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Abstract: Phenolic compounds are components with proven beneficial effects on the human body,
primarily due to their antioxidant activity. In view of the high consumption of tea and the numerous
factors that affect the nutritional value of its infusions, the aim of this study was to identify the
effects of tea type and duration of leaf extraction with water on the levels of phenolic compounds
and other components that determine biological activity (oxalates, Ca, Na, Cu, and Mn). Based
on assays, infusions of red tea prepared for 20 min were found to be the best source of phenolics
(202.9 mg/100 mL), whereas the lowest level of these compounds was determined in infusions of
black tea extracted from leaves for 30 min (46.9 mg/100 mL). The highest degree of increase in
polyphenol content (by approx. 50%) was noted in red and green tea infused for between 10 and
20 min, whereas for black tea, polyphenol levels decreased with time. The biological activity of
tea infusions appears to be determined to the greatest extent by the interactions between phenolic
compounds and oxalates (r = 0.6209), calcium (r = 0.8516), and sodium (0.8045). A daily intake of
three to four mugs (1 L) of tea infusions provides the human body the entire amount of phenolics
recommended for health reasons (as regards red tea, this is possible at 1/3 of the volume) and covers
the daily requirement for manganese, as well as (partially) copper.
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1. Introduction

Tea (Camelia sinensis) is a beverage consumed in large quantities worldwide and
is associated with both sensory characteristics and nutritional value. Among the most
important chemical components found in tea leaves are phenolic compounds, the health-
promoting effects of which are mainly due to their strong antioxidant effects [1,2]. The
prevention of oxidative reactions is important because oxidative stress, which generates free
radicals, underlies the development and progression of many diseases, particularly those
classified as lifestyle diseases [3]. The phenolic compounds found in tea primarily include
tannins and catechins, as well as their derivatives. The predominant compounds found in
tea leaves are flavan-3-ols, the levels and structure of which change during processing [4–6].
The main phenolics found in green tea are monomeric catechins, including epicatechin,
epigallocatechin, epicatechin gallate, and epigallocatechin gallate; during the fermentation
processes, these compounds can be partially oxidized to dimers, such as theasinensins,
theaflavins, and other high-molecular-weight polyphenols [5,7].

Epidemiological studies indicate the occurrence of statistically significant correlational
relationships between polyphenol intake and the reduced incidence of certain types of
neoplasms and other chronic diseases, e.g., cardiovascular or neurogenerative diseases
and type II diabetes [3,5]. Polyphenols can also exhibit antimutagenic, antiatherosclerotic,
antiostereoporotic, antiallergic, antiviral, and antibacterial action [2,8]. They can also
decrease sugar levels in blood, reduce body weight, and regulate cholesterol levels and
also exhibit an antidepressant effect and reduced mortality due to COVID-19 [3,9,10].
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Many authors report that the antioxidant activity of phenolic compounds is largely due
to the content of minerals, particularly copper and manganese [5,11,12]. The interactions
occurring between polyphenolics and minerals can result in an increase in mutual activity,
but they can also reduce such activity by forming insoluble bonds. The direction of
interaction is determined by the levels of these compounds and the chemical forms they
take, as well as the contents of other components found in foodstuffs, particularly oxalates,
phytates, and polyphosphates [13,14]. Of all the compounds mentioned above, it appears
that the interactions between polyphenols (particularly those of the tannin fraction), oxalic
acid, and certain minerals are of particular importance in tea infusions.

Oxalic acid is a bicarboxylic acid that, by forming insoluble salts with divalent and
trivalent metals, reduces their utilization from food [15,16]. In plant tissues, this occurs in
two forms: soluble (including sodium and potassium oxalates) and insoluble (including
calcium and magnesium salts). An excessive supply of these compounds can cause many
conditions, the most common of which is kidney stone disease [17]. Studies have demon-
strated that tea, although containing oxalates, has an inhibitory effect on the formation of
kidney stones, as the oxalates found in tea are hardly absorbed from the gastrointestinal
tract, and epigallocatechin gallate, which is found in the tea leaves in large quantities, has
an inhibitory effect on the formation of kidney stones [18–20]. Most researchers claim that
for an average tea consumption at a level of 1 L per day, the levels of oxalic acid and its
salts found in tea infusions pose no hazard to human health, and due to the high content of
phenolic compounds and certain elements, tea should be regarded as a product with a very
high nutritional value [17,20–23].

The contents of components found in the tea leaves are determined by many factors,
e.g., the region and method of tea plant cultivation (soil type, fertilization, climatic con-
ditions, etc.), the time and form of leaf harvest (including the leaf position on the plant),
unit operations they undergo, and the duration of storage [12,23–27]. The market offers
tea leaves that are minimally processed (e.g., white, yellow, or green tea), partially fer-
mented (e.g., red tea), and fully fermented (e.g., black teas). The degree of processing
has a significant effect on the nutritional value of infusions, and many studies indicate
that the least processed teas are the best source of components that have a positive ef-
fect on human health, which is particularly noticeable for phenolic compounds [28–31].
A previous study by Klepacka et al. [5] conducted on 33 tea samples with different degrees
of leaf processing showed that the polyphenolics content was almost twice as high in
infusions of unfermented green tea compared to fully fermented black tea. Studies by other
authors [3,9,10,16,20,24,29,32] have also confirmed the high content of phenolic compounds
in green tea.

Oxalate levels appear to be most affected by the anatomical part of the tea plant
from which they originate [33,34]. Most of these compounds occur in old and hard, low-
positioned leaves (used to produce poorer-quality teas), whereas few are found in the small
leaves on the top of the plant with the addition of top buds and new leaf primordia (used to
produce higher-quality teas) [13,15,17]. Savage and Klunklin [35] reported that in various
types of tea leaves of different quality offered on the market, the oxalate content can range
from 300 to 2000 mg/100 g fresh leaves, whereas much smaller differences in the levels of
these compounds are noted when analyzing the effect of the factors related to the infusion
method [33,36].

Consumers prepare tea infusions in different ways by extracting tea leaves with water
at different temperatures and leaving it in contact with the tea leaves for different lengths of
time; some consumers brew the same leaves several times. Each of these infusion methods
has a significant effect on the degree of extraction of the compounds found in the tea leaves,
which results in varying nutritional values of the infusions [26,37]. Almeida et al. [32] and
Chang et al. [1] indicate the significance of the temperature of the water used to make
tea infusions, whereas Cabrera et al. [24] are of the opinion that water hardness is also
of importance. Mehra and Baker [38] noted the effect of the number of leaf extractions
with water, and Nordin et al. [4] and Erdemir [39] believe that the most important factor
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affecting the nutritional value of tea infusions is the duration of contact between the leaves
and water.

In view of the widespread consumption of tea, its significant role in people’s daily diet,
and the occurrence of numerous factors that affect the nutritional value of its infusions,
the aim of this study was to identify the effects of tea type and time of tea leaf extraction
with water on phenolic compound levels. An additional aim of the study was to determine
the relationships between the contents of these compounds and the levels of oxalates and
selected minerals (Ca, Na, Cu, and Mn) determined in the tea infusions.

2. Materials and Methods
2.1. Food Samples

The study material comprised the leaves of three different tea types, namely green,
red (pu-erh type), and black with no additives, originating from a single harvest site
(Yunnan Province, Southern China) and purchased in July 2019 in a shop in Olsztyn (Warmia
and Mazury region, Poland) belonging to a chain of specialized tea shops.

The infusions were prepared by pouring 100 mL boiling deionized water (obtained in
a Millipore Simplicity water purification system; Merck, Darmstadt, Germany) into 2.0 g of
a tea material. After 6, 10, 20, and 30 min of brewing under cover, infusions were mixed
and filtered through paper filters (Eurochem BGD, Tarnów, Poland), and from the obtained
solutions, samples were immediately used for further research. All assays were performed
in triplicate.

2.2. Determination of Total Content of Phenolic Compounds

The total phenolics were determined spectrophotometrically according to the Ribereau-
Gayon method [40] and the modifications by Singleton et al. [41] and Guo et al. [42] via
the addition of 0.5 mL of Folin–Ciocalteu reagent (Aktyn, Suchy Las, Poland) and 3 mL of
14% sodium carbonate (Stanlab, Lublin, Poland) to tea infusions (0.04 mL) and after 1 h
measurement of the absorbance at a wavelength of 720 nm against the reference sample
(Thermo Scientific, Helios Zeta UV-VIS, Madison, WI, USA). The results were expressed
as gallic acid equivalent with a reference curve plotted for this acid (y = 0.007x − 0.0066,
R2 = 0.999).

2.3. Determination of Oxalate Content

The soluble oxalate content was determined by titration [13] using 10 mL of the pre-
pared infusions, which were transferred to a centrifuge tube, to which 5 mL of 5% calcium
chloride solution (Standard, Lublin, Poland) and 5 mL of acetone (Standard, Poland) were
added. Then, solutions were cooled at 6 ◦C for 30 min and centrifuged at 3000× g for 15 min
(MPW-350R, MPW Med. Instruments, Warszawa, Poland). The sediment was dissolved
in a 10% sulfuric acid solution (Chempur, Piekary Śląskie, Poland) and was titrated with
a 0.02 M potassium permanganate solution (Tarchem, Tarnowskie Góry, Poland).

2.4. Determination of Calcium, Copper, and Manganese

The contents of individual minerals were determined by flame atomic absorption
spectrometry (acetylene/air flame) using a Thermo iCE 3000 Series (Waltham, MA, USA)
atomic absorption spectrometer with a Glite data station, background correction (deuterium
lamp), and appropriate cathode lamps [43]. For calcium determination, a 10% aqueous
solution of lanthanum chloride was added to all measured solutions in a quantity ensuring
a final La+3 concentration of 1%. Determination of the selected elements was performed at
the following wavelengths: 422.7 (Ca), 324.8 nm (Cu), and 279.5 nm (Mn).

The method was validated by a simultaneous analysis of reference material (INCT-TL-1,
tea leaves) with an accuracy for Ca, Cu, and Mn of 99.1%, 99.0%, and 96.8%, respectively.
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2.5. Determination of Sodium

The concentration of sodium was determined by the emission technique (acetylene/air
flame). The analyses were performed using a Thermo iCE 3000 Series atomic absorp-
tion spectrometer (Waltham, MA, USA) equipped with a Glite data station operating in
an emission system. Determination was carried out at a wavelength of 589.0 nm.

The method was validated by a simultaneous analysis of reference material (INCT-TL-1,
tea leaves) with an accuracy for Na of 101.6%.

2.6. Statistical Data Analysis

The data were analyzed using the Statistica 13.3 software package (StatSoft, Kraków, Poland,
2017). Significant differences were calculated according to the ANOVA analysis and Dun-
can’s multiple range test. Differences at the 5% level were considered statistically significant.
Correlation coefficients between analyzed components were determined by Pearson’s cor-
relation analysis at the p < 0.05 confidence level. Hierarchical cluster analysis was carried
out using the amalgamation rule with the Euclidean distance measure. The results are
presented as a hierarchical tree graph with single bonds.

3. Results and Discussion

The infusions of the analyzed tea were found to be a very good source of phenolic
compounds, the content of which, depending on the tea type and leaf extraction time,
ranged from 46.9 to 202.9 mg/100 mL (Table 1). Many authors have determined the
phenolic compounds in tea infusions at a similar level [4,5,32,37].

Table 1. The content of biologically active compounds in tea infusions extracted with water for 6, 10,
20, and 30 min.

Tea Type Extraction
Time [min]

Total Phenolic
Compounds
[mg/100 mL]

Oxalates
[mg/100 mL]

Mineral Elements [µg/100 mL]

Ca Na Cu Mn

green

6 58.0 ± 0.81 fg 18.00 ± 0.00 fg 132.1 ± 1.89 g 44.83 ± 0.04 c 3.90 ± 0.03 c 370.8 ± 0.03 c
10 73.9 ± 1.57 de 24.24 ± 2.30 cd 144.1 ± 2.14 f 42.88 ± 0.11 c 4.10 ± 0.04 c 470.1 ± 2.16 b
20 102.0 ± 0.98 c 26.96 ± 1.77 b 164.2 ± 2.06 e 42.10 ± 0.16 c 6.12 ± 0.11 b 560.2 ± 2.46 a
30 82.0 ± 2.30 d 30.88 ± 1.35 a 179.3 ± 1.99 d 42.15 ± 0.10 c 5.86 ± 0.22 b 539.1 ± 3.19 a

red
(pu-erh)

6 97.2 ± 2.26 c 15.06 ± 0.74 g 250.3 ±2.45 c 260.12 ± 1.06 a 2.40 ± 0.03 f 140.4 ± 2.22 f
10 133.0 ± 3.17 b 21.80 ± 0.24 de 255.1 ± 2.87 bc 261.37 ± 2.04 a 3.09 ± 0.02 c 190.2 ± 4.11 e
20 202.9 ± 3.00 a 29.05 ± 0.14 ab 262.2 ± 2.88 b 261.00 ± 1.11 a 2.30 ± 0.04 f 230.1 ± 0.09 d
30 202.3 ± 5.74 a 28.71 ± 0.64 ab 282.2 ± 1.66 a 262.13 ± 0.22 a 2.60 ± 0.07 e 236.3 ± 1.42 d

black

6 66.6 ± 1.42 ef 17.19 ± 0.78 fg 49.3 ± 0.22 k 61.12 ± 1.70 b 8.42 ± 0.55 a 172.4 ± 3.14 e
10 52.9 ± 4.41 gh 17.54 ± 0.74 fg 55.7 ± 0.67 j 63.22 ± 2.34 b 4.14 ± 0.21 c 223.1 ± 2.03 d
20 49.7 ± 1.18 gh 18.50 ± 0.90 f 65.1 ± 0.76 i 64.11 ± 0.66 b 4.30 ± 0.20 c 240.1± 2.89 d
30 46.9 ± 0.98 h 19.93 ± 1.11 e 78.1 ± 0.11 h 64.28 ± 0.53 b 5.40 ± 0.04 b 257.0 ± 3.11 d

a–j—values in columns denoted by the same letters are not statistically different in the analyzed type of tea at
p < 0.05; data are expressed as mean values ± standard deviations (SDs) of three samples (n = 3). The significance
of differences was determined using Duncan’s test.

Red tea infusions proved to be the best source of these components, as they contained,
during each analyzed brewing time, larger amounts of phenolic compounds than the
infusions obtained from the other teas (Table 1, Figure 1). These differences became
particularly noticeable as the duration of leaf extraction with water increased, as evidenced
by the fact that briefly prepared red tea infusions contained phenolics at levels almost twice
as high as the infusions made from the other tea types, and after 20 min of contact between
the leaves and water, these differences were more than four times greater.

The high polyphenolic content in red tea infusions was confirmed by Garbowska et al. [16],
who concluded that they contain phenolic compounds at levels up to 199.8 mg/100 mL (which
confirms the values determined by the author of the current study for pu-erh tea infusions
prepared for longer than 20 min). Many authors argue that the best source of polyphenols are
unfermented green teas [5,44–46], although depending on their origin and type of leaves, some
contain lower levels of these compounds [9,16,47]. Figure 2 shows the classification of plant
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phenolics with the indication of their types that are most important in the case of tea leaves and
which changes occurring during their processing determine the properties of tea infusions to
the greatest extent. Such a high phenolic compound content in red tea leaves may be due to the
considerable changes that occur in individual fractions of these compounds under the influence
of the fermentation process conducted for this kind of tea. For most tea types, this process
is carried out by polyphenol oxidase, which occurs naturally in tea plant leaves. However,
during the production of red (pu-erh) tea, this enzyme is inactivated, and the fermentation
process is carried out by a variety of microorganisms (e.g., Aspergillus niger, Penicillium, Rhizopus,
Aspergillus glaucus, Saccharomyces, and Bacterium). Depending on the fermentation conditions
(how the leaves are arranged, temperature, time, moisture content, etc.), the proportion of
individual strains varies, which gives pu-erh tea specific sensory characteristics but also results
in considerable changes in its chemical composition [48]. During such a fermentation process,
catechins and their gallate derivatives are oxidized to complex phenolic tea pigments, including
theaflavins, thearubigins, and theabrownins (Figure 2). Theaflavins undergo further oxidation
to form more polymerized thearubigins, which are then condensed to theabrownins [44,49].
These changes result, e.g., in changes in the bonds formed by phenolic compounds with other
components found in tea leaves, which leads to changes in their solubility and can result in
greater quantities of these compounds being transferred to red tea water infusions.
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Pu-erh tea infusions were also found to be the best source of calcium and sodium,
the contents of which, compared to the other tea types, were up to five times higher
and, depending on the duration of infusion, ranged from 250.3 to 282.2 µg/100 mL (for
calcium) and from 260.12 to 262.13 µg/100 mL (for sodium). The particularly high content
of these elements in red tea infusions was confirmed by the author’s previous study [5]
and research by Garbowska et al. [16], who reported that red tea infusions contain calcium
levels three times higher than those found in green or black tea. A study by the same team
also demonstrated a particularly high sodium level in red tea leaves, with levels 20 times
higher than in other tea types, which authors attributed to the high salinity of the soil in
which the tea plants were cultivated.

In red tea infusions, oxalates were also found in rather large quantities, with the highest
level determined in infusions prepared for 20 and 30 min (29.05 and 28.71 mg/100 mL).
These values were not significantly different from those detected in green tea; infusions
prepared for 30 min contained oxalates at the level of 30.88 mg/100 mL. A high oxalate
content in red tea was also indicated by Charrier et al. [15] and Garbowska et al. [16],
who reported that its infusions contained these compounds at a level of 28 mg/100 mL.
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The differences in oxalate content observed between the analyzed infusions were not as
noticeable as those for phenolic compounds. In black tea infusions with the lowest oxalate
content, they were present at concentrations of 17.19 to 19.93 mg/100 mL, which is in
line with the results obtained by other authors [13,33,36]. What is puzzling is that the
lowest oxalate content was found in black tea infusions, as compared to the other types
of tea. According to technological assumptions, the leaves used most commonly for the
production of black tea are older and harder than those used for the production of green tea,
which is expected to result in an increased oxalic acid content [33,35]. Some authors have
confirmed the trend towards the highest oxalate content being found in black teas [13,16],
whereas others claim that green tea contains these compounds at higher levels [19,33]. The
source of the discrepancies in the results published by different authors may be the varying
size and structure of tea leaves used as raw material, different conditions of tea plant
cultivation, and different time and methods of harvesting leaves, as well as the duration,
conditions, and method of storage [13,14,23].

Types of phenolic compounds

Phenolic Acids
e.g., Gallic Acid, Chlorogenic AcidFlavonoids

Non Flavonoid
Polyphenols

e.g., Tannins

Flavones
good sources:

celery
parsley

Flavanones
good sources:

citrus
fruit

Flavonols
good sources:

tea
onions

Anthocyanins
good sources:

red wine
bluberries
cherries

Changes during oxidation/processing

Catechins
good sources:

green tea
white tea

oolong tea

Flavanols
good sources:

tea
red wine

apples

Isoflavones
good sources:

soybeans
red clover
legumes

Theaflavins
good sources:

black tea
oolong tea
pu-erh tea

Thearubigins
good sources:

black tea
oolong tea
pu-erh tea

Chemical structure of epimers of tea catechins

X = Gallate

• Epicatechin (EC): R1 = R2 = H
• Epigallocatechin (EGC): R1 = OH, R2 = H
• Epikatechin Gallate(ECG): R1 = H, R2 = X
• Epigallocatechin Gallate (EGCG): R1 = OH, R2 = X

Theabrownins
good sources:

black tea
oolong tea
pu-erh tea

Figure 2. Classification and the best sources of phenolic compounds, as well as the most important
changes occurring in processed tea leaves.

There was also little variation in copper levels in the tea infusions under analysis.
Depending on the type and method of fermentation of the analyzed tea leaves and the time
of their extraction, copper content ranged from 2.30 µg/100 mL (determined in a red tea
infusion prepared for 20 min) to 8.42 µg/100 mL (determined in black tea leaves extracted
for 6 min). The low variation in copper levels in tea leaves is also indicated by a study by
Konieczyński et al. [27], who detected no statistically significant differences in the levels
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of this element among differently cultivated leaves of the same type of tea and between
leaves processed by different methods.

The analyzed tea infusions were a rich source of manganese, with its best source
being the leaves of green tea, which contained the element at levels ranging from 370.8 to
560.2 µg/100 mL. They contained the largest quantity of manganese as compared to the
infusions of the other types of tea for each of the analyzed brewing times; the differences
found were, in certain cases, more than two-fold. This trend was also confirmed by
a previous study conducted by the author of the current paper [5], which demonstrated
that the average content of this element, determined for 16 different green tea types,
amounted to 512 µg/100 mL, whereas for black teas (n = 11), its content was at a level of
286 µg/100 mL and, for red teas (n = 2), at a level of 219 µg/100 mL.

Having analyzed the effect of the duration of tea infusion preparation on the content
of analyzed compounds, it can be stated that as the leaf extraction time increased to 20 min,
the total content of phenolic compounds in the green and red tea infusions increased, and
the highest pace of this process was noted between 10 and 20 min (Tables 1 and 2). Over
the next 10 min of the leaf contact with water, the level of these compounds in green tea
infusions decreased by 30% and, for red tea, remained at the same level. The phenolic
compound content in black tea decreased steadily with duration of infusion. Many authors
reported changes in phenolics content under the influence of different methods of making
infusions [1,12,24,26,46]. Almeida et al. [32] linked this to the change in the temperature
of water used for phenolic compound extraction and reported that for green tea leaves,
the largest increase in these components occurred when the water temperature dropped
from 100 ◦C to 90 ◦C. These authors also observed a trend toward a steady decrease in
the polyphenol levels in black tea infusions as the temperature of water used for the
extraction decreased. Nordin et al. [4] linked the greater transfer of phenolic compounds to
freshly prepared tea infusions to the fact that pouring boiling water over the leaves reduces
viscosity and surface tension, which promotes their solubility and explains the reduction in
their level with increased duration of leaf contact with water by the degradation of these
compounds. Another factor that impedes the transfer of polyphenols to black tea infusions
may be the structure of these compounds. For this type of tea, the production process
involves the complete fermentation of the leaves, during which catechins are converted,
under the influence of polyphenol oxidase, into compounds of higher molecular weight
that can be difficult to extract from the tea leaves with water [50].

Table 2. Changes in the content of analyzed compounds occurring with increased duration of leaf
extraction with water.

Tea Type Extraction
Time [min]

Total Phenolic
Compounds [%] * Oxalates [%] *

Mineral Elements [%] *

Ca Na Cu Mn

green 6 * * * * * *
10 ↑ 27 ↑ 34 ↑ 9 ↓ 5 ↑ 5 ↑ 27
20 ↑ 75 ↑ 49 ↑ 24 ↓ 6 ↑ 57 ↑ 51
30 ↑ 41 ↑ 71 ↑ 35 ↓ 6 ↑ 50 ↑ 45

red 6 * * * * * *
10 ↑ 36 ↑ 45 ↑ 2 - ** ↑ 29 ↑ 35
20 ↑ 108 ↑ 93 ↑ 5 - ** ↓ 4 ↑ 64
30 ↑ 108 ↑ 91 ↑ 13 - ** ↑ 8 ↑ 68

black 6 * * * * * *
10 ↓ 21 ↑ 2 ↑ 13 ↑ 3 ↓ 50 ↑ 29
20 ↓ 25 ↑ 7 ↑ 32 ↑ 5 ↓ 49 ↑ 39
30 ↓ 30 ↑ 15 ↑ 58 ↑ 5 ↓ 36 ↑ 49

* All values were determined in relation to the content of individual components determined after 6 min of leaf
extraction; “↑” means an increase in the content of analyzed compounds and “↓” means a decrease in their content;
** “-” this graphic symbol means “without changes”.
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One of the components whose content in the infusions of all analyzed tea types
increased steadily over the entire duration of leaf extraction with water was calcium, the
levels of which in black tea infusions prepared for 30 min were higher by almost 60% as
compared to infusions prepared for 6 min. An almost two times lower increase in the
content of this element was observed during the prolonged leaf extraction process in green
tea infusions, whereas an almost five times lower rate of increase was determined in red
tea infusions. Differences in the levels of calcium passing from the leaves to the infusions
of different tea types were also noted by Brzezicha-Cirocka et al. [13], who attributed them
primarily to leaf structure and age (black tea is produced using older and harder leaves),
whereas Pongrac et al. [51] additionally linked this phenomenon to the distribution of
calcium in individual leaf tissues.

A clear increasing trend with increased time of leaf contact with water was also
observed for oxalates and manganese. Red tea infusions prepared for 20 and 30 min
contained almost two times more oxalates than the 6 min infusions, with the smallest (15%)
increase in the content of these compounds noted in black tea infusions. A similar degree
of increase in oxalate content in tea infusions prepared for a longer time was also indicated
in a study by Honow et al. [19]. Moreover, Brzezicha-Cirocka et al. [13] confirmed the
particularly high content of these compounds in red tea infusions, which they linked to the
specific structure of red tea leaves.

Manganese content increased by almost 50% in the green and black tea infusions pre-
pared for the longest time, whereas an almost 70% increase in the levels of this component
was observed as the duration of red tea leaf extraction increased. The trend of a steady
increase in manganese with duration of leaf contact with water was also confirmed by
Erdemir [39], who demonstrated that depending on the analyzed tea type, the level of this
element can increase by 20–49% of its initial quantity.

As for copper, no clear dependencies could be demonstrated as regards the change in
its content as the time of extraction of the various types of tea leaves increased. Increased
duration of green tea leaf contact with water resulted in increased levels of copper by
57% after 20 min of infusion, remaining almost unchanged for another 10 min. Different
trends were observed for black tea, in which the copper content decreased with increased
leaf extraction time, with the changes being the most intense at the beginning of the process.
Initially, the level of this element in the red tea infusions increased (by almost 30% between
6 and 10 min of leaf contact with water); then, it decreased by almost 30%, finally increasing
by approximately 10%. Mehra and Baker [38] confirmed the dependence of a greater
quantity of copper passing from the leaves to the green tea infusions as compared to black
tea, which they attribute to the formation of different species of this element in different tea
types. These authors also believe that the polymerized phenolic compounds found in black
tea can form soluble and insoluble bonds with the metals contained in the leaves, which
contributes to the different rates and degrees of extraction with water.

It appears to be particularly important to identify the correlation relationships between
the phenolic compound content and the levels of other components occurring in tea.
Directly proportional correlation relationships were found between the total phenolics
content and the oxalate, calcium, and sodium levels (Table 3). This means that as the oxalate,
calcium, and sodium contents increase, the level of polyphenols found in tea infusions
increases, which may indicate the similarity of chemical bonds formed by these compounds
between one another and/or with other tea components. Areusz and Wesołowski [11] also
demonstrated significant relationships between phenolic compounds and certain elements
related to their similar chemical connections and interactions, which is important, especially
during the metabolic processes occurring in the plants.

The relationship between polyphenols and oxalates (r = 0.6209, Table 3) is also con-
firmed by Figure 3, which shows that particular relationships between these components
are found in green and black tea infusions. Strong correlation relationships were also
observed between phenolic compounds, calcium, and sodium, for which the determined
correlation coefficients amount to r = 0.8516 and r = 0.8045, respectively (Table 3). The
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data presented in Figure 3 indicate the exceptional significance of these relationships in
black and red tea infusions and a much weaker relationship in green tea. The relationships
between phenolic compounds and minerals were also indicated by Konieczyński et al. [27]
and Erdemir [39], who stated that the direction of these relationships is determined by the
phenolic compound type. In most of the cases analyzed by the authors, flavonoids formed
inversely proportional relationships with mineral elements, whereas phenolic acids formed
directly proportional relationships.

Table 3. Correlations between analyzed discriminants.

TPC Oxalates Ca Na Cu

Oxalates 0.6209 *
Ca 0.8516 * 0.5126

Na 0.8045 * 0.1357 0.8322 *
Cu −0.5482 −0.0901 −0.6807 * −0.7211 *
Mn −0.1678 0.5703 −0.0532 −0.5869 * 0.3125

* TPC—total phenolic compounds; numbers denoted by * and bold type indicate correlation coefficients significant
at p ≤ 0.05. Correlation coefficients were estimated for n = 12 cases.
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The data presented in Figure 3 show that during the preparation of black tea infusions,
the relationships between the phenolic compound levels and the calcium and sodium
contents appear to be of particular importance. Certain relationships were also found
between the polyphenolics content and the manganese, calcium, and sodium contents in
red tea infusions. The relationships noted between phenolic compounds and the sodium
and copper contents found in green tea infusions appear to be only slightly significant.

Analysis of the dendrogram also enables the conclusion that the oxalate level demon-
strates close relationships with, primarily, the analyzed type of tea leaves and their of
copper content and can be related to phenolics content, primarily in black and green tea
infusions. The fact that there are various dependencies observed between the components
present in infusions prepared from different types of tea confirms the considerable impact
of technological leaf treatment on the level and properties of their components [12,23,26,37].

Based on the individual component levels determined in this study, it is also important
to identify the effect of average tea consumption, assumed to be three to four mugs (1 L)
per day, on human health.

The components that raise many doubts are oxalates. According to the Ameri-
can Dietetic Association, the levels of oxalates in people with increased risk of kidney
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stones should not exceed 40–50 mg per day (of bioavailable compounds) [23]. The lit-
erature provides different levels of the determined bioavailability of oxalates from tea,
although in most studies, it ranges from 4% to 9% [23,35,52]. Taking into account the
highest level of these components, determined in green tea infusions prepared for 30 min
(30.88 mg/100 mL, Table 1) and assuming the bioavailability of oxalates at a 9% level, it
must be concluded that the intake of 1 L of the analyzed tea would result in absorption of
oxalates at a level of 27.79 mg, which poses no threat to human health. The safety of tea
associated with the level of these compounds appears to be even greater when considering
the acceptable daily intake (ADI) established for these compounds, which amounts to
250 mg per person per day [30,53].

The tea components with the greatest health-promoting effect on the human body
are phenolic compounds for which no specific daily requirements are established, as their
intake is regarded as a recommended dietary pattern. Del Bo’ et al. [2] analyzed the
literature data published over ten years and identified a relationship between the average
intake of these compounds in an average diet consumed in various parts of the world and
the incidence of specified diseases. Their study demonstrated that the lowest susceptibility
to various illnesses was observed for polyphenol intake at a level of more than 500 mg and,
in certain cases, 900 mg per day, as such doses determined the occurrence of a beneficial
biological effect of their action. Based on the data provided in Table 1, it must be stated
that with the average intake of all the analyzed tea infusions assumed to be three to four
mugs (1 L) per day, it is possible to obtain beneficial health-promoting effects of phenolic
compounds in relation to the provision of the lowest of the recommended levels of these
compounds (500 mg). When consuming red tea infusions in which the time of leaf contact
with water ranges from 10 to 30 min, it is possible to provide the body with a quantity of
these compounds significantly exceeding both levels recommended for consumption.

It is also important to identify the contribution of tea infusions to the provision of the
minerals for the body, the adequate level of which determine the correct course of many
physiological processes. Table 4 presents the demand for individual mineral components
and the degree to which it is satisfied by the consumption of 1 L of the analyzed infusions
per day. For the analysis, selected infusions prepared for such duration at which the level
of the determined components was the highest.

It was demonstrated that when applying leaf extraction with water longer than 10 min,
the consumption of 1 L of infusions of all the analyzed tea types per day satisfies the
daily requirement for manganese. Green tea infusions achieve this to the greatest extent,
as it suffices to drink 300–400 mL of these infusions to satisfy the requirement for this
element. This is important because of the health-promoting significance of manganese that
is incorporated into a number of metalloenzymes [38] and is also involved in the growth
and reproduction processes, in addition to stabilizing blood sugar levels [25]. Its deficiency
not only results in delayed physical development, impaired fertility, and reduced glucose
tolerance but can also result in skin lesions, impaired motor coordination, and a variety of
neurological changes [25,54]. Such a high manganese level in tea infusions appears to pose
no threat to human health, as no adverse health effects are observed when its intake is at
a level of 8–9 mg per day [55].

The analyzed tea infusions were also found to be quite a good source of copper, the
highest quantities of which were determined in black and green tea (Table 1). Drinking one
liter of black tea satisfies the almost 9% daily requirement for this element (Table 4), which
proves that black tea infusions can be a valuable supplement to the copper provided with
the daily diet.

Studies by other authors [5,16,39,56] also report that tea infusions are a particularly
rich source of manganese, and Brzezicha-Cirocka et al. [57] add that they can also be
a notable source of copper, manganese, and zinc, as well as (in small quantities) calcium
and sodium.
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Table 4. Coverage of the demand for selected minerals for adults 19–75 years old after consuming 1 L
(1000 mL) of tea infusions.

Type of Tea

Average Content of Minerals Determined
in Tea Groups, RDA *, DDC *, and AI * Green Red Black

Ca (mg/L) 1.79 2.82 0.78
Selected brewing time (min) * 30 30 30

RDA (mg/person) 1000–1200 1000–1200 1000–1200
DDC (%) 0.15–0.18 0.24–0.28 0.07–0.08

Na (mg/L) 0.44–0.42 2.60–2.62 0.61–0.64
Selected brewing time * 6–30 6–30 6–30

AI (mg/person) 1300–1500 1300–1500 1300–1500
DDC (%) 0.03 0.17–0.20 0.04–0.05

Cu (mg/L) 0.06 0.03 0.08
Selected brewing time * 20–30 10 6

RDA (mg/person) 0.90 0.90 0.90
DDC (%) 6.66 3.33 8.88

Mn (mg/L) 5.60–5.39 2.30–2.36 2.23–2.57
Selected brewing time * 20–30 20–30 10–30

AI (mg/person) 1.8–2.3 1.8–2.3 1.8–2.3
DDC (%) 243–311 102–131 111–142

* RDA—recommended daily allowance (mg/person); AI—adequate intake (mg/person); DDC—daily demand
coverage. The RDA and AI values come from the nutritional standards developed for the Polish population by
Jarosz 2017 [55]. The DDC values were calculated based on the data presented in Table 1. “Selected brewing time”
means the duration of infusions at which the content of individual minerals was the highest (in some cases, the
time range is given in which the level of the determined component was statistically the same).

4. Conclusions

Tea infusions are a very good source of phenolic compounds in the everyday diet,
and the levels of these components are determined by tea type, i.e., the properties of the
tea leaves and the method of their processing. It is also important to remember that not
only green tea and other non-fermented types of tea leaves can be a significant source of
these compounds (as reported by many authors); it is also worth paying attention to red
tea in this context. When making tea infusions, attention should be paid to the time of
contact between the tea leaves and water, as prolonging this time to 6–20 min is particularly
beneficial to the nutritional value of red and green tea. As regards black tea, a factor
beneficial to the phenolics levels is the shortest possible contact of the leaves with water,
which is probably due to the different structures of the phenolic compounds found in black
tea. Phenolics found in black tea probably show the highest solubility during the initial
6 min of the leaves contact with water, and they can be degraded as the process is extended.

The levels of phenolic compounds found in tea infusions appear to be particularly
affected by their interactions with oxalates, calcium, and sodium, as evidenced by the statistical
significance of the correlation coefficients determined between them. It has also been found
that the nature of the interaction between these ingredients depends on the way the tea leaves
are processed, which affects the content and chemical properties of these compounds.

A daily intake of three to four mugs (1 L) of tea infusions provides the entire quantity of
phenolics recommended for health reasons and covers the daily requirement for manganese,
as well as (partially) copper, which confirms that the beneficial effects of tea on human
health are primarily due to its significant antioxidant activity.
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