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ABSTRACT   

Tea (Camellia sinensis) is a globally consumed beverage known for its distinct flavor, aroma, and health benefits. 

Environmental pollutants such as fluoride can significantly impact its quality and safety. Fluoride contamination in 

tea primarily originates from the soil and water, with the plant absorbing fluoride through its roots, particularly in 

mature leaves. While fluoride is essential for dental health in small quantities, excessive exposure can lead to various 

health issues. This study investigates the differences in fluoride accumulation between organic and conventional tea 

cultivation and its subsequent effects on the biochemical composition, aroma, and sensory attributes of tea. The study 

was conducted by comparing tea plantations from regions with varying fluoride exposure. Tea leaves were collected 

from both organic and conventional farms at three growth stages: young, mature, and old. Fluoride content was 

measured using ion-selective electrodes, while the biochemical composition, including polyphenols, catechins, and 

antioxidants, was analyzed using spectrophotometric methods. Aroma profiling was conducted using gas 

chromatography-mass spectrometry (GC-MS) to identify volatile compounds, and sensory evaluation was performed 

through blind taste tests with trained panelists. The results revealed that conventional tea exhibited higher fluoride 

levels, especially in mature and old leaves, compared to organic tea, which consistently showed lower fluoride 

accumulation across all growth stages. Organic tea demonstrated higher polyphenol and antioxidant content, 

contributing to better health benefits and a richer sensory profile. Conventional tea, on the other hand, displayed 

altered biochemical properties and a less desirable aroma due to fluoride interference. These findings highlight the 

importance of organic cultivation in reducing fluoride contamination and enhancing both the nutritional and sensory 

qualities of tea. Policymakers are encouraged to promote sustainable agricultural practices to ensure the safety and 

quality of tea production. 
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INTRODUCTION 

Tea (Camellia sinensis), one of the most widely consumed beverages globally, is highly valued for its distinct flavor, 

aroma, and numerous health benefits. Originating in East Asia, tea is grown in diverse climatic conditions, from 

tropical to temperate regions, and is a vital part of the cultural, social, and economic fabric of many countries. The 

importance of tea is not limited to its role as a beverage; it is also recognized for its potential health-promoting 

properties, including antioxidant, anti-inflammatory, and anti-cancer effects (Jaganath et al., 2012). The quality and 

safety of tea, like other agricultural products, can be influenced by a range of environmental factors, including soil 

quality, water composition, and atmospheric conditions. Among these factors, environmental pollutants have emerged 

as significant threats to the integrity of tea production. One such pollutant is fluoride, a naturally occurring element 

found in soil, water, and air, which can accumulate in tea plants and affect both their biochemical composition and 

sensory attributes.  

Fluoride is widely present in the environment, and its presence in tea has raised concerns due to its potential impact 

on human health. Fluoride is absorbed by plants from soil and irrigation water, and its levels can be influenced by 

factors such as geographical location, altitude, and agricultural practices. Tea plants, particularly their mature leaves, 

are more likely to accumulate higher concentrations of fluoride compared to other crops, as the leaves are the primary 

site for fluoride uptake and retention (Liu et al., 2010). While fluoride is beneficial in small amounts for dental health, 

excessive fluoride consumption can lead to various health issues, including dental and skeletal fluorosis, thyroid 

dysfunction, and neurotoxicity (Nath et al., 2012). Therefore, understanding the factors that contribute to fluoride 
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accumulation in tea plants and its subsequent effects on the quality of tea is crucial for ensuring both the safety and 

the health benefits of tea consumption. 

This study aims to explore the differences in fluoride accumulation between organic and conventional tea cultivation 

methods and investigate how this accumulation affects the biochemical and sensory characteristics of tea. Organic 

farming has gained popularity due to its environmentally friendly practices, which exclude the use of synthetic 

fertilizers and pesticides. In contrast, conventional farming methods typically rely on the use of chemical fertilizers 

and pesticides, which may influence the uptake of various pollutants, including fluoride. The contrasting cultivation 

techniques may result in significant differences in the fluoride content of the tea leaves and, consequently, the sensory 

and biochemical properties of the tea produced. By examining these differences, this study seeks to contribute to a 

better understanding of the role of agricultural practices in determining the quality and safety of tea. 

Fluoride Accumulation in Tea Plants 

Fluoride is naturally present in various environmental mediums, including soil and water, and can be absorbed by 

plants from these sources. The fluoride content in tea plants is mainly influenced by soil composition, water quality, 

and the age of the plant, with older leaves tending to accumulate higher concentrations of fluoride (Srinivasan et al., 

2013). Tea plants, particularly those grown in areas with high levels of fluoride in the soil or irrigation water, are at a 

higher risk of accumulating excessive fluoride in their leaves. As a result, tea leaves from such regions may contain 

fluoride levels that exceed the safety thresholds established by health authorities. 

The mechanisms through which fluoride accumulates in tea plants are complex and involve both passive and active 

uptake processes. Fluoride is taken up by the roots of the plant from the soil, transported through the plant's vascular 

system, and stored primarily in the leaves. The concentration of fluoride in tea leaves is determined by various factors, 

including the concentration of fluoride in the soil, the pH of the soil, and the plant's ability to regulate the uptake and 

accumulation of fluoride. In general, tea plants tend to accumulate higher levels of fluoride in their mature leaves, 

which are more exposed to environmental pollutants than younger, tender leaves (Zhao et al., 2006). 

The accumulation of fluoride in tea plants is of particular concern because it can lead to the contamination of the tea 

leaves, which, when consumed, may pose a health risk to consumers. Prolonged exposure to high levels of fluoride 

can result in various health issues, including dental and skeletal fluorosis, which are characterized by the discoloration 

and damage of teeth and bones, respectively (Narayan et al., 2014). While fluoride is essential for maintaining healthy 

teeth and bones in small quantities, excessive intake can lead to detrimental effects, making it crucial to monitor and 

regulate the fluoride levels in tea plants. 

Organic vs. Conventional Tea Cultivation 

Organic and conventional farming methods differ significantly in terms of their approach to pest and disease 

management, soil fertility, and the use of chemical inputs. Organic farming relies on natural processes and substances 

to manage soil fertility and control pests, excluding the use of synthetic fertilizers, pesticides, and herbicides. In 

contrast, conventional farming practices often involve the use of chemical fertilizers and pesticides to enhance crop 

yield and protect against pests and diseases. These differences in farming practices may influence the accumulation 

of environmental pollutants, including fluoride, in tea plants. 

One of the key factors that may affect fluoride accumulation in tea plants is the use of chemical fertilizers. 

Conventional farming methods often involve the application of chemical fertilizers, which may contain fluoride as a 

trace element. The use of synthetic fertilizers can lead to an increase in the fluoride concentration in the soil, thereby 

increasing the uptake of fluoride by the tea plants. In contrast, organic farming practices typically avoid the use of 

synthetic fertilizers, relying instead on organic amendments such as compost, manure, and green manure to improve 

soil fertility. These organic inputs are less likely to contain fluoride, which may result in lower fluoride concentrations 

in the soil and, consequently, lower fluoride accumulation in the tea plants. Organic farming practices are associated 

with improved soil health and biodiversity, which can help to mitigate the uptake of pollutants, including fluoride. 

The use of crop rotation, cover crops, and reduced tillage in organic farming can enhance soil structure and promote 

the activity of beneficial soil organisms, which may reduce the availability of fluoride for uptake by the tea plants 

(Horrigan et al., 2002). Conversely, conventional farming practices, with their reliance on monoculture cropping 

systems and heavy use of chemical inputs, may degrade soil health and increase the risk of pollutant accumulation in 

crops. 

Impact of Fluoride on Biochemical and Sensory Attributes of Tea 

Fluoride accumulation in tea plants may have a profound impact on the biochemical composition and sensory 

attributes of the tea. Tea is a complex mixture of bioactive compounds, including polyphenols, amino acids, proteins, 

sugars, and essential oils, which contribute to its flavor, aroma, and health benefits. The accumulation of excessive 

fluoride in tea leaves may alter the levels of these compounds, affecting the overall quality of the tea. 
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Biochemical Composition 

Fluoride can interfere with various biochemical processes in tea plants, leading to changes in the levels of important 

bioactive compounds. Studies have shown that fluoride exposure can reduce the concentration of polyphenols, which 

are key antioxidants in tea (Almeida et al., 2015). Polyphenols, particularly catechins such as epigallocatechin gallate 

(EGCG), are responsible for many of the health benefits associated with tea consumption, including their anti-

inflammatory, antioxidant, and anti-cancer effects. A decrease in polyphenol content due to fluoride accumulation 

may reduce the health-promoting properties of the tea. Fluoride may also affect the amino acid composition of tea 

leaves. Amino acids, particularly theanine, play a crucial role in determining the flavor profile of tea. The presence of 

excessive fluoride in tea plants can interfere with the synthesis of amino acids and proteins, potentially leading to 

changes in the taste and aroma of the tea (Nawaz et al., 2020). The alteration of these key compounds can compromise 

the overall sensory quality of the tea, making it less desirable to consumers. 

Sensory Attributes 

The sensory attributes of tea, including its flavor, aroma, and color, are essential determinants of its quality. Fluoride 

accumulation in tea leaves can have a significant impact on these attributes. Studies have suggested that tea leaves 

with high fluoride content tend to have a bitter taste, which may result from the alteration of the polyphenol and amino 

acid composition in the leaves (Wang et al., 2012). The bitterness associated with fluoride accumulation can reduce 

the overall acceptability of the tea, especially among consumers who prefer milder flavors. Fluoride accumulation can 

also affect the color of the tea infusion. Tea color is influenced by the presence of polyphenols and other bioactive 

compounds, and fluoride-induced changes in the biochemical composition of the tea leaves can lead to alterations in 

the color of the tea liquor (Zhao et al., 2006). This change in color may influence consumer perception and acceptance 

of the tea. 

LITERATURE REVIEW 

Fluoride in Agriculture 

Fluoride contamination in agriculture is primarily attributed to industrial emissions, the use of certain fertilizers, and 

contamination in irrigation water sources. Fluoride is a naturally occurring compound in the environment, but its 

elevated concentrations in agricultural systems often result from human activities, such as mining, industrial 

processes, and the use of fluoridated fertilizers. Industrial emissions, including those from coal combustion and 

aluminum production, release significant amounts of fluoride into the atmosphere, which can then settle onto the soil 

and water sources. Fluoride from industrial activities is often carried over into agricultural lands through atmospheric 

deposition, contributing to soil contamination (Liu et al., 2010). Certain chemical fertilizers, such as superphosphate, 

contain small amounts of fluoride, which may contribute to fluoride buildup in soils over time (Srinivasan et al., 

2013). 

Fluoride contamination can also occur through the use of contaminated irrigation water, particularly in regions where 

natural water sources are high in fluoride or where wastewater is used for irrigation. As fluoride is absorbed by plant 

roots from the soil or water, it enters the plant's vascular system and accumulates, particularly in the leaves (Narayan 

et al., 2014). The rate of fluoride uptake by plants is influenced by various factors, including soil properties (e.g., pH, 

texture, and organic matter content), environmental conditions, and the plant species involved. Soil pH, in particular, 

plays a crucial role in the availability of fluoride, with more acidic soils often leading to higher fluoride absorption 

by plants (Zhao et al., 2006). Therefore, understanding the factors that contribute to fluoride contamination in 

agricultural systems is crucial for managing its impact on food and beverage crops, such as tea. 

Tea Cultivation Practices 

Tea cultivation practices vary significantly between organic and conventional farming methods, with each system 

having distinct influences on the environment and plant health. Organic tea cultivation prioritizes sustainability and 

environmental health by avoiding synthetic pesticides, herbicides, and fertilizers. Instead, organic farming relies on 

natural fertilizers, such as compost, manure, and green manures, and employs integrated pest management (IPM) 

techniques to control pests and diseases. Organic farming methods are designed to promote soil health, increase 

biodiversity, and minimize environmental degradation, thereby reducing the potential for pollutants such as fluoride 

to accumulate in the soil and subsequently in tea plants. Conventional tea farming often involves the use of chemical 

fertilizers, pesticides, and herbicides to maximize crop yield and control pests. The reliance on synthetic fertilizers 

and agrochemicals in conventional farming has raised concerns about the environmental impact, including the 

potential for soil and water contamination with pollutants such as fluoride. Fertilizers used in conventional tea farming 

may contain trace amounts of fluoride, contributing to its accumulation in tea plants (Zhao et al., 2006). Conventional 

farming practices may lead to soil degradation and reduced biodiversity, which can exacerbate the uptake of 

environmental pollutants by crops. 
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Impact on Tea Quality 

Fluoride accumulation in tea leaves has a significant impact on the biochemical composition and sensory attributes 

of the tea, ultimately affecting its quality. Tea is a complex mixture of bioactive compounds, including polyphenols 

(e.g., catechins), amino acids, essential oils, and vitamins, which contribute to its flavor, aroma, and health benefits. 

Fluoride has been shown to interfere with various biochemical processes in tea plants, leading to changes in the 

concentrations of these critical compounds. 

One of the primary effects of fluoride on tea quality is its impact on polyphenol content. Polyphenols, especially 

catechins, are key antioxidants in tea that are responsible for many of its health benefits, such as anti-inflammatory, 

anti-cancer, and heart-protective effects. Studies have found that fluoride exposure can decrease the concentration of 

polyphenols in tea leaves, thereby reducing the antioxidant capacity of the tea (Almeida et al., 2015). The alteration 

of polyphenol levels can not only diminish the health benefits of tea but also affect its flavor profile. Catechins are 

associated with the astringency and bitterness of tea, and a reduction in their concentration may alter the overall taste 

experience of tea (Wang et al., 2012). 

Fluoride also influences the enzymatic activities in tea leaves. Enzymes such as polyphenol oxidase (PPO) and 

peroxidase play essential roles in the biosynthesis of polyphenols and other bioactive compounds in tea. Fluoride has 

been shown to inhibit the activity of these enzymes, leading to decreased polyphenol production and altered 

biochemical pathways in the tea plant (Nawaz et al., 2020). These enzymatic disruptions can lead to changes in the 

chemical composition of the tea leaves, ultimately affecting the sensory characteristics of the tea. The volatile 

compounds responsible for the aroma of tea are another key aspect influenced by fluoride accumulation. The aroma 

of tea is a result of the complex interaction of hundreds of volatile compounds that are released during brewing. 

Fluoride can interfere with the synthesis of these volatile compounds, altering the aroma profile of the tea. This change 

in aroma can significantly affect the consumer's perception and acceptance of the tea (Zhao et al., 2006). Tea aroma 

is a critical determinant of its quality, and any alteration in the aroma can lead to a decrease in the overall sensory 

appeal of the tea. 

Biochemical changes, fluoride accumulation can also impact the appearance of tea. The color of tea is primarily 

determined by the polyphenol content and other biochemical components in the leaves. Fluoride-induced changes in 

the biochemical composition of the leaves can affect the color of the brewed tea, potentially making it less attractive 

to consumers (Zhao et al., 2006). Therefore, fluoride contamination not only affects the health benefits and safety of 

tea but also its visual and sensory appeal, which are important factors in consumer choice. 

METHODOLOGY 

The study was conducted in various tea plantations located in regions with differing levels of fluoride exposure. These 

areas were selected based on their historical records of environmental contamination, particularly regarding fluoride 

levels in soil, water, and air. Two main types of tea farms were compared: organic and conventional. Organic tea 

plantations were chosen for their adherence to practices that avoid synthetic chemicals, while conventional tea farms 

were selected for their typical use of chemical fertilizers and pesticides. The selection of sites with varying fluoride 

exposure allowed for a comprehensive comparison of fluoride accumulation in tea plants and its effects on the 

biochemical and sensory characteristics of the tea. 

In tea plantations located in three regions with varying fluoride exposure: Region A (high fluoride exposure), Region 

B (moderate fluoride exposure), and Region C (low fluoride exposure). Each region included both organic and 

conventional tea farms, ensuring a representative comparison of the two cultivation methods under different fluoride 

conditions. The specific characteristics of the study sites are summarized below in table 1: 

 

Table 1: Fluoride Exposure and Type of Cultivation Across Different Regions 

Region Fluoride Exposure (ppm) Type of Cultivation 

Region A 3.5 Organic/Conventional 

Region B 1.8 Organic/Conventional 

Region C 0.5 Organic/Conventional 
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Fluoride exposure was quantified from water and soil samples collected during the study period. Fluoride 

concentrations in these regions varied due to proximity to industrial zones and agricultural runoff. Fluoride 

concentration was measured using an ion-selective electrode (ISE) with a standard deviation of ±0.2 ppm. 

To ensure a diverse range of fluoride exposure, the study included tea plantations located in areas near industrial 

zones, agricultural runoff, and regions known for their high natural fluoride concentrations in groundwater. These 

locations allowed for the assessment of how different fluoride concentrations in the environment affected the tea 

cultivation process and the quality of the final product. 

Sample Collection 

Tea leaves were collected from the selected study sites at three distinct growth stages: young, mature, and old. This 

approach allowed for the investigation of fluoride accumulation patterns over the course of the tea plant’s life cycle 

and its impact at different stages of leaf development. 

1. Young Leaves: The leaves in their early growth stages were chosen to represent the initial accumulation of 

fluoride and its potential effects on young, tender leaves. 

2. Mature Leaves: These are the leaves that are typically harvested for tea production. Sampling these leaves 

provided a more realistic representation of the typical tea leaf used in commercial tea production. 

3. Old Leaves: Older leaves, which are typically less used in commercial tea processing, were also sampled to 

evaluate the cumulative effects of prolonged fluoride exposure over time. 

Leaves were harvested from each tea plantation in a standardized manner to minimize variability. At each site, 10 

random samples were taken at each growth stage to ensure that the sample size was representative of the overall 

population of tea leaves. The collected leaves were transported to the laboratory in sealed containers to prevent 

contamination or degradation of the samples before analysis. 

Experimental Process 

Fluoride Content 

The fluoride content of the tea leaves was measured using ion-selective electrodes (ISE). Ion-selective electrodes are 

commonly used for the quantification of fluoride in solid and liquid samples due to their high sensitivity and 

specificity. The process involved preparing the tea leaf samples by drying them at a controlled temperature to 

eliminate water content, followed by grinding them into fine powder. The ground samples were then digested using a 

fluoride-releasing reagent, and the resulting solution was analyzed with the ion-selective electrode. 

To prepare the samples for analysis, 1g of dried tea leaf powder was mixed with 10 mL of deionized water and placed 

in a 50 mL flask for digestion. The solution was heated to extract fluoride ions, then filtered to remove particulate 

matter. 

The fluoride concentration in each sample was determined using the ion-selective electrode (ISE). The electrode was 

calibrated using a standard fluoride solution ranging from 0.1 ppm to 5 ppm, and the measurements were taken in 

triplicates to ensure accuracy. Fluoride concentrations were expressed in parts per million (ppm). 

 

Table 2: Fluoride Concentration in Different Cultivation Types and Growth Stages Across Regions 

Region Cultivation Type Growth Stage Fluoride Concentration (ppm) 

Region A Organic Young 1.2 

Region A Organic Mature 2.0 

Region A Organic Old 2.5 

Region A Conventional Young 1.5 

Region A Conventional Mature 2.2 

Region A Conventional Old 2.9 

Region B Organic Young 0.8 

Region B Organic Mature 1.4 

Region B Organic Old 1.9 

Region B Conventional Young 1.0 

Region B Conventional Mature 1.5 

Region B Conventional Old 2.0 

Region C Organic Young 0.3 
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Region C Organic Mature 0.5 

Region C Organic Old 0.7 

Region C Conventional Young 0.4 

Region C Conventional Mature 0.6 

Region C Conventional Old 0.8 

Table 2 presents fluoride concentration data across different regions, cultivation types, and growth stages of plants. 

The table compares fluoride levels in organic and conventional farming methods at three growth stages: young, 

mature, and old. In Region A, fluoride concentrations range from 1.2 ppm in young organic plants to 2.9 ppm in old 

conventional plants. Region B shows similar trends, with fluoride levels ranging from 0.8 ppm in young organic plants 

to 2.0 ppm in old conventional plants. Region C has the lowest fluoride concentrations, ranging from 0.3 ppm in 

young organic plants to 0.8 ppm in old conventional plants. Across all regions, fluoride levels tend to increase with 

plant age and are higher in conventional farming compared to organic farming.  

Fluoride concentration was determined by comparing the electrode’s response to a calibration curve generated from 

standard fluoride solutions. The fluoride levels in tea leaves from both organic and conventional farms were compared 

across the three growth stages to identify any significant differences in fluoride accumulation. The results were also 

compared to the maximum permissible fluoride levels established by health organizations, ensuring that the tea was 

within safe consumption limits. 

Biochemical Composition 

The biochemical composition of the tea leaves was analyzed, focusing on polyphenols, catechins, and antioxidants, 

which are critical for both the health benefits and the sensory attributes of tea. Polyphenols, including catechins, are 

the primary antioxidants in tea and play a significant role in its flavor, aroma, and health-promoting properties. 

1. Polyphenols and Catechins: Total polyphenol content was determined using the Folin-Ciocalteu method, 

which quantifies the phenolic compounds in tea leaves by measuring absorbance at 765 nm. Catechin content 

was measured using high-performance liquid chromatography (HPLC) to identified epigallocatechin gallate 

(EGCG) which are major contributors to the astringency and antioxidant properties of tea, where catechins 

were separated on a reverse-phase C18 column and quantified by their absorption at 278 nm. 

2. Antioxidant Capacity: The antioxidant activity was determined using the DPPH (2,2-diphenyl-1-

picrylhydrazyl) free radical scavenging method. The reaction was carried out by mixing 100 μL of tea extract 

with 1 mL of DPPH solution (0.1 mM). After 30 minutes, the absorbance was measured at 517 nm, and the 

antioxidant capacity was expressed as the percentage inhibition of DPPH. 

Table 3: Polyphenol Content, EGCG Levels, and Antioxidant Activity in Different Cultivation Types and Growth 

Stages Across Regions 

Region Cultivation Type 
Growth 

Stage 

Total 

Polyphenols 

(mg/g) 

EGCG 

(mg/g) 

Antioxidant 

Activity (%) 

Region A Organic Young 8.5 3.2 85.2 

Region A Organic Mature 9.2 3.8 88.0 

Region A Organic Old 8.8 3.5 87.0 

Region A Conventional Young 7.8 2.9 80.5 

Region A Conventional Mature 8.2 3.2 83.5 

Region A Conventional Old 7.9 3.0 81.8 

Region B Organic Young 7.2 2.5 75.2 

Region B Organic Mature 7.5 2.7 78.0 

Region B Organic Old 7.3 2.6 76.5 

Region B Conventional Young 6.8 2.3 70.0 

Region B Conventional Mature 7.1 2.5 72.3 

Region B Conventional Old 6.9 2.4 71.0 

Region C Organic Young 6.1 1.8 65.4 

Region C Organic Mature 6.5 2.0 68.3 

Region C Organic Old 6.2 1.9 66.5 

Region C Conventional Young 5.8 1.6 62.8 

Region C Conventional Mature 6.0 1.7 64.2 

Region C Conventional Old 5.9 1.7 63.1 
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Table 3 provides data on total polyphenols, EGCG levels, and antioxidant activity across different cultivation types 

(organic and conventional), growth stages (young, mature, old), and regions. In Region A, organic cultivation 

consistently shows higher polyphenol content, EGCG levels, and antioxidant activity compared to conventional 

cultivation. The total polyphenols range from 8.5 mg/g in young organic plants to 7.8 mg/g in young conventional 

plants. EGCG levels are higher in organic plants, peaking at 3.8 mg/g in mature plants. Antioxidant activity in organic 

plants reaches up to 88.0% in mature plants. Region B shows lower values across all parameters compared to Region 

A, with organic plants showing a range of 7.2 to 7.5 mg/g for polyphenols and 2.5 to 2.7 mg/g for EGCG. Region C 

has the lowest levels, with total polyphenols ranging from 6.1 mg/g in young organic plants to 5.8 mg/g in young 

conventional plants, and antioxidant activity ranging from 62.8% to 68.3%. In all regions, organic cultivation tends 

to have higher values than conventional cultivation, with mature plants showing the highest levels for most 

parameters. 

Aroma Profiling 

Aroma is an essential characteristic that contributes to the sensory quality of tea. The aroma profile of tea was assessed 

using gas chromatography-mass spectrometry (GC-MS), a powerful analytical technique that allows for the separation 

and identification of volatile compounds responsible for the aroma. Tea samples were prepared by brewing them 

under controlled conditions, and the volatile compounds released during the brewing process were captured and 

analyzed using GC-MS. 

GC-MS analysis provides detailed information on the presence and relative abundance of volatile organic compounds 

(VOCs), which are key contributors to the flavor and aroma of tea. The compounds identified through this technique 

include aldehydes, alcohols, terpenes, esters, and other aromatic compounds. By comparing the volatile compound 

profiles of tea leaves from organic and conventional farms, the study aimed to determine how fluoride accumulation 

may affect the aromatic qualities of tea. 

Sensory Evaluation 

Sensory evaluation was performed using a blind taste test with trained panelists to assess the overall quality and 

acceptability of tea from different farms and growth stages. The sensory attributes evaluated included flavor, aroma, 

astringency, bitterness, and overall preference. The panelists were trained in evaluating tea based on a standardized 

sensory analysis protocol, which involved scoring each sample on a scale from 1 to 10 for each attribute. Sensory 

evaluation was conducted using a panel of 15 trained tea tasters who assessed the following attributes: 

• Aroma: Scored on a scale of 1-10 (1 being poor aroma, 10 being excellent). 

• Flavor: Scored on a scale of 1-10 (1 being bland, 10 being excellent). 

• Astringency: Scored on a scale of 1-10 (1 being low astringency, 10 being high astringency). 

Table 4: Sensory Attributes (Aroma, Flavor, Astringency) in Different Cultivation Types and Growth Stages Across 

Regions 

Region Cultivation Type 
Growth 

Stage 

Aroma (1-

10) 

Flavor (1-

10) 
Astringency (1-10) 

Region A Organic Young 8 7 6 

Region A Organic Mature 9 8 6 

Region A Organic Old 7 6 7 

Region A Conventional Young 7 6 7 

Region A Conventional Mature 8 7 6 

Region A Conventional Old 7 6 7 

Table 4 presents data on sensory attributes (aroma, flavor, and astringency) in different cultivation types (organic and 

conventional) and growth stages (young, mature, old) across Region A. In organic cultivation, aroma is highest in 

mature plants (9), while flavor is also highest in mature plants (8), with astringency consistently at 6 across the growth 

stages. For conventional cultivation, aroma and flavor are both highest in mature plants (8 and 7, respectively), while 

astringency remains at 7 for young and old plants, and 6 for mature plants. Overall, organic cultivation tends to have 

slightly higher sensory scores for aroma and flavor, while conventional cultivation shows more consistency in 

astringency across the different growth stages. 

Statistical Analysis 

Each sample of tea was brewed under controlled conditions to ensure consistency in the preparation process. Panelists 

were asked to evaluate the tea samples without knowing whether they were from organic or conventional farms, 

minimizing bias in the sensory evaluation. The goal of the sensory evaluation was to determine whether fluoride 
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accumulation had a perceptible effect on the flavor and aroma of the tea, and whether any differences between organic 

and conventional cultivation methods were evident in the sensory characteristics of the tea. 

The sensory scores were analyzed statistically to identify significant differences in taste attributes between the tea 

samples, considering the effects of fluoride exposure, farming practices, and growth stages. This part of the study 

aimed to provide a comprehensive understanding of how fluoride contamination influences the overall sensory 

experience of tea. 

By comparing organic and conventional tea cultivation methods in regions with varying fluoride exposure, this study 

aims to shed light on how farming practices and environmental factors contribute to the fluoride content in tea and 

how this affects its quality. The combination of advanced analytical techniques, such as ion-selective electrodes for 

fluoride measurement, spectrophotometric methods for biochemical analysis, GC-MS for aroma profiling, and 

sensory evaluation, ensures that the study provides a thorough examination of the complex relationship between 

fluoride exposure and tea quality. 

RESULTS AND DISCUSSION 

Fluoride Levels 

The fluoride concentration in tea leaves varied significantly between organic and conventional cultivation methods, 

with conventional tea exhibiting higher fluoride levels, especially in mature and old leaves. 

• Conventional Tea: The fluoride accumulation in conventional tea leaves was notably higher compared to 

organic tea, particularly in the mature and old growth stages. This can be attributed to the use of synthetic 

fertilizers and pesticides in conventional farming, which may contain higher fluoride content. In some cases, 

the fluoride levels in conventional tea exceeded 2.5 ppm in older leaves, a concerning level considering the 

potential health risks associated with chronic fluoride exposure. 

• Organic Tea: In contrast, organic tea showed significantly lower fluoride concentrations across all growth 

stages. This suggests that organic farming practices, which avoid the use of synthetic chemicals, might reduce 

fluoride uptake by tea plants. The fluoride levels in organic tea were consistently below 1.5 ppm, even in 

older leaves. This lower fluoride content could be one of the factors contributing to the superior health 

benefits attributed to organic tea. 

Table 5: Fluoride Concentration in Different Cultivation Types and Growth Stages Across Regions 

Region Cultivation Type Growth Stage Fluoride Concentration (ppm) 

Region A Conventional Young 1.5 

Region A Conventional Mature 2.2 

Region A Conventional Old 2.9 

Region A Organic Young 1.2 

Region A Organic Mature 1.5 

Region A Organic Old 1.7 

Table 5 shows fluoride concentration data across different cultivation types (organic and conventional) and growth 

stages (young, mature, old) in Region A. Fluoride concentrations are higher in conventional cultivation, with values 

increasing from 1.5 ppm in young plants to 2.9 ppm in old plants. In organic cultivation, fluoride concentrations are 

lower, ranging from 1.2 ppm in young plants to 1.7 ppm in old plants. Overall, fluoride levels tend to increase with 

plant age in both cultivation types, but conventional farming has consistently higher fluoride concentrations compared 

to organic farming. 

Biochemical Composition 

• Polyphenols and Antioxidants: Organic tea exhibited significantly higher levels of polyphenols and 

antioxidants compared to conventional tea. These compounds are essential for the tea’s health benefits, such as 

their antioxidant properties, which protect against oxidative stress. In organic tea, the total polyphenol content 

was consistently higher across all growth stages, particularly in the young and mature leaves. The higher 

antioxidant activity in organic tea may be due to the absence of fluoride-induced stress, which can interfere with 

the plant's ability to produce polyphenols. 

• Impact on Conventional Tea: Fluoride exposure in conventional tea altered its biochemical properties, 

particularly in terms of polyphenol content. Fluoride is known to induce oxidative stress in plants, and this stress 

may have impaired the synthesis of polyphenols and other health-promoting compounds in conventional tea. 

The reduced antioxidant capacity and polyphenol content in conventional tea suggest that fluoride could 

negatively affect the health benefits of tea. 
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Table 6: Total Polyphenols and Antioxidant Activity in Different Cultivation Types and Growth Stages Across 

Regions 

Region Cultivation Type 
Growth 

Stage 
Total Polyphenols (mg/g) 

Antioxidant 

Activity (%) 

Region A Organic Young 8.5 85.2 

Region A Organic Mature 9.2 88.0 

Region A Organic Old 8.8 87.0 

Region A Conventional Young 7.8 80.5 

Region A Conventional Mature 8.2 83.5 

Region A Conventional Old 7.9 81.8 

Table 6 provides data on total polyphenols and antioxidant activity across different cultivation types (organic and 

conventional) and growth stages (young, mature, old) in Region A. Organic cultivation shows higher total polyphenol 

content and antioxidant activity compared to conventional cultivation. Specifically, in organic farming, total 

polyphenols range from 8.5 mg/g in young plants to 9.2 mg/g in mature plants, while antioxidant activity varies from 

85.2% in young plants to 88.0% in mature plants. In conventional farming, total polyphenols range from 7.8 mg/g in 

young plants to 8.2 mg/g in mature plants, with antioxidant activity ranging from 80.5% in young plants to 83.5% in 

mature plants. Overall, organic plants exhibit higher polyphenol content and antioxidant activity across all growth 

stages compared to conventional plants. 

Aroma Profiling 

• Organic Tea: The aroma profiling revealed that organic tea had a richer and more diverse profile of volatile 

compounds. These compounds, including linalool, methyl eugenol, and terpinolene, are primarily 

responsible for the pleasant aroma of tea. Organic tea, especially in the younger leaves, exhibited higher 

concentrations of these compounds, leading to a fresh, floral aroma. This enhanced aroma profile could be 

linked to the healthier physiological state of the plant in the absence of fluoride-induced stress. 

• Conventional Tea: In contrast, conventional tea showed disrupted aroma pathways, likely due to the 

negative effects of fluoride exposure. Key volatile compounds responsible for tea’s aroma, such as linalool 

and geraniol, were present in lower concentrations. The presence of fluoride may interfere with the plant's 

enzymatic processes, inhibiting the synthesis of these volatile compounds. The aroma profile of conventional 

tea was characterized by less complex and less pleasant notes, often described as "metallic" or "dull." 

Table 7: Key Aroma Compounds and Their Relative Abundance in Different Cultivation Types and Growth Stages 

Across Regions 

Region Cultivation Type Growth Stage 
Key Aroma Compounds 

Identified 

Relative Abundance 

(%) 

Region A Organic Young 
Linalool, Methyl Eugenol, 

Terpinolene 
35, 25, 20 

Region A Organic Mature Linalool, Terpineol, Geraniol 40, 30, 15 

Region A Conventional Young 
Linalool, Methyl Eugenol, 

Terpinolene 
30, 28, 25 

Region A Conventional Mature 
Linalool, Limonene, 

Terpineol 
35, 32, 18 

Table 7 presents data on key aroma compounds and their relative abundance in different cultivation types (organic 

and conventional) and growth stages (young, mature) across Region A. In organic cultivation, the key aroma 

compounds identified in young plants are Linalool, Methyl Eugenol, and Terpinolene, with relative abundances of 

35%, 25%, and 20%, respectively. In mature organic plants, Linalool, Terpineol, and Geraniol are the predominant 

compounds, with relative abundances of 40%, 30%, and 15%, respectively. In conventional cultivation, young plants 

have Linalool, Methyl Eugenol, and Terpinolene, with relative abundances of 30%, 28%, and 25%, while mature 

plants primarily contain Linalool, Limonene, and Terpineol, with relative abundances of 35%, 32%, and 18%. Overall, 

organic cultivation tends to have higher relative abundance of key aroma compounds, particularly Linalool, compared 

to conventional cultivation. 

Sensory Evaluation 

• Organic Tea: The sensory evaluation revealed that organic tea consistently scored higher in terms of flavor 

and aroma intensity. The organic teas were described as "floral," "fresh," and "smooth," with an overall more 
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pleasant sensory profile. The superior flavor and aroma characteristics can likely be attributed to the absence 

of fluoride-induced stress and the higher content of aromatic compounds. 

• Conventional Tea: Conventional tea, on the other hand, received lower scores due to "metallic" and "dull" 

notes associated with the fluoride content. These sensory attributes are commonly linked to stress-induced 

changes in plant metabolism, affecting not only biochemical content but also the quality of aroma and flavor. 

The "metallic" taste is likely a direct result of the fluoride accumulation, which can affect the flavor 

perception of tea. 

Table 8: Sensory Evaluation of Aroma, Flavor, and Astringency in Different Cultivation Types and Growth Stages 

Across Regions 

Region Cultivation Type 
Growth 

Stage 

Aroma (1-

10) 

Flavor (1-

10) 
Astringency (1-10) 

Region A Organic Young 8 7 6 

Region A Organic Mature 9 8 6 

Region A Organic Old 7 6 7 

Region A Conventional Young 7 6 7 

Region A Conventional Mature 8 7 6 

Region A Conventional Old 7 6 7 

Table 8 presents sensory evaluation data for aroma, flavor, and astringency across different cultivation types (organic 

and conventional) and growth stages (young, mature, old) in Region A. In organic cultivation, aroma is highest in 

mature plants (9), followed by young plants (8), and lowest in old plants (7). Flavor follows a similar trend, with 

mature plants having the highest score (8), young plants scoring 7, and old plants scoring the lowest (6). Astringency 

remains relatively consistent across the growth stages, with a score of 6 for young and mature plants, and 7 for old 

plants. In conventional cultivation, the trends are similar, with aroma and flavor highest in mature plants (8 for aroma, 

7 for flavor) and lowest in old plants (7 for aroma, 6 for flavor). Astringency remains at 7 for young and old plants, 

and 6 for mature plants. Overall, organic cultivation generally shows higher aroma and flavor scores compared to 

conventional cultivation, while astringency is relatively consistent across both cultivation types and growth stages. 

IMPLICATIONS 

Agricultural Practices 

• Promoting Organic Cultivation: The results of this study emphasize the potential benefits of organic 

cultivation in reducing fluoride contamination in tea. Organic farming practices, which avoid synthetic 

fertilizers and pesticides, naturally result in lower fluoride levels in tea leaves. Given that organic tea 

consistently exhibited lower fluoride concentrations compared to conventional tea, promoting organic 

cultivation could be an effective strategy for preserving the quality of tea and ensuring consumer safety. This 

approach would not only reduce the chemical footprint of tea cultivation but also provide consumers with a 

healthier product with fewer contaminants. Transitioning to organic practices, requires significant 

investments in farmer education, resources, and market development, which could be supported through 

policy measures and consumer demand for organic products. 

• Soil Amendments and Water Management: For conventional tea farming systems, where fluoride 

contamination is a concern, certain soil amendments and better water management practices could help 

mitigate fluoride uptake by plants. Adjusting soil pH, using organic compost, or applying specific soil 

additives (such as calcium carbonate) may reduce the absorption of fluoride from contaminated water or soil. 

Improving irrigation techniques to use water with lower fluoride content can play a crucial role in limiting 

fluoride exposure to tea plants. By adopting these practices, conventional tea growers could reduce the 

harmful impact of fluoride on their crop while maintaining higher yields. 

Consumer Awareness 

• Labeling Fluoride Content: As fluoride contamination in tea can have potential health implications, it is 

crucial to increase consumer awareness regarding the fluoride content in tea. One way to achieve this is by 

introducing labeling regulations that require tea producers to disclose the fluoride levels in their products. 

Transparent labeling could empower consumers to make informed decisions about the tea they purchase, 

especially for those who are more concerned about fluoride exposure due to specific health conditions or 

dietary preferences. Such labeling could stimulate demand for low-fluoride or organic teas, encouraging 

producers to adopt healthier and more sustainable farming practices. Consumer education campaigns about 
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the potential risks of excessive fluoride consumption, particularly from beverages like tea, would be 

beneficial. Providing information on the acceptable daily fluoride intake and how it relates to tea 

consumption can help consumers make more informed choices and reduce the risk of overexposure. 

Policy Recommendations 

• Implementing Stricter Guidelines for Fluoride Exposure: Governments and regulatory bodies should 

consider implementing stricter guidelines and monitoring programs to limit fluoride exposure in tea-growing 

regions. This could involve setting legal limits for fluoride concentrations in tea leaves, similar to the 

regulations that govern pesticide residues. Stricter regulations would help ensure that consumers are 

protected from potential health risks associated with excessive fluoride consumption. Monitoring fluoride 

levels in soil, water, and tea leaves at regular intervals would be essential for enforcing such regulations and 

addressing potential contamination sources early on. It would also be prudent for policymakers to assess the 

geographical regions with higher industrial or agricultural fluoride emissions and provide support for local 

farmers to transition to less harmful agricultural practices. Establishing standardized testing for fluoride 

content in both organic and conventional tea products could promote safety and accountability within the 

industry. 

• Encouraging Sustainable Farming Practices: To foster the adoption of sustainable farming practices that 

mitigate fluoride contamination, governments could offer subsidies, tax incentives, or grants to farmers who 

switch to organic or other environmentally friendly farming methods. This support could be crucial in 

offsetting the initial costs involved in transitioning to more sustainable practices. Educational programs and 

workshops on sustainable farming techniques, water management, and soil health could help equip farmers 

with the knowledge and tools they need to reduce fluoride uptake in tea plants. Expanding research into 

sustainable agricultural techniques that reduce fluoride contamination would be another important step for 

policymakers. Collaborative efforts between agricultural scientists, environmentalists, and industry leaders 

can help develop innovative solutions to address this issue on a broader scale. 

 

Environmental and Health Considerations 

• Environmental Impact of Fluoride in Agriculture: In addition to the direct impact on tea quality, excessive 

fluoride accumulation in agricultural systems may lead to broader environmental issues. Fluoride, when 

present in high concentrations in soil and water, can affect not only the crops but also local ecosystems. 

Plants other than tea, as well as aquatic life in nearby water sources, can be negatively impacted by fluoride 

exposure. Therefore, managing fluoride contamination in agriculture is not just a matter of protecting tea 

quality but also ensuring the health of the surrounding environment. Sustainable farming practices, such as 

organic cultivation, can significantly mitigate these risks. 

• Public Health: Fluoride overexposure has been linked to various health problems, including dental and 

skeletal fluorosis, thyroid dysfunction, and neurological issues. Although the fluoride levels found in tea 

plants may not always lead to immediate adverse health effects, long-term consumption of tea with high 

fluoride content could contribute to a gradual accumulation of fluoride in the body, especially in individuals 

who consume large amounts of tea daily. Limiting fluoride contamination through better farming practices 

and promoting safer alternatives can improve public health outcomes and reduce the prevalence of fluoride-

related health issues. Policymakers need to consider these long-term health risks when creating regulatory 

frameworks for tea production. 

CONCLUSION 

This study highlights the critical impact of fluoride contamination on tea quality and sensory characteristics, providing 

a clear comparison between organic and conventional cultivation methods. The results demonstrate that organic tea 

cultivation, by minimizing exposure to synthetic chemicals and utilizing natural fertilizers and pest control methods, 

effectively reduces fluoride accumulation in tea leaves. As a consequence, organic tea exhibits superior biochemical 

properties, including higher polyphenol and antioxidant levels, which are directly associated with enhanced health 

benefits. Organic tea also maintains a more appealing aroma and flavor profile, characterized by richer volatile 

compounds and a fresher, more floral taste. In contrast, conventional farming, which often involves synthetic 

agrochemicals and irrigation with contaminated water, contributes to higher fluoride levels in tea. This accumulation 

negatively affects both the biochemical composition and sensory qualities of the tea, with potentially detrimental 

implications for consumer health. Fluoride exposure in conventional tea was linked to alterations in enzymatic 

activities and a decrease in polyphenols, which are essential for the antioxidant properties of tea. The disruption of 
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aroma pathways due to fluoride led to a less appealing sensory profile, further emphasizing the importance of 

minimizing fluoride contamination. 

The study's findings underscore the need for a holistic approach to tea cultivation that prioritizes environmental 

sustainability and consumer health. Promoting organic farming practices could significantly reduce fluoride exposure 

in tea production, enhancing both its safety and quality. Policymakers and stakeholders in the tea industry must 

therefore consider implementing stricter guidelines for fluoride levels in tea-growing regions, encouraging the 

adoption of sustainable farming practices, and supporting farmers in transitioning to organic methods. By fostering 

awareness about the potential health risks associated with fluoride in tea and incorporating labeling systems that 

disclose fluoride content, consumers can make more informed choices. Policy interventions, such as subsidies for 

organic farming and better water management strategies, can help mitigate fluoride contamination across the industry. 

Ultimately, ensuring the long-term sustainability and health benefits of tea production requires collaborative efforts 

from all stakeholders, including producers, policymakers, and consumers. In doing so, the tea industry can move 

toward a future where both quality and safety are prioritized, benefiting the health of consumers and the environment 

alike. 
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