62.5
10 12
Kinetic graphs were plotted graphically ( Figures 24, 25 )
as well as by both the least squares methods ( as a means of compa-

rison ) used previously in the case of theaflavins and thearubigins



—-102-~

at hlgher temperatures., All equllidbrium calculations for the
infusion of caffelne were done by the least squares method. The
plots are depilcted in Figures 23.and .23%. The spectrum.of:caffeine
is 11lustrated .in Figure 26 and the spectrum of tea sample contain-
ing caffeine is shown in Figure 27. The activation energies and

enthalpy calculations are described In the discussion secetion,
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I.3 EXPERIMENT TC DETERMINE WHETHER TEA / WATER SYSTEM
REFRESENTSA DIFFUSION CONTRCLLED PROCESS

The rate determining step in the dissolution of the soluble
constituent in a tea infusion could be either the surface
reaction:

X ( tea leaf )X ( solution ) ( a)
or the diffusion controlled process:

X ( concentration at the surface )X ( concentration in the bulk)

(b))

The rate constant for the surface reaction (. a ) will be a
function of the structure of the tea leaf ( which is not knowm ).
For reaction { b ) the dissolved X must diffuse through the

Nernst layer and hence, from Fick's first law of diffusion;

d [X] = PXA ( [XJ surface [X] bulk ) (e)
at d
where, X = concentrztion of X ( solutle speciles )
t = the time
Dy = the diffusion coefficient of X in solution
A = the surface area of the tea leaves

& = the thickness of the Nernst layer
Expression ( ¢ ) is a simple correction to the kinetic equations
1f diffusion is slow enough to matter. The rate of diffusion
can be énhanced considerably by vigorous stirring, vwhich decreases

the thickness of the diffusion layer.

EXPERIMENTAL PROCEDURE
The tea / water system used was the same as before ( 4g of

Koonsong B,P, tea / 200 ml distilled water ), The infusion was
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stirred at a very slow rate by adjusting the speed of the -
nagnetic stirrer. A IO ml sample of the tea infusion was extrac-
ted after 5 min with the aid of a syringe as before and diluted
to a2 I00 nl with _distilled water. After polyamide separation

the absorption of caffeine in the solution was recorded. The
experiment was repeated but this time the stirring speed was
increased to a maximum. Results are incorporated in Table ( 49 ).
From this Table it appears that more caffeine is exiracted when
the stirring speed is at a maximum., According to Fick's law

this suggests diffusion of the soluble constituent from the tea

leaf into the water. Thus the tea / water system can be described

as :at least partly diffusion controlled.
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TABLE 35
EXPERIMENTS DONE WITH HEAVY MAGNESIUM OXIDE

Absorbances of 0.003% caffeine solution ( AI ) - I.445

Absorbance of solutlon Absorbance of solution
A3 Ad
» *
(1) 0.236 I.478 0,032 0.2€0
(2) 0.240 *1.50 0.034 *0.210

TABLE 36

EXPERIMENTS DONE WITHOUT HEAVY MACNESIUM OXIDE

Absorbance of solution Absorbance of solution
A3 A4
(I) 0.240 *1.50 0.03I *0.194
(2) 0.233 *1.459 0.030 ®0.187

* alues are multiplied by the cilution factor: 24,952/3,984
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TABLE 37

THE EFFECT OF HEAVY MAGNESIUM OXIDE ON CAFFEINE DETERMINATION
BY THE POLYAMIDE METHOD

4g OF KOONSONG B.P, TEA ( SIEVED }) / 200 ML DISTILLED WATER

Solution Welght of Welght of Loss in Absorbance
flask + flask + weight at 273 om
contents contents /8
before fter heatingd
heating/g | /g

(1) 0.820
B - - -
(2) 0.848
(3} 0.852
(I) 79.736 |(I) 79.48T [I) 0.255 | (I) o0.741
D
(2) 19.757 |(2) 79.544 ([2) 0.2I3 | (2) 0.8%0
(3) 79.874 | (3] 76.378 [3) 0.35T [ (3} 0.843
(I) 82.0I9 (1) 8I.6I0 {I) 0.409 (1) 0.860
E (2) 76.946 | (2) 76.479 [(2) 0.46T | (2) 0.909
(3) 79.874](3) 79.874 [(3) 0.255 | (3) 0.889
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TABLE 38

BEER - LAMBERT DETERMINATION OF THE EXTINCTION COEFFICIENT

OF CAFFEINE
% bsorbance of I.545 x I0~% mol 17T caffeine solution = I.495
.Dilution. - Cconcn. . Absorbance
factor (a/b) /It:)'4 mol | at 273 nn
1-I
4/25 0.247 0.257
5/25 0.309 0,321
5/20 0.386 0.398
5/15 0.5I5 0.528
5/10 0.7725 0,781
I0/I5 z.03 I,041

¥ 0.03g of pure caffeine dissolved in Il distilled water ( 0.003%

caffeine solution )
a is the volume of 0,003% caffeine solution
b is the total volume to which a is diluted with distilled water

¢ is the concentration of diluted caffeine solutions:

4 I

2xI,545 x I07" mol 1~

b



TABLE 39

EQUILIBRIUM RESULTS FOR CAFFEINE AT 80°C ( BATH TEMPERATURE )

AFTER 20 MIN INFUSION WITH KOONSONG B.P. TEA ( SIEVED ) / 200 ML

DISTILLED WATER

80.0

w/g | Tnitial|Final B ¢ | (3-0) x| cw |10 %m0z
T of |T of dilution| /1072 | 1°T/ey
infusion|infusion factor. nol 1°J
/ec¢ /ec (A
2 79.8 80.0 0.406 0.060 2I.63 2.19 0.458
3 80.0 80.0 0.625 | 0,II0 32,19 3,25 0.308
4 79.8 80,0 0.852 | 0,I60 43,05 4,37 0.228
5 80.0 80,0 I.0I7 | 0.2I0 50,44 5,09 0.I96
6 .80.0 80.0 I.255 | 0.265 61.88 6.25 0.I60
8 80.0 I.53 0.330 75.00 7.58 0.I32

B iz the absorbance of solution before extraction with chlorofomm

C is the absorbance of solution after extraction with chloroform

c

o =

A mol 17T

9500
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TABLE 40

KINETIC RESULTS AND CALCULATIONS AT 80°C ( BATH TEMPERATURE )
4g KOONSONG B,P, TEA ( SIEVED ) / 200 ML DISTILLED WATER

' ' o] o
InfusionInitial [Final B ¢ |(B-0) x|ey  Kéw-es)fogs Coo
time [T of [T of ailution/10~7| /10~ 3 tm-cﬂ
/min . [infusionfinfusion factor fmol mol

/oc /oc 17t | 2T
1.5 80.0 80.0 |0.405]l0.,066] 21,187 |2.I4] 2.23 0,292
2.5 80.0 80.0 |0.585|0.I00f 30,3 3,06} I.3I 0.523
5.0 79.8 80.0 o.733io.130 37,69 3,81 0.56 0.892
7.0 80.0 80.0 |0.8040.145| 4¥.19 4,16} 0.2I | E.3%20
I10.0 80.0 80.0 lo.820l0.,140] 42.63 |[4.3I} 0,06 | I.86
I2.0 80,0 80.0 {0.845]0.158]42.94 |4.34} 0,03 2.I6

B is the absorbance of solution before extraction with chloroform

€ is the absorbance of solution after extraction with chloroform

ct = A mol l_I

9900
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TABLE 4I

EQUILIBRIUM RESULTS FOR CAFFEINE AT 95°C ( BATH TEMPERATURE )

AFTER 20 MIN INFUSION WITE KOONSONG B,P. TEA ( SIEVED ) / 200 ML

DISTILLED WATER

We |[Initial |Final B ¢ (-0 x | oo 10" mo1
T 6% T of | dilution | /1073 1-T/ce
infusion infusion factor, mol 1“I
/ec  |/°c (&)

: 0.445 | 0,090 | 22.19
2 94.5 94,5 2,317 0.432
0.435 | 0.088 | 2I.69
3 94,3 94,5 0.620{ 0.I09} 3I.94 3.38 0,296
0.885] 0.I60}] 45.3T o
4 94.5 94.5 loo.ss8| o.158| 45.31 479 0.2I0
5 94.5 94,5 I.04 0.200] 52,50 5.54 0.I8T
. , I.3I5 0.320 62.1I9 :
6 94,5 94.5 ' , 6.59 0.I52
I.320 0.320] 62.50
8 94.5 94.5 | 1.65 0.352] 8I.75 8.64 | 0.II6

— —

¢, = average (A) - 4.62% x average (A) mol 11 (
9900V

see page 101)
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TABLE 42
KINETIC RESULTS AND CALCULATIONS AT 95°C ( BATH TEMPERATURE ).

4g KOONSONG B.P. TEA ( SIEVED ) / 200 ML DISTILLED WATER

}Infusion| Tritialffinal B ¢ |(-¢) xfes ° kc,-ét);oglﬂ( Coo |
time T of [T of dilution/I0™3 /I(:J'3 Coe~ C
/min 1fxf‘u5ionﬂnfusioﬂ factor. | mol nol

/°¢ jec (8) 1 1-T| 4T
2.0 94,5 94.5 |0.555|0.I05f 28.I3 |2.97} I.82 0.420
3,0 94,5 94.5 [0,669}0,1I0f 34,94 |3.69]| I.I0 0.639

5.0 94,5 94.5 |0.800| 0.I55 40.3I (4.26| 0,53 0.956

7.0 94.3 94,5 {0.855| 0.160] 43.44|4.59]| 0,20 1,38

T0.0 94.5 94,5 10.865] 0.I150) 44.69 |4.72] 0.07 I1.84

I2.0 94.4 94.5 |0.881 0,160} 45.06 |4.76] 0.03 2.20

cty = (4) - 4;62%5A):.mol 11
9900 .
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TABLE 43

PERCENTAGE AND PARTITION COEFFICIENT OF CAFFEINE AT 80°¢C

- )
I
Fig( 23 ) |rig( 23 ) Xo Caffeine K
slope/I0°z1 |intercept /10" %no1 | /wtz
noi~¥ /I031mol'I g~ T
0.879 0.0I67 2.28 4.42 0.263
TABLE 44
RATE CONSTANT OF CAFFEINE AT 80°C
'
g of tea|Fig(24 )] k', k| koA’ kgAY k_1
/200 m1 |1ope /x0=2-1 /10-3 | /10-3 | /10-2 | /10~2
distilled /min-I ninI} mol 1-I| min-I min-I mi.n'I
water min~I
4 0.I85 42,6 I.80 T.89 39.5 3.1
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TABLE 45

PERCENTAGE AND PARTITICN COEFFICIENT OF CAFFEINE AT 94,5

Fig( 23 Y. [Pig( 23 ) Xq Caffeine K
[slove/T03g1 [intercept J10"%no1 | /wtz
nol™T /T031mo1~t g~ -
0.848 0.009 2,36 4,58 0.47I
TABLE 46
RATE CONSTANT OF CAFFEINE AT 94.5°C
. '
g of tea |Fig(25) k.1 k, koA kaAV k_T
/200 ml lslope JI0=2 | /1073 /1072 /Io"2 /102
distilled |/I0~2 pin"I| mnol 1-I| nin-I nin~T nin~ T
water min~T nin=I
4 18.9 )} 43.5 I.974 8.36 | 41.8 I.70
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TABLE 47

CAFFEINE AT 80°C

T.
Intercept] Slope k:I k; ‘ koA k_AV k_;
/10-2 /102 /10=3 /10> /T0-2 /I0-2
ﬁin-? nin=I | nmol 1-1 nin~I min~¥ min=I
m:[n"I

20 I8.5 42,6 I.80 7.89 39,5 3,I

Pq 18.4 42,4 I.797 | 7.8 39.4 3,0
C.0.043 I7.86 41,1 I.740 7.6% 38,1 3.0

TABLE 48
CAFFEINE AT 94,5°C
Intercept Slope | k.1 ky koA | K AV k_
- -2 - -
/1072 | /10 /103 /1072 | /1072 | /10-2
min~ T min-I nol 1.I min-I min-I nin~I
min'I
) I8.9 43,5 I.974 8.36 41.8 I.70
)

0 I8.7 43,1 I.95I 8.27 41,3 I.80
©.0.093 17.6 40,5 T.835 7.78 38,8 I.70
a = vValues obtained by a graphical pethod
b « values obtained by a least squares method ( using y = mx )

Q
]

- values obtained by 2 least squares method ( using y = mx + ¢ )
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TABLE 49

THE EFFECT OF STIRRING STEED ON THE EXTRACTION OF CAFFEINE

—
g of Koon~- | Infusion Infusion Stirring Absorbance
Eong B.P.te emperature| time speed
/200 ml dis<d /¢ /min
ftilled watexn
4 80.0 T fast 0.790
4 80.0 T mediun 0.774
5 94,5 5 - fast: - 0,430
2 94.5 5 8low 0.410
4 94,5 5 fast 0.868
4 94.5 5 slow 0.822
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FIGURE 22

This diagram shows the experimental set up of the azpparatus for

the determination of caffeine by the separation of the polyphenols
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FIGURE 26

SPECTRUM OF PURE CAFFEINE SOLUTION

Concentration of caffeine = 0.003% in distilled water
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FIGURE 27

SPECTRUM OF TEA SAMPLE ( 4g 0f Koonsong B.P. Tea/200 nl Distilled
water ) CONTAINING CAFFEINE

Infusion Temperature = 95°¢. -

Infusion Time 20min.
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FIGURE 28
SPECTRUM OF PURE THEOBROMINE

Concentration of theobromine = 0.003%
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FIGURE 29
SPECTRUM OF PURE THEOPHYLLINE

Concentration of theophylline = 0.003%
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DISCUSSION
I.0 THEAFLAVINS AND THEARUBIGINS

' 'The value of £, for the calculation of %Tg in the solution
was taken as ( 0.02/0,733 ) in the pTesent research, whereas
Roberts and Smith put £, = | ( 0.02/0.733 )x( 375/9 )} . The
factor 375/9 is a concentration factor ( page 27) and because in
the present research varying concentratlons were used f2 was taken
only as ( 0.02/0.73%3 ),a constant for all the calculatlons of %TR
in the solution. This value is arbitrary due to the incomvlete
knowledge of the chemnistry and degree of hydration of the theagru-
bigin complex. The concentration used by Roberts and Smith ( i.e.
4,8z tea/200ml ) was tried in one experiment at 95°C and here
agaln f5 for %TR was taken as ( 0.02/0,733 ) [ see Table (5)] .
4TR was found.to be 0.323, vhich fitted on the straisht line plot
éf I/7TR versus I/W for thearubigins at 95°C. The value of Ze
( wt%-) in the tea leaf for thearubigins was found to be I8.0
for Koonsong B.P. tea at 94°C vhich agrees well with the value
of BTR in the tea leaf of I6,T7 for Assam B.P. as found by Roberts
and Smith method ( I5 ).

In the case of theaflavins; the molar concentrations were
determined in solution in the present research instead of the
%TF as found by the Roberts and Smith method; { ef. Chapter I,
section I.I ( ¢ )]. Xo 1n wit% for theaflavins was found %o be 0,I59
for Koonsong B,P. tea at 94°é as compared to the value of I.45
for Assam B,P, tea by the Roberts and Smith method. As the thearu-
blgin content of a tea 1s always considerably kigher than the thea-~

flavin content, these results appear to be reasonable, Also diffe-
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rent grades of tea have different theaflavin and thearubigin
content zs found in the present research with Assan B,C.P. and

Koonsong B,P., *ea.

ERRORS

Due to the experimental error of about *3% in c¢(TF) and TR
*in solution, there are uncertainties in the siopes and intercepts
of the linear plots of I/ec ( or I/%TR ) versus I/W for both
theaflavins =2nd thearubigins at all‘temperatures. This affects

the derived quantities x K a2nd E. The eguilibrium and Lkinetie

o!
parameters for theaflavins and thearubigins at 25°0¢ are subject
to further errors due to the formation of tea cream 25 mentioned

earlier.
THE RATE OF EXTRACTION, ACTIVATION ENERGIES AND ENTHALFY CHANGES

From the resulits it appears that the rate of extraction of
thearubigirs is faster in most cases than that of theaflovins.
For both the temperatures ( 79.5°C and 94°C ) k!1 and k) for
thearubigins are approxX. I2% and 87% respectively hizher than the
corresponding parameters foi theaflavins, koA 2t 79.5°C is about
407 higher and koA at 94.5°C is about 20% higher for thearubigins.

The effect on the rates of raising the temperature can be
conveniently expressed by the Arrhenius equation: »

A exp( -Ep/RT ) (a)

vhere %k = rate constant

k

A = frequency ( pre-exponential ) factor

nolar gas constant

L -~
]

absolute temperature
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EA = actlivation energy
Upon taking logarithms of equation (a):

logrok = logrpd - B, /2.303RT (v)
Ep can be evaluated from the slope.-of & linear plot of logIOk
versus I/T. Alternatively Ej can be evaluated by taking the
specific rates ( kr and kp ) at temperatures Ty and T, and inser-
ting them in equation (b); if the two resulting e%pressions are
subtracted from one another, then:

logrdka/k1) = (Ey/2.303R( Ty - Tr¥TrTp.
This is the equation which is used in the present research.

The activatlion energles for the infuslon of theaflavins are
almost z11 positive which 1s to be expected. The value for k;I
appears to be negative, but thls is likely to de due to the
experimental error. An uncertainty of 3% in ¢ leads to uncertain-

ties in the derived quantities k', and koAV/T which leads to a

I
najor percentage uncertalnty in their small difference which
equals k_t ( cf. equation (I0a) ]. The activation energies for
the k_1 process are even more uncertaln., For example, if 3% is
added to the value of k A at 94°¢ this becomes T.50 x Io'slmin'I
which changes the activation energy for k,A to =0,70 KJ mol_I
and the activation energy for koAV/W to =0,.50 KJ mol-I. The
apparent negative EA values in Table (51 ) for thearubigins are
therefore spurious. Both sets of getivatlon energies ( i.e. for
TF and TR ) are small because the rates of TF and TR do not
increase very nuch on raising the temperature fronm 79.5°c to 94°c.
The enthalpy change of the reactions can be determined by the

similar Van't Hoff equation:
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1n(k,/kq) =(8H/RX Ty - T1)/ TIT,

wherel(:I.k2 = partition coefficients at TI~and T2, respectively
AH - enthalpy change of the reaction

If the reaction is endothermic ( absorption of heat ), OH is
positive and k inereases with T, whereas 1if the reaction is
exothernic ( liberation of heat ) AH is negative and k decreases
with T. The enthalpy change for the infusion of theaflzvins is |
positive'which shows that the infusion process involves absorption
of heat., For the infusion of thearubigins, however, AH is negative.
This indicates that by ralsing the temperature one can extract

more TF but less TR.
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I.1I CAFFEINE

The substance that 1ls left after the chloroform extraction
of caffeine and vhich shows some absorbance in the 273 nm region
could possibly be due to theobromine and theophylline ( Figs. 2%
and 29 ).. These materials are known to absorb in this region.

The wt? of caffeine in Koonsong B.P. tea was found +to be
4,42 at 8060 and 4,58 at 9490. These values agree well with
Lehmann and Moran's results, For example they found the caffeine
content of Twinings Lapsang Séuchong tea and Windsor Castle Orange
Pekoe tea to Be 3,8I% and 4,52% respectively at 90°C. Thus it can
be said that the.preéent resulfs are reasonable as tea may contain
upto 4% of caffeine in leaf ( 19 ).

Thé activation energles for the infusion of caffeine are all
positlve and small., Only for the k_y step E is negative,and here
experimental uncertainty ( £3% ) in the concentration value can
account for this dlscrepancy. For example, if 37 is added to
the kl1 value and 3% is subtracted from the value of k AV/W

' -I
then k would become 4,25 x I0~2 nin y 2.5 tines the value

I
reported in Table ( 52 ), vhich would nmake E(k_y) positive,
The activatién energles are small because the rate of extraction
of caffeine does not rise very much between 80°¢ and 94.500.
This suggests that caffeine and the polyphenols could be extrac-
ted almost as quickly at 80°C as at 95°C or I00°C, and this has
important implicatlons for the manufacture of instant tea.

The enthalpy for caffeine infusion was found to be positive,

so that the extraction of caffeine infusion involves absorption
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of heat., Thus the total amount of caffeine that can be exiracted
does increase with rising temperature, another point to be borme
in mind for instant tea manufacture,
Experiments with various stirring speeds appeared to show

that the kinetics of the infusion of tea into distilled water
are partly diffusion controlled. The method used here was simple
and crude and hence from these results one could not arrive at
a definlite concluslon., Further research in this arezg should be
carried out with horizohtal rotating discs of tea leaves where
more is known of the hydrodynamies. Diffusion control would also
be conslstent with the low activation energles obtained, Acecording
to the Stokes - Einstein equation:s

De¢c T/4
vhere D = diffusion coefficient

T

n
fy at 353°K ( Tp ) = €.3554 cpoise
N at 367.5°K ( T2 ) = 0.2985 cpoise

absolute temperature

viscosity

. Dr/Dy = ( Ta/M, )/ To/My ) = I.24
The variation of the diffusion coefficient wlith temperature may
be expressed by an Arrhenius - type equationg

1 (Dp/Dp )= my (T, - Tp)

R TiTi

where ED = activation energy ( for diffusion )

Hence Ep = I6.5 Y nol~t

This is of the same order of magnitude as the activation energies

in Tables (50 ) ; (51 ) and (52),



AQTIVATIORN
Activafion

ENERGIES

energles

for the infusion of

-134-

TABLE 50

ATD ENTHALPY FOR INFUSION OF THEAFLAVINS

are calenlated from the rate constants.

(o]
theaflavins at 79.5°C and 94 ¢ obtained

in Tables ( 25 ) and ( 27 ). Enthalpy is calculated from

the partlition coefficients obtained in Tables ( 29 ) and ( 30).

E(k!y)  |B(x)) B(k_A) E(k%AV) B(k.1) AR°
/RS mor-I /RI nol™T /RJ no1~T /R nol~T /R mol-T /RI nol™T
+3,29 +8.22 +17.08 +I7.08 | -25.75 +2.9
5
TABLE 5I

ACTIVATION ENERGIES AND ENTHALPY FOR INFUSION OF THEARUBIGINS

Activation energies are calculagted from the rate constants

for the infusion of thearubigins at 79.5°C and 94°C obtained

in Tables ( 26 ) and ( 28 )., Enthalpy is calculated from the

partition coefficients obtained in Tables ( 29 ) and ( 30 ).

-0
E(k!1) E(k}) E(k A) E(k,aV) E(k_1) DX .
/KJ mOl_I /RJ mol-I KJ mol-I /RJmol_I /kJ mOl_I /KJ nol
+4.,58 | ¥I0.99 -1,41 -I.AI +3743 -39.I6
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TABLE 52
ACTIVATION ENERGIES AND ENTHALPY FOR IWFUSION OF CAFFEINE
Activation energies are calculated from the rate ¢onstants. ;. .
for the infusion of caffeine at 80°C and 94.5°C obtained in

Tables ( 40 ) and ( 42 ). Enthalpy is calculated from the partition
coefficients obtained in Tables ( 39 ) ard ( 4T ).

E(kls) E(kg) E(koA) E(k,AV) | E(k_T) ) AH®
/R nol ™ /RJ nol™Y /R mor”" /&I mol™Y I mol™T JRI mol”T

-4I1.55 +6,86 +4,30 +4,30 -46.0 +43,3
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