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PREFACE

Caffeine was conceived for a wide range of readers interested in the
effects on human health, nutrition, and physiological function of the
methylxanthine beverages and foods—tea, coffee, maté, cola beverages,
and cocoa and chocolate products. These products supply one or more of
the dietary methylxanthines—caffeine, theobromine and theophylline—
and are an integral part of the diet of many people in many countries. The
interest in the health effects of both the methylxanthines in isolation and
in the products containing them has grown rapidly in recent years.

This comprehensive text gathers in a single volume in-depth informa-
tion on composition, processing, consumption, health effects, and epide-
miological correlations for the methylxanthine beverages and foods and
should serve as a useful tool for anyone interested in the methylxanthine-
containing products. It briefly covers metabolic and physiological aspects.
This design should make this book valuable to physicians, nutritionists,
other health professionals, and food scientists.

Chapters 1 and 2 offer an introductory, concise overview of the chem-
istry and analysis of the methylxanthines. In Chapters 3 through 8, each
natural product (tea, coffee, maté, and cocoa and chocolate products) is
described. Botany, cultivation, processing, composition, and consumption
patterns are covered in detail. The reader can better grasp how the chemi-
cal complexity of the methylxanthines makes it important to carefully
distinguish between the effects of the methylxanthines in isolation and as
part of one of these natural products. The extremely critical and complex
guestion of consumption is discussed in more than one chapter, but is the
specific focus of Chapter 9. Chapter 10 covers the basic physiology and
biochemistry of caffeine, not with the physiologist or biochemist in mind,
but rather the health professional in need of a concise, easy to read over-
view of these topics. Chapters 11 and 12 focus on the ergogenic, cognitive,
and emotional effects of caffeine, while Chapters 13 through 16 deal
directly with the health effects of methylxanthines, coffee, or tea and their
effects on serum cholesterol, cancer and fibrocystic breast disease, calcium
and bone health, and human reproduction. Appendix I lists the caffeine
content of various popular cola beverages.
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No single book can possibly cover all aspects of the chemistry, con-
sumption, and health effects of the methylxanthines, but | hope that this
volume will help a wide variety of readers to better understand coffee, tea,
maté, cola beverages, and cocoa and chocolate products and their effects
on human health.

Gene A. Spiller, Ph.D.
Los Altos, California
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I. INTRODUCTION

The methylxanthines of interest are caffeine (1,3,7-trimethylxanthine),
theophylline (1,3-dimethylxanthine), and theobromine (3,7-
dimethylxanthine) and they occur in coffee, tea, maté, cocoa products, and
cola beverages. This chapter is an introduction to their chemistry, isola-
tion, and biosynthesis. While the class of methylxanthines is large and
comprised of more members than these three, this chapter will essentially
be limited to caffeine, theobromine, and theophylline.

Purine is the parent heterocyclic compound of the methylxanthines,
which are often referred to as the purine alkaloids.” Purine is also the
parent compound of some of the base constituents of the nucleotides,
which in turn are part of the nucleic acids RNA and DNA. Thus, it appears
that the purine alkaloids have similar precursors to nucleic acids.

Il. PHYSICAL AND CHEMICAL PROPERTIES OF THE
METHYLXANTHINES

A. Organoleptic Properties

Caffeine, as an example methylxanthine, is a colorless powder at room
temperature; it is odorless but does have a slightly bitter taste.?

B. Melting and Sublimation Temperatures

The trimethylated xanthine, caffeine, sublimes at 1800°C, which is a
lower temperature of sublimation than theobromine.'® Temperatures of
melting and sublimation are given in Table 1.

C. Solution Formation

Solubility values are distinctive for caffeine, theobromine, and theo-
phylline (see Table 2). Caffeine dissolves well in boiling water, but at room
temperature chloroform is one of the best solvents. Theobromine is gen-
erally much less soluble than caffeine but it will dissolve readily in aque-
ous acids and alkalis. Theophylline is intermediate between caffeine and
theobromine in its ability to form solutions. A series of studies were
conducted by Hockfield'” and Gilkey,® who, after comparing the solubil-
ity rates of the xanthine alkaloids, determined that the methylxanthines in
which both heterocyclic nitrogen atoms in the ring are methylated (caf-
feine and theophylline) display a much greater solubility in polar solvents
than those with at least one unmethylated nitrogen atom (theobromine).
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TABLE 1

Melting and Sublimation Temperatures for
Methylxanthines

Sublimation
Compound point (°C) Melting point (°C)
Caffeine 1808 236.5 under pressure?
178° 238°
1787 235 anhydrous’
Theobromine 290-295° 357°
2907 330 sealed tube’
Theophylline — 270-274°
269-2727
TABLE 2
Solubility Values for Methylxanthines
Caffeine Theobromine Theophylline
Solvent (%) (%) (%)
Water, 150°C 1.38
Water 2.2° 0.005° 0.83°
Water, 400°C 4.68
Water, hot Soluble®
Water, 800°C 18.2°
Water, boiling 66.7° 0.67°
Ether 0.38 Almost insol.®  Sparingly sol.®
0.2°
Alcohol 1.28 1.25°
1.5°
Alcohol, 600°C 4.5°
95% Alcohol 0.045°
Ethyl acetate 2.58
Chloroform 13.08 Almost insol.® 0.91°
18.2°
Acetone 2.0°
Benzene 1.0° Almost insol.®
Benzene, boiling  4.5°
Pyrrole Freely sol.®
Tetrahydrofuran  Freely sol.®
and 4% water
Petroleum ether  Sparingly
sol.®

Carbon

Almost insol.?

tetrachloride

These studies indicate that intermolecular hydrogen bonding between
lactam systems in the nonmethylated alkaloids is responsible for these
differences. The findings indicate a difference between the enthalpies of
theobromine, which would be expected to form a dimer, and those of
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caffeine and theophylline, whose structures would preclude dimerization,
is approximately that of one hydrogen bond per molecule.

D. Ultraviolet and Infrared Absorption

The methylxanthines show useful strong ultraviolet (UV) absorption
between 250 and 280 nm.!! The spectra for the methylxanthines are very
similar and only when one uses techniques such as derivative spectros-
copy can substantial differences be seen. In addition to the UV absorption,
the methylxanthines also exhibit strong infrared (IR) spectra which can
provide critical information about these compounds.

E. Complex Formation

In aqueous solution, caffeine associates to form at least a dimer and
probably a polymer;*? the molecules are arranged in a stack.'® Caffeine will
also associate with purines and pyrimidines either as the free bases or as
their nucleosides.!® Caffeine crystallizes from water as a monohydrate [9].

Chlorogenic acid forms a 1:1 complex with caffeine, which can be
crystallized from aqueous alcohol and yields very little free caffeine on
extraction with chloroform. Other compounds with which caffeine will
complex in this way include isoeugenol, coumarin, indole-acetic acid, and
anthocyanidin. The basis for this selection was the requirement for a
substituted aromatic ring and a conjugated double bond in forming such
a complex. This kind of complex does modify the physiological effects of
caffeine.’* Complex formation will also increase the apparent aqueous
solubility of caffeine in the presence of alkali benzoates, cinnamates, cit-
rates, and salicylates.®

A description of the physical properties and behavior of caffeine in its
aqueous solution was published in 1980 by Both and Commenga.®

Where the complexing agent is phenolic, the pH must be such that the
phenol is undissociated; usually such complexes form at a pH below 6.
Free caffeine concentrations are increased above pH 6.1

The methylxanthines vary in their ability to form certain metal com-
plexes. For example, theophylline will complex with both copper and
silver whereas caffeine will not.1The interpretation of this is that the metal
ion forms a pentacyclic complex involving the phenolic 0 at C-6 and N at
7.16

F. Acidic and Basic Equilibria

The acidic and basic equilibrium constants Ka and Kb are given in
Table 3.
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Caffeine behaves as a very TABLE 3

feeble base and reacts with acids;  Acidic (Ka) and Basic (Kb) Equilibrium
the salts produced are very readily  Constants Expressed as pKa and pKb
hydrolysed.®

J . Compound pKa pKb
Evidence for the formation of -
. . Caffeine, 19°C 14.2
protonated caffeine can be seenin < ' ocnon 14 (approx.)
the changed UV spectrum for caf-  theobromine, 180°c  10.0 139
feine at pH 0.1 Theophylline, 25°C 8.8 13.7

Theobromine and theophyl-
line are weakly amphoteric and
behave more distinctly as acids or bases than caffeine does. This is evident
from the ease with which theobromine and theophylline will dissolve in
aqueous acids and bases; they are only sparingly soluble in pure water.?

1. ISOLATION OF THE METHYLXANTHINES

A possible task facing the scientist is the isolation of the methylxanthine
compounds from plant material. Use can be made of the solubility values
given in Table 2 and the pKa and the pKb values in Table 3 in designing
an isolation scheme for each individual methylxanthine. There are two
possible approaches to this task,'® one involving aqueous extraction and
the other involving an organic solvent extraction. These methods are not
without problems since the extract is usually contaminated with various
organic and inorganic compounds. If extraction with organic compounds
is desired, and the plant has a large amount of lipid, then a preliminary
extraction with petroleum ether or hexane might be followed by extraction
with a solvent such as methanol. The methanolic extract can be concen-
trated to a small volume and acidified to pH 2. It is possible to steam-distill
the extract and refrigerate the distillate. After 24 h, a clear liquid can be
decanted and filtered through activated charcoal or a similar filter aid. The
aqueous solution can be made basic with ammonium hydroxide or so-
dium carbonate, which may cause precipitation of the basic compounds.
A further step would involve the extraction of the basic solution with
chloroform. The chloroform would contain the methylxanthines and could
be readily removed.

Another scheme for methylxanthine isolation involves the extraction
of the dried ground plant with 10% ammonium hydroxide:chloroform
(1:10). A large proportion of the extraction mixture is used, relative to the
sample, to ensure complete extraction of any theobromine. Caffeine and
theophylline will be extracted easily under these conditions.?® After re-
moving water from the organic layer, filtration, and solvent removal, any
methylxanthines present will be in the residue together with some impu-
rities. An approach to finally isolating these methylxanthines from this
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residue would involve redissolving the residue in a dilute acid with
subsequent filtering and reprecipitation. Other possible avenues to ex-
plore would be thin-layer chromatography, column chromatography, or
fractional recrystallization.

Recently, solid phase extraction (SPE) has been used to isolate mem-
bers of this class of compounds. No solid phase support has been used
exclusively and both hydrophobic- and hydrophilic-based solid phase
extraction columns have been used for this assay.

These procedures outlined are not all-encompassing and should serve
only as guidelines. Additionally, the end use of the extract (i.e., biochemi-
cal studies, analytical methodology, toxicological studies) will have a
large effect on the required purity of the final product. Some uses need
only water extraction while others need a more rigorous clean-up proce-
dure with methods outlined in Chapter 3.

IV. BIOSYNTHESIS OF THE METHYLXANTHINES

A. In Coffee

Roberts and Waller?* and Looser et al.?? have outlined the biosynthesis
of caffeine in coffee. Looser et al.?2 propose a pathway for biosynthesis
starting with the “purine pool” via nucleic acids through 7-methylguanylic
acid, 7-methylguanosine, 7-methylxanthosine, 7-methylxanthine, 3,7-
dimethylxanthine (theobromine), and then to 1,3,7-trimethylxanthine (caf-
feine). Their studies determined intermediates to 7-methylxanthosine. The
later work of Roberts and Waller? provides further reinforcement of this
proposal. Schulthess and Baumann? examined caffeine biosynthesis in
suspension cultured coffee cells. In that study, suspension-cultured coffee
cells were subjected to various conditions such as photoperiod (13 hin a
growth chamber), 1 mM adenine, 0.1 to 10 mM ethephon, or to the com-
bination of both adenine and ethephon. Concentration of purine bases,
nucleosides, nucleotides, and purine alkaloids (PA; i.e., 7-methylxanthine,
theobromine, and caffeine) were measured by HPLC. In the dark, both
adenine and ethephon drastically stimulated overall PA formation by a
factor of 4 and 7, respectively. Their simultaneous application resulted in
an additional increase yielding a stimulation factor of 11. Under the pho-
toperiod, caffeine formation was, as compared to the control in the dark,
enhanced by a factor of 21 without affecting theobromine and 7-
methylxanthine pools; additional stimulation by ethephon was not pos-
sible. Conversely to light and ethephon, which had no effect on the accu-
mulation of primary purine metabolites, adenine feeding resulted in
persistently enlarged pools of nucleosides (xanthosine, guanosine, inosine)
and 7-glucopyranosyladenine. 7-Methylxanthosine, the postulated pre-
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cursor of 7-methylxanthine in caffeine biosynthesis, could not be detected
under any conditions at any time. Since no other methylated purine was
found, it is not yet feasible to discard the 7-methylxanthosine hypothesis.

Mazzafera®* described studies on the isolation and purification of the
N-terminal sequence of S-adenosyl-L-methionine:theobromine 1-N-
methyltransferase (STM), the enzyme responsible for the methylation of
theobromine leading to caffeine formation in coffee. STM was purified
from developing endosperms of immature fruits by DEAE-cellulose, hy-
drophobic interaction, and affinity chromatography, using S-adenosyl-L-
homocysteine as a ligand. The enzyme showed apparent Mr of 54,000 and
approximately 60,000 determined by gel filtration and SDS-PAGE, respec-
tively. A pH of 5.1 and 4.8 was obtained by liquid chromatofocusing and
by isoelectrofocusing in PAGE, respectively. Using theobromine as sub-
strate, the Km value for S-adenosyl-L-methionine was 10 niM, being com-
petitively inhibited by S-adenosyl-L.-homocysteine (Ki = 4.6 mM). STM is a
bifunctional enzyme because it also methylated 7-methylxanthine, the
immediate precursor of theobromine in the caffeine biosynthesis pathway.
The specific activity of STM with 7-methylxanthine was approximately
55% of that determined with theobromine. Km values obtained for theo-
bromine and 7-methylxanthine were 0.196 and 0.496 mM, respectively.
STM was also purified from leaves using the same procedures used for
endosperms, plus an additional chromatography step on a Mono Q col-
umn; theobromine was used as substrate. The N-terminal sequence for the
first 20 amino acids was obtained for STM purified from endosperms. No
similarities were found with other methyltransferase sequences or other
known proteins.

The metabolism of purine nucleotides and purine alkaloids (e.g., caf-
feine and theobromine) in tea and coffee plants is reviewed by Suzuki et
al.?> Purine metabolism in these plants is similar to that in other plants that
do not contain caffeine; however, tea and coffee plants have purine nucle-
otides, including those produced directly by purine biosynthesis de novo,
as effective precursors of caffeine. Xanthosine is the first methyl acceptor
from S-adenosylmethionine in caffeine biosynthesis, and is also metabo-
lized by a purine degradation pathway via xanthine. The regulation of
purine alkaloid biosynthesis remains elusive, but the activity of the 3 N-
methyltransferases is considered. Production and accumulation of the
alkaloids are associated with the developmental stage of tissues (i.e.,
leaves, flowers, fruits, and seeds) and with seasonal changes, especially in
tea grown in temperate climates. The metabolism (especially biosynthesis)
of purine alkaloids differs among Camellia spp. In Coffea plants and in
cultured cells, the rate of caffeine synthesis and turnover (i.e., biodegrada-
tion and/or biotransformation to xanthine or to methyluric acids) differs
markedly among species. Ecological roles of the alkaloids have been re-
ported, but their physiological significance in tea and coffee plants re-
mains uncertain.
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Coffea arabica is one of the plant species that has been widely studied
with attention largely being given to its secondary products, caffeine and
other purine alkaloids. The biosynthesis and significance of these alka-
loids for the plant are elucidated and presented in a paper by Presnosil et
al.? Tissue cell culture and fundamental aspects of cell growth and alka-
loid productivity are also discussed. The feasibility of Coffea cultivation in
cell suspension has recently attracted the interest of many researchers.
Although this cultivation is not of commercial interest, Coffea is especially
suitable as a model cell line for reaction engineering studies because the
purine alkaloids are well-characterized and readily released in culture
medium.

B. In Tea

Several studies have investigated the biosynthesis of caffeine in tea.
The results of a study by Suzuki and Takahashi?-3° suggest a pathway for
caffeine biosynthesis in tea from 7-methylxanthine to theobromine and
then to caffeine. Additionally they suggest that theophylline is synthe-
sized from 1-methylxanthine. Another study by Ogutuga and Northcote
proposes a pathway through 7-methylxanthosine to theobromine followed
by caffeine.

Much research has centered on identifying the source of the purine
ring in caffeine. Two possible sources are likely: methylated nucleotides in
the nucleotide pool and methylated nucleotides in nucleic acids. Extensive
experimental work by Suzuki and Takahashi?-° proposes a scheme
whereby caffeine is synthesized from methylated purines in the nucle-
otide pool via 7-methylxanthosine and theobromine. Information relating
to the formation of 7-methylxanthine from nucleotides in the nucleotide
pool is sparse. They also provide data that demonstrate that theophylline
is synthesized from 1-methyladenylic acid through 1-methylxanthine as
postulated by Ogutuga and Northcote.%!

The conversion of purine nucleosides and nucleotides to caffeine in
tea plants was investigated by Negishi et al.®2 and involved feeding -1-4C-
labeled adenosine, inosine, xanthosine, and guanosine to excised tea shoots.
The radioactivity of -1-4C-labeled adenosine, inosine and guanosine was
detected in caffeine after 24 h incubation; radioactivity of -1-4C-labelled
xanthosine was incorporated into caffeine via 7-methylxanthosine, 7-
methylxanthine, and theobromine. The activity of enzymes involved in
the conversion of nucleosides in cell-free extracts of tea leaves was also
measured. Enzyme activity was detected in the reaction from guanosine to
xanthosine but not from inosine to xanthosine. The rate of phosphoryla-
tion in cell-free extracts of purine nucleosides to their respective nucle-
otides was adenosine greater than inosine, guanosine greater than
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xanthosine. It is concluded that the pathway leading to the formation of
xanthosine from adenine nucleotides in caffeine biosynthesis is via AMP.

Seasonal variations in the metabolic fate of adenine nucleotides
prelabelled with [8—1-4C]Jadenine were examined in leaf disks prepared
at 1-month intervals, over the course of 1 year, from the shoots of tea
plants (Camellia sinensis L. cv. Yabukita) which were growing under natu-
ral field conditions by Fujimori et al.®® Incorporation of radioactivity into
nucleic acids and catabolites of purine nucleotides was found throughout
the experimental period, but incorporation into theobromine and caffeine
was found only in the young leaves harvested from April to June. Methy-
lation of xanthosine, 7-methylxanthine, and theobromine was catalyzed
by gel-filtered leaf extracts from young shoots (April to June), but the
reactions could not be detected in extracts from leaves in which no synthe-
sis of caffeine was observed in vivo. By contrast, the activity of 5-
phosphoribosyl-1-pyrophosphate synthetase was still found in leaves
harvested in July and August.

C. In Cacao

While caffeine biosynthesis in coffee and tea has been reasonably well
investigated, little information is available about the biosynthetic path-
ways of methylxanthines in cacao. Published studies®* % have established
the presence of 7-methylxanthine and adenine in cocoa. Since both coffee
and tea exhibit similar pathways where theobromine is a direct precursor
for caffeine, it is reasonable to assume that a similar mechanism is possible
in cacao.
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I. INTRODUCTION

The analysis of the methylxanthines (caffeine, theobromine, and theo-
phylline) is important in the areas of nutrition and clinical chemistry.
These three compounds compose the majority of the alkaloids present in
coffee, tea, cocoa, cola nuts, and guarana.

This chapter on analysis of methylxanthines is divided into three
sections: historical methods, current analytical methods for foods, and
current methods for biological samples which can include plasma, blood,
urine, cell extracts, and other potential samples of biological significance.

This chapter will provide an introduction to each of the technologies
described and the use of the specific technique for analysis of samples. It
will also provide additional references for other samples and recommen-
dations for further reading on a specific technique.

A. Ultraviolet Spectroscopy

The most basic method for the determination of the methylxanthines
is ultraviolet (UV) spectroscopy. In fact, many of the HPLC detectors that
will be mentioned use spectroscopic methods of detection. The sample
must be totally dissolved and particle-free prior to final analysis. Samples
containing more than one component can necessitate the use of extensive
clean-up procedures, a judicious choice of wavelength, the use of deriva-
tive spectroscopy, or some other mathematical manipulation to arrive at
a final analytical measurement. A recent book by Wilson has a chapter on
the analysis of foods using UV spectroscopy and can be used as a suitable
reference for those interested in learning more about this topic.!

B. Thin-Layer Chromatography

Thin-layer chromatography (TLC)? has become a valuable tool for the
qualitative and semi-quantitative analysis of various organic and inor-
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ganic compounds. It has found large use in many laboratories and in a
wide number of industries, although it does not seem to possess the
accuracy, precision, and reliability of modern gas chromatography (GC)
or high-performance liquid chromatography (HPLC). The growth of high-
performance TLC (HPTLC) in the past few years has seen improved
resolution and speed. Quantitation is accomplished through instrumental
means. However, the cost of instrumental determination can approach
that of GC or HPLC. Another TLC variant that has seen increased use and
interest includes radial chromatography, in which the sample to be sepa-
rated is spotted in the middle of a circular plate. It is then separated as a
series of concentric rings. TLC serves a useful purpose since it is easy to
use, can use relatively inexpensive equipment, and can be used with a
large variety of matrices.

C. Gas Chromatography

Gas chromatography (GC) is an extremely popular analytical tool due
to its speed, versatility, precision, and reliability. It has the ability to
separate complex mixtures through the use of a large number of detectors
that can be coupled to a unit. In addition to the classical electron-capture
detector, flame-ionization detector, or thermal-conduction detector, many
GCs are now routinely coupled to a mass spectrometer (MS). The costs of
MS interfaces for GC have dropped substantially and they have become
extremely easy to use so their use is becoming almost routine in many
laboratories. Additionally, there are more specialized detectors available
for use with GC such as the Hall electrolytic conductivity detector or the
photoionization detector. GC can be used to analyze volatile and semi-
volatile organic and organometallic compounds; it is possible to convert
nonvolatile compounds into volatile derivatives and use temperature pro-
gramming of the system. If one does not have access to an MS detector,
then derivatives can be formed. General ones for the analysis of
methylxanthines are BSTFA (N,O-bis-trimethylsilyltrifluoroacetamide),
TMSDEA (trimethylsilyidiethylamine), and triphenylmethyl ammonium
hydroxide which are used as derivatizing agents. BSTFA is an extremely
powerful trimethylsilylating reagent since it is a highly volatile compound
and produces a volatile product. TMSDEA is a basic trimethylsilylating
agent used for the derivatization of low molecular weight acids and amino
acids;®* it can trimethylsilylate four functional groups: amino, carboxyl,
hydroxyl, and thiol. The reaction by-product, diethylamine, is extremely
volatile and can be removed easily. It is not within the scope of this
document to describe the uses of GC in the analytical laboratory in great
detail but there are a number of excellent references available on the topic.
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D. High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) is probably one of
the most important instrumental methods in analytical chemistry and
continues to grow at a rapid rate. HPLC can be used to analyze volatile
and nonvolatile organic compounds as well as inorganic compounds. It is
an extremely versatile technique that is rapid, accurate, and precise. In
addition, there are a large number of detectors that can be used in analysis.
In the analysis of methylxanthines, the UV detector has seen the widest
usage but newer variants of this detector such as the photodiode array
(PDA) detector are seeing increasing usage. The PDA allows one to de-
velop a three-dimensional profile of the data with data being displayed on
time, wavelength, and absorbance axes. Once these data are available,
then absorbance spectra can be obtained for the compounds of interest and
these can then be mathematically manipulated much as one uses standard
UV data. Electrochemical detectors and mass spectrometers have been
used for this determination. As in the case of the GC, MS detectors for
HPLC have become less difficult to use and less expensive. There are four
interface types available: thermospray (TSP), particle beam, electrospray
(ESI), and atmospheric pressure chemical ionization (APCI) . Each has its
own advantages and will not be discussed in great detail. Particular
applications of this type of detector are described in the appropriate
section of this chapter. New developments include microbore column
technology and capillary column technology. This development allows for
increased sensitivity with decreased solvent consumption of 90 to 95% but
can make instrument modifications necessary since standard HPLC pump-
ing systems and detectors are not suitable for these low flow rates and
attendant problems. The standard 4-mm ID HPLC is being replaced by 2-
and 3-mm ID columns since they can be used with standard HPLC equip-
ment with no loss of performance while cutting solvent consumption by
60 to 75%.

E. Capillary Electrophoresis

Capillary electrophoresis (CE) was introduced to the analytical com-
munity in the mid-1980s and at that time only a few laboratory manufac-
tured units were available but as the technique became better accepted,
many commercial vendors developed instruments to serve this growing
market. CE has become an orthogonal technique to HPLC and offers some
distinct advantages for the analyst including superior resolution, reduced
solvent consumption, and the ability to use extremely small sample vol-
umes compared to HPLC. For example, a day’s operation using a capillary
electrophoresis unit may generate 10 ml of solvent which is primarily
comprised of buffer. The standard detector for CE is UV and ranges from
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fixed wavelength to PDA, depending on the sophistication of the instru-
mentation. There are other detectors used in CE and recently an MS
interface has been introduced that offers some interesting possibilities for
methylxanthine analysis. As CE evolves, one expects the database on
methylxanthine analysis to grow.

Il. HISTORICAL METHODS FOR THE DETERMINATION OF
METHYLXANTHINES

There are numerous methods in the literature for the determination of
caffeine, theobromine, and theophylline in food matrices, including cof-
fee, tea, and cocoa. Until recently, methods have emphasized the determi-
nation of the major methylxanthines in a commodity, for example, caffeine
in coffee or theobromine in cocoa. Present methods range from being
specific for one of the compounds in a single matrix to being an all-
encompassing assay of major and minor methylxanthines in food prod-
ucts.

Historically, the determination of methylxanthines was usually ac-
complished by spectrophotometric, gravimetric, Kjeldahl, or titrimetric
methods. In many early methods, both caffeine and theobromine were
extracted either into hot aqueous or hot alkaline solution and then trans-
ferred to an organic solvent such as chloroform. It was necessary to do a
preliminary separation of this extract since, in addition to the extraction of
the methylxanthines, amino acids, tannins, and carbohydrates were also
extracted, which interfered with the final measurement. In the case of
cocoa, it was usually necessary to pre-extract the commodity with a sol-
vent such as hexane or petroleum ether to eliminate interferences due to
fat. The preliminary separation might also have involved the precipitation
of the impurities with compounds such as magnesium oxide (MgO). In an
AOAC collaborative study® ¢ on the determination of caffeine in nonalco-
holic beverages, a column chromatographic procedure was used to isolate
the caffeine. It involved the use of two Celite 545 columns mounted in
series, with a chloroform elution solvent. Caffeine was then measured at
276 nm against the chloroform blank. A 1948 paper by Moores and
Campbell” on the determination of theobromine and caffeine in cocoa
materials proposed an extraction with hot water in the presence of MgO.
The extract was clarified with zinc acetate-potassium ferrocyanide re-
agents with the theobromine absorbed onto a column of Fuller’s earth and
selectively eluted with sodium hydroxide. Theobromine was then deter-
mined by a titrimetric method. The zinc acetate-potassium ferrocyanide
solution was made alkaline and the caffeine was extracted with chloro-
form and measured by a Kjeldahl nitrogen determination.
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Similar methods with modifications such as the one by Schutz et al.®
have been in use for over 20 years. In 1968, Ferren and Shane® published
a paper on the differential spectrometric determination of caffeine in
soluble coffee and drug combinations. It had the advantage of eliminating
a preliminary separation that was required by the earlier method. While
the method was successful for coffee, it was not as successful in the
determination of caffeine in acetaminophen/phenacetin/caffeine tablets.
They proposed that phenacetin was a limiting factor. The official AOAC
methods for these methylxanthines in coffee and tea still involve similar
methods.*?

Other methods have involved compleximetric titration, nephelom-
etry, potentiometric titration, and gravimetric methods. In 1981, a paper
by Mayanna and Jayaram?! outlined the determination of caffeine in a
wide variety of products including pharmaceuticals and food products
using sodium N-chloro-p-toluene-sulphonamide (chloramine-T) in a titri-
metric procedure.

I11. CURRENT ANALYTICAL METHODS FOR THE
DETERMINATION OF METHYLXANTHINES IN FOODS

A. Ultraviolet Spectroscopy

In the determination of methylxanthines by UV spectroscopy in foods,
it is necessary to separate out the large number of substances that poten-
tially interfere. Chromatographic techniques are the most conveniently
used for the final separation of methylxanthines, so that they can be
determined by UV, without interference. Cepeda'? described a method for
the determination of caffeine in coffee which is based on grinding the
sample, preparation of an infusion under specified conditions, clarifica-
tion of the infusion with light MgO, filtration, acidification of the filtrate
to pH 4, clean-up on a C-18 Sep Pak C18, and elution with ethanol with
determination of caffeine by spectrometry at 272 nm. Tests showed this
method to be rapid, simple and reliable. Recovery is approximately 100%;
coefficient of variation is less than 0.5%. The Morton & Stubb method and
the second derivative method were used to overcome background inter-
ference. Data are given for caffeine concentration in five samples each of
green coffee and natural roasted coffee, determined by this method and
the AOAC Micro Bailey-Andrew method; results by the two methods did
not differ significantly.

Li® developed a method for the individual determination of caffeine
and theobromine in cocoa beans. Cocoa bean samples are ground as finely
as possible (less than 0.5-mm diameter particles), the powder is boiled in
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water for 5 min, basic lead acetate solution is added as a clarifying agent,
the solution is filtered to remove the precipitate and sodium
hydrogencarbonate is added to remove unreacted lead ions. Caffeine is
extracted from the resultant clear solution (pH regulated at 12.5 to 12.7
with NaOH) using chloroform, with theobromine remaining in the aque-
ous solution. Caffeine is determined by UV spectrophotometry at 275.9
nm and theobromine in the aqueous solution is measured at 272.7 nm.
Average contents of theobromine, caffeine, and total alkaloids found in
five samples (1 g) of cocoa powder were 14.439, 2.316, and 16.76 mg,
respectively. Relative standard deviations were 0.57 to 0.69%. Recoveries
of the alkaloids from mixtures of pure theobromine and caffeine were 98.8
to 102.2%.

A method for spectrophotometric measurement of caffeine, furfural,
and tannins in “Licor cafe” (coffee liqueur) is described by Lage.' The
method involves separation of furfural by steam distillation and selective
extraction of caffeine from the residue by chloroform in an alkaline me-
dium. This step is followed by UV spectrophotometric or colorimetric
detention of furfural. Caffeine and tannic acid are determined by UV
spectrophotometry. Tables are provided of the sensitivity of the furfural
colorimetric reaction and percent recovery of furfural, tannic acid, and
caffeine by spectrophotometry. In six coffee samples, caffeine concentra-
tion ranged from non-detectable to 980 mg/1, tannic acid ranged from 22.1
to 902 mg/I, and furfural ranged from 4.32 to 46.5 mg/1.%° Trigonelline
and caffeine are separated fully by a Sephadex G 15 column (1.65" 40 cm).
Polyamide adsorbs almost all polyphenolics which influence UV absorp-
tion spectrophotometry. Chromatography is carried out with distilled
water on a single column packed with 3.2 g of polyamide placed on
Sephadex G 15. The eluate is monitored at 270 and 300 nm. Quantification
is achieved from the difference between the absorbances of the two peaks
corresponding to trigonelline and caffeine on the elution chromatogram.

A simple paper chromatographic method for qualitative and quanti-
tative analysis of alkaloids in cocoa is reported in a paper by Sjoeberg.t® It
includes paper chromatographic extraction in which a sample applied
directly to the strip baseline was moistened with dilute NH3 solution
(12.5%) for ascending chromatography, fats were first removed by
chromatographing the paper with light petroleum for about 1.5 h, the
paper was then chromatographed with n-butanol saturated with NH3 for
1.5-2 h, repeated after drying, and the dried strip observed under UV light
(254 nm) to locate the alkaloids. The marked bands were cut out, eluted in
diluted NH3 solution (1%) and alkaloids determined from their UV ab-
sorption spectra; absorption maximum of theobromine and caffeine were
at 274 and 275 nm, respectively. Results of analysis of cocoa powders
compared well with those obtained using HPLC. Analysis of other cocoa
products, e.g., cocoa powders with milk and sugar added or chocolate
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products, suggested that the method should be applicable to cocoa-con-
taining foods in general. It also stated that caffeine could be determined in
foods such as coffee, tea, and cola drinks, requiring only a single short
chromatographic run for rapid separation of caffeine alone.

The amount of coffee in beverages was determined by a method based
on the relationship between the concentration of coffee in the beverage
and optical density of a solution of the beverage at 270 to 300 nm.%
Caffeine, chlorogenic acid, and beverage from natural ground coffee
showed intensive absorption in the UV region between 270 and 290 nm;
maximum absorption of caffeine was at 273 nm, and maximum absorption
of coffee beverage was at 280 nm. Since the content of caffeine in coffee
varies largely according to variety, and the chlorogenic acid content is
dependent on the method of roasting, a standard sample from a known
amount of a given coffee must be prepared as a reference standard. When
analyzing beverages containing milks, the proteins must be removed by
precipitation with trichloroacetic acid, and the fats by means of extraction
with benzene before analysis.

B. Thin-Layer Chromatography

TLC offers an ability to analyze a large number of samples with
reasonably good separation of the methylxanthines at a relatively low
cost. TLC is now applied to a variety of food systems. Table 1 outlines a
group of typical systems for the separation of methylxanthines.!” Table 2
outlines possible spray reagents for the detection of the various
methylxanthines.!” For example, Senanayake and Wijesekera?® outlined a
TLC method for estimating caffeine, theobromine, and theophylline using
silica gel plates and a solvent for the sample containing n-butanol:acetic
acid (3:1); the eluting solvent was chloroform:carbon tetrachloride:methanol
(8:5:1). The method was relatively simple, accurate, and convenient. The
final measurement was accomplished by the measurement of the spot
area, which somewhat limited the range of this method.

Jalal and Collin?® used paper chromatography and TLC to determine
caffeine in both coffee and tea, and theobromine in tea. Their TLC method
used cellulose plates that were developed with butanol:hydrochloric
acid:water (1 00: 1 1:28) for 4 h. The spots were eluted from the plates with
ammonium hydroxide and measured spectrophotometrically against a
blank at 272 nm for caffeine and 274 nm for theobromine.

Subsequent to removal of fats by extraction with petroleum ether, and
processing with ammonia, alkaloids of maté, cola, and cocoa were isolated
by extraction with CHCI3, and separated by thin layer chromatography.
On UV irradiation, the alkaloids showed dark spots on a light fluorescent
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TABLE 1.

Typical Thin-Layer Chromatography (TLC) Systems for
Theobromine and Caffeine Determinations

Support Eluting solvents

Silica gel G Chloroform:ethanol
buffered pH 1.8  (9:1)
Acetone:chloroform:n-butanol:ammonium
hydroxide (3:3:4:1)
Benzene:acetone (3:7)
Silica gel GF254  Chloroform:ethanol:formic acid
(88:10:2)

Note: Benzene and chloroform are suspected carcinogens.
Perhaps they could be replaced by toluene and methylene
chloride, respectively, with some modification of the
proportions used.

From Anon, Dyeing Reagents for Thin Layer and Paper
Chromatography, E. Merck, Rahway, NJ, 1975. With

permission.
TABLE 2
Visualizing Reagents for TLC
Component Visualizing agent
Caffeine Chloraminc-T
Xanthine derivatives  Iron (111) chloride followed by iodine
Purines Silver nitrate followed by sodium dichromate
Purines, pyrimidines  Fluorescein
Purines Silver nitrate followed by bromophenol blue

From Anon, Dyeing Reagents for Thin Layer and Paper Chromatography, E.
Merck, Rahway, NJ, 1975. With permission.

background. Maté, cola, and cocoa contained respectively 71 to 74, 48 to
52, and 1000 to 2500 mg theobromine/100 g and 1 to 1.1, 5.1 to 5.3, and 0.20
to 0.22 mg theophylline/100 g. Recovery rates of added theobromine and
theophylline ranged from 94 to 102%.%°

Caffeine was extracted from ficw varieties of roasted coffee beans and
was determined in parallel by (1) measurement of spot area after thin layer
chromatography on silica gel GF plates (development with chloroform/
cyclohexane/glacial acetic acid, 8:2:1, visualization in UV light), and (2)
Kjeldahl N determination. Caffeine contents by (1) and (2), respectively, in
the five varieties analyzed were (percent in DM): Santos lave 0, 1.10, and
1.12; Java Robusta 3, 1.19, and 1.22; Camerun Robusta 2, 1.16, and 1.19;
Mocca 2, 1.21, and 1.26; Guatemala 0, 1.18, and 1.20. (1) is considered
slightly less accurate than (2) but rather easier and more rapid.?
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C. Gas Chromatography

GC has seen wide use in food analysis but has not seen a large
following in the determination of the nonvolatile alkaloids in foods when
compared to HPLC. The 13th edition of the AOAC Methods of Analysis??
lists a GC method for the determination of caffeine in coffee or tea using
a thermionic KCI detector with a glass column 6 ft© 4 mm i.d. packed with
10% DC-200 on 80 to 100-mesh Gas Chrom Q.

A GC method for determination of caffeine in beverages using a non-
polar DB-1 column (5 m”~ 0.53 mm) with splitless direct injection and FID
is described.® Direct quantitative analysis of caffeine in beverages is car-
ried out without any sample pretreatment and lauryl alcohol is used as an
internal standard. The detection limit was 4 to 8 p.p.m. Recovery studies
were performed using tea, coffee, and cola beverage, each fortified with
caffeine at 100, 50, and 25 mug; recoveries were 94.0 to 100.6% with coeff.
of variation less than 6.5%. Using a chloroform extraction method for
comparison, recoveries were 84.5 to 87.6% with coefficient of variation less
than 6.4%. Results indicate that the direct injection method gave better
results than the chloroform extraction method and it was concluded that
the direct injection method was suitable for quantitation of caffeine in
beverages. Twenty-four samples of tea, coffee, and cola beverage were
analyzed by the direct injection method. Caffeine contents were: 83 to 128
p.p-m. for green tea; 40 to 70 p.p.m. for oolong tea; 36 to 51 p.p.m. for black
tea; 321 to 493 p.p.m. for coffee; and 28 to 92 p.p.m. for cola beverages.

Determination of caffeine in soft drinks was undertaken using the
aerosol alkali flame ionization detector.?* Soft drinks studied were Coke,
Diet Coke, Pepsi, Diet Pepsi, Dr. Pepper, and Mountain Dew. A sample
clean-up and concentration procedure is employed followed by GC sepa-
ration with alkali flame ionization detection. Results showed that Coke,
Diet Coke, Pepsi, Diet Pepsi, Dr. Pepper, and Mountain Dew contained 41
+2,52+2,43+4,35+9,46 + 6, and 60 + 15 mg caffeine per 355-ml serving.
These values compared favorably with levels reported in the literature.

Solid extracts of (1) alfalfa and (2) red clover (used in food flavorings)
were examined by GC/MS. 389 of 450 detected components were identi-
fied in (1), vs. 210 of 309 components detected in (2). In both extracts,
predominant compounds identified were: esters (1) 105, (2) 55; acids (1) 42,
(2) 31; alcohols (1) 34, (2) 31; and hydrocarbons (1) 28, (2) 14. Many other
compounds were also found, including cannabinol, caffeine, scopolamine,
isocoumarin, phenylpentadienal, phenylhexadiene, and nepetalactone.?®

Capillary GC was used to obtain high resolution profiles of 27 organic
acids, caffeine, and sucrose in dimethylsulphoxide extracts of roast and
ground coffees in a 60-min analysis.?® A shortened procedure is also
reported for quantitative detection of 5-caffeoylquinic (5-CQA) and quinic
(QA) acids and sucrose; ng detection limits were achieved. Major commer-

©1998 CRC Press LLC



cial brands of caffeinated and decaffeinated coffee produced under differ-
ent roasting conditions could be distinguished based on their 5-CQA and
sucrose contents and the QA:5-CQA ratio.

Theobromine was determined by GC in various foods (bitter choco-
late, milk chocolate, chocolate cake, cocoa powder, chocolate milk), and
results are given in graphs and tables.?” Homogenized samples were
boiled in alkaline agueous media, then fat was extracted with n-hexane.
The aqueous layer was acidified with diluted HCI and NaCl was added.
Theobromine was extracted from this treated aqueous solution with
dichloromethane and the extract was evaporated to dryness. The residue
was redissolved in dichloromethane containing an internal standard. GC
analysis was performed on a column packed with 1% cyclohexane
dimethanol succinate on Gaschrom Q, with FID. Average recoveries were
99 to 101%, coefficient of variation was less than 3% and the limit of
detection for theobromine in foods was about 0.005%.

D. High-Performance Liquid Chromatography

HPLC allows a quantitative determination with relatively simple ex-
tractions. In many cases, extraction only involves a heating of the com-
modity with water, followed by filtration and injection onto an HPLC
column. In the determination of caffeine, theobromine, and theophylline
in cocoa, coffee, or tea, as well as in other foods, there is scarcely a month
that passes without a new paper on this assay. Kreiser and Martin provide
typical conditions for analysis.?® In their studies, samples were extracted
in boiling water and filtered prior to injection onto the HPLC column. The
HPLC conditions used a Bondapak reversed phase column and a mobile
phase of water:methanol:acetic acid (74:25: 1) with detection at 280 nm.
This method is accurate, precise, and conserves time. It has also been
adopted by the AOAC as an official method for the determination of
theobromine and caffeine in cocoa beans and chocolate products.?®

Zoumas et al.3® presented work on the use of this method in the
determination of caffeine and theobromine in various chocolate-contain-
ing products, while Blauch and Tarka®! reported the use of a similar
method for the determination of caffeine and theobromine in various
beverages containing these methylxanthines.

A simple method for simultaneous determination of five types of
catechins, i.e., epigallocatechin (EGC), epigallocatechin gallate (EGCQg),
epicatechin (EC), epicatechin gallate (ECg), and catechin (C), and three
types of methylxanthines, i.e., theobromine (TB), theophylline (TP), and
caffeine (CA), in tea and tea-containing foods by semi-micro HPLC was
developed.Samples were extracted with 40% aqueous ethanol and cleaned
up using a Sep pak C18 cartridge. Extracts were chromatographed on a
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semi-micro size Inertsil ODS-2 column, with a mobile phase of
methanol:water:0.2M phosphate buffer pH 3.0 (12:33:5) and UV detection
at 207 nm. Recoveries from common grade green tea (sencha) and foods
containing finely ground green tea (maccha ice cream, maccha senbei
[Japanese cracker], maccha jelly) and candy containing oolong tea extract
were (%): EGC, 90.9 to 120.4; EGCg, 91.8 to 117.3; EC, 91.2 to 96.7; ECg, 83.2
to 104.3; C, 90.2 to 101.6; TB, 53.0 to 106.4; TP, 74.6 to 101.6; and CA, 88.4
to 98.8. Detection limits were 0.1 mug/g for each compound

A French Standard, which corresponds to 1ISO 10095 issued in 1992,
specifies a method for determination of caffeine in green or roasted coffee
or in coffee extracts (decaffeinated or not).® Caffeine is extracted with
water at 90°C in the presence of MgO. The extract is filtered, then cleaned-
up on a mini-column packed with a silica phenyl group derivative, and
analyzed by HPLC on a C18 column with a methanol/water (30:70) mo-
bile phase and a UV detector operating at 254 to 280 nm.

A method for determining the caffeine content of regular and
decaffinated green and roasted coffee beans and of regular and
decaffeinated coffee extract powders, using HPLC, is specified in a British
Standard Instruction.3* Caffeine is extracted from the sample with water at
90°C in the presence of magnesium oxide. The mixture is filtered and an
aliquot purified on a silica microcolumn modified with phenyl groups.
The caffeine content is then determined by HPLC with UV detection.®

A method for determining aspartame, acesulfam-K, saccharin, caf-
feine, sorbic acid, and benzoic acid in foods is described® based on clari-
fication of the sample with Carrez reagents, and analysis by HPLC on a
Superspher RP-select B 4 mum column with 0.02M phosphate buffer/
acetonitrile (90:10) mobile phase and UV detection. A theophylline inter-
nal standard is used. Methods of sample preparation for various product
types (soft drinks, sweetener preparations, juices, milk shakes, quarg
products, yoghurt products, and delicatessen salads) are described. Mean
recoveries were: aspartame 96%; acesulfam-K 103.4%; saccharin 106.1%;
and caffeine 97.1% (no recovery data given for benzoic or sorbic acid).
Detection limits for standard solutions were (mg/l): aspartame 0.2; ben-
zoic acid 0.02; sorbic acid 0.09; and acesulfam-K, saccharin, theophylline,
and caffeine 0.004. Detection limits in foods are higher, generally in the
range 0.5 to 1 mg/kg.

HPLC was applied to analysis of caffeine, trigonelline, nicotinic acid,
and sucrose in Arabica and Robusta coffees.®” Green and roasted coffee
samples were used in this study, and degradation of sucrose and
trigonelline, with formation of nicotinic acid, was followed during roast-
ing. Caffeine did not undergo significant degradation, with only 5.4%
being lost under severe roasting. Sucrose was degraded rapidly during
processing, light roasting producing a 97% loss and dark roasting degrad-
ing it completely. Loss of trigonelline was strongly dependent on degree
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of roasting, being higher in the Robusta coffee. Trigonelline degradation
was associated with nicotinic acid formation both in the Arabica and
Robusta coffees as a consequence of roasting. Trigonelline and sucrose
were determined simultaneously by partition chromatography and detec-
tion with the mass detector. Detection of caffeine was carried out using
reversed phase chromatography and nicotinic acid by ion-pair reversed
phase chromatography. Detection in both cases was achieved using a UV
detector at 272 or 254 nm, respectively. HPLC showed adequate precision
and accuracy for routine analyses. In addition, the methods used were
more rapid and simple than traditional procedures. HPLC appears to be
a suitable technique for quality control in the coffee industry, and for
fundamental investigation of the mechanisms involved in the roasting
process.

This chapter describes use of solid-surface room temperature
phosphorimetry (SSRTP) as a detection technique in the liquid chromato-
graphic (LC) analysis of caffeine, theophylline, and theobromine. Mea-
surements were made in a continuous mode, using a 2-nebulizer auto-
matic system for SSRTP analysis (previously optimized for LC detection).
Use of SSRTP and UV absorption detection was compared under identical
experimental conditions.3®

Application of HPLC-MS to the analysis of a black tea liquor was
studied in a paper by Bailey;%* a great deal of useful information could be
obtained without sample pretreatment. A tea liquor was applied to a
wide-pore HPLC column connected to a mass spectrometer by a VG
Plasmaspray interface. Pseudo-molecular ions were obtained from the
flavanols, flavanol gallates, chlorogenic acids, 4-coumarylquinic acids,
and caffeine, but the flavanol glycosides were extensively fragmented by
the interface. Fragments were obtained from unresolved polymer that
supported its previous designation as a flavanol polymer.

HPLC with thermospray MS was reported by Hurst et al.*® where
residues from an archeological site were analyzed for caffeine and theo-
bromine using reversed phase HPLC coupled to a thermospray MS inter-
face. Samples were extracted in water and separated on a reversed phase
column. The presence of theobromine in this sample was confirmed by
monitoring the MH+ ion at 181 for theobromine.

E. Capillary Electrophoresis

As was indicated, there have not been a large number of publications
on the CE analysis of methylxanthines in food systems. Analusis pub-
lished a method using a 20-mm Borate buffer at pH 9.6 and UV detection
at 254 nm and +22 kV applied voltage.** Samples were diluted and pre-
pared for analysis by filtration and analyzed using free solution electro-
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phoresis (FSE). Analysis time was less than 10 min and the results favor-
ably compared literature and HPLC data. A ThermoSeparation Products
Application Note described the analysis of caffeine and other components
in a sample of diet cola. The method used a fused silica capillary with a
buffer of 20 mM phosphate at pH 2 and an applied voltage of +30 kV. The
detection system used was a scanning detector with wavelengths of 200 to
300 nm.#2

F. Other Analytical Methods

The various methods that have been outlined in the previous sections
are not exclusive and other analytical methods have been used for the
determination of methylxanthines in food systems. One of the most widely
used methods for food analysis is flow injection analysis (FIA). In a study
by Numata,* a flow injection analysis method for the determination of
hypoxanthine in meat was described.

IV. CURRENT METHODS FOR THE DETERMINATION OF
METHYLXANTHINES IN THE BIOLOGICAL FLUIDS

Analytical studies in clinical chemistry relating to the determination
of methylxanthines are concentrated in two areas. The first of these in-
volves the analysis of various ethical pharmaceuticals. The second area
involves the analysis of various body fluids for methylxanthines and their
metabolites.

In the clinical area, the largest share of analytical methods develop-
ment and publication has centered on the determination of theophylline in
various body fluids, since theophylline is used as a bronchodilator in
asthma. Monitoring serum theophylline levels is much more helpful than
monitoring dosage levels.** Interest in the assay of other methylxanthines
and their metabolites has been on the increase, as evidenced by the cita-
tions in the literature with a focus on the analysis of various xanthines and
methylxanthines.

A. Ultraviolet Spectroscopy

Ultraviolet spectroscopy is used in many clinical laboratories due to
its ease of operation and availability. A classical method for theophylline
determination in plasma is the one of Schack and Waxler.*> The original
method had interferences from phenobarbitol and various xanthine de-
rivatives such as theobromine.*¢ The modification of the method by Jatlow*
eliminated the interferences from barbituates but included the various
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xanthine interferences. In 1978, Bailey*® published a study on “Drug Inter-
ferences in the Ultraviolet Spectrophotometric Analysis of Plasma Theo-
phylline”. In his study, he evaluated 45 common drugs as interferences in
the UV assay and concluded that 18 of the drugs interfered with the basic
method as well as Jatlow’s modification. Fourteen drugs were found to
give positive interferences, while four gave negative ones. He further
stated that drug interferences do exist and that they are recognizable by
nongaussian peaks, but the identity of the interfering compounds is hard
to determine. A study by Gupta and Lundberg* used differential UV
analysis but required a large sample volume (5 ml) and was relatively
insensitive. It should be noted that a 3-mI sample can be required for UV
methods but smaller volumes can be used with microsampling accessories
available on some UV instrumentation.

B. Thin-Layer Chromatography

As was the case in food commodity-related systems, TLC is a power-
ful tool that is extremely useful for screening large numbers of samples. It
is also useful for obtaining qualitative information about a substance or
group of substances (see Tables 1 and 2). Recently, Salvadori and col-
leagues published a study in which TLC was used as a screening tool for
the determination of caffeine, theobrmine, and theophylline in samples of
horse urine after the horses had ingested guarana powder.%

C. Gas Chromatography

GC continues to have a great deal of use in clinical analysis. The
literature contains a number of citations on the use of GC for the determi-
nation of theophylline in body fluids,>-5 but now it is possible to selec-
tively determine not only theophylline in the presence of barbiturates, but
also caffeine, theobromine, and other xanthine derivatives. The GC meth-
ods in the literature are used as a final determination step after extraction
with organic solvents. It is, however, necessary to form a derivative of the
methylxanthine, to use a flame-ionization (FID) or electron capture detec-
tor, and to use an internal standard. Pranskevich et al.5* used isothermal
GC on a 3% SP2250-DB with an FID. This procedure involves the mixture
of sample, internal standard, and chloroform in a culture tube. After
centrifugation, the aqueous layer is discarded and the chloroform layer is
dried under nitrogen. Five milliliters toluene are added in addition to
ammonium hydroxide. The mixture is again centrifuged, the toluene layer
is discarded, and the aqueous phase evaporated to dryness. Derivatization
uses an 8:1 mixture of N-N’-dimethylacetamide and 2.4%
tetramethylammonium hydroxide in methanol. The derivatizing agent,
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iodobutane, is added and then the solution is mixed. The method is
specific for theophylline and presents excellent data.

As in the case in the analysis of food samples, the introduction of
relatively inexpensive MS detectors for GC has had a substantial impact
on the determination of methylxanthines by GC. For example, in 1990,
Benchekroun published a paper in which a GC-MS method for the
quantitation of tri-, di-, and monmethylxanthines and uric acid from
hepatocyte incubation media was described.> The method described al-
lows for the measurement of the concentration of 14 methylxanthines and
methyluric acid metabolites of methylxanthines. In other studies, GC-MS
has also been used. Two examples from the recent literature are studies by
Simek and Lartigue-Mattei, respectively.%:5 In the first case, GC-MS using
an ion trap detector was used to provide confirmatory data to support a
microbore HPLC technique. TMS derivatives of the compounds of interest
were formed and separated on a 25 m DB-% column directly coupled to
the ion trap detector. In the second example, allopurinol, oxypurinol,
hypoxanthine, and xanthine were assayed simultaneously using GC-MS.

D. High-Performance Liquid Chromatography

HPLC has seen meteoric rise in its use as a tool in the area of
methylxantbine and xanthine derivative analysis. In the determination of
theophylline in plasma, the method outlined by Peng et al.*® requires no
extraction and only a dilution with acetonitrile prior to analysis. In the
method of Sommadossi et al.,® samples are extracted with
chloroform:hexane (7:3) prior to analysis. Another method by Soldin and
Hill® extracts serum with a mixture of chloroform:isopropanol (95:5) prior
to analysis. Similar methods or variations appear throughout the litera-
ture. In many of the studies, 8-chlorotheophylline is used as an internal
standard.®! Detection modes range from fixed-wavelength UV and vari-
able UV to electrochemical. Separation modes range from normal phase
and reverse phase to ion-pairing. There is also a large amount of literature
on the HPLC separation of purines or xanthines, using a wide variety of
supports, that have not yet been applied to either food systems or body
fluids but obviously should work well. The literature is full of separations
on xanthines and methylxanthines in various biological systems.

HPLC coupled to MS was used for the determination of dimethyl
xanthine metabolites in plasma’? There have also been a number of meth-
ods published on the use of HPLC with a PDA detector. In 1996, Mei
published a method for the determination of adenosine, inosine, hypoxan-
thine, xanthine, and uric acid in microdialysis samples using microbore
column HPLC with a PDA detector.® In this method, samples were di-
rectly injected onto the HPLC without the need for any additional sample
treatment.
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Hieda et al. determined theophylline, theobromine, and caffeine in
human plasma and urine by gradient capillary HPLC with frit fast atom
bombardment (FAB) mass spectrometry with 7-ethyl theophylline as the
internal standard.5

E. Capillary Electrophoresis

As CE evolves, there are a growing number of applications of this
technology in the analysis of various biological fluids. Recently Hyotylainen
et al.% published a method for the determination of morphine analogs,
caffeine, and amphetamine in biological fluids by CE. Both capillary zone
electrophoresis (CZE) and micellar electrokinetic capillary chromatogra-
phy (MEKC) were evaluated with detection at 200 and 220 nm were
investigated for analytes in human serum and urine. Glycine buffer con-
taining sodium lauryl sulfate (pH 10.5) was used for the MEKC separa-
tions with a final analysis time of 18 min.

F. Other Analytical Techniques

The determination of theophylline in plasma can also be accomplished
by various immunoassay techniques.6” Theophylline was also deter-
mined by a polarization fluoroimmunoassays but found to have a caffeine
interference.®. In a more research oriented application, the interaction of
caffeine with L-tryptophan was studied using 'h NMR with the results
indicating that caffeine interacted with tryptophan in a 1:1 molar ratio
through parallel stacking.®

V. SUMMARY

The methylxanthines can be determined in foods and biological sys-
tems by the chromatographic methods of TLC, GC, HPLC, or CE. Ultra-
violet spectroscopy following a separation procedure can also be used.
More recently, immunoassay methods have been developed. There is no
single best method; the analyst must balance the features of each assay
with the final requirements for data precision and reproducibility.
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I. INTRODUCTION

Tea is second only to water in worldwide consumption. Annual pro-
duction of about 1.8 million T of dry leaf provides world per capita
consumption of 40 L of beverage (Table 1).! The scientific interest in tea is
due in part to the unusual chemical composition of its leaf and the com-
plex series of reactions that occur when these components are converted
to those found in commercial dry tea. Many of the reaction products
interact with caffeine, modifying flavor and contributing to the technical
problems of tea processing, as will be shown later.

“Tea”, in this work, refers only to the plant Camellia sinensis, its leaves,
and the extracts and infusions thereof. Leaf, bark, stem, root, or flower
extracts of scores of other plants are also sold as “teas”, creating confusion.
An important reason for the consumption of these other “teas”, a.k.a.
“herbal teas” or “tisanes”, is their lack of methylxanthines, unlike bever-
ages prepared from Camellia sinensis which are naturally rich in these
substances, especially caffeine.
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TABLE 1

Consumption Data for Tea, 1993-
1995

kg/pop  Cups/d
u.s. 0.34 0.43
Canada 0.47 0.59
Belgium & Lux. 0.12 0.15
Czechoslovakia 0.15 0.19
Denmark 0.38 0.48
France 0.21 0.26
Germany Fed. Rep. 0.21 0.26
Ireland 3.16 3.95
Italy 0.09 0.11
Netherlands 0.54 0.68
Poland 0.87 1.09
Sweden 0.33 0.41
Switzerland 0.27 0.34
U.K. 2.53 3.17
USSR/CIS 0.63 0.79
Chile 0.97 1.21
Afghanistan 1.67 2.09
Hong Kong 1.48 1.85
India 0.63 0.79
Iran 1.32 1.65
Japan 1.03 1.29
Kuwait 2.52 3.15
Pakistan 0.92 1.15
Saudi Arabia 0.82 1.03
Sri Lanka 1.29 1.61
Syria 1.55 1.94
Thailand 0.01 0.01
Algeria 0.23 0.29
Egypt 1.04 1.30
Kenya 0.46 0.58
Morocco 1.24 1.55
S. Africa? 0.49 0.61
Sudan 0.35 0.44
Tanzania 0.12 0.15
Australia 0.95 1.19
2 Including Botswana, Lesotho,

Namibia, and Swaziland.

Note: Formula for cups per day: (kg/year
* 1000)/352 = grams per day/2.27
= cups per day. 2.27 is the
assumption of tea leaves used per
cup. Kilograms per population is
the average consumption per head
of total population. All data is
based on imported and (where
applicable) locally produced tea.
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II. OCCURRENCE AND
HISTORY

Camellia sinensis is native to the
southern portion of the People’s
Republic of China and parts of In-
dia, Burma, Thailand, Laos, and
Vietnam.? The earliest authenti-
cated description of tea and its
preparation as a brewed beverage
is that by the Chinese scholar Kuo
P’o in the year 350 A.D32 An earlier
account attributed to the legend-
ary Emperor Shen Nong in 2737
B.C. is taken from the Shen Nong
Ben Cao Jing compiled ca. 22-250
A.D. The taste and stimulative
properties of brewed tea led to its
use in treating tumors, abscesses,
bladder ailments, lethargy, and sev-
eral other conditions.*

Kuo P’o refers to the cultiva-
tion of the plant, indicating early
domestication. Tea was first de-
scribed as an article of trade in the
fifth century and soon thereafter as
a nonmedical beverage.

A definitive, three-volume
work summarizing the horticulture
and manufacture of tea was writ-
ten by Lu Yu at the request of tea
merchants in 780 A.D in China. The
“Ch’a Ching”, or “Tea Book”, codi-
fied all tea-related materials and
practices, including descriptions of
implements used in its preparation
and serving.

The spread of tea to Japan prob-
ably occurred during the introduc-
tion of Buddhism in the seventh
century. Tea cultivation began in
the eighth century, but tea con-
sumption did not become a perma-



nent and widespread fixture of Japanese life until the thirteenth century.5

Tea was introduced into Europe by Dutch traders who brought it to
the Netherlands from China and Japan in 1610. Its popularity grew slowly
amid vigorous claims of its beneficial effects and counterclaims concern-
ing its dangers. In 1657, tea was sold for the first time in England where
it gradually achieved popularity in the existing coffee houses and eventu-
ally became the national drink.® Tea consumption spread throughout
Europe in the seventeenth century.

Tea was introduced into America by the Dutch at New Amsterdam ca.
1650 and was later sold in the Colonies by the British. In Boston, tea came
to symbolize British rule, which may account for the development of the
United States as a nation of coffee drinkers.®

Lucrative, expanding tea trade with China became a world monopoly
of the East India Company. When the treaty between Britain and China
expired in 1833, location of alternate tea sources became desirable. All
attempts to cultivate the relatively superior Chinese varieties in India
failed. However, local cultivation of the Assam variety indigenous to
northeast India was promising, and eventually allowed tea production in
India to flourish. India became one of the foremost tea growing areas of
the world,” only recently being surpassed in export by Kenya.

Sri Lanka (Ceylon) was an important coffee-growing country until a
leaf disease decimated crop production. In the 1880s, tea cultivation was
substituted for that of coffee, and Sri Lanka has been another of the
world’s major tea producers ever since.’

Production of tea in the Georgian region of the USSR began on a large
scale in 1892 in the warmer areas near the Black and Caspian Seas.® The
dissolution of the former Soviet Union and the Chernobyl nuclear accident
have contributed significantly to the decline of tea production in the
region. Regional production is one tenth that in the early 1980s.

Tea was introduced by the Dutch into Indonesia with seed that origi-
nated in China and Japan. As was characteristic of tropical areas, the
industry developed only after replacement of planting stock with Assam
varieties in 1878.°

More recently, the cultivation of tea has spread to other Asian coun-
tries such as Turkey, Iran, Taiwan, Bangladesh, Malaysia, and Vietnam.

The most significant spread of tea cultivation to new areas has been
the establishment of large acreage in Africa. The first successful plantings
took place in Malawi around 1900, but Kenya has become the prime
producer of the continent though tea was not introduced until 1925. Tea
is now cultivated in Tanzania, South Africa, and other areas.'?

In South America, Argentina has become a major producer after intro-
duction of the crop in 1946. Brazil, Ecuador, and Peru have smaller indus-
tries.!?
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The first tea plantings in Papua, New Guinea were carried out in 1962
and a thriving industry now exists. Australia has a small experimental
program started in 1960.

Although efforts to grow tea commercially in the United States date
from ca. 1800 with several sporadic attempts in the southeast, the only
sustained effort was carried out in Summerville, South Carolina. An estate
was established in 1893 that eventually encompassed about 40 ha, and
currently produces the only packaged tea grown in the United States.

I1l. BOTANY

A. Classification

The botanical designation of the tea plant as Camellia sinensis did not
come about easily. The plant was originally named in 1753 by Linnaeus as
Thea sinensis. He also recognized a separate Camellia genus. Later, he split
the tea specie into Thea viridis and Thea bohea. Succeeding taxonomic efforts
added to the confusion but eventually it was recognized that the separa-
tion of the genera Thea and Camellia was not useful and the generic name
Camellia was applied to both. Since 1958 all tea is considered a single
species, with several specified varieties including var sinensis, var assamica,
and var irrawadensis. 3

Var. sinesis, usually referred to as China-type tea, grows to a height of
4 to 6 m if unattended and produces a very large number of vertical stems.
The leaf is generally erect in co-formation and 7 to 12 cm in length. It is
dark green, smooth with a matte surface and without a well-defined apex.
The plant is relatively resistant to cold and is, therefore, the variety found
in the more temperate producing regions such as China, Japan, the Soviet
Union, Turkey, Iran, and the northern, higher altitude growing areas of
India. It is known to produce delicately flavored tea when grown at high
altitudes under the proper conditions. Var. sinesis can tolerate brief cold
periods, but average minimum temperatures below -5°C are decidedly
detrimental to the plant.

Var. assamica grows to a greater height (12 to 15 m unattended) and
bears large elliptical leaves up to 25 cm in length with a marked apex. The
leaf is pendent and glossy. Assamica exhibits much less cold resistance and
survived at high altitudes only very close to the equator. In general, it is
a much higher-yielding plant than sinensis and produces a less delicately
flavored beverage. There is some evidence that another Camellia specie,
irrawadiensis, was hybridized with var. assamica to produce the uniquely
flavored Darjeeling tea. In fact, hybridization of tea varieties has occurred
to a very great extent, obscuring the identification of the original tea plant
as to both varietal form and geographic origin.
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Several investigators have not accepted the concept of a single specie
and make a strong case for two distinct species with a third type referred
to variously as tran-ninh type, or as the subspecie lasiocalyx of C. assamica.l
This contention is based on significant leaf differences at the cellular level,
flower morphology, and chemical differences in leaf components.®

B. Root System

Plants grown from seed have a long tap root that puts out strong,
lateral extension roots in a variety of distribution patterns. These, in turn,
produce the feeding roots that are usually confined to a shallow soil layer.
Besides serving to absorb water and nutrients, the feeding roots develop
small starch granules that become important food sources, especially
during incidents of defoliation. Vegetatively propagated plants do not
develop tap roots.

C. Flowers

Tea flowers are globular, about 3 to 5 cm in diameter, white, and
delicately fragrant. They are borne in the axils of scale leaves (small leaves
that do not develop further) and may occur singly or in small clusters.
There are five to seven petals and an equal number of sepals. The flowers
are mostly self-sterile and are produced in cycles corresponding to leaf
growth, and require 9 to 12 months to form mature, round seed pods 1 to
1.5 cm in diameter. The tea plant is not generally allowed to flower during
production cycles, with only a small number of the plants allowed to go
to seed production to maintain seed stock.

D. Leaves

The leaf is the commercially significant portion of the tea plant. Its
general shape and size have already been described. A cross-section of the
leaf shows a thick, waxy cuticle on both surfaces that coats a layer of
rectangular epidermal cells. Below the upper layer, there are one or two
layers of regularly arranged rectangular palisade cells, the long axes of
which are at right angles to the leaf surface. Below the palisades cells are
layers of irregular, loosely arranged cells constituting the spongy meso-
phyll. The somata are on the lower leaf surface.

E. Leaf Growth

Tea leaf growth occurs in a definite and distinctive cycle.!” A typical
cycle begins with the formation of a small (5 mm) leaf bud that swells but
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does not break for a considerable time. Eventually a scale leaf is formed
from the bud and then a second scale leaf. This is followed by the produc-
tion of a slightly larger growth known as fish-leaf. Further development
of the bud results in the formation of normal leaves, known as the flush,
which constitutes the commerically useful portion of the tea plant. Four or
five such leaves are produced at intervals of a few days. Internodal dis-
tances become progressively longer and the leaves are distributed in a
spiral around the stem. The cycle is then repeated with the formation of
another leaf bud and a new dormant period. As will be discussed later, the
leaf cycle determines the plucking cycle as well as other agricultural
practices.

IV. AGRICULTURE

A. Requirements

The tea plant is not especially fastidious with regard to soil conditions,
but certain criteria must be met. Good drainage is essential, since water-
logging impedes growth markedly. Soil pH should be maintained on the
acid side. Values of pH 4.5 to 5.5 appear to be optimal although under
some conditions tea can be satisfactorily grown at higher levels of alkalin-
ity. It is probable that the decreased availability of aluminum at higher pH
values is a limited factor.'8 Soils of virtually all origins and a wide variety
of textures are generally tolerated.

Rainfall is an important criterion of climatic suitability, but precise
requirements cannot be stated since its distribution pattern, atmospheric
humidity, temperature, and altitude all affect plant requirements. If drain-
age is adequate, there does not seem to be an upper limit since tea is grown
successfully in some parts of Sri Lanka where rainfall exceeds 500cm/yr.1°
Long periods of drought are harmful, but are mitigated to some extent by
high atmospheric humidity and lower temperatures.

Some aspects of temperature limitations have already been discussed
with regard to cold sensitivity. Mean monthly temperature maxima over
30°C usually result in such low atmospheric humidity that normal growth
is impeded.

Dormant periods that are brought about by lower temperatures or
decreased rainfall are generally beneficial with regard to quality, but not
if excessively prolonged. One of the major tea-growing areas of the world
is Assam, where a dormant period of several months results from the flow
of cool air from the Himalayas. The Darjeeling area, known for its teas of
very high quality, is affected in the same way. Similarly, tea in parts of
Japan and China and in the Soviet Union, Iran, and Turkey go through a
dormant period during winter.

©1998 CRC Press LLC



B. Propagation

1. Seed

Most existing tea has been grown from seed. Tea estates have tradi-
tionally included areas given over to the growth of seed producing plants.
These are generously spaced (250 per ha for Assam varieties) and allowed
to grow to heights of 3 to 5 m.?° Seed pods are usually gathered from the
ground at frequent intervals during the producing season and planted in
well-prepared soil in protected nurseries. Germination takes place in 3 to
4 weeks. Seedlings are protected from hot sun by light shade. Water is
provided but drainage must be adequate to prevent waterlogging. Seed-
lings produce several flushes and may reach a height of 75 cm during the
nursery stage.

Selection and hybridization are the techniques employed for main-
taining and improving the qualities of planting material based on seed.
Varieties that have become stabilized through breeding programs are
designated as specific jats, but a field of a single jat still displays a consid-
erable degree of heterogeneity with regard to leaf color, texture, and yield.

The most important criteria for selection of breeding plants are qual-
ity, yield, and resistance to cold, drought, and the various pests of the area.
Seed tea plants have a long economic life and there are known instances
of plants over 100 years old.

2. Vegetative Propagation

The tea plant is easily and efficiently propagated by making use of leaf
cuttings. This provides the opportunity to produce several hundred ge-
netically identical plants at one time from a single elected plant, followed
by the rapid multiplication of the clone in subsequent years.

This technique has now become the most prevalent method for replac-
ing inefficient plants or for establishing new stands of tea. A large number
of clones have been produced by the various tea research institutes of the
world and by individual estates. Vegetative propagation has resulted in
the development of very high-yielding plants especially well adapted to
the local conditions of growth. All plants of a single clone will perform
identically under uniform growing conditions.

Cuttings consisting of one or two leaves are usually rooted in plastic
sleeves filled with an appropriate rooting medium. The sleeves are cared
for in a nursery with the same precautions exercised as for seedlings.
Callus development occurs in a few weeks, rooting begins in 6 to 8 weeks,
and shoot growth is substantial in 4 to 5 months.?

The absence of a tap root in vegetatively propagated tea might con-
ceivably represent a hazard during extended drought periods, but there is
no documented evidence of such preferential damage to clonal tea. Bio-
logical identity also affords the possibility for widescale destruction as a
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result of the appearance of new or modified disease or insect attack. The
use of several clones on an estate minimizes the possibility of catastrophic
destruction. Another approach, which is becoming prevalent in East Af-
rica, is the use of biclonal seed, i.e., seed derived from the hybridization of
two selected clones.

C. Field Establishment

Cuttings or seedlings are transplanted to the prepared fields at a
suitable time, depending on climatic conditions. A plant density of about
13,000/ha is achieved by planting in rows that are 1.2 to 1.5 m apart with
plant spacings of 60 to 75 cm within a row. More dense planting will result
in faster ground cover and higher yields in the earlier years but at the
increased cost incurred for developing more plants.

Fertilization is carried out to replenish soils and to maintain desirable
pH levels. Nitrogen is usually applied in an acidic form. Minor element
requirements have been studied. Copper availability is important, as it
affects leaf processing, as will be shown later.

Pruning is required during the early growth of the plant in order to
encourage spreading. Mature tea is pruned according to a schedule based
on growing conditions. This is necessary to maintain the plant in the
vegetative stage in order to stimulate young shoot growth and to keep the
height of the bush controlled for efficient plucking. There is a wide range
of pruning techniques in effect, not always based on sound physiological
data.??

Pesticides are used in accordance with local conditions. Fungal dis-
eases affecting roots are treated by removal and burning of infected plants.
It is especially useful prophylactically in nurseries and when establishing
new plantings. Fungal leaf diseases are prevalent and usually treated with
copper sprays.

A large variety of insects, mites, and soil nematodes also infest tea.
Pesticide usage is now well controlled so that only materials approved by
the U.S. FDA are generally employed.

Irrigation is generally not required for mature tea. It has been shown,
however, that under conditions of prolonged drought it can be helpful.?

The desirability of partial shade on tea estates has been a controversial
subject. Desirable effects include temperature moderation at the leaf sur-
face, which decreases low-humidity stress, and an increased yield of
chlorophyll, amino acid, and caffeine production. The undesirable effects
include decreased photosynthetic activity and competition for water and
solid nutrients by the shade tree employed. In general, the trend has been
toward the elimination of shade in most black-tea growing areas. Green
tea products benefit from the additional chlorophyll and amino acid pro-
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duction caused by shading, and tea used for production of green tea is
generally shaded for some duration of time.

D. Plucking

The objective of plucking is to optimize, to the greatest extent possible,
yield, quality, cost, and future productivity. As previously described,
“flush” is the new growth of leaf after a short dormant period. Traditional
tea phraseology refers to “two and a bud” as the desirable plucking
standard for maximizing quality. This encompasses the immature leaf bud
and the two leaves below it on a flushing shoot. Hand plucking is the norm
and frequently, for economic reasons, includes material beyond the sec-
ond leaf in that three or four leaves and a bud are often plucked.

Plucking cycles should correspond to flush development, which is
regulated by climatic factors. If too short, they represent inefficient use of
labor. If too long, older leaf accumulates, which should be removed so as
not to diminish productivity or quality. On most tea estates, plucking
labor represents half of the employed staff. A single worker will usually
pluck 20 to 25 kg of fresh leaf per day.

E. Mechanical Harvesting

Where labor costs are relatively high, some form of mechanical pluck-
ing is utilized. This may range from the simple use of scissors to large self-
propelled harvesters that straddle the tea hedge row and pluck to a
uniform height. Mechanical harvesting is not practical on the steep slopes
that exist in many tea growing areas or where labor is abundant, and is
therefore not in common practice.

V. COMPOSITION OF TEA

A. Composition of Fresh Leaf

Tea leaf, in common with all plant leaf matter, contains the full comple-
ment of genetic material, enzymes, biochemical intermediates, carbohy-
drates, protein, lipids, and structural elements normally associated with
plant growth and photosynthesis. In addition, tea leaf is distinguished by
its remarkable content of methylxathines and polyphenols. These two
groups of compounds are predominantly responsible for those unique
properties of tea that account for its popularity as a beverage. It must be
noted that the chemical composition of tea leaf varies with climatic condi-

©1998 CRC Press LLC



TABLE 2
Composition of Fresh Green Leaf

Components % of dry weight
Flavanols 25.0
Flavonols and flavonol glyosides 3.0
Polyphenolic acids and depsides 5.0
Other polyphenols 3.0
Caffeine 3.0
Theobromine 0.2
Amino Acids 4.0
Organic acids 0.5
Monsaccharides 4.0
Polysaccharides 13.0
Cellulose 7.0
Protein 15.0
Lignin 6.0
Lipids 3.0
Chlorophyll and other pigments 0.5
Ash 5.0
Volatiles 0.1

tions, season, position on the flushing shoot, cultural practices, and, above
all, with the clone or jat being examined. Compositional data must there-
fore be considered as valid only for a particular sample. A representative
analysis of fresh leaf flush is presented in Table 2. Comprehensive reviews
including additional data are available.?*-?°

Compositional data refering to fresh leaf are based on dry-leaf solids,
since leaf moisture varies from 75 to 80%. Detailed consideration will be
given to those components and their precursors that characterize teas as
a beverage and are, therefore, of special interest.

B. Methylxanthines

1. Caffeine

The range of caffeine levels in the tea plant is affected by all of the
parameters that bring about variation in plant composition. Nitrogen
application in fertilizers can increase caffeine by as much as 40%. Seasonal
variations, leaf position on the cutting, and genetic origin show similar
effects. For instance, var. sinensis is slightly lower in caffeine than var.
assamica.

It must also be recognized that a serving of tea beverage is based on
the incomplete extraction of a relatively small amount of tea leaf. Extrac-
tion of caffeine during brewing and its quantitative occurrence in tea
beverages will be considered later. The weighted average caffeine level for
tea sold in the U.S. is approximately 3%3% % on a dry-weight leaf basis.
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2. Theobromine

Theobromine levels in tea are considerably lower than those of caf-
feine. Little has been reported with regard to effect of variation in cultural
procedures. Values range in manufactured tea from 0.16 to 0.20%% % on
a dry-weight leaf basis.

3. Theophylline

Theophylline levels in tea are less than 0.04% on a dry-weight leaf
basis. Little is known about the causes of variation in experimental re-
ports, and may be attributed to experimental error or degradation of
caffeine as a result of experimental procedure. One report did not detect
theophylline in a variety of commercially available tea extractions.®

4. Biosynthesis

Caffeine had been thought to be principally synthesized during the
withering stage of freshly plucked tea leaves,? although it is probably
synthesized throughout the life of the plant. Caffeine is most likely synthe-
sized from adenine nucleotides, the dominant free purine forms in tea.®
Adenosine is a major product of RNA metabolism in tea.®® Adenosine is
converted to adenine,®” and through hypoxanthine (or inosine) to xanthine
(or xanthosine), from which xanthosine is the starting branch of caffeine
biosynthesis.®® Guanosine is also converted to xanthosine, but plays an
apparently minor role in caffeine biosynthesis.®® Xanthosine is methylated
at the 7-position® to 7-methyl xanthosine. 7-Methyl xanthosine is then
hydrolyzed to 7-methyl xanthine,* which is subsequently methylated to
theobromine and caffeine.*- 2 The final methylation can be terminated, as
found in var. irrawadiensis.*® Figure 1 illustrates the mechanism of forma-
tion of theobromine and caffeine in the tea plant.

C. Polyphenols

1. Tea Flavanols (catechins)

As indicated in Table 2, the polyphenols constitute the most abundant
group of compounds in tea leaf. Of these, the epi- form of the catechin
group of flavanols predominate. Their structure is shown in Figure 2.

All tea leaf is characterized by high catechin levels. The relative pro-
portions of the various catechins present affect the course of oxidation and
the nature of the final beverage will be shown. Total catechin level varies
between 20 and 30% of the dry matter of fresh leaf.

The catechins are soluble in water, colorless, and possess an astringent
taste. They are easily oxidized and form complexes with many other
substances including the methylxanthines.* Epigallocatechin gallate is the
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FIGURE 1
Biosynthesis of caffeine in tea.

major tea polyphenol, constituting 12% or more of fresh leaf solids. The
quality of tea is correlated with the catechin levels of the fresh leaf, which
decrease with leaf age.*> 4 The proportion of flavanol in the gallate ester
form also decreases with leaf age.*” The catechins occur in the cytoplasmic
vacuoles of the palisade cells. They play the most significant role of any
group of substances during the course of manufacture of finished tea.

The pathways for the de novo biosynthesis of flavonoids in both soft
and woody plants have been generally elucidated and reviewed in detail
elsewhere.*®: 4% Similar pathways for biosynthesis are used by a wide
variety of plant species. The regulation and control of these pathways in
tea and the nature of the enzymes involved in synthesis in tea have not
been studied exhaustively.
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The tea flavanols.

2. Flavonols and Glycosides

These substances are present in small amounts in tea leaf but there is
little quantitative data on their occurrence. Figure 3 shows the structure of
several of these that have been identified. They occur both as free fla-
vonols and glycosides.? They may enter into the oxidative reactions that
take place during tea manufacture.>

3. Gallic Acid

Gallic acid is present in tea leaf and is a known reactant during the
complex enzymatic and organochemical reactions that occur when tea
components are oxidized.5! The gallic and quinic acids originate via the
shikimate/arogenate pathway. The key enzymes in shikimic acid biosyn-
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FIGURE 3
The tea flavonol glycosides.

thesis have been detected in tea.5? Carbohydrates play an important role,
presumably as a precursor to shikimic acid, since radiolabels from both
myo-inositol and glucose are incorporated into catechins3® Gallic acid and
quinic acid play key roles in forming esters with various polyphenols.
Gallic acid is a key component of tannins and gives the catechins their
tannin-like qualities, although tannic acids are not present in tea.

D. Enzymes

In addition to all of the expected enzyme systems present in leaf
tissue, fresh tea leaves contain a high level of polyphenol oxidase that
catalyzes the oxidation of the catechins by atmospheric oxygen. Tea
polyphenol oxidase exists as series of copper-containing (0.32%) isoen-
zymes. The major component has a molecular weight of about 144,000.5
The enzyme is concentrated in the leaf epidermis.> Soil copper deficiency
is sometimes responsible for inadequate oxidation during processing.%

5-Dehydroshikimate reductase and phenylalanine ammonia lyase
mediate reactions involved in the synthesis of the polyphenols and are
therefore key components of tea leaf.?

Peroxidase is found in tea leaf and has been recently recognized to
play a role in the catechin oxidation system and in the further oxidation of
the initial components produced.%’

There are also enzymes present that participate in the formation of
many of the several hundred volatile compounds found in tea aroma. The
important enzyme systems responsible for the biosynthesis for the
methylxanthines have already been mentioned.

E. Amino Acids

Aside from the usual amino acids, tea leaf contains a unique substance
known as theanine (5-N-ethylglutamine).® It usually accounts for more
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than 50% of the free amino acid fraction of tea leaf. Many of the amino
acids of tea are involved in aroma formation.>®

F. Carotenoids

Carotenoids are present at low levels in tea leaf.®® Neoxanthin,
violaxanthin, lutein, and B-carotene are the major components of this
group. They enter into reactions that lead to aroma formation.®

G. Minerals

Potassium accounts for 40% of the total mineral matter. Tea leaf is
relatively rich in fluoride® and is a significant accumulator of aluminum
and manganese. 53

H. Volatile Components

A very large number of volatile substances have been identified in
fresh tea leaf.5 Substances present at the highest levels include the ubig-
uitous leaf aldehyde, trans-2-hexenal, and leaf alcohol, cis-3-hexenol. Both
arise from cis-3-hexenal, which is biosynthesized from linoleic acid in leaf
as a result of enzymic splitting.%

The components of fresh leaf aroma have not been studied as thor-
oughly as those of manufactured tea but the biogenesis of several groups
of substances has been extensively investigated.®® A significant fraction of
aroma components exists as glycoside derivitives, released by glucosi-
dases in the leaf during withering and fermentation.?

VI. MANUFACTURING

A. Introduction

The conversion of freshly harvested green leaf to products of com-
merce is carried out in factories on large tea estates. When tea is grown on
small plots, manufacturing is effected at centralized facilities. The three
major types of tea manufacturing result in the production of green tea,
black tea, and oolong tea.

Aside from China, Japan, North Africa, and the Middle East, most tea
is consumed as black tea, which is produced by promoting the enzymic
oxidation of tea flavanols. For the production of green tea, inactivation of
the tea enzyme system by rapid firing is carried out to prevent flavanol
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oxidation. Oolong tea is produced when leaf is fired after being partially
oxidized by a gentle fermentation process.

The detailed processing that must be carried out to produce tea suit-
able for shipment and beverages will be described after consideration of
the chemical changes that occur when green-leaf flavanols are oxidized.

B. Chemistry of Tea Oxidation

1. Introduction

Tea oxidation is generally referred to as “fermentation” because of the
erroneous early conception of black tea production as a microbial pro-
cess.%® Not until 1901 was there recognition of the process as one depen-
dent on an enzymically catalyzed oxidation.®” This step and further reac-
tions result in the conversion of the colorless flavanols to a complex
mixture of orange-yellow to red-brown substances and an increase in the
amount and variety of volatile compounds. Extract of oxidized leaf is
amber-colored and less astringent than the light yellow-green extract of
fresh leaf and the flavor profile is considerably more complex.

2. Flavanol Oxidation

The initial oxidation of the flavanol components of fresh leaf to quinone
structures through the mediation of tea polyphenol oxidase is the essential
driving force in the production of black tea. While each of the catechins is
oxidizable by this route, epigallocatechin and its galloyl ester are prefer-
entially oxidized.% Subsequent reactions of the flavonoid substances are
largely nonenzymic.

3. Theaflavin Formation

The oxygen-consuming reaction between a quinone derived from a
simple catechin and a quinone derived from a gallocatechin results in the
formation of a theaflavin. These compounds possess the benztropolone
group that is based on a seven-membered ring. Figure 4 illustrates the
formation of theaflavins.

Each of the four theaflavins theoretically are derived from the reac-
tions the quinones of epicatechin or its gallate with those of epigallocatechin
or its gallate has been identified in black tea and its structure authenti-
cated.*

Theaflavins are orange-red substances that contribute significantly to
the desirable appearance of black tea beverage. They can by quantitatively
detected in tea by means of their intense absorption spectra.5®

Although theaflavin content is considered to be an important criterion
of black tea quality, it does not exceed 2% of final product (dry leaf) weight
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Biosynthesis of theaflavin.

and therefore only accounts for 10%, at the most, of the original catechin
content of the leaf.

Theaflavin content increases initially as the oxidation process pro-
ceeds but falls off rapidly on prolonged oxidation. The mechanism for its
further reaction in the oxidizing leaf system is not definitely known.

4. Bisflavanol Formation

Bisflavanols are the compounds formed by the coupling of the quino-
nes produced by the oxidation of epigallocatechin and epigallocatechin
gallate.® The three predicted bisflavanols have been found and character-
ized in black tea. They are illustrated in Figure 5. They occur only in very
small quantities in black tea, presumably because of high reactivity. Re-
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FIGURE 5
Bisflavonols (theasinesins).

cent discovery of a 3-3 coupling prod-
uct of epigallocatechin and epicatechin
in oolong tea has led to the broader
classification of these compounds as
theasinensins.”™

5. Thearubigen Formation

A large proportion of the hot-water
extractable solids obtained from black
tea is derived from tea flavanols but is
not accounted for by the known oxida-
tion products previously described.
Approximately 15% of the original
fresh-leaf flavanol fraction is recover-
able from black tea, and about 10% is
identifiable in the form of theaflavins
and bisflavanols. While some flavanol material may become tightly bound
to the insoluble portion of the leaf, the major amount is found in a complex
mixture of only partially resolved substances known as thearubigens
because of their red-brown color. The thearubigens have not been com-
pletely chemically characterized partly because of the difficulties encoun-
tered in their separation. Molecular weight determinations have yielded
results ranging from less than 1,000 to over 40,000.”* These differences may
occur because of the tendency of the compounds to condense on pro-
longed holding in solution.?

Small amounts of cyanadin and delphinidin have been detected by
acid hydrolysis of the thearubigen mass.”? These compounds are the an-
thocyanin analogs of epicatechin and epigallocatechin. Development of
HPLC techniques for separation of the tea polyphenols”™> have added
little to the understanding of the mass balance of the thearubigens, al-
though two new minor uncharacterized fractions have been identified,
termed theafulvins’ and theacitrins.”

Theaflavin levels decrease during prolonged oxidation of tea leaf. It is
assumed that these compounds enter into reaction with catechin quinones
and become part of the thearubigen complex.”™ In addition, it is possible
that chlorogenic acid, theogallin, and the flavonol glycosides are also
oxidized by the quinones and become included in the thearubigen frac-
tion. Because of the ambiguous nature of the thearubigens, the term
“thearubigen” has lost significance as a chemically unique class of com-
pounds and the categorization is more correctly referred to as “unknown

Theasinensin F
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polyphenols”. Thearubigen should be considered a sensory parameter,
useful in qualitative assesment of the progress of tea fermentation.

C. Black Tea Manufacturing

1. Withering

All steps in black tea manufacturing are designed to expedite the
oxidation of the tea flavanols and to control the reaction so that the end
products are optimized with respect to flavor as well as to leaf and
beverage appearance.

Fresh leaf is brought to the factory with a few hours of harvesting.
Careful handling prevents bruising and allows for the dissipation of heat
generated by continuing respiration. It is then subjected to a withering
step to reduce leaf moisture from 75-80% to 55-65%. Withered leaf is
flaccid and can be worked further without excessive fracture.

Leaf is spread in 8 to 10 cm layers on nylon netting occupying a high
proportion of total factory space. Warm air from the tea-drying ovens is
usually circulated across the beds to facilitate evaporation.

More modern and efficient systems utilize troughs in which beds of
tea up to 30 cm in depth can be withered by a forced flow of warm air.
Withering time is reduced by these techniques.

Depending on the system used and the prevailing weather conditions,
the withering process takes 6 to 18 h. It is now recognized that significant
chemical changes begin at this step. Cell membranes become more perme-
able and there are increases in the caffeine, amino acid, and organic acid
levels. These processes are independent of water loss and have been
referred to as “chemical withering”.” The increase in caffeine level during
the withering process can exceed 20%.3! Caffeine formation is indepen-
dent of moisture loss but proportional to withering time. Low withering
temperature (13°C) decreases caffeine formation as does high temperature
(35°C).

The end point of withering is usually determined by experienced
observation of leaf texture or sometimes by checking the weight loss of an
isolated portion of leaf.

2. Rolling

The “rolling” or leaf maceration step is carried out in order to disrupt
cell structure and allow contact between tea flavanols and tea polyphenol
oxidase. The physical condition of the leaf mass must also facilitate oxygen
availability.

Orthodox rolling takes place on a rotating circular table 1 to 1.3 min
diameter that is equipped with battens. A circular sleeve with an attached
pressure cap rotates eccentrically above the table. Withered leaf is charged
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into the sleeve and is cut and squeezed by the roller action until it is
adequately twisted and reduced in size. Rolled leaf has a coating of leaf
juices on the surface and a moist, fluffy texture.

The orthodox roller is being supplanted in many areas by more effi-
cient maceration equipment. The McTear Rotovane consists of a varied
cylinder equipped with a rotorshaft so that leaf is cut as it is propelled
through the equipment. A pressure cap at the end determines dwell time
and degree of maceration.

Rotorvaned leaf is usually further cut in a CTC (crush, tear, curl)
machine, which is made up of two closely spaced grooved rollers rotating
at different velocities. After leaf passes through this equipment, it is more
finely divided than that processed by orthodox rolling.

The Lawrie Tea Processor (LTP) is used in Africa to macerate lightly
withered leaf. A hammer mill, in which final particle size can be controlled
by degree of wither and adjustment of the tungsten-carbide-tipped beat-
ers, is essential.

It is desirable to prevent leaf temperature from rising above 35°C
during the maceration process to preserve quality.

3. Fermentation

The oxidative process actually starts with the onset of maceration of
withered leaf. At the end of the rolling process leaf is allowed to oxidize
in 5 to 8 cm beds on trays in another fermentation room. It is desirable to
keep temperatures below 30°C. Oxidation at 15 to 20°C is said to improve
flavor.” High humidity prevents surface drying and consequent retarda-
tion of oxidation.

Oxidation time depends on the temperature, degree of maceration,
degree of wither, and the type of tea to be produced. It ranges from 45 min
to 3 h. Completion is judged by the change in color (green to copper) and
the aroma that develops. The decision is entrusted to the process supervi-
sor, generally known as the “tea maker”. In some areas there is growing
use of more highly controlled oxidation systems. These may consist of
metal mesh belt conveyors. In a few instances, the moving fermentation
belts are enclosed, allowing for control of temperature, air flow, and
humidity.

The known changes in polyphenolic material have already been noted.
Fermentation also results in slight loss of extractable caffeine. Decreases of
5 to 7% have been observed.?! Higher-than-normal fermentation times and
temperatures accelerate this effect. The fate of caffeine made unavailable
during fermentation is not definitely known. It has been demonstrated
that caffeine interacts with polyphenols 2 8! so it is likely that the alkaloid
becomes complexed with the most insoluble thearubigen fractions that do
not become part of the beverage.3!
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4. Firing

The fermentation step is terminated by firing. It is usually accom-
plished by passing trays of fermented leaf through a hot-air dryer in a
countercurrent mode. The drying process takes about 20 min and its
control is crucial to product quality. Smoky teas such as Lapsang Souchong
are produced by introducing controlled amounts of smoke from the wood-
burning during this step.

During firing, enzyme systems are inactivated after a brief period of
reaction acceleration. Organochemical changes take place and the mois-
ture level of the leaf is reduced to 2 to 3%. A noticeable effect of firing is
the change of color brought by the transformation of chlorophyll to
pheophytin, which imparts the desired black color to the dried product.
Much of the characteristic black tea aroma is generated during firing.
Some low-boiling fresh leaf volatiles are lost but many new components
are generated.®* Firing results in the loss of small amounts of caffeine
through sublimation.3!

5. Grading

Fired leaf is subjected to several grading steps. The tea is separated
into particle size grades by passing it over a series of oscillating screens.
Some of the most common black tea grades produced include (in descend-
ing particle size order): orange pekoe (OP), pekoe, broken orange pekoe
(BOP), broken orange pekoe fannings (BOPF), fannings, and dust.

Stalk is removed by the use of electrostatic separators. The process is
effective because of the higher moisture level of stalk as compared to leaf
after emergence from the drier. Fiber and dust can be eliminated by
winnowing.

6. Black Tea Production
More than 75% of world tea production is black tea.

7. Marketing

About half of the world black tea production is sold through auctions.
These take place weekly during the producing season in the manufactur-
ing countries. Major auctions are held in Mombasa, Cochin, Calcutta,
Columbo, and Jakarta. In addition, large quantities of tea are sold in
London auctions as bulked lots in Rotterdam, and through private or
government sales in several countries.

In the U.S., 440 tea bags (or servings) are obtained from 1 kg. Costs of
shipment, blending, packaging, and marketing must be added on to raw
material cost.
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TABLE 3
Composition of Green and Black Tea Solids
Green Tea (%)  Black Tea (%)

Catechins 30 9
Theaflavins 4
Simple polyphenols 2 3
Flavonols 2 1
Other polyphenols 6 23
Theanine 3 3
Amino acids 3 3
Peptides/proteins 6 6
Organic acids 2 2
Sugars 7 7
Other carbohydrates 4 4
Lipids 3 3
Caffeine 3 3
Other methylxanthines <1 <1
Potassium 5 5
Other minerals/ash 5 5
Aroma Trace Trace

VII. BLACK TEA BEVERAGE

A. Composition

There is no exact black tea beverage composition because of variability
in starting material, manufacturing process, and preparation. Data based
on the extractable solids present in the beverage for black and green tea is
shown in Table 3.

B. Black Tea Aroma

The aroma of black tea has been investigated in considerably greater
depth than that of fresh leaf. Over 300 compounds have been positively
identified in this small fraction.?® None of these alone or in simple mix-
tures is reminiscent of tea aroma.

The origin of many of the components of black tea aroma has been
studied. Aldehydes are produced by catechin quinone oxidation of amino
acids. Enzymic oxidation of carotenoids during manufacture generates
ionones and their secondary oxidation products such as theaspirone and
dihydroactinidolide. Oxidation of linoleic acid is responsible for the for-
mation of trans-2-hexenal.?

It has been suggested that enzymic reaction of leucine during process-
ing could lead to the formation of desirable aroma components and that
these reactions would be varied during periods of climatic stress when the
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best flavor is actually produced.® During firing, additional compounds
are formed as many others decrease. Pyrazines, pyridines, and quinolines
are formed at this stage.®* At all steps of the manufacturing process, the
relative proportions of the various aroma components change as fresh tea
aroma is converted to black tea aroma.

C. Preparation

Tea beverage is generally prepared by infusing one part of manufac-
tured leaf in about 100 parts of hot water. In the U.S., tea bags represent
the most prevalent form of presentation. Approximately 93% of black tea
leaf sold at the retail level in the U.S. is packaged in bags. Cup-sized bags
are packed at 200/1b or 2.27 g per bag. A larger “family size” tea bag
containing 1/4 oz. or 7.09 g is in increasing use. Food service bags contain-
ing 1 oz. or 28.35 g of tea are used to make up 1 gal of beverage. Packaged
black tea is sold in a variety of sizes. The rise in popularity in the U.S. of
small gourmet coffee stores along with the increase in consumtion of
meals outside the home has led naturally to an upspringing of small tea
shops selling packaged gourmet teas, either blended or from single es-
tates.

A proper tea bag paper is essential to the preparation of a good
beverage. The paper must retain fine tea dust particles, and yet allow for
efficient fluid transfer into and out of the bag. It is essential that the paper
and other substances in contact with the infusion impart no taste.

Tea bag paper is generally made from a mixture of wood cellulose (30
to 40%) and abaca fiber (60 to 70%). The latter is derived from the plant
Musa texitilis grown in Madagascar and the Philippines.

Extraction rate is determined by the water:tea ratio, temperature,
particle, size, and bag geometry. Table 4 shows the relationships among
extraction time, total beverage solids, and beverage caffeine levels when
180 ml of boiling water is poured onto a standard tea bag in a cup covered
during the brewing period.

Caffeine is extracted at about the
same rate as the remainder of the bev-
erage solids as shown by the propor- TABLE 4
tion of caffeine in the extracted solids.  Production Variable Effect on
Replication of data is difficult unless ~ Caffeine

small steps in the brewing procedure Caffeine
are precisely controlled. There is much (% of dry wt.)
conflicting data in the literature,3 887  Variable Low High
but the brewing results shown above  Nitrogen application 222 3.9
are consistent with the known compo-  Leaf position 400 513
sition of tea and its extraction charac- 225N 15 35
teristics.
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There is also confusion in the literature concerning theobromine and
theophylline levels in tea beverage. The most reliable data indicate 0.16 to
0.20% theobromine and no theophylline in black tea.®? 8 Assuming the
same level of extraction as for caffeine, 3 to 4 mg of theobromine is to be
expected in an average cup of tea.

The kinetics of tea extraction have been studied in detail .8 % Rates for
caffeine, theaflavin, and thearubigen extraction have been determined. It
has been demonstrated that extraction is not a transport-controlled pro-
cess. Temperature and time are the rate-limiting variables.

D. Consumption Patterns

In the U.S., most black tea leaf” is used for iced tea preparation. This
is made from a hot infusion or by extraction over a period of many hours
at ambient temperature. The latter product is sometimes referred to as
“sun tea” and consists of a relatively dilute beverage. Sugar and lemon are
common additives.

Hot tea accounts for 35% of black tea leaf use in the U.S. It is most
popular in the Northeast, where milk is a frequently used additive.

E. Quality
1. Terminology

A unique lexicon of descriptors for tea has been built up over the years
in the tea trade. By its use, the tea-buyer and the tea-taster communicate
quality parameters to guide the purchase, blending, and quality control of
tea. Some terms in common use include brisk, bright, dull, flat, green,
harsh, plain, pungent, quality, and soft.*

It should be noted that the terms do not necessarily correspond to
their normal connotation, e.g., “quality” refers primarily to the presence of
a desirable aroma fraction. Some terms that characterize black tea, as com-
pared to green tea, include “quality”, “color”, “strength”, and “briskness”.

2. Role of Theaflavin

The significance of the theaflavin level in black tea with regard to
beverage color and taste has been recognized.® It has been shown that for
African teas there is a good correlation of theaflavin level with value.”™
Processing and storage conditions have been studied to find techniques
for maximizing and retaining theaflavin levels.

Maintenance of fermentation temperature at 15°C increases theaflavin
levels whereas higher temperatures vary for thearubigen formation. Teas
fermented at 15°C bring higher prices than those manufactured at 25°C or
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35°C." Higher temperatures also accelerate a decline in polyphenolase
activity, whereas peroxidase activity remains high. This favors thearubigen
formation at the expense of theaflavin.%

Theaflavin levels are enhanced and teas are valued at higher prices
when fermentation is carried out at lower (4.5 to 4.8) pH values.®

Black tea quality as determined by theaflavin levels is also affected by
storage conditions. Low temperatures, low moisture levels, and low oxy-
gen availability retard theaflavin loss. Residual peroxidase activity, which
accelerates theaflavin loss on storage, is diminished by acid treatment
during fermentation.®

3. Role of Caffeine

Extractable caffeine levels increase on storage, presumably because of
decomplexation from theaflavins as the latter decrease. Since caffeine
binding with thearubigens is weaker than that with theaflavins, more
caffeine may become available.®* An increase in “free” caffeine may be
responsible for decreased value because of the bitterness imparted to the
beverage. Caffeine in combination with the normal tea complement of
oxidized polyphenolic matter does not exhibit bitterness.%

Black tea taste is primarily a function of the polyphenols, caffeine, and
aroma components. Astringency, an important characteristic of the orga-
noleptic sensation, has been described as consisting of a “tangy” and a
“nontangy” component.®®

The combination of caffeine with the oxidation products of gallated
flavanols produces the characteristic described as “tangy astringency”,
probably equivalent to the term “briskness” applied by professional tea-
tasters.

The complex between caffeine and oxidized polyphenolic matter is
also responsible for the phenomenon known as “creaming”, or the precipi-
tation of material from a strong black tea infusion as it cools. Tea cream
consists primarily of caffeine and theaflavin gallate but also theobromine,
thearubigens, catechins gallate, gallic acid, and several other components.
Removal of caffeine from black tea infusions prevents the formation of
cream.® Caffeine causes the precipitation of theaflavins and gallated cat-
echins. Hydrogen bonding is responsible for the formation of the insoluble
agglomerates.t”. % Cream formation is generally considered to be a desir-
able attribute for traditional black tea use but is a disadvantage in iced tea
and instant tea.

4. Black Tea Varieties

Assam and Kenyan teas are described as being strong, thick, colory,
and are not known for outstanding aroma due to the preponderance of the
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CTC processing technique which results in high yield and good color but
small leaf size. Keemun teas from China are also noted for their colory
brew. China varieties and China-Assam hybrids when grown at high
altitudes often produce highly desirable aromas such as those character-
istic of Darjeeling tea from North India. High-grown Sri Lanka teas from
the Uva, Dimbula, and Nuwara Eliya areas are also flavorful. The Yunnan
region of China produces a wide variety of teas due to the wide variety of
gene stock in the region and are typically noted for a peppery flavor.

VIIl. GREEN TEA

A. Manufacturing

Green tea processing is designed to achieve a dry product exhibiting
the desirable twisted leaf appearance, but without flavanol oxidation. This
is accomplished by carrying out rapid enzyme inactivation either with
steam in a rotating cylinder as practiced in Japan or with dry heat as
practiced in the People’s Republic of China. The inactivated tea is cooled,
rolled partially dried, rerolled, and then completely dried.

Because of the presence of unoxidized catechins, green tea beverage is
yellow-green in color and more astringent than black tea. While many of
the components of black-tea aroma are represented in green tea, their
relative proportions differ.

B. Varieties

Some varieties of green tea including the following: Sencha — the
most widely drunk grade of green tea in Japan; Gyokuro — the most
prized grade of Japanese tea (grown under shade); Matcha — the ceremo-
nial green tea, the beverage is a suspension of finely ground leaf; Gunpow-
der — a small compact pellet of Chinese green tea; and Pi-lo-Chun — a
small-leaved Chinese tea made from the first spring flush.

C. Composition

Plant varieties used for green tea production usually have higher
amino acid levels and lower catechin levels than those used for making
black tea. Caffeine levels are slightly lower except in the finest grades,®
with variations attributed to shading and leaf processing.
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E. Quality

Green tea quality is dependent to a large extent on amino acid levels,
especially that of theanine.?” Ascorbic acid content, although very low,
also correlates positively with quality. Free reducing sugars and catechin
gallates show a negative correlation.®® Caffeine levels do not have much
effect on quality.

IX. OTHER TEAS

A. Oolong Tea

Oolong tea is only partially oxidized, so that its appearance and
chemical composition is somewhat intermediate between that of green
and black tea. It is manufactured primarily in the People’s Republic of
China and in Taiwan.

B. Brick Tea

Tea is compressed into a molded brick in part of the Soviet Union and
China. Portions of the bricks are broken off for use and are sometimes
cooked with butter or other fats.?

C. Flavored Teas

Earl Grey tea is flavored with the peel oil of bergamot, a citrus fruit,
which is added by spraying onto black tea before final packaging. Other
flavors may also be applied to black tea by spraying onto the leaves,
incorporation of flowers into the blend, or by addition of encapsulated
flavor crystals. Other common flavored teas include Rose Congou and
Lychee.

Jasmine flowers are sometimes added to manufactured green tea in
the country of origin and they impart characteristic floral notes.

Lapsang Souchong tea is a Chinese black tea flavored during firing by
the use of smoky woods such as pine. These smoky teas are commonly
added to blends of other black teas to create “Russian Caravan” blends.

Stabilized flavors in a solid form are also used to prepare a variety of
flavored teas. Orange and spice, lemon, cinnamon, mint, blackberry, apple,
cherry, and almond flavored products are marketed.
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Pu-Erh tea is produced in Yunnan Province by the action of microbio-
logical fermentation on green tea. Noted for its ‘earthy’ flavor, it is often
processed into cakes, such as Tuo-cha or bowl-shaped tea.

X. INSTANT TEA

Instant tea is the water-soluble extract of tea leaf usually marketed as
a powder, either pure or as a part of flavored mixes. Most instant tea is
manufactured in the U.S. It is also manufactured in a few tea-growing
countries where the starting material may be fermented leaf that has not
been dried.

When starting with dried tea, extraction may be carried out in col-
umns® or kettles.’® In order to extract a high proportion of the soluble
components with a minimum amount of water, a countercurrent extrac-
tion mode is utilized. Extractable solids yields of 25 to 35% can be ob-
tained. Spent leaf can be treated at high temperatures to further increase
yield.® Extract is separated from spent leaf by centrifugation.

It is desirable to isolate and preserve aroma. This may be accom-
plished by low-pressure steam treatment in columns before solids extrac-
tion'%t or by vacuum-stripping the extract.’? The aroma fraction may be
further concentrated.

The aqueous extract is usually vacuum-concentrated although freeze
concentration has been described.%

The concentrated aroma fraction is added back to the tea solids con-
centrate before drying. It is possible to freeze-dry the product but it is
generally spray-dried with some loss of volatiles. Drying conditions are
chosen to conserve aroma as much as possible and produce a low-density
product.4

Instant tea produced as described above will dissolve completely in
hot water but not in cold water, as the caffeine-polyphenol complexes are
insoluble under those conditions. Since virtually all instant tea manufac-
ture in the U.S. is for iced tea preparation, process modification is re-
quired. This initial extract may be cooled to 5 to 10°C and the cold water
insoluble material or “cream” be allowed to precipitate. Under these
conditions, 20 to 35% of the extract solids may be separated by centrifuga-
tion. The supernatant solids will reconstitute in cold water after concentra-
tion and drying.'% It is also possible to process the cream to make a portion
of it compatible with the product and thereby retain the caffeine and some
polyphenolic components that are present in this fraction.°6 Commercial
use of the enzyme Tannase, which removes gallic acid from gallated tea
polyphenols®” and reduces cream formation'®® can be used to reduce
cream losses and manufacture instant teas retaining more of the natural
polyphenol content.
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Instant tea is also marketed with lemon flavor and with flavor and
sweetener. The latter may be sugar, saccharin, or aspartame.

The caffeine content of instant teas manufactured in the U.S. averages
about 5%. When prepared as an iced beverage at 0.3% solids, 200 ml of
beverage provides 30 mg of caffeine.

XI. PHYSIOLOGICAL EFFECTS

A. Introduction

From the time of its earliest usage, beneficial physiological properties
have been attributed to tea. It is probable that the pleasant stimulating
effects of a moderate amount of caffeine, unaccompanied by substances
that cause adverse gastrointestinal side effects, are responsible for the
feeling of well-being that has characterized tea consumption as described
even in the oldest writings. In addition, the pleasant mouth feel brought
about by mild astringency and rapid flavor release also adds to its satis-
fying nature as a beverage.

As indicated previously, the average caffeine level of a cup of tea
prepared by adding 180 ml of boiling water to a tea bag and brewing for
2 to 3 min is about 30 mg. This amount of caffeine appears to provoke
minimal symptoms or irritability.

Caffeine contained in tea beverage is absorbed at about the same rate
as caffeine in coffee, cola drinks, or in pure water. Data to support this
conclusion was obtained in a human feeding experiment.1® The theory
that complexation of caffeine with the polyphenolic material in tea retards
absorption!® 111 js not borne out.

The physiological effects of tea that are caused by caffeine alone will
not be discussed further in this chapter.

B. Vitamins

No significant quantity of the macronutrients nor of the vitamins for
which U.S. Recommended Dietary Allowance (RDA) have been estab-
lished can be obtained from the consumption of a cup of tea.''° The water-
soluble B vitamins present are easily extractable. Eight percent extractabil-
ity for a representative black tea blend is assumed.?

Vitamin C (ascorbic acid) is present in green tea but only traces are
found in black tea.!'? Five cups of Japanese green tea provide 25 to 30% of
the RDA.
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Although there are physiologically significant quantities of vitamin E
(tocopherol) and vitamin K (phylloquinone) in black tea, their extractabil-
ity is not adequately known.%

C. Minerals

The minerals that might be significant to human nutrition are prob-
ably confined to potassium and fluoride. While levels vary according to
soil fertilization regimens, tea generally provides about 60 to 70 mg of
potassium per cup. Fluoride levels also vary with soil conditions. In
general, tea provides 0.10 to 0.12 mg of fluoride per cup. Aluminum in tea
is not easily extracted so that the beverage only provides about 0.4 mg per
cup. Manganese, the other element that is preferentially accumulated by
the tea plant, is extracted to the extent of 0.1 to .3 mg per cup.'%°

D. Polyphenols

The antioxidant activity of tea polyphenols!®® is associated with epide-
miological evidence that tea is an anti-carcinogenic!'* and anti-cardiovas-
cular disease!®® agent. Work on investigating the biochemical and mecha-
nistic action of tea polyphenols in the prevention of diseases is in progress,
but there is good evidence in animal models that tea prevents the carcino-
genicity of cigarette smoke,*® inhibits nitrosamine formation,*” and UV-
light induced tumor formation.8

XIl1. CONCLUSIONS

There are many factors responsible for the unusual popularity of tea
as a beverage. These are agricultural and economic as well as organoleptic
and perceptual.

Once established, tea is not a very difficult crop to maintain. Some
varieties withstand cold weather fairly well and this allows for a wide-
spread growing area but with a primary requirement for adequate water.
Tea can be successfully cultivated by the use of unsophisticated tech-
niques, but also by the use of highly mechanized procedures. It is, there-
fore, viable in a wide diversity of economics. Tea is among the least
expensive of beverages and can usually be provided at less than $0.03 per
serving.
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The unique chemical composition of the beverage components brought
about by the unusual and reactive chemical storehouse that makes up
young tea leaf is largely responsible for its properties.

The organoleptic properties of black tea depend to a considerable
extent on the astringency resulting from the interaction of caffeine with
the oxidized galloyl ester of the flavanols. The aroma components of black
tea also constitute a unique flavor profile that blends well with the taste of
the nonvolatile materials. The caffeine provides a moderate level of stimu-
lation, which adds further to the appeal of the beverage, although tea has
been shown to provide relaxation as well as revival of character.!?®

Tea provides a broad spectrum of flavor experience: there is a consid-
erable degree of diversity in the flavor of different varieties; green tea and
oolong tea provided very different taste sensations from those of black tea;
flavorants and other additives allow for still greater variety; tea is appre-
ciated both as a hot and a cold beverage.

The composition of tea varies greatly depending on all of the factors
that generally affect crops. It is therefore difficult to standardize on a
uniform product when investigating or describing tea. In addition, ana-
lytical techniques are often difficult to carry out in the presence of the large
quantity of oxidized polyphenols that result from black tea manufactur-
ing. Standardized analytical methods and procedures for beverage prepa-
ration are highly desirable to maximize the value of investigations. The
designation of some teas as standards might also be useful.

Better knowledge of the physiological and health-promoting proper-
ties of tea could be obtained by more complete understanding of the
chemistry of the mass of oxidized phenolic material, commonly known as
thearubigens but better classified as unknown polyphenols. This increased
understanding could also be applied to quality improvement. As these
compounds become more completely characterized and their organolep-
tic properties better defined, further modification of black tea manufac-
ture to favor the accumulation of the most desirable substances becomes
a possibility. Similar information with regard to the significance of the
volatile components might be utilized in a like manner.

The sensitivity of tea production to research has already been demon-
strated by the successful process modifications carried out to increase
theaflavin levels and value. There is a limit to what can be accomplished
to the confining environment of fermenting leaf. For black instant tea
production, the conversion of fresh leaf components to those present in
black tea might be better accomplished outside of the leaf. This could
allow for more highly directed reaction pathways to bring about the
formation of the most desirable end-products. Enzymic and chemical
techniques could also be used.
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Chapter 4

TeA IN CHINA

David Lee Hoffman

Tea is found in every shape and size, grown and processed every-
where across a wide belt throughout China. In the U.S., we are used to
only a few types of tea; however, the varieties of Camellia sinensis found in
China are almost endless. Each of them is given a name that often reflects
the romantic and almost metaphysical nature of tea in Chinese culture.
Probably nowhere else in the world is tea worshipped as a mystical and
ceremonial beverage as in Asian countries, and especially in China, where
C. sinensis finds its roots.

The flavors of Chinese teas range from extremely mild white teas to
astringent green teas to heavy, black, strong-flavored varieties.

Often the leaves of C. sinensis are prepared in a very unique manner,
such as in Tibet, where, for example, tea leaves are boiled overnight on an
open fire, with a pinch of alkaline soda added. After the tea is strained,
yak butter and salt are added and the concoction is vigorously pumped in
a churn to a frothy brew. The tea is then poured back into the pot, reheated
and served.

Table 1 lists Chinese names of teas and, when possible, their English
translations, as well as the provinces in China where these teas are grown.
Table 2 shows the many varieties of black, green, Oolong, Pu-erh, and
white teas.
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TABLE 1

List of 85 Rare and Tribute Teas in the 1996 National Tea Competition in China

Province/name of tea

English translation

Farm name

Anhui Province

Bai Bei Xiang Ya

Ci Shan Cui Kui

Ci Shan Jian Ya

Ding Gu Da Fang

Gan Lu Qing Feng
Huang Hua Yun Jian
Huang Shan Mao Feng
Jing Shang Tian Hua

Jing Ting Lu Xue

Jing Xian Ti Kui

Jiu Shan Bi Hao

Jiu Shan Cui Jian

Jiu Shan Cui Ya

Jiu Shan Qu She

Leu An Gua Pian

Lu Mu Dan

Rui Cao Kui

Shen Quan Zhen Zhu Lu

Tai Ping Hou Kui
Tan Kou Que She
Wan Xi Zao Hua
Xiang Shan Yun Jian
Ye Que She

Yong Xi Huo Qing
Yong Xi Huo Qing
Yue Xi Cui Lan

Fujian Province
Bai Long Zhu
Ge Heng Fu Xin Cha

Li Zhi Cha
Guangxi Province
Cha Lei

Cui Ye Cha
Nin Xiang Cei Min

Guizhau Province
Fan Jing You Lu

Fan Jing Cui Feng
Fan Jing Xue Feng
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Fragrant Buds
Ci Shan Green Shoot
Ci Shan Green Bud

Sweet Dew Green Peak

Add Flowers to the
Brocade

Jiu Shan White Hair
Jiu Shan Green Sword
Jiu Shan Green Bud
Jiu Shan Bird Tongue

Spring Green Pearl of
the Gods

Tang Kou Bird Tongue

Wild Bird Tongue

Yue Xi Green Orchid

Rich in Zinc Content
Tea
Litchi Tea

Flower Stamen

Green Leaves Tea

Good Flavored Green
Tea

Best Green Tea in Fan
Jing

Fan Jing Green Peak
Fan Jing Snow Peak

Jiunanshan Tea Plantation
Cishangang Tea Plantation
Cishangang Tea Plantation
Wuhu Tea Corporation
Dongzhi Tea Plantation
Lingou Tea Factory

Wuhu Tea Corporation
Shexian Famous Tea

Jing Ting Shan Tea

Wuhu Tea Corporation
Jiunanshan Tea Plantation
Jiunanshan Tea Plantation
Jiunanshan Tea Plantation
Jiunanshan Tea Plantation
Jinzhai Tea Factory
Shexian Famous Tea
Shizipu Tea Plantation
Dongzhi Tea Plantation

Taiping Tea Corporation
Tangkou Tea Plantation
Shuchen Tea Plantation
Dongzhi Tea Plantation
Tongnin Wushong Tea
Wuhu Tea Plantation
Yongxi Tea Factory

Yue Xi Tea Corporation

Yongan Tea Factory
Hanjiang Tea Plantation
Dengyun Tea Plantation
Baise Tea Factory

Jiangfunfeng Tea Factory
Zhaopin Tea Factory

Fan Jing Shan Tea

Yin Jiang Tea Plantation
Fan Jing Shan Tea



TABLE 1 (continued)

List of 85 Rare and Tribute Teas in the 1996 National Tea Competition in China

Province/name of tea

English translation

Farm name

Henan Province
Xing Yang Chun Hao

Xing Yang Mao Jian
Xing Yang Xue Pian

Hubai Province
Bao Quan Cha

Jin Shui Cui Feng
Qing Long Que She
Song Feng Cha
Song Feng Yun Wu

Jiangsu Province
Bi Luo Chun

Bi Luo Chun

Dong Lin Mao lJian

Er Qian Yin Hao
Er Qian Yin Hao
Tai Hu Cui Zhu
Tai Hu Cui Zhu
Wu Xi Hao Cha
Xi Mei Hao Cha
Xue Lang You Lu
Yin Hu Hao Cha
Yixing Chun Yue

Jiangxi Province
Xiao Bu Yan Cha

Sichuan Province
Fu Xi Hua Cha

Tian Gong Cui Lu

Yunnan Province
Zu He Tuo Cha

Zhejiang Province
Bai Mu Dan
Chen Tian Zue Long

Da Fo Long Jing
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Xingyang Spring White
Hair

Xing Yang Snowflake

Jin Shui Green Peak

Like a Tongue of a Bird

Song Peak Tea

Song Feng Clouds &
Mist

Green Snail in Spring

Green Snail in Spring
Dong Lin Spear-Shape
Tea

Er Qian Silver Hair Tea
Er Qian White Hair Tea

Green Bamboo in Tai
Hu Lake

Wu Xi White Hair Tea

Xi Mei White Hair Tea

Best Green Tea in Xue
Lang

Yin Lake White Hair
Tea

Yixing Spring Moon

Rich in Selenium
Flower Tea

Combined Tuo Cha

White Peony
Chen Tian Snow
Dragon

Xingyang Famous Tea
Xingyang Famous Tea

Xingyang Famous Tea

Xianfeng Tea Factory
Hubai Tea Research
Xianfeng Tea Factory
Yangloudong Tea
Yangloudong Tea

Dongnin Tea Plantation
Nanquan Tea Plantation
Donglin Tea Plantation
Dafulin Tea Plantation
Dafulin Tea Plantation
Xuelang Tea Plantation
Bashi Tea Plantation
Jiangsu Bashi Tea
Meiyuan Tea Factory
Xuelang Tea Plantation
Yaojin Tea Factory

Shanjuan Tea Factory

Xiaobu Tea Farm

Tianxiang Tea Factory

Huangshan Tea Plantation

Kunming Lubao Tea

Jinghua Tea Factory

Xuelong Tea Plantation

Xingchang Famous Tea



TABLE 1 (continued)

List of 85 Rare and Tribute Teas in the 1996 National Tea Competition in China

Province/name of tea

English translation

Farm name

Dao Ren Feng Cha
Dong Keng Cha
Fun Yun Qu Hoa
Hu Yuan Yun Lu
Jing Jiang Hui Ming
Kai Hua Long Ding
Lin An Cui Lan
Lin Hai Pan Hao
Lu Mu Dan

Ping Yang Lu Yun
Qian Yu Gao Lu

San Bei Xiang

Song Yang Yin Hou

Sui Chang Gao Liu

Tai Shun Cui Long

Tian Mu Shan Qing Ding

Wu Lin Cha
Xi Hu Long Jing

Xian Yu Cui Ya
Xue Shui Lu Ya
Xue Shui Yun Lu
Ying Guo Cha
Yun He Lu Shuang

Taoist Peak Tea

Curly White Hair

Green Peony

Ping Yang Green Cloud
Qian Yu High Grade
Green Tea

Silver Monkey

Sui Chang High Grade

Tai Shun Green Dragon

Tian Mu Shan Green
Peak

Wu Peak Tea

West Lake Yellow
Dragon

Xian Yu Green Bud

Snow Water Green Bud

Silver Hook

Dao Ren Feng Tea
Linmu Tea Factory
Lishui Famous Tea Factory
Xinghe Tea Factory
Yuhang Famous Tea
Kaihua Tea Experiment
Linan Tea Factory
Linhai Pan Hao Tea
Jiangshan Tea Plantation
Pingyang Tea Plantation
Yuhang Tea Factory

Taishueng Farm

Songyang Tea Factory

Sui Chang Tea Corporation
Taishun Tea Plantation
Linan Tea Factory

Xiongfeng Tea Factory
Tea Research Institute

Xianyu Tea Plantation
Tonglu Tea Factory
Xinhe Tea Factory
Jinyun Tea Plantation
Yunhe Tea Plantation

Reproduced with permission of Silk Road Teas.
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TABLE 2

Examples of Varieties of Black, Green, Oolong,
Pu-erh, and White Chinese Teas

Name of Tea Province
Black Tea

Golden Monkey Fujian
Golden Needle Fujian
Guangdong Black Guangdong
Hunan Brick Tea Hunan
Jiantsu Mountain Red Jiangsu
Leubao Black Guangxi
Zhejiang Black Zhejiang

Green Tea

Anhui Green

Bi Luo Chun

Bi Luo Chun

Bi Luo Chun “Snow”
Dragon Peak Rare Green Tea
Dragon Pearls

Dragon Tooth

Dragon Well

Farmer Yang’s Green
Fujian Mao Feng
Golden Dragon

Green Pearls

Green Sea Anemone
Huangshan Mao Feng
Huangshan Maojian
Jade Spring

Kiahua Long Ding
Litchi Nut

Rare Anhui Green

Rare Fujian Green
Snow Dragon

Spring Blossom Pekoe
Spring Bud Rosette
Spring Bud Rosette
Spring Bud Wafer
Taiping Hou Kui
Tongyu Mountain Green
Yang Xian

Yellow Mountain Green
Yellow Mountain Green
Zhejiang Mao Feng

Oolong Tea
Anxi Oolong
Ben Shan

Dai Bamboo
Dragon Balls
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Southern Anhui
Fujian

Zhejiang
Northern Fujian
Zhejiang

Fujian

Fujian

Zhejiang
Zhejiang

Fujian

Zhejiang

Fujian

Anhui

Anhui

Southern Anhui
Zejiang
Zhejiang

Fujian

Southern Anhui
Fujian

Zhejiang

Fujian

Zhejiang

Fujian

Zhejiang

Anhui

Fujian

Jiangsu
Southern Anhui
Southern Fujian
Zhejiang

Fujian
Fujian
Yunnan
Fujian



TABLE 2 (continued)

Examples of Varieties of Black, Green, Oolong,
Pu-erh, and White Chinese Teas

Name of Tea Province
Dragon Beard Fujian

Golden Water Turtle Fujian

Hairy Crab Fujian
Huangshan Mao Feng Anhui

Jade Oolong Fujian

Phoenix Select Fujian

Ti Kwan Yin Fujian

Ti Kwan Yin Southern Fujian
Pu-Erh Tea

Beencha Pu-erh Yunnan

Pu-erh Yunnan

Pu-erh Beencha ‘88 Yunnan

Pu-erh Tuocha “Camel” Yunnan
Tibetan Mushroom Pu-erh Yunnan

White Tea

Baihao Cha Fujian

Drum Mountain White Cloud  Fujian

Fujian White Tea Northern Fujian
Gold Tip Silver Needle Northern Fujian
Green Leaf Silver Needle Zhejiang

Silver Needle Fujian

White Peony Fujian

Reproduced with permission of Silk Road Teas.

©1998 CRC Press LLC



Chapter 5

THE Corree PLANT AND ITS
PROCESSING

Monica Alton Spiller

CONTENTS

I. Introduction

Il. Coffee: Botany, Cultivation, and Distribution
A. Coffea arabica
B.  Coffea canephora var. robusta
C. World Distribution of Plantations and Markets

I1l.  Coffee Processing
A. Green Coffee Bean Processing
1. Green Coffee Bean Processing by the
Wet Method
2. Green Coffee Bean Processing by the
Dry Method
Storage and Shipment of Green Coffee Beans
Decaffeination
Roasting, Grinding, and Storage of Roasted Coffee
1. Roasting
2. Grinding and Storage of Roasted Coffee
E. Instant Coffee Production
1. Percolation
2. Spray Drying
3. Freeze Drying
4. Flavor and Aroma Addition

DO w

©1998 CRC Press LLC



IV. Coffee Beverages

A. Coffee Beverage Preparation Methods
1. ldeal Preparation Methods
2. Water for Coffee Beverage Preparation
3. Other Preparation Equipment
4. Coffee Blends

B. Comparison of Beverages from Arabica
and Robusta Coffees

C. Instant Coffee Beverages

D. Decaffeinated Coffee Beverages

V. Conclusions
Acknowledgments

References

I. INTRODUCTION

Outlines of coffee cultivation and the production of coffee ready for
use as a beverage are presented in this chapter.” It is hoped that the
information given, in conjunction with Chapter 6, will serve as a back-
ground for those studying the physiological effects of coffee. Coffee is
such a variable and complex beverage that it seems imperative that the
coffee used in a biological study should be defined. In particular, is the
coffee Arabica or Robusta? Was the coffee wet- or dry-processed? What
are the extent and conditions of the roasting? Decaffeinated and instant
coffees need separate consideration and description.

An attempt has been made to bring out any variations there may be
in processing methodology that would produce a different chemical pat-
tern in the final beverage.

Il. COFFEE: BOTANY, CULTIVATION, AND DISTRIBUTION

The two main species of commercial interest in the genus Coffea are
Coffea arabica and Coffea canephora var. robusta. They are conveniently
referred to as Arabica and Robusta, respectively. Each genus covers a
number of varietals; there are at least 13 varieties of Arabica coffees, for
example. The genus is in the botanical family of Rubiaceae.

A. Coffea arabica

Coffea arabica is a glossy-leaved shrub or small tree with fragrant white
flowers and red berry fruit. It was introduced into Arabia, in Yemen, in the
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fifteenth century where it soon became used as the preferred beverage. C.
arabica is actually indigenous to Ethiopia, Arabia’s neighbor across the Red
Sea. The Dutch, French, and English introduced C. arabica into their tropi-
cal colonies from the late seventeenth century onwards. By 1723, Brazil
had obtained seed and to this day Brazil is one of the world’s major
suppliers of coffee.

The growth of C. arabica is best between the two tropics, but at an
elevation such that the temperature does not rise much above 72°F or
below 64°F and where the rainfall is fairly evenly spread throughout the
year and is 40 to 60 in. The usual elevation is 4,000 to 5,000 ft. It can tolerate
cooler temperatures but is killed by frost. Shading of the plants does not
seem essential, although some shading prevents overbearing and weaken-
ing of the trees. Mulching is advantageous so that the roots are kept cool.
For the most part, when C. arabica is grown in these conditions it is
relatively disease-resistant, but where it has been planted at a warmer and
wetter elevation the plants have been lost to fungal disease. In particular,
the leaf spot disease Hemileia vastatrix has caused great losses. Plantations
that thrived initially in Sri Lanka have been essentially destroyed by this
disease. In Brazil during the mid-1970s vast plantations were lost to frost
damage.

B. Coffea canephora var. robusta

Coffea canephora var. robusta was not recognized until 1895, when it
was seen as the indigenous Coffea species in the African Congo. C. canephora
var. robusta thrives at elevations between the tropics, where the rainfall is
about 75 in. and the temperature is 60 to 80°F. Optimal rainfall and
temperature conditions favored by the two species are very similar; the
distinction comes in the tolerance of more extreme conditions. C. canephora
var. robusta can tolerate more humid conditions without being attacked by
Hemileia vastatrix, for example.

C. World Distribution of Plantations and Markets

Coffee is grown in countries situated between the Tropics of Capri-
corn and Cancer. C. arabica is the most widely grown, but regions where
temperature and humidity are rather high have been replanted with C.
canephora var. robusta. Robusta coffees are thus the major species grown in
the less mountainous regions closest to the equator.

Production of coffee in Brazil was 42% of the world crop in 1960.
However, by 1980, although the actual amount was still high, Brazil’s
proportional contribution to world exports was halved. African Robusta
coffees instead now represent over 25% of all coffee used in the U.S. and
Europe.
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FIGURE 1
The coffee berry in a cross-sectional diagram.

Per capita consumption of coffee has been steadily decreasing in the
U.S. and Sweden, despite an overall increase in coffee production. This
increase is taken up by the increase in population and the increased
popularity of coffee in Japan, the Soviet Union, and the U.K.

I11. COFFEE PROCESSING

A. Green Coffee Bean Processing

The production of green coffee beans involves successive removal of
the outermost red skin and the pulp of the coffee berry, followed by
removal of the mucilage, parchment covering, and, finally, the silverskin
surrounding the green coffee bean (endosperm) (Figure 1).

There are two methods currently used to produce green coffee beans;
they will be described here as the “wet” and the “dry” methods. However,
an alternative nomenclature is often used: “washed” and “natural pro-
cessing”, respectively, and to avoid a misunderstanding it is often neces-
sary to obtain a definition of the processing used on a given batch of coffee
beans.

1. Green Coffee Bean Processing by the Wet Method

This is relatively intricate and is best carried out with uniformly ripe
coffee berries that are still firm. To achieve this uniformity the coffee
berries are selectively handpicked. As soon as possible they are sorted
further in a water-flotation system and sent directly to a pulping machine.
Here the berries have the outermost skin and pulp removed and the
mucilage layer is exposed.
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Removal of the mucilage is brought about in concrete fermentation
tanks, where the beans are slurried with water. A fermentation occurs that
is mainly due to lactobacilli and yeasts. Enzymes are produced that dis-
solve away the mucilage. The beans are washed free from the mucilage
and the parchment layer is exposed. Now the beans are dried in the sun
or more usually in mechanical driers. Hulling completes the process. The
parchment layer and most of the silverskin are removed in a hulling
machine. Green coffee beans produced in this way are now ready for
storage and shipping.

2. Green Coffee Bean Processing by the Dry Method

Ideally in this process the coffee berries should be uniformly ripened,
but often in practice they are harvested by stripping all the berries at once
from the trees and collecting them on the ground beneath. The berries are
gathered from the ground and spread out in the sun where they are raked
so that they are evenly exposed. Initially the microorganisms and the
enzymes inherent in the coffee berry alter the pulp and mucilage. Then the
red skin, pulp, mucilage, and parchment fuse to produce a thick hull as
they dry out. The coffee is called “pergamino” at this stage. This hull is
removed in a hulling machine that simultaneously polishes off most of the
silverskin layer. Both Arabica and Robusta coffees can be processed in this
way, but an additional step is necessary for the Robusta beans, which have
a particularly tough silverskin. Before the tough silverskin can be re-
moved, the beans must be soaked in water. The moistened silverskin can
then be removed mechanically and the beans are dried again before stor-
age and shipping.

The dry method produces green coffee beans much less expensively
than the wet method. A high proportion of Brazilian Arabica coffee is
processed in this way, and almost all Robusta coffees are treated in this
way. The final beverage produced from dry-processed coffee has a full
flavor that is often described as hard and sometimes is characteristic of a
region, for example Rio coffees.

The dry method is generally the less controlled of the two main
methods. The stages where extra care could be introduced after harvesting
are where the coffee berries may be washed and sorted by flotation before
being dried and during the drying itself. The risk of fungal damage to the
berries and consequently to the beans is very high if the berries are too
heaped. They need to be spread out very thinly, to be frequently raked,
and not resoaked by rainfall.

B. Storage and Shipment of Green Coffee Beans

Ideally, coffee is bagged with a standard moisture content of 12%, in
the country of origin, and it is kept below 70°F until close to the time when
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it can be placed on a ship. Some coffee is also stored in silos, but this is
usually just for a few days. The coffee beans need to be stored at low
temperatures once on-board ship, and away from any strong-smelling
cargo. Ideally, the journey would be as short as possible and any subse-
quent movement of the beans would be at 70°F and low humidity. This is
quite difficult to achieve in practice and the risk of developing molds is
high. Another risk is that compounds will be leached or volatilized from
the green coffee beans so that they will not yield a pleasing beverage.
Green coffee beans are reasonably stable for one year at 70°F and 40 to 60%
relative humidity.

C. Decaffeination

Decaffeination of green coffee beans is most usually carried out with
a water/solvent partition system. The green coffee beans are first steamed
until they are hot, wet, and swollen, to make the caffeine available. Solvent
is then used to extract the caffeine out of the aqueous phase of the beans.
Finally, the beans are steamed to drive off residual solvent. The coffee
beans lose their wax surface covering in the process, as well as some flavor
components. For this reason, the Robusta and Brazilian Arabica coffees
that are dry-processed and have the most powerful flavors are usually the
types that are decaffeinated. They become milder in the process. Mechani-
cal polishing is used to improve the appearance of decaffeinated green
coffee beans if they are not to be roasted immediately. Extra care is
required, however, to store these decaffeinated beans since the loss of wax
covering as well as caffeine renders them much more susceptible to fungal
attack.

Methylene chloride is probably the most generally used solvent for
decaffeination processes, but others, some of which are already found in
small amounts in coffee beans, are coming into use. For example, ethyl
acetate,® formaldehyde-dimethylacetal, ethanol, methanol, acetone,® pro-
pane,’® benzyl alcohol }* carbon dioxide,'? and supercritical carbon dioxide
with an acid®® are used. Generally the pressure and temperature of the
system are adjusted to keep the solvent in the liquid state. Coffee oil itself
is even described for this use in one patent.'4

A great deal of effort has been put into methods for removing only the
caffeine from the extracting solvent, and somehow returning all of the
other components to the coffee beans for reabsorption. The principle of the
method most generally seen involves exposure of the extract-laden sol-
vent to a caffeine-specific adsorbent. Once the solvent has been treated in
this way, it is returned to remove more caffeine. However, the solvent is
already saturated with the other solvent-soluble components and does not
extract them from the second and subsequent batches of steamed green
coffee beans. Adsorbants used for this purpose include activated char-

©1998 CRC Press LLC



TABLE 1

Coffee Roasting Styles Correlated with Approximate Value
for Green Coffee Bean Weight Loss, Color, and Temperature

Green bean Final
Roast style  weight loss (%)  Final color temperature (°F)
Light city 14 Cinnamon 390
City 15 Brown 410
Full city 15.5 Deep brown
Brazilian 16
Viennese 17 Dark brown
French 18 Very dark 440
brown with
oil on surface
Ice 19
Italian 20 Extremely dark 465
brown to
black, shiny

oil on surface

coal,>17 resins,!820 clay,? and treated carob pods.?? In yet another scheme,
sucrose solution, instead of water, is partitioned with the chosen solvent.
Caffeine is still extracted, but the taste of the final beverage is improved.!6. 23
The subtleties of the individual methods are guarded by numerous pat-
ents. Microbiological and electrochemical methods to remove caffeine
specifically have also been developed.?* 2

D. Roasting, Grinding, and Storage of Roasted Coffee

1. Roasting

Green coffee contains about 12% water and most of this is lost in the
early stages of roasting, followed by a loss of up to 8% of the dry bean
material. The total loss in roasting is therefore 14 to 20%. In general, bean
color indicates the extent of this loss, and bean temperatures can be
correlated with these color changes. While water is still present the bean
remains light in color, but by the time the bean temperature has risen to
465°F, the bean is extremely dark brown and has decreased in weight by
about 20%. These correlations and some of the names given to roasting
extents are given in Table 1. Eight color grades are distinguishable.

Roast style is a matter of personal taste, but for the most part the
mildest Arabica coffees are the lightest roasted. Some Arabica coffees even
become bitter if they are roasted to too high a temperature. Dry-processed
Robustas and Brazilian Arabicas, on the other hand, benefit from deeper
roasting.

The present largest Jabez Burns coffee roasters in the U.S. were brought
into use around 1950. They are continuous in operation. Hot gases at
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500°F, produced by natural gas combustion in air, are used to heat the
beans in a perforated steel rotating drum. Relatively small quantities at a
time are heated for a total of only 5 min. When the beans have reached the
selected internal temperature and corresponding color, they have already
been moved through the oven to a heat lock. At this point they are released
and rapidly cooled, with a fine water spray or air draft, so that further
pyrolytic changes in the bean are prevented.

The economy of this method is enhanced by the recycling of the hot
gases that have passed over and from the beans. However, it is known that
this practice causes changes in the compounds lost from the coffee, and a
lot of soot and tar are produced. If some of this soot and tar coats the coffee
beans, there will be a significant increase in their aromatic and polycyclic
content. The beverage produced will no longer have a clean taste. Darker
roasts, which produce more oil and combustible volatiles, need extra
supervision, so that only the lighter roasts are most usually prepared in
this system.

Another economy sometimes practiced in this process is that of spray-
ing enough water to cool the beans, as well as to compensate for some of
the weight loss that occurs during roasting.

The chaff, which is the bean silverskin caught in the fold of the bean,
flies off the bean during roasting and can be collected, pelletized, and
mixed with roasted beans which are to be ground, even though it may
impart a bitter flavor to the final beverage.

One of the major advantages seen in this method is the relatively low
temperature, 500°F, to which the coffee is exposed. An earlier version of
these roasters brought out in 1935 subjects the beans to a temperature of
850°F.

A high proportion of coffee in the U.S. is produced in this way.
However, some roasters have been designed to have a once-through hot
gas flow. One example is that designed by Sivetz.

German coffee-roasting equipment (Probat or Gothot) is quite differ-
ent from that made in the U.S. The rotating steel drum holding the coffee
beans is solid and has a double wall so that heat can be supplied by
passing hot gases between the cylinder walls. Hot gases can also be passed
into the cylinder from one end. No recycling of coffee effluent or hot gases
occurs. At the end of the roast, the beans are discharged into a cooling cart.
Roasting time is 10 min at the most.

It is evident that different roasting practices will produce a variety of
chemical effects in the bean. Recycling of hot effluent gases, perforation of
the rotating drum, and use of radiant heat will each give different chemi-
cal character to the final roasted coffee bean.

Yet another consideration is the fact that the sugar content of the beans
causes roast variation. For example, high-grown Arabica coffees have the
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highest relative sucrose content and these will achieve the darkest roast
under a set of specified conditions.

2. Grinding and Storage of Roasted Coffee

The most generally used industrial grinders are roll and breaker bar
systems. The roasted beans are rolled past toothed rollers, where they are
cut. A series of these rollers gives a successively finer grind. Any chaff that
separates is reground and mixed in with the ground coffee beans. Inclu-
sion of the chaff tends to impart a bitter flavor to the coffee and the mixing
process contributes to oil release from the ground bean particles and early
staling. Other systems used on a large scale are hammer mills with cutting
blades.

The roasted beans need to be cool, hard, and brittle. Light-roast beans
are relatively pliable and tend to be flattened rather than ground. Dark-
roasted beans grind the most readily. Large amounts of carbon dioxide are
released from roasted coffee, along with other volatile compounds, during
the grinding process. These afford temporary protection to the freshly
ground coffee from the oxygen and moisture in the air. Ground coffee is
usually extracted or packed within 8 h of grinding. It is best stored in an
evacuated and sealed container; roasted and ground coffee stored in this
way best resists staling if it is kept at -10°F (-20°C). When roasted and
ground coffee is stored in an evacuated and sealed container, its shelf life
is of the order of weeks at room temperatures. Whole roasted coffee beans,
however, have a shelf life of the order of months with respect to staling.?®

E. Instant Coffee Production

In outline, a percolation process is used to produce an aqueous coffee
extract, which in turn is dehydrated to yield water-soluble solids. Instant
and soluble coffees are synonymous for these water-soluble coffee extract
solids. Usually some of the volatile aroma and flavor compounds, which
are lost during the processing, are added back immediately before pack-

aging.

1. Percolation

Roasted and ground coffee is packed into columns and percolated by
the passage of hot water under pressure at about 340°F. The use of pres-
surized boiling water not only brings about the dissolution of the most
readily water-soluble coffee extractables, it also causes the solubilization
and possibly the hydrolysis of complex carbohydrates. Water-soluble com-
pounds of a smaller molecular weight are produced. The extent of possible
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hydrolysis is enhanced by the inherent acidity of the coffee extract as it
passes through the column. The pH in the spent grounds can be as low as
3.4. The presence of these hydrolyzed carbohydrates gives a total yield of
36% or more water-soluble extract from the original roasted and ground
coffee, compared with 21% using boiling water under normal atmospheric
pressures. These hydrolyzed carbohydrates are used as the bulk on which
the more flavorful part of the extract can be adsorbed and they are the
body of the final free-flowing powder. Occasionally the coffee is defatted
prior to this type of percolation, with a resultant 30% increase in extract-
able solubles. The final product is bulkier, but this is not necessarily an
advantage.

Optimization of this percolation process involves using a roast, usu-
ally somewhat lighter than a French roast. This is ground to a particle size
that gives suitable flow characteristics for the extracting water as it passes
through the columns. Ideally the finest particles act as a filter for un-
wanted tars and remain evenly distributed throughout the columns with-
out causing compacting. Contact time with the coffee is 20 to 30 min in
each of a series of six columns, so that each batch of coffee extract is
produced in about 3 h. The solution issuing from the columns is cooled to
40°F to reduce the loss of volatile flavor compounds and to prevent
microbial growth.

Dehydration is effected as soon as possible after the extract leaves the
percolation columns, but still after the elapse of enough time for some
sedimentation to occur. The sediment is discarded.

2. Spray Drying

One of the most widely used spray-drying techniques for coffee ex-
tract involves spraying percolated coffee extract at 40°F into the top of a
baffled tower of hot air at 480°F initially. The cooler wet air is removed
toward the bottom of the tower and finally a powder of the coffee extract
solids leaves the tower at about 90°F. These solids are in the form of hollow
beads and contain 3% moisture.

Variations in equipment and techniques can be used to retain the
aroma and flavor volatiles. In one scheme, the coffee extract is fraction-
ated. The first fraction obtained from the percolation columns is rich in the
most volatile components. The second fraction contains the simple sugars
and the final fraction contains larger molecular weight compounds result-
ing from carbohydrate hydrolysis, as well as polymerized sugars and
proteins. By spray drying the second and third fractions initially and then
combining these with the first fraction, the volatile aroma and flavor
compounds are more likely to be retained, by adsorption onto the carbo-
hydrates. The hollow of the spray-dried beads is also important as a haven
for the flavor and aroma compounds. The trapping of these compounds in
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this way can be optimized by bead size selection and the prevention of
agglomeration. In general, however, aroma and flavor volatiles are lost
and a mild-tasting product leaves the spray-drying equipment.

The dry-processed coffees, especially Robustas, are often selected for
the production of instant coffees since they have less-popular powerful
flavors that are rendered mild in the production of an instant coffee. There
is also economy in the use of Robusta coffees in this way, since they are
produced much less expensively than wet-processed Arabicas. Before the
instant coffee is marketed, it can be flavored with the coffee oil obtained
from a wet-processed Arabica coffee to improve the acceptability of the
product.

3. Freeze Drying

As a coffee extract freezes, the soluble coffee solids separate out.
During freeze drying the water separates as ice, and it can be removed by
sublimation under vacuum. Various systems are available to do this. In
general, the coffee solids are produced as flakes or as a slab, which is then
broken up and granulated so that it has the appearance of roasted and
ground coffee beans. Freeze drying is a more expensive process than spray
drying, but offers the advantages of very quickly producing soluble flakes,
even in cold water, as well as retained “brew colloids”. These contribute
to a smoother-tasting, richer, and slightly opaque-looking final beverage.
However, volatile aroma and flavor compounds are lost from the coffee
during freeze drying just as they are during spray-drying processes. There-
fore, the less expensive dry-processed Robusta and Brazilian Arabica
coffees are most generally used. The loss of some harsher and less-accept-
able flavor and aroma compounds is an advantage. The product is rela-
tively mild and can still have flavor compounds added.

Freeze-drying conditions can be optimized, however, and where there
is a demand, the very best coffees can be used to yield a final beverage that
is very close in quality to freshly brewed roast and ground coffee prepared
from the same beans.

4. Flavor and Aroma Addition

Spray- and freeze-dried coffee extracts have generally lost their origi-
nal volatile flavor and aroma compounds. Several techniques for collect-
ing the flavor and aroma components that are given off during roasting,
grinding, and percolation have been developed so that the “flavor and
aroma” can be added back to the soluble coffee before it is packaged.
These aroma and flavor compounds must be protected from moisture and
oxygen during short storage times and they must be added back as late as
possible before packaging the soluble coffee in evacuated or inert gas-
filled containers.
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Solvent-extracted coffee oil contains about half the lipids present in
freshly roasted and ground coffee; this coffee oil carries with it a high
proportion of the flavor and aroma compounds. The most volatile solvents
are preferred over halogenated hydrocarbons, which may be incompletely
stripped from the coffee oil at a later stage. Thus, preferred solvents for the
extraction of coffee oil include carbon dioxide, methane, ethane, and
methylamine, often in mixtures to span the polarity range of the com-
pounds to be extracted. The dangers of using nitrous oxide as a supercritical
fluid for extracting materials such as coffee, became obvious when an
explosion occurred during an attempted extraction.?” Alcohols and alde-
hydes are also used in mixed solvent systems, to specifically extract the
flavor and aroma compounds. Once the solvents have been stripped
away, usually to be recycled, a coffee oil remains that is quite reasonably
stable, since it is dry. This oil can be stored under refrigeration without
undue loss or degeneration of flavor and aroma compounds.

Expelled coffee oil differs from solvent-extracted coffee oil in that it
can only be produced from roasted coffee that has been softened by steam
treatment. The oil is expelled at temperatures close to 180°F. Expelled
coffee oil quickly stales unless the densest fraction is centrifuged away.

Both solvent-extracted and expelled coffee oils can be sprayed directly
onto soluble coffee solids. The oil is adsorbed without degradation, pro-
vided moisture and oxygen are absent. However, the most volatile com-
pounds do tend to leave the coffee powder and fill the head space of the
container.

Methods of “fixing” the volatile aroma and flavor compounds sepa-
rately from the instant coffee powder have been developed. The volatile
mixture can be mixed with aqueous gelatin or gum arabic and spray dried.
The oily droplets of the flavor and aroma compounds are coated with
gelatin or gum arabic in a dry lattice. This powder can be mixed in with
instant coffee powder and is relatively stable in the presence of air. Emul-
sification with sugar is also a highly effective way of trapping and preserv-
ing coffee volatiles, but is of limited use for instant coffees.

IV. COFFEE BEVERAGES

A. Coffee Beverage Preparation Methods

1. Ideal Preparation Methods

The coffee beans with the most desirable flavor to many tastes are the
highest grown Arabicas prepared by the wet method. Coffee beverages
need to be prepared within 8 h of grinding the freshly roasted coffee beans
if the volatile flavor and aroma compounds are to be retained. Brew
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preparation is best when the ground coffee is thoroughly wet by 200°F
water, but then drained from the water within 3 min. The amount of coffee
used should correspond to 40 to 50 cups of beverage per pound of roast
and ground coffee. A standard brew uses 5 g/100 ml of water. Examples
of methods for producing coffee beverage under these conditions are the
steeping and draining through a flannel or muslin bag (quador) as used in
Brazil, and the espresso methods of Italy, provided only stainless steel or
ceramic surfaces are exposed to the coffee.

In the early 1980s the observation was made that Norwegian boiled
coffee tended to raise serum cholesterol, whereas filtered coffee did not.
From this it was discovered that it is the coffee oils that contain the
cholesterol raising factors, cafestol and kahweol. So, coffee making meth-
ods that remove these oils from the brew are desirable. These oils are
successfully removed from the coffee brew by paper and, presumably,
cloth filters. The cake of spent coffee grounds resulting from espresso
coffee preparation also holds back at least some of these damaging coffee
oils, from the final cup of coffee beverage. Turkish and Greek style coffee
beverages contain all of the oils extracted during the brewing.2-3°

2. Water for Coffee Beverage Preparation

The quality of an ideally prepared coffee beverage can still be reduced
or even spoiled if the water quality affects the coffee. Hardness is one of
the main problems in the U.S. because it is usually associated with alka-
linity. The acidity, which is a substantial part of the flavor character of
coffee, is partly neutralized by hard water. lon-exchange softened water is
even worse, since the excess sodium ions present form soaps with the fatty
acids in the roasted coffee. Demineralization of the water is the most
effective way to obtain water for the preparation of a clean-flavored cup
of coffee in hard-water areas. Oxygen in the water is easily removed by
boiling. Chlorine in the water can spoil the flavor of a good coffee, as can
organic matter and metal ions, such as iron and copper.

3. Other Preparation Equipment

The use of copper and iron for coffee brewing equipment produces a
dark color and an off flavor, presumably as a result of their interaction
with coffee phenols. Aluminum is frequently used for brewing equipment
but it has the disadvantage of being dissolved into the brew.3 32 American
home percolators made from aluminum do corrode.

Filter papers offer advantages in clean up and preparation of a clear
beverage. Ideally the filter papers should be made from carefully chosen
paper, that is, for example, dioxin-free.®® They should be stored so that
they cannot pick up foreign odors that might be transferred from the filter
to the coffee brew.
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4. Coffee Blends

The coffees commanding the highest prices are also those with the
most desirable taste quality. An order of decreasing value for some coffees
follows: wet-processed high-grown and then low-grown Arabicas, fol-
lowed by dry-processed Arabicas and Robustas. Blends are made, in
general, to reduce the cost.

B. Comparison of Beverages from Arabica and Robusta Coffees

In the U.S. the per capita consumption of coffee has declined by one-
third since 1960. Parallel with this has been a change in the proportion of
Robusta coffees imported into the U.S. In 1950 only 6% of the imported
coffees were Robustas whereas by 1975, 35% were Robustas. In the 1950s,
Robustas were mainly used for instant coffee; now they also constitute a
significant part of the roast and ground coffee blends. These Robustas are
used to the highest extent in vending machines, restaurants, decaffeinated
blends, and instant coffees.

One of the most significant differences between Arabica and Robusta
coffees is in the caffeine content. Robusta coffees contain almost twice the
caffeine found in Arabica coffees. There are some other differences recog-
nized thus far: Robustas contain almost no sucrose and only very small
amounts of the kaurane and furokaurane-type diterpenes; they contain
higher proportions of phenols, complex carbohydrates (both soluble and
hydrolyzable), volatile fatty acids on roasting, and sulfur compounds, all
in comparison with Arabicas. References to these distinctions can be found
in Chapter 6 of this book.

C. Instant Coffee Beverages

Instant coffee beverages are markedly different from coffee prepared
from roast and ground coffee directly. As has already been described in
Section Il1.E, instant coffees contain extra water-soluble carbohydrates
obtained from hydrolyzed complex carbohydrates. The high extraction
rate means that about 100 cups of instant coffee can be prepared from 1 Ib
of coffee, compared with 40 to 50 cups per pound of normally brewed
coffee.

Additionally Robusta coffees are frequently used to prepare instant
coffees and the result is a distinctly brown beverage; Arabicas give a
reddish colored beverage.

If the instant coffee has been spray-dried, then the brew colloids will
have been broken down and the beverage will have lost some of its
“smoothness”. The generally mild taste of instant coffees is usually offset

©1998 CRC Press LLC



by the addition of flavor and aroma compounds from roasted and ground
coffee just before packaging.

D. Decaffeinated Coffee Beverages

Methods for the decaffeination of green coffee beans, mainly with
solvents after a steaming, have already been described. Even with the
selective adsorption techniques to remove only caffeine, it is unlikely that
the full character of the starting beans can be realized in a final decaffeinated
beverage; the result is that Robusta coffees are generally used to prepare
decaffeinated coffee. The cost is kept down and the treatment, anyway,
reduces any harsh or bitter flavor that the Robusta coffee may have had.
The resulting beverage will be relatively caffeine-free, but Robusta coffee
will contribute more soluble carbohydrates, phenols, and volatile fatty
acids, and much less of the diterpenes found in Arabica coffees.

V. CONCLUSIONS

Coffee is a widely variable beverage. The parameters necessary to
define a particular beverage include the coffee species, altitude of growth,
method for green bean production, manner and style of roasting, and
brewing method or soluble coffee technique applied. Further consider-
ations include the uses made of pesticides and the storage conditions of
the green and of the roasted coffee.
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I. INTRODUCTION

An understanding of coffee chemistry is made easier by remembering
that the coffee bean is the seed of the coffee plant and as such it can be
expected to contain the full complement of plant cell material. Roasting
the coffee bean will result in thermal transformation of the plant materials.

Plant cell walls are constructed from cellulose, hemicelluloses, and
pectins with varying amounts of lignin, tannins, gums, proteins, minerals,
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pigments, fats, waxes, and oils, all according to the cell’s location and
function.

Each plant cell contains various organelles arranged within the cyto-
plasm. They are separated from each other with specialized membranes of
phospholipids and sometimes sulfo-lipids and proteins. Among the or-
ganelles, there are chloroplasts that contain proteins, lipids, chlorophyll,
and carotenoids particularly. There is a nucleus, rich in nucleic acids.
Ribosomes are present that generate proteins and there are dictyosomes
that generate enzymes. The mitochondria support respiration in the cell
with a full complement of coenzymes, including nicotinamide adenine
dinucleotide (NAD) and its phosphate (NADP), flavine mononucleotide
(FMN), coenzyme A, as well as cytochromes. Plant hormones will also be
present to influence the growth pattern of a new plant.2? All of this is
stated as an explanation for the tremendous variety and complexity of
compounds that have been seen in green and roasted coffee beans.

A list of the main components of roasted coffee, in highly approxi-
mated proportions, is given in Table 1.

The two major species of coffee grown commercially are Coffea arabica
and Coffea canephora var. robusta. For ease of reference in the following
pages they are described as Arabica and Robusta, respectively. They are
mentioned separately because they do show differences in their chemical
composition. For example, Robusta contains approximately twice as much
caffeine as Arabica.

This chapter is essentially a list of the chemical components of coffee
beans and beverages.

Compounds are discussed in terms of their structure. For example,
fatty acids are discussed as aliphatic compounds, even though their pres-
ence is the result of carbohydrate breakdown.

Most of the lists that follow were based on those written by O. G.
Vitzthum,® with permission of the publisher, Springer-Verlag.

The compounds given off during the roasting of coffee are not neces-
sarily found in the finally roasted bean, and so only a few such compounds
are included. In a list of volatile components in foods which is regularly
brought up to date* more than 800 volatile compounds are listed for coffee
when it is roasted, and of these 60 to 80 contribute to coffee aroma.’
Comparison of the 14 most potent odorants from roasted Arabica and
Robusta coffees, revealed significant differences,’ (see Table 2).

I1. ALIPHATIC COMPOUNDS
A. Sources

The principal sources of aliphatic compounds in roasted coffee are
fragmented carbohydrates and proteins.
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TABLE 1
The Approximate Composition of Roasted Arabica Coffee?

Total  Water soluble

Components (%) (%)
Protein As amino acids 9 15
Carbohydrates  Polysaccharides:
Water insoluble 24 —
Water soluble 6 6
Sucrose 0.2 0.2
Glucose, fructose, 0.1 0.1
arabinose
Lipids Triglycerides 9.5 —
Terpenes: free, 2 Some
esters, glycosides
Volatile acids Formic acid 0.1 0.1
Acetic acid 0.2 0.2
Nonvolatile Lactic, pyruvic, 0.4 0.4
acids oxalic, tartaric,
citric acids
Chlorogenic acids 3.8 3.8
Alkaloids Caffeine 1.2 1.2
Trigonelline 0.4 0.4
Ash Minerals 4 35
Water — 25 25
Partially Volatile aroma 0.1 0.1
known compounds
Browning 35 75
compounds,
phenols, etc.
Total 100 275

Free aliphatic acids are generated during the thermal transformation
of complex carbohydrates. In a model system designed to be comparable
with green coffee beans, cellulose and arabinogalactan produced citric,
formic, acetic, oxalic, malonic, and succinic acids.” In green beans them-
selves, formic, acetic, and lactic acids have been seen to increase markedly
with light roasting and are the cause of a more acidic beverage, pH 5.1,
than is obtained from a deeply roasted coffee, which has lost these most
volatile acids. The pH of a deeply roasted coffee beverage rises to 5.9.8°
These free volatile fatty acids, formed during roasting, are easily lost
during the storage of roasted coffee, as is evidenced by a decrease in acid
value.’® The volatile fatty acids are found in a higher proportion in roasted
Robusta coffees than in roasted Arabicas? Free fatty acids also apparently
form during the storage of green coffee beans under tropical conditions.!!

The carboxylic acids formed in this way are themselves a source of
other aliphatic compounds, so that free carbon acids above C-10 are found
only in traces.® Citric acid yields itaconic acid and citraconic acid during

©1998 CRC Press LLC



TABLE 2
Potent Odorants From Roasted Arabica and Robusta Coffees®

Concentration in Concentration in
Compound Arabica coffee (mg/kg)  Robusta coffee (mg/kg)
2-Furfurylthiol 1.08 1.73
Methional 0.24 0.095
3-Mercapto-3-methylbutyl 0.13 0.115
formate
2-Ethyl-3,5-dimethylpyrazine 0.33 0.94
2,3-Diethyl-5-methylpyrazine 0.095 0.31
Guaiacol 4.2 28.2
4-Vinylguaiacol 64.8 177.7
4-Ethylguaiacol 1.63 18.1
Vanillin 4.8 16.1
(E)-b-damascenone 0.195 0.205
4-Hydroxy-2,5-dimethyl- 109 57
3(2H)-furanone
3-Hydroxy-4,5-dimethyl- 1.47 0.63
2(5H)-furanone
5-Ethyl-3-hydroxy-4-methyl- 0.16 0.085
2(5H)-furanone
5-Ethyl-4-hydroxy-2-methyl- 17.3 14.3

3(2H)-furanone

the roasting (see Figure 1).2 The decarboxylation of aliphatic acids pro-
duces a series of hydrocarbons when coffee is roasted.?

Other carbonyl compounds are also formed from carbohydrates.?
Glyoxal, methyl glyoxal, and diacetyl are among those identifed in ground
coffee.’? Browning reactions involving aldose sugars and amino com-
pounds can account for the production of such compounds as acetol
(CH,.CO.CH,OH) and diacetyl (CH;-CO-CO-CH,).*®

Model systems indicate that aldehydes may also be produced by the
action of polyphenoloxidases on amino acids in the presence of catechin,
all of which are present in coffee beans at some stage between green and
roasted. For example, valine yields isobutanal, leucine yields isopentanal,
and isoleucine yields 2-methyl-butanal.** Some of these aldehydes prob-
ably undergo condensation reactions in the acidic medium of the roasted
bean when moisture is present.!> Some dienals in green coffee beans have
recently been identified as (E,E)-2,4- and (E,Z)-2,4-nonadienal and (E,E)-
2,4- and (E,Z)-2,4-decadienal .

The aliphatic polyamines, putrescine, spermine, and spermidine, are
present in green coffee beans, but they are all decomposed during the
roasting process.’

Sulfur-containing amino acids, such as methionine and cystine, are
probably the precursors of the mercaptans, sulfides, and disulfides.? Di-
methyl sulfide yields dimethyl sulfoxide and its oxidized product dimethyl
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%
§—teod citraconic acid (cis)
CHCOOH mesaconic acid (trans)

FIGURE 1

Citric acid yields itaconic, citraconic, and mesaconic acids during coffee roasting.®

sulfone, both of which are probably present in green and roasted coffee
beans.'® Dimethyltrisulfide has also recently been recognized in coffee
beans.'® Freshly roasted coffee contains only trace amounts of alkyl di- and
trisulfides, but these concentrations are increased in processed or stale
coffee.?®

B. Aliphatic Aroma and Flavor Compounds

Several of the lower molecular weight aliphatic compounds, in a
mixture, are part of the roasted coffee aroma. A nine-compound mixture
with roasted coffee aroma contained isopentane, n-hexane, acetaldehyde,
dimethyl sulfide, propanal, isobutanal, isopentanal, methanol, and 2-
methylfuran.? In addition, the freshness of aroma and taste has been
correlated with 2-methylpropanal and diacetyl. When the concentration of
these falls off, so does the taste.?* Other aliphatic compounds that are
steadily lost from ground roasted coffee, unless it is vacuum packaged,
include methyl formate, methyl acetate, methyl thioacetate, and acetone.?
The concentrations in roast coffee for four compounds whose contribution
to the fresh flavor have long been known are dimethyl sulfide (4 ppm),
methyl formate (12 ppm), isobutanal (20 ppm), and diacetyl (40 ppm). The
taste thresholds are 0.1, 0.5, 0.5, and 1.0 ppm, respectively, in the brew
made with 5 g coffee per 100 ml water.s

A stale odor, on the other hand, is noticed when moisture and oxygen
are present. They probably cause condensation reactions among the alde-
hydes and the oxidation of dimethyl sulfide.!®

The most volatile aliphatic compounds are largely lost at some stage
of the roasting process. For example, acetaldehyde was among 12 volatile
compounds evolved after an 8-min roast of coffee beans at 220°C.2 Waste
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gases from a coffee-roasting factory contained methanol, acetone, and
acetic acid.?* Some moderately volatile aliphatic compounds present in
instant coffee are at a higher concentration than might have been expected.
They are produced during the percolation solubilization of carbohydrates
at temperatures around 172°C and are presumably strongly adsorbed in
the carbohydrate matrix. Such compounds include acetaldehyde, propanal,
acetone, and methylethyl ketone.s

There are some other mixtures that are predominantly aliphatic that
are associated with “stinker” beans. These contain extraordinarily in-
creased amounts of methanol, ethanol, acetone, acetic acid, 2-butanediol,
butanols, 2,3-pentanedione, 3-pentanone, and butane.?

A list of aliphatic compounds that have been recognized in green and
roasted coffees is given in Table 3.

1. ALICYCLIC COMPOUNDS

Preliminary roasting of coffee produces low molecular weight frag-
ments, which in turn form alicyclic carbonyl compounds via the aldol
condensation.® The cyclopentadiones probably arise from fructose specifi-
cally.®

Several alicyclic compounds identifiable in roasted coffee are terpenes
and these contribute presumably to the coffee oil. The kaurane and
furokaurane type diterpenes are discussed in Section VIII.D.

The characteristic earthy and harsh flavor and aroma of roasted Ro-
busta coffees is largely attributed to 2-methylisoborneol. Amounts found
in green Robusta coffee beans were 0.03 to 0.3 ppb, and this could be
completely removed by steam heating or roasting.?® There is approxi-
mately ten times as much 2-methylisoborneol in roasted Robusta coffee
beans than in similarly treated Arabica coffee.?”

The phytate content of coffee beans is 1.2 to 5.4 mg/g, and only a
portion of this is water extractable.?® ?° Inositol with six phosphate groups
(1P6) is decomposed to inositol with fewer phosphate groups, on roast-
ing.%® A list of alicyclic compounds found in coffee is given in Table 4.

IV. AROMATIC COMPOUNDS

A. Aromatic Hydrocarbons

Although the aromatic polycyclic hydrocarbons are usually associ-
ated with tar and soot formation, in a firing or roasting process, com-
pounds such as fluoranthrene and pyrene have also been found in green
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TABLE 3
Aliphatic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
Hydrocarbons
Methane CH, R
Ethane C,Hg G
n-Butane C,Hy, R
Isobutane C,Hy, G R
n-Pentane CsHy, G R
Isopentane CsH,, G R
Isohexane CeHyy G R
Isoheptane C/Hy G R
Octane CgHyg G R
Isooctane CgHyg G R
n-Nonane CgHy G R
Isononane CoHy G R
n-Decane CyoHy, R
Isodecane CoHy, G
Isoundecane CuH,, G
n-Tetradecane CuHgy R
n-Pentadecane CisHs, R
n-Heptacosane C,yHsg R
Nonacosane CuoHgo G
Ethylene C,H, G R
Butene C,Hg R
Pentene CsHyp R
Isopentene CsHyp R
Hexene CeHy, R
Isohexene CeHy, R
Octene CgHyg G R
Isooctene CgHy G R
Isononene CoHyg G
Isodecene CioHy G
Penta-1,4-diene CsH,
Isoprene CsHq R
Hexadiene CeHyo
Myrcene CioHie R
Squalene CyoHs G
Octyne CgHy R
Alcohols, ketoalcohols
Methanol CH,O R
Ethanol C,HO R
2-Propanol C;HO R
Isobutyl alcohol c,H,,O R
tert-Butyl alcohol C,H,,O R
I-Pentanol C;H,,0 R
Isoamyl alcohol CsH,,0 R
(3-methyl-1-butanol)
2-Methyl-2-butanol C;H,,0 R
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TABLE 3 (continued)
Aliphatic Compounds Found in Green and Roasted Coffee?

Empirical

Compound formula Source?
I-Hexanol CeH 1,0 R
2-Heptanol C,H,;O R
3-Octanol CgH ;O R
3-Methylbut-2-en-1-ol CsH,,O R
Oct-l-en-3-ol CgH ;O R
Linalool (3,7-dimethyl- C,Hy;sO R

octa-1,6-dien-3-ol)
Acetol (hydroxyacetone) C;H:0O, R
Acetoin (butan-2-ol-3-one) C,H;0, R
Butan-1-ol-2-one Cc,H;0, R
2-Hydroxy-pentan-3-one CsH 0, R
3-Hydroxy-pentan-2-one CsH,,0, R
Aldehydes

Formaldehyde CH,0 R
Acetaldehyde C,H,O G R
Propanal C;H,O R
Butanal C,H;O R
Isobutyl aldehyde Cc,HO G R
Pentanal CgH,,O G R
Isopently aldehyde CsH,,O R
2-Methylbutanal CsH,,O G R
2-Methylpentanal Cg¢H,,0 R
n-Hexanal C¢H 1,0 R
Acrolein (propenal) C,H,0 R
Butenal Cc,H,O R
2-Methylacrolein C,H:O R
Dimethylacrolein CsH O R
2-Methyl-3-ethylacrolein CgH,,O R
2-Methylbutenal CsH,O G R
trans-2-Nonenal CgH O R
Glyoxal*? C,H,0, R
Methylglyoxal?? C,H,0O, R
Dimethylacetal Cc,H,,0, R
Ketones, diketones
Acetone C,;HO G R
I-Methyl-isobutan-2-one CgH,,O R
Methylethylketone C,H;O G R
Pentan-2-one CsH O R
Pentan-3-one CsH,,O R
Hexan-3-one C¢H 1,0 R
Heptan-2-one C,H.,0 R
Octan-2-one CgH O R
Octan-3-one CgH O R
Nonan-2-one CgH g0 R
Decan-2-one CyH, 0 R
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TABLE 3 (continued)
Aliphatic Compounds Found in Green and Roasted Coffee?

Empirical
Compound formula Source?
Undecan-2-one C,;H,,0 R
Tridecan-2-one CisHxO R
6,10,14-Trimethyl- CigH30 R

pentadecan-2-one

6,10-Dimethyl-undecan-2-one CisHxO R
6-Methylhept-5-en-2-one C¢H,,0 R
Pent-3-en-2-one Cs;H;O R
trans-Pent-2-en-4-one CsH O R
Mesityl oxide CeH10 R
Methylvinyl ketone C,H:O R
O-Acetylacetol CsHgO; R
I-Acetoxybutan-2-one CsH100; R
I-Acetoxypentan-2-one C;H,04 R
2-Acetoxypentan-3-one C;H,0; R
O-Propionylacetol CsH140; R
Diacetyl C,HqO, G R
4-Methylpentan-2,3-dione Ce¢H1,O, R
Pentan-2,3-dione CsHgO, R
Pentan-2,4-dione CsHq0O, R
Hexan-2,3-dione CeH100, R
Hexan-2,5-dione CeH100; R
Hexan-3,4-dione CeH 1,0, R
Heptan-2,5-dione C;H;,0, R
Heptan-3,4-dione C;H,,0, R
Octan-2,3-dione CgH 1,0, R
5-Methylhexan-2,3-dione C,H;,0, R
5-Methylheptan-3,4-dione CgH .0, R
6-Methylheptan-3,4-dione CgH,,0, 