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ABSTRACT 

Due to their toxicity, heavy metal ion like Fe2+ are a category of contaminants 

that should be avoided in the aquatic environment. The necessity to develop a low-

cost, efficient technology for removing heavy metals from water is inescapable. The 

purpose of this experiment was to determine the adsorption efficiency and capacity of 

black, green and white Twinings tea waste in removing Fe2+(aq). The impact of 

changing several factors such as the starting concentration of Fe2+ in solution, the 

physical texture of the adsorbent used, and the contact duration was studied. Solutions 

were made in two categories: sonicated and non-sonicated. Each category had a set of 

both fine and regular tea leaves. Both sonicated and non-sonicated samples were made 

with increasing amounts of Fe2+(aq). All solutions were treated with 0.025 g of tea 

waste for 90 minutes. Both sonicated regular and fine black tea samples showed a high 

adsorption efficiency of 100% while the non-sonicated samples varied with 72.4% as 

the highest efficiency. Sonicated tea samples yielded a higher adsorption capacity of 

4.5 mg/g compared to 3.5 mg/g of non-sonicated tea samples. Based on these 

calculated adsorption efficiencies and capacities, the experiment demonstrated that 

sonicated tea samples are the most effective at removing iron contamination in water. 

This study also showed black tea to be most efficient compared to green and white tea. 

However, further research is necessary to determine the most efficient tea between 

green and white tea. 

 

Keywords: Heavy metals, Iron (II), UV-Vis Absorption Spectroscopy, FTIR, 

Adsorption efficiency, Adsorption capacity, contact time 
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INTRODUCTION 

1.1. Heavy Metal Water Pollution 

Water pollution from heavy metals discharged from industrial operations and 

urbanization is a major issue in today's world, threatening the environment's ecology 

and human health. Heavy metals are classed as metals and metalloids with the atomic 

density that exceed 4 ± 1 g/cm3 (i.e., a high atomic weight and density of about five 

times greater than that of water)1. Common heavy metal ions found in wastewater 

include manganese (Mn), arsenic (As), lead (Pb), copper (Cu), zinc (Zn), cadmium 

(Cd), and iron (Fe)1. Most of these heavy metals are all found in small amounts (<10 

mg/L) in water. However, even small amounts of heavy metals are nevertheless 

dangerous 2. Excessive iron levels in water produce an overload, which can lead to 

diabetes, hemochromatosis, stomach issues, and nausea. It can also cause liver, 

pancreatic, and cardiac problems 3.  

Wastewater is defined as any water that has had its quality degraded due to 

human impact4. It consists of liquid waste released by private households, business 

buildings, industry, and/or agriculture, and it can contain a wide variety of possible 

pollutants and concentrations. In the most common sense, it refers to municipal 

wastewater, which contains a wide range of pollutants because of the mixing of 

wastewaters from various sources. There has been a focus on finding techniques to 

remove heavy metals such as iron from wastewater before disposal since they will 

harm biological elements that have the potential to collect heavy metals from 

wastewater. 
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1.2. Iron (II) (Fe2+) in Water 

Iron is a very old metal that served as the foundation for our civilization. It 

makes up 5% of the Earth's crust and is the second most abundant metal after 

aluminum, as well as the fourth most abundant element after oxygen, silicon, and 

aluminum. It is mostly utilized in the form of steel, as 98-99 % of steel is made of iron 

concentration. The remainder is carbon which is contained between 0.5 and 1% 5. Iron 

is a transition metal, which means it is less reactive than alkali and alkali earth metals 

but more reactive than post-transition metals. Iron (II) ion also known as the ‘ferrous’ 

ion gets its toxicity from its conversion to ferric ion (Fe3+) by losing one electron 6. In 

water, iron is mostly found in two forms: soluble ferrous iron and insoluble ferric iron. 

Since ferrous ions completely dissolve in water, the solution is clear and colorless. In 

consideration of the low cost, high strength, and indispensable characteristics of iron, 

it is to be expected that iron is one of the pollutants in water. Iron is seldom found in 

amounts more than 10 milligrams per liter (mg/L) or 10 parts per million in drinking 

water. However even at a small concentration, iron contaminations provide an ideal 

environment for many bacteria to grow and thrive. Small iron particles can harbor 

germs, some of which can be harmful to humans. Once inside the body, these germs 

have the potential to spread and cause sickness.  

Water can assume a reddish-brown tint with as little as 0.3 mg/l of iron7. This 

is also the required detection amount while the laboratory detection amount ranges 

from 0.02-0.03 mg/L8. The Norton town’s water has a high iron and manganese 

content thus, explaining why it has strong reddish-brown color. The amount of Iron 

ions detected in Norton water varies from time to time. According to the 2018 

Massachusetts states’ energy & environment affairs data, 0.12 mg/L of Iron was found 

in Norton water 
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Hemoglobin, the red pigment in our blood that delivers oxygen throughout our 

bodies, needs iron to function properly. Despite this necessity of iron in the human 

body, if excess iron encounters and persists in the tissues, it can cause conjunctivitis, 

choroiditis, and retinitis. Additionally, high iron levels in water cause an overload, 

which can result in diabetes, hemochromatosis, stomach issues, and nausea. The liver, 

pancreas, and heart can all be affected9. For people aged 19 to 50, the Recommended 

Dietary Allowance (RDA) of iron is 8 milligrams per day for men, 18 milligrams per 

day for women, 27 milligrams per day during pregnancy, and 9 milligrams per day 

during breastfeeding10. Undoubtedly, this explains the need to remove unnecessary 

iron contamination in water because iron can still be obtained from eating foods like 

red meat, poultry, beans, dark green leafy, vegetables or iron- fortified cereals. 

1.3. Tea and Tea Waste Composition 

Besides water, tea is the most popular nonalcoholic beverage consumed 

worldwide. Its consumption is comparable to soft drinks, coffee, alcohol, and 

chocolate combined whereby around eighteen to twenty billion cups of tea are 

consumed every day in the world. China, India, Kenya, Indonesia, and Sri Lanka are 

the world's major tea producers. With China leading the pack, followed by India and 

Kenya, Rwanda ranks as the 19th largest tea producer in the world. Tea is considered 

helpful to human health because it includes tea polyphenols (catechins), amino acids, 

tannic acid, and other antioxidants. It has been shown to prevent Alzheimer's disease, 

high blood pressure, and obesity, among other disorders11. 

Tea waste is generated by the tremendous increase in tea consumption, which 

includes pruned stems, wasted tea leaves and buds, waste from the tea production 

process, and tea residues left after brewing tea infusions. As a result of the difficulty in 

degrading it, it may cause major environmental issues. These wastes can damage land, 
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air, and water if they are not properly managed and disposed. Hence, repurposing tea 

waste in many environmental sectors might be a viable and long-term solution to the 

difficulties it causes. Numerous research on the use of tea waste leaves for the removal 

of heavy metals in water have been published throughout the years1,3,12–16.  

Tea waste generally has almost identical amounts of the same components as 

normal tea. Tea waste is classified as lignocellulosic biomass. It has an insoluble cell 

wall made up of cellulose, hemicellulose, lignin, polyphenols, proteins, tannins, and 

structural proteins with specific functional groups 17. Amongst these components, 

some of the most active and abundant are Epigallocatechin gallate (EGCG), Lignan, 

Deae-Cellulose, Cellulose Ethyl and Tannic acid (Structures 1-5). Industrial by-

products, agricultural waste, food waste, different forms of activated carbons, clay 

minerals, biomass and polymeric materials, and zeolites have all been thoroughly 

explored for application in water and wastewater treatment; thus, it is common for 

agricultural products to be used in adsorption experiments18,19. Some researchers have 

shown these five molecules to have higher propensity for complexing with iron than 

any of the individual ligands found in tea. Therefore, this study focuses on the 

interaction of these five molecules with the iron ions and how they contribute to the 

removal of the Fe2+ ions from wastewater. 
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Structure 1. Epigallocatechin gallate (EGCG), a group of catechin – most abundant 
catechin in tea. 

 

 
Structure 2. Lignan; a large group of low groups of low molecular weight 

polyphenols found in plants, particularly seeds whole grains and vegetables. 
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Structure 3. Deae-Cellulose (also known as Diethylaminoethyl-Cellulose) is a 

cellulose derivative that functions as anion exchanger in chromatography and in other 
industrial applications. 

 
Structure 4. Cellulose Ethyl, a derivative of cellulose in which some of the hydroxyl 

groups are converted into ethyl ether groups. 
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Structure 5. Tannic Acid, a specific type of Tannin, a type of polyphenol l1,9. 

 
1.4. Molecular Operating Environment (MOE): Complex Formation  

The Molecular Operating Environment (MOE) software helps in docking 

molecules and calculating the energies for the most stable structures. Docking is a 

method for predicting one molecule's preferred orientation to another when they are 

linked together to create a stable complex. Using scoring functions, for example, 

knowledge of the preferred orientation may be used to predict the strength of the 

connection or binding affinity between two molecules. In signal transduction, the

interactions between physiologically relevant molecules such as proteins, peptides, 

nucleic acids, carbohydrates, and lipids are crucial. Using the 3D view mode, the 

interaction between molecules that forms different complexes with the metal ion can 
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be observed and determined. For example, for heavy metals like iron, MOE can be 

used to study the interaction between the Fe2+ and the different components of tea 

wastes like Deae-Cellulose, lignan, Epigallocatechin gallate (EGCG), Tannic Acid, 

and Cellulose Ethyl.  

1.5. Previous Methods 

Based on the previous research, there are not a lot of articles about the removal 

of iron ions in wastewater. However, the removal of heavy metals (such as iron) from 

wastewater can be accomplished using a variety of techniques, including (i) 

precipitation as hydroxides, carbonates, or sulfides, followed by liquid-solid 

separation via gravity settling, flotation, or filtration, (ii) sorption (adsorption, ion 

alternate), (iii) membrane processes, (iv) electrolytic restoration, and (v) liquid-liquid 

extraction1,20. Because of its simplicity, adaptability, and high-end execution, 

adsorption is regarded as the most promising technology for the removal of heavy 

metals from water and wastewater4,21. On the other hand, due to the high cost of the 

method, it is no longer widely utilized. As a result, there is a rising research interest in 

the utilization of alternative low-value adsorbents such as agricultural waste products. 

Throughout the present year, attention has been drawn to tea waste. Tea waste is a 

low-cost resource, therefore using it in the removal of iron contamination in 

wastewater would be beneficial12.   

1.6. Goals of the Study 

The purpose of this investigation was to determine the efficacy and efficiency 

of the black, green and white Twinings tea waste in removing the iron ions from 

wastewater using 1-10 phenanthroline monohydrate as the dye to facilitate the 

adsorption to make the data collection possible. In less than one second, a photodiode 

array is used to measure the whole ultra-violet to visible light spectrum simultaneously 
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in the Agilent 8453 UV-Vis spectrophotometer 22. So, a small concentration of the iron 

ions was used when making the samples. The UV-Vis spectrophotometer helps detect 

the how much the tea waste adsorbed from the contaminated water by the help of the 

chemosensor. The bond lengths and electrostatic interaction energies between Fe2+ 

ions and key components in tea waste were measured. Using the Molecular Operating 

Environment (MOE), these findings were utilized to establish the primary 

intermolecular forces present in Fe2+ ligand complexes where the ligands are the tea 

waste components. The interaction energies of Fe2+ ions with the EGCG, Deae-

Cellulose, lignan, Tannic Acid, and Cellulose Ethyl were calculated using this 

modeling program. Metal-binding ligands were created from the tea waste. The 

visualization of Fe2+–ligand complexes revealed the sort of intermolecular interactions 

present in the Fe2+ ligand complexes as well as the distances between the Fe2+ ions and 

ligands. Moreover, the investigation was aimed at comparing and contrasting the 

efficacy of the Twinings black tea type and the Rwandan gold blend black tea. In 

brief, this thesis focused on the detection and removal of Fe2+ ions contained in water 

at small concentrations using an agricultural product that the world considers as trash 

(i.e., tea waste). 

1.7. Hypotheses 

It was hypothesized that if regular and fine tea waste were used to filter ions 

from wastewater, then the fine tea waste would remove more iron ions because of its 

larger surface area. Furthermore, if non-ultrasonicated and ultrasonicated tea waste 

were used to filter Fe2+− ions from wastewater, then the ultrasonicated tea waste would 

remove more iron ions due to increased agitation that enhances the Fe2+−ligand 

interactions. Finally, if cellulose ethyl and the other four ligands that makes up the tea 
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waste can bind with the iron ions, then a chemical adsorption should take place as 

result of a new chemical bond formation. 

2. PROCEDURES 

2.1. COMPUTATIONAL PROCEDURES 

A literature review about what ligands makeup tea waste and which ones can 

interact with iron (II) ions was conducted. Then five ligands; Deae-Cellulose, lignan, 

ECG, Tannic Acid, and Cellulose ethyl of interests were downloaded as 3D structures 

and saved as a PDB file. Using the MOE software, the structures of the ligands were 

opened and minimized. By clicking on “Compute,” “Prepare,” then “partial charges,” 

the MMFF94 method of calculation was applied. By clicking “Compute,” “Energy 

minimize,” “OK,” then “SVL,” the minimization energy of the ligand alone was 

obtained then recorded. The metal of interest; Fe was then added by clicking 

“Builder,”, “More” where it was then selected from the periodic table. Excessive 

hydrogen on the Fe metal was viewed and removed by clicking “Render,” “Atom,” 

and “Name.” Additionally, the “+2” oxidation number was added to the Fe metal by 

selecting the metal in “Builder” mode. Furthermore, the appearance of the metal 

cation was changed into a Vander Waal molecule by pressing “Atoms” and clicking 

on the two spheres close together. This was then minimized by clicking “SVL” and 

recorded as the energy of the ligand and metal combined (i.e., complex). These 

procedures were repeated twice to obtain a total of two trials. 

Lastly, using the obtained minimized energies of ligand, the metal (Fe2+) and 

the complex, the average change in free energy (ΔG) in J/mol for the two trials was 

calculated and tabulated with the other obtained values. Using the calculated value of 

the change in free energy, the equilibrium constant (Keq) was also calculated from the 

formula:  
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                  Δ𝐺 = 𝑅𝑇𝑙𝑛𝐾eq                                                       (1) 

                      Keq = ["#$%]
["#$%]['()*+,]

                                        (2) 

where R was 8.314 J mol-1 K-1, T was 298.15 Kelvin (25 ℃). 

 
Illustration 1. Tannic Acid minimized with Fe2+ 

 

Illustration 2. Deae-Cellulose minimized with Fe2+ 
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Illustration 3. Lignan minimized with Fe2+ 

 
Illustration 4. Cellulose Ethyl minimized with Fe2+ 
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Illustration 5. EGCG minimized with Fe2+ 

  
2.2. EXPERIMENTAL PROCEDURES 

2.2.1. MATERIALS 

Aqueous solutions of Iron II chloride tetrachloride, hydroxylamine hydroxide, 

1-10 phenanthroline monohydrate, sodium acetate, black, green, and white Twinings 

tea bags, the Rwandan Gold Blend black tea bags were used as purchased.  

2.2.2. INSTRUMENTATION 

The Agilent 8453 UV-Vis spectrophotometer was used to collect the 

absorption spectra, Perkin Elmer ATR-FTIR set at a range from 4000 cm-1-650 cm-1 

and 4 wavenumbers was used to collect the vibration spectra of the tea waste. 

Microsoft Excel version 16.55 and OriginPro 2022 were used to analyze the data. The 

Molecular Operating Environment (MOE) software was used to predict the structure 

of Fe2+ ligand complexes and the primary component in tea waste that strongly binds 

to iron ions. Additionally, an ultrasonic bath 9.5 L Fischer Scientific sonicator was 

used to agitate particles for mixing solutions, increasing the interaction rate between 

tea waste and iron (II) in solutions. 
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2.2.3 METHODS 

A. Sample Preparation 

Stock solutions of 2x10-3 M iron II chloride tetrahydrate, 0.3 M hydroxylamine 

hydroxide, 1.2 M sodium acetate were prepared in a 50 mL volumetric flask. While 

0.1 g of 1-10 phenanthroline monohydrate was prepared in a 100 mL volumetric flask. 

The black, green, and white Twinings tea bags were steeped in hot deionized water 

until the water turned colorless (Image 1 and 2). The steeped tea bags were left over 

night in the fumed hood to dry. An oven was used to expedite the drying process then 

the tea waste was categorized into two groups, regular and fine tea waste. The fine tea 

wastes were the tea wastes that were grinded using a motor and pestle while the 

regular tea wastes were not grinded. 

Afterward, a set of 10 mL 25 solutions were prepared in 15 mL polypropylene 

centrifuge tubes in categories of no tea, regular tea, regular sonicated tea, fine tea, and 

fine sonicated tea. All these solutions were made in increasing order of the Fe2+(aq) 

concentration. Each solution contained 0.2 mL of 0.3 M hydroxylamine hydroxide 

solution, 1 mL of sodium acetate, 1mL of 1-10 phenanthroline monohydrate solution, 

an increasing amount of the 2x10-3 M iron II chloride tetrachloride solution in 

increments of 0.25 M respectively (i.e., 0.00 M, 0.25 M, 0.75 M, and 1.00 M). Each 

solution also contained 25 mg (0.025 g) of a Twinings tea type concerning its tea 

preparation category. Deionized water was added to each solution to fill it to the 10 

mL mark.  
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Image 1. Tea steeping process (before) 

 
Image 2. Tea steeping process (after) 

 

 
Image 3. From left to right, dried Black, Green and White Tea waste in categories of 

regular and fine respectively. 
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Image 4. Increase of [Fe2+] from left to right for samples with no Tea waste. 

 
Standard solutions were prepared and compared to solutions of the same Fe2+ ions 

concentration treated with regular, fine, non-sonicated, and sonicated tea waste (Image 

4). 

Table 1. A summary of the sample preparations 

[Fe2+] [Fe2+] 

0.3M of 

Hydroxylamine 

Hydroxide 

Sodium 

Acetate 

0.10 g of 1-10 

Phenanthroline 

Monohydrate  

Tea 

waste 

Contact 

Time 

(mL) (mg/L) (mL) (mL) (mL) (mg) (min) 

0.00 0.00 0.20 1.0 1.0 25 90 

0.25 9.90 0.20 1.0 1.0 25 90 

0.50 19.8 0.20 1.0 1.0 25 90 

0.75 29.7 0.20 1.0 1.0 25 90 

1.00 39.6 0.20 1.0 1.0 25 90 

 

B. UV-Vis Absorption Spectroscopy  

In this study, 1-10 phenanthroline monohydrate solution was used as the 

chemosensor. A chemosensor (also known as a molecular sensor), is a molecule that 

works with an analyte to detect a change 23. To determine the efficiency of the tea 
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waste in removing the iron ions present at a low concentration, solutions were 

prepared so that the 1 mL of the 1-10 phenanthroline solution was added to the vials 

after a 90-minute contact time of the mixed solutions containing the respective amount 

of the 2x10-3 M iron II chloride tetrachloride solution, 0.2 mL of 0.3 M hydroxylamine 

hydroxide solution, 1 mL of sodium acetate and 25 mg of the respective tea type and 

category. Then samples were filtered using 9 cm diameter Whatman filter paper, a 

funnel, and a 50 mL beaker. It was then returned into the 10 mL vials respectively 

where the 1 mL 1-10 phenanthroline solution was added. After 20 minutes, samples 

were used to collect the absorption spectra at room temperature using a polystyrene 

4.5 mL cuvette, 1-5 mL pipette, and the UV-Vis spectrophotometer.  

 For each absorption collection, the vial containing 0.00 M Fe2+ concentration 

was used as a blank. The spectra of each sample were collected in the 350-600 nm 

range with an interest of an absorption maximum peak at 515 nm. The cuvette was 

thoroughly rinsed with RO (Reverse Osmosis) water before each sample collection. 

The obtained spectra were recorded in an Excel spreadsheet by converting them into 

CSV files then imported into Excel where they were then analyzed graphically and 

statistically.  

 Finally, using the Rwandan black tea (gold blend type), a set of 10 sonicated 

samples were prepared in two categories: regular and fine. These samples were 

prepared using the same procedures and under the same conditions as the Twinings tea 

types. Both the regular and fine tea samples were sonicated then used to collect 

absorption spectra to be compared to the Twinings’ tea samples results. 

C. Vibrational Spectroscopy  

To evaluate the nature of the interaction (physical or chemical) between tea 

waste and Fe2+ ions, the Attenuated Total Reflectance-Fourier Transform Infrared 
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Spectroscopy (ATR-FTIR) vibrational spectra of tea waste before and after filtering 

with Fe2+ ion solutions were examined. The sort of intermolecular interactions 

(physical or chemical) between Fe2+ ions and main components present in tea waste 

metal-binding ligands were revealed by acquiring ATR-FTIR vibrational spectra. 

A total of twelve samples were prepared in 15 mL polypropylene centrifuge 

tubes in two sets. The first set was experimental while the other was the control. The 

experimental set contained 1 mL of the Fe2+solution, 0.2 mL of 0.3 M hydroxylamine 

hydroxide solution, 1 mL of sodium acetate, and 0.025 g of the respective type of tea 

(i.e., regular, and fine black tea, regular and fine green tea, and regular and fine white). 

Then when deionized water was added to fill the vials to the 10 mL mark. The samples 

we left to rest on the laboratory bench for 90 minutes. Samples were then sonicated for 

20 minutes. Using 9-centimeter (cm) diameter Whatman filter paper, a glass filtering 

funnel, and a beaker, the samples were filtered and the residue (i.e., tea waste)  was 

left to dry on the filter paper in the fume hood for about 48 hours until there was no 

more moisture in them. Using the Perkin Elmer ATR-FTIR at a range from 4000 cm-1- 

650 cm-1 and 4 wavenumbers the spectra of the tea waste were measured. After each 

measurement, menthol and Kim wipes were used to clean the sampling plate of the 

FTIR machine while the spatula was used to add the sample to the sampling 

plate. From the FTIR software different features, the spectra were analyzed and 

interpreted by overlaying them onto each other. Spectra were converted into CSV files 

and then transferred to Microsoft Excel to be analyzed statistically. 

3. RESULTS & DISCUSSION 

3.1. MOE Calculations 

 Table 2 shows the recorded minimized energies of ligand, Fe2+, the complex, 

the average change in free energy (ΔG) in J/mol for the two calculations trials as well 
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as the obtained the equilibrium constant for each tea ligand. The stability of the 

different ligands was analyzed based on the calculated free energy (ΔG). The larger 

the negative number of the energy, the more stable the ligand was after forming the 

complex with the iron (II) ion. The most negative value implies that the ligand binds 

best with the Fe2+. Amongst the five ligands investigated, Deae Cellulose had the most 

negative energy which means it formed the most stable complex with Fe2+ while 

Lignan had the least negative energy hence it formed the least stable complex. The 

free energy (ΔG) values for ligand-metal complex differ depending on the metal due 

to different interaction forces and chemical properties. Therefore, tea waste 

components’ ability to form a complex with a heavy metal like iron suggests that it 

might be a feasible option for eliminating iron from water. 

Table 2. Minimized energy for Tea ligands’ interaction with Fe2+ 

Binding 

Strength Order 

Ligand lnKeq ΔG 

(Final -Initial) 

in J/mol 

1 Cellulose Ethyl 321 -7.96 x 105 

2 Deae-Cellulose 300 -7.45 x 105 

3 Tannic Acid 296 -7.33 x 105 

4 EGCG 276 -6.85 x 105 

5 Lignan 143 -3.55 x 105 

 

3.2. UV-Vis Absorption Spectroscopy 

In this experiment, both the control and experimental groups were considered 

as well as both the independent and dependent variables. The samples with no tea 

waste were used in the control group while the samples that contained the tea wastes 

were the experimental groups. Thus, the tea leaves were used as the experimental 

treatment in this investigation as they were used to absorb the iron ions present in the 
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water. The iron ion concentration was the independent variable while the absorbance 

was the dependent variable. Hence using the Beer’s plot equation, a final 

concentration of the solution after the treatment was calculated using the direct 

proportionality between the concentration and the absorbance from the beer’s plot 

equation. As beer’s law (also known as Beer-Lambert law) states that the absorbance 

is proportional to the path length, l, through the sample and the concentration of the 

absorbing species24. Beer's Law implies that a chemical solution's concentration is 

proportional to its light absorption. A beam of light weakens as it passes through a 

chemical solution, according to the theory. Therefore, light is attenuated either 

because of distance through solution or because of increasing concentration. 

In consideration that in less than one second, a photodiode array is used to 

measure the whole ultra-violet to visible light spectrum simultaneously in the Agilent 

8453 UV-Vis spectrophotometer 22. Using a small concentration of the iron ions in the 

samples, the UV-Vis spectrophotometer helps detect the how much the tea waste 

adsorbed from the contaminated water by the help of the chemosensor. When 1-10 

phenanthroline monohydrate solution was added to the control samples, the solution 

changed from being colorless to a concentrated rust orangish color with respect to the 

increasing order of the Fe2+(aq) concentration. This was an indication of the present of 

the iron in the mixture. For the experimental samples, the addition of the chemosensor 

led to the change in color of the samples with respect of the increasing order of the 

Fe2+(aq) concentration as well as the efficacy of the tea type to adsorb the iron ions 

present in the solutions. Therefore, for the three tea types, no color was observed after 

the addition of the 1-10 phenanthroline. 
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Figure 1. UV-Vis spectra collected at 515 nm. The peak at 515 nm were used to 
create the calibration curve for samples with no Black tea. S1, S2, S3, S4 and S5 

corresponds to sample 1 up to sample 5 respectively. 

 
The increase in absorbance shown in Figure 1 affirms the relationship between 

the concentration and the absorbance because the proportion of light that gets 

absorbed is affected by the number of molecules that  it interacts with. The obtained 

slope in figure 2 represented the molar absorptivity (also known as the Beer-Lambert’s 

absorption coefficient). According to Ling and Raston the molar absorptivity of Fe (II) 

complex with 1-10 phenanthroline is 1 x 104 at wavelength 512 nm25. However, it is 

important to note that the difference in the wavelength at which this literature value 

was collected at with that used in this experiment. In this study, the absorption spectra 

were collected at 515 nm thus, that could have caused the difference in the molar 

absorptivity value. 

3.3. Beer’s plot 

For each of the three types of tea, a Beer’s plot (Figure 2) was graphed using 

the absorbances obtained from the absorption spectroscopy at a wavelength of 515 nm 
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versus the initial concentration of the samples. Since the samples were prepared at a 

lower concentration (< 2 x 10-3 M), Beer’s plot was linear (Figure 2). Thus, using the 

obtained slope of the Beer’s plot, the final concentrations of the samples were 

calculated using the following formula: 

                                                      𝐴 = 	𝜀𝑙𝐶                                                                (3) 

𝐶 = -
./

  , but l=1 cm 

Thus,	𝐶 = -
ℇ
  

whereby A stands for absorbance at a given wavelength (color) of light, 𝜀 stands for 

molar absorptivity and can be determined from the slope of the Beer’s plot. L is 

constant standing for the path length of the 1-cm cuvette which is the distance light 

passes through the solution while C is the final concentration (M) of the analyte. 

Therefore, for each tea type, the Beer’s plot was used as a calibration curve.  

Ideally, the slope for the three calibration curves should reproduce the same 

slopes however, this experiment yielded a slope of 2236.2 for the samples with no 

black tea, 1958.2 for samples with no white tea and 1701.9 for the samples with no 

green tea. The final concentrations of Fe2+(aq) ions in each tea at the different 

conditions (i.e., regular, regular sonicated, fine, and fine sonicated) were compared to 

each other using a bar graph with the concentration (M) on the y-axis and the samples 

on the x-axis. From these graphs, it was seen that the final concentrations of Fe2+(aq) 

ions were lower than the initial concentrations.  
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Figure 2. A calibration curve for samples with no Black tea. 

 
The adsorbent is an important component of the adsorption system. The yield 

of adsorbents while removing different contaminants from wastewater is affected by 

several factors, including the medium's pH and temperature, the dosage of the utilized 

adsorbent, and the allowable contact duration. Throughout this experiment, samples 

were kept at a constant room temperature. There was no pH medium was used while a 

25 mg adsorbent dosage was also applied constantly applied into each sample. These 

factors contributed to the generation of the calibration curve indirectly because the 

temperature and pH can affect the concentration of solution. The amount of adsorbent 

used can affect the absorbance because the higher the concentration of the solution the 

more tea waste would be needed to remove the iron ions in that solution and vice 

versa. 

3.4. Vibrational Spectroscopy 

In consideration of the fact that cellulose ethyl has the highest binding affinity 

with the iron (II) ions, the expected Fe–O bond would lead to a formation a peak on 

the FTIR spectra of the tea waste after the adsorption process (the tea waste that 
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contains the Fe2+ (aq) ions). Functional groups present in the tea waste have a big 

influence on the quality and quantity of metal chemisorption tea leaves’ surface26. As 

a result, FTIR analysis was carried out to determine the primary functional groups 

present in the adsorbent (Figure 3 and 4). Specific adsorption involves the surface 

complexation of functional groups and heavy metal ions in wastewater, resulting in the 

formation of stable and long-lasting compounds. The primary components of tea waste 

are C, H, N, O, and S. Therefore, surface hydroxyl groups, which bring surrounding 

ions together and feed protons to the liquid medium, make up most of the functional 

groups on the tea waste surface area1. 

The stretching of O–H groups owing to inter- and intramolecular hydrogen 

bonding of polymeric compounds, such as alcohols, phenols, and carboxylic acids 

contained in Deae Cellulose, Tannic acid, EGCG and cellulose ethyl is attributed to 

the broad and powerful peak between 3100-3600 cm-1. The stretching O–H bonds 

causes vibrations in a variety of frequencies/wavenumbers, indicating the existence of 

carboxylic acid O–H bonds and/or H-bonded hydroxyl groups. 

The symmetric or asymmetric C–H stretching vibration of both aliphatic and 

aromatic groups is represented by a weak peak at 2840-1600 cm–1, while the peak at 

1500-1600 cm–1 also represents the stretching vibration of C=C bonds in the aromatic 

rings. Furthermore, the presence of stretching vibrations of C–O of alcohol groups and 

carboxylic acids can be linked to the band at 1000-1300 cm-1. In the addition to the 

hydroxyl groups, it is worth noting that the all the tea waste FTIR spectrum (Figure 3 

and 4) contains a lot of carboxyl hence the peak at 1600-1730 cm-1. These groups in 

the biomass may function as crucial locations in heavy metal coordination in their 

deprotonated forms. 
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As shown in figures 3 and 4, there was no change in peaks, which implies the 

lack of a chemical adsorption. The collected vibrational spectra indicated that 

physisorption, also known as physical adsorption, took place in both regular and fine 

tea samples. Physical adsorption refers to the process of adsorption in which the 

electronic structure of the atom or molecule is minimally altered27. According to NIST 

webbook, the Iron (II)–Oxygen stretch is found at 965 nm28. In the collected spectra, 

there was no Fe (II)–O peak at 965 nm supporting the lack of chemical change in the 

tea structure. Additionally, this means the iron (II) ions did not bind with the oxygen 

atoms of the present ligands in the tea. As shown in figure  5,  cellulose ethyl, EGCG 

and black tea waste had the same visible peaks (i.e., O-H, C-H and C-O) which 

supports the lack of new stretch. Basically, the stronger the bond in the molecules  the 

likely it will show on  and FTIR spectra. 
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Figure 3. A comparison of  FTIR spectra for regular Tea leaves. Fig. 3A shows the 
overlayed FTIR spectra for regular White tea. Fig. 3B shows the overlayed FTIR 

spectra for regular Green tea. Fig. 3C shows the overlayed FTIR spectra for regular 
Black tea. All spectra were taken at the 650-4000 cm-1. 
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Figure 4. A comparison of  FTIR spectra for fine tea leaves. Fig. 3A shows the 

overlayed FTIR spectra for regular White Tea. Fig. 3B shows the overlayed FTIR 
spectra for regular Green tea. Fig. 3C shows the overlayed FTIR spectra for regular 

Black tea. All spectra were taken at the 650-4000 cm-1. 
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Figure 5. A comparison of the Black tea waste, Cellulose Ethyl and EGCG. O-H 

stretch occurs at  3100-3600 cm-1. C-H occurs at  2840-2950 cm–1 C-O stretch occurs 
at  1000-1300 cm-1.

3.5. Adsorption efficiency (%) 

Adsorption refers to phenomenon of concentration or assimilation of a liquid 

or gas at the surface of a solid (or liquid) which is a proximity or contact29. Adsorption 

efficiency (%) refers to the fraction of the adsorbate that adsorbs irreversibly to the 

adsorbent. In all the three tea types, the sonicated samples had relatively the highest 

adsorption efficiencies which supports the hypothesis of this investigation. The 

adsorption efficiency (%) was calculated to determine how much of the adsorbate had 

been adsorbed by the adsorbent. In this case, the adsorbate was the iron (II) ions that 
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were being adsorbed while the adsorbent was the tea waste leaves to the surface on 

which the Fe2+ (aq) ions were adsorbed. 

                                                       R % =( 1o	-	1e	
1o

)×100                                              (4) 

where Co and Ce are the initial and final concentrations of iron (II) ions (mg∙L−1), 

while R % is the percentage adsorption efficiency of the tea. The calculated adsorption 

efficiencies (%) were compared using a bar graph for both sonicated and non-

sonicated samples shown in figures 6, 7 respectively. 

Ultra-sonicating the samples allows more interaction between the tea waste 

and the iron (II) ions by applying sound energy to agitate the particles in the solution. 

Though, grinding the tea leaves aimed at increasing the surface area to facilitate the 

adsorption process, in both sonicated and non-sonicated samples, fine samples did not 

show any clear trend in all the three tea types. For sonicated samples, all the samples 

both the regular and fine black Twinings tea had a 100% adsorption efficiency. For the 

green Twinings tea, the fine tea leaves had relatively a higher adsorption efficiency 

compared to the regular tea. However, for the white Twinings tea, samples with the 

regular tea leaves had higher adsorption efficiencies compare to those with fine tea. 

Therefore, no specific trend observed between the fine and regular tea sonicated 

samples in all the three tea types.  
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Figure 6. A comparison of adsorption efficiencies (%) for sonicated samples in all 

three tea types. 

Similarly, as shown in figure 6, only green tea samples showed clear trend 

between its fine and regular samples while both the black and white tea samples did 

not for the non-sonicated samples. They had higher adsorption efficiency in contrast to 

the samples that contained regular tea. For examples, in black Twinings tea, the fine 

non-sonicated samples with 5.00 x 10-5 M and 1.00 x 10-4 M Fe2+ concentrations had a 

significantly higher adsorption efficiency compared to the regular tea samples at the 

same Fe2+ concentration. On the other hand, the 1.50 x 10-4 M, and the 2.00 x 10-4 M 

Fe2+ had a less adsorption efficiency compared to their regular tea sample 

concentration match. A similar inconsistent trend was observed in the non-sonicated 

white Twinings tea samples. Nevertheless, the increase in the Fe2+ ions concentration 

didn’t establish any trend with adsorption efficiency of the different tea types.   



31 
 

 
Figure 7. A comparison of adsorption efficiencies (%) for non-sonicated samples in 

all three tea types. 

 
4.6. Adsorption Capacity (mg/g) 

Adsorption capacity (mg/g) is the amount of adsorbate taken up by the 

adsorbent per unit mass (or volume) of the adsorbent 1. Hence the removal capacity 

(qe, mg/g) was calculated using the following equation (6,11,12) : 

                                                                  qe = (1o	-	1e	)	×	V
9

    (4)  

where Co and Ce are the initial and final concentrations of iron (II) ions (mg∙L−1), V is 

the volume of solution (L), W is the weight of tea waste leaves used (g) and qe is the 

adsorption capacity at equilibrium. The calculated adsorption capacities were 

compared using a bar graph for both sonicated and non-sonicated samples shown in 

figures 8 and 9 respectively. 
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In all the three types (black, green and white), sonicated samples also had a 

higher adsorption capacity (mg/g) compared to non-sonicated samples whereby its 

overall highest capacity was 4.467 mg/g in comparison to 3.407 mg/g of the non-

sonicated samples. In sonicated samples, for all three tea types, both fine and regular 

samples had relatively the same adsorption capacity with a slight exception for some 

green and white teas samples. For green tea, the sample with 1.50 x 10-4 M Fe2+ 

concentration containing fine tea leaves had significantly higher adsorption capacity 

compared to the same sample with the same concentration in the non-sonicated 

category. For white tea, the sample with 2.00 x 10-4 M Fe2+ concentration containing 

regular tea leaves had relatively higher adsorption capacity compared to the match 

sample with the fine tea leaves. Therefore, for non-sonicated samples, there was not an 

established trend between the increase in concentration with the adsorption capacity of 

the different tea types.  

 
Figure 8. A comparison of adsorption capacities (mg/g) for sonicated samples in all 

three tea types. 
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Figure 9. A comparison of adsorption capacities (mg/g) for non-sonicated samples in 

all three tea types.

3.7. Rwandan Black Tea 

 Samples containing the Rwandan gold blend black tea appeared to have same 

adsorption efficiency and capacity as the Twinings’ black tea. With most about 100 % 

adsorption efficiency and 4.5 mg/g adsorption capacity, hence replicating the black 

Twinings tea data. Since both data Twinings black tea and the Rwandan’s black tea 

data are pretty much identical this could also support the success of the black tea in 

removal of iron (II) ions from water as the goal of the experiment.  
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Figure 10. A comparison of the Rwandan regular sonicated and fine sonicated 

sample's adsorption efficiency (%). 

 
Figure 11. A comparison of the Rwandan regular sonicated and fine sonicated 

sample's adsorption capacity (mg/g). 

In addition, in a study conducted by Yue et al., Fe2+ was found to have an 

adsorption capacity of 12.38 mg/g in comparison to 26.32 mg/g and 14.29 mg/g of 
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lead (Pb2+) and cadmium (Cd2+) respectively using infused tea leaves17. However, 

these numbers were lower than the 48.30 mg/g adsorption capacity obtained by Dai et 

al.  as they were studying the adsorption behavior of Fe (II) and Fe (III) ions on 

Thiourea Cross linked Chitosan with Fe (III) as the template. The low adsorption 

capacity amount obtained in both the Twinings, and Rwandan tea could be due to the 

low amount of the change in concentration and high amount of the tea waste weight 

contained in the solutions. According to equation 4, the change in iron (II) ions 

concentrations (meaning the iron concentration before and after the addition of the tea 

wastes) is directly proportional to the adsorption capacity. On the other hand, weight 

of the tea wastes in the solution is inversely proportional to the adsorption capacity. 

In both the Yue et al. and Dai et al. studies, a Langmuir Isothermic model was 

followed. The Langmuir adsorption model assumes that an adsorbate behaves like an 

ideal gas at isothermal temperatures. Adsorption and desorption are reversible 

processes, according to the model. This model also accounts for the influence of 

pressure, as the adsorbate's partial pressure, is proportional to its volume, adsorbed 

onto a solid adsorbent under these conditions17. Therefore, the difference in the 

adsorption capacity could be due to the difference in conditions and adsorbent 

treatment and type respectively. Herein, the replication of  black tea using the 

Rwandan black tea could  be a promising sign  for a similar replication in both the 

green and white teas. Therefore, that could suggest that all tea wastes work the same 

regardless of where they were grown geographically.     

Table 3. A comparison of different heavy metal’s adsorption capacities from different 
literatures. 

Metal Condition Molar Mass 
(g/mol) 

Adsorption 
Capacity (mg/g) 

Fe2+ Langmuir 
Isothermic  model 55.84 48.30 
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Fe2+ Langmuir 
Isothermic  model 55.84 12.38 

Cd2+ Langmuir 
Isothermic  model 112.41 14.29 

Pb2+ Langmuir 
Isothermic  model 207.20 26.32 

4. CONCLUSIONS 

 The objective of this study was to determine the efficacy and efficiency of the 

tea waste as an agricultural product in the adsorption of heavy metal ions like Fe2+. 

The collected data supports the one of the stated hypotheses which states that the ultra-

sonicated samples work best at removing the Fe2+ ions from wastewater compared to 

the non-ultrasonicated samples. Although fine tea showed a higher adsorption 

efficiency compared to the regular tea when non-sonicated, this experiment failed to 

conclude the efficacy of fine tea samples because their adsorption capacity 

significantly the same as that of regular tea samples.  

The collected FTIR spectra of the tea leaves before and after exposure to the 

Fe2+ ions suggested no interaction between the tea ligands and the Fe2+ thus no 

formation of a new chemical bond. This concludes that no chemical adsorption 

occurred rather a physical adsorption took place. This also implies the hypothesis 

about the chemical bond formation was also rejected by this obtained results. Black 

Twinings tea was more efficient at adsorbing the Fe2+ ions compared to both the green 

and white Twinings tea with a 100% adsorption efficiency. However, there is still a 

need of more trials to conclude the efficiency the green Twinings tea in comparison to 

the white Twinings tea because of the ambiguity in both of their sonicated and non-

sonicated samples’ adsorption efficiency results.  
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In spite of the fact that further research is needed to conclude the efficiency of 

the black, green and white Twinings tea waste, this experiment’s data supports the 

overall efficacy of their ability to adsorb iron as a heavy metal from water. The 

replicable data with the Rwandan black tea suggests a promising conclusion that 

regardless of the tea type, black tea can be used to remove heavy metals from 

wastewater. In relation to the Norton’s Energy & Environmental Affairs’ lab reported 

detection limit of  ~0.0300 mg/L, it is worth noting that the starting known iron (II) 

ions concentration used in this study was significantly high. Therefore, even though 

the used iron concentration in this experiment was small in laboratory measurements, 

it was not a small amount when compared to the naturally occurring amount of iron in 

water. This could suggest the lack of realistic measurements which concludes the need 

of more trials to make better comparisons with the United States’ Environmental 

Protection Agency (EPA) published literature. In regards of the amount of tea 

consumed worldwide, the removal of Fe2+ ions should be studied on an industrial level 

thereby coming up with a solution for the town of Norton’s iron contamination in 

water. 

4.1. LIMITATIONS 

 This research was limited to various factors ranging from chemosensor failure, 

time limit due to the COVID-19 pandemic to the technical difficulties due to the 

malfunctioning of the laboratory instruments as well as the power outage. At the 

beginning of this investigation, methylene blue was tried as the potential chemosensor 

due to its chemical structure and charge. Because iron (II) ion has a positive charge, 

the positive charge on the sulfur in methylene blue did not act in favorably. Thus, an 

approximation of two to three weeks that was spent choosing the right sensor led to a 

shortage of time that could have been used in replication of the experiment to add 
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value to it. Additionally, the different COVID-19 restrictions, also hindered the 

replication of the experiment as the time in the laboratory was limited. Furthermore, 

the Fall of 2021, was full of different uncertainties, one of them being a huge power 

outage in the town of Norton, leading to malfunctioning of some instruments such as 

the UV-Vis spectroscopy.  

4.2. FUTURE WORK 

Future work could be extended on this adsorption methodology b optimizing 

of the amount of adsorbent (tea) used. This experiment only used 25 mg of tea waste, 

so using an amount of more or less than 25 mg would allow to determine if there is a 

trend between the amount of adsorbent and the adsorption capacity and efficiency. 

Additionally, varying the contact time by making it either more or less than 90 

minutes to examine if equilibrium can happen earlier. Thus, determining how fast the 

tea waste removes the Fe2+ ions from the water. Future experiments would also benefit 

from two more trials to calculate average and determine how replicable this 

methodology. 
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5.1. APPENDICES 

5.2.1. APPENDIX I 

 
Figure 12. Comparison of sample concentrations before and after the addition of 

regular, fine, and black tea for both sonicated and non-sonicated samples. S1, S2, S3, 
S4 and S5 corresponds to sample 1 up to sample 5 respectively. S1 was the control 

sample (no Fe2+(aq) ions). 

 

 
Figure 13. Comparison of sample concentrations before and after the addition of 

regular, fine, and green tea for both sonicated and non-sonicated samples. S1, S2, S3, 
S4 and S5 corresponds to sample 1 up to sample 5 respectively. S1 was the control 

sample (no Fe2+(aq) ions). 
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Figure 14. Comparison of sample concentrations before and after the addition of 

regular, fine, and white tea for both sonicated and non-sonicated samples. S1, S2, S3, 
S4 and S5 corresponds to sample 1 up to sample 5 respectively. S1 was the control 

sample (no Fe2+(aq) ions). 

 
 
5.1.2. APPENDIX II 

 
Figure 15. UV-Vis spectra collected at 515 nm. The peak at 515 nm were used to 
create the calibration curve for samples with no White tea. S1, S2, S3, S4 and S5 
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corresponds to sample 1 up to sample 5 respectively. S1 was the control sample (no 
Fe2+(aq) ions). 

 
 

Figure 16. UV-Vis spectra collected at 515 nm. The peak at 515 nm were used to 
create the calibration curve for samples with no Green tea. S1, S2, S3, S4 and S5 

corresponds to sample 1 up to sample 5 respectively. S1 was the control sample (no 
Fe2+(aq) ions) 

 

5.1.3. APPENDIX III 
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Figure 17. A comparison of  FTIR spectra for regular tea leaves. Fig.3A shows the 
overlayed FTIR spectra for regular White Tea. Fig.3B shows the overlayed FTIR 

spectra for regular Green tea. Fig. 3C shows the overlayed FTIR spectra for regular 
Black tea. All spectra were taken at the 800-1800 cm-1. 
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Figure 18. A comparison of  FTIR spectra for fine tea leaves. Fig.3A shows the 

overlayed FTIR spectra for fine White Tea. Fig.3B shows the overlayed FTIR spectra 
for regular Green tea. Fig. 3C shows the overlayed FTIR spectra for regular Black 

tea. All spectra were taken at the 800-1800 cm-1. 
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Figure 19. A comparison of  FTIR spectra for regular tea leaves Trial 2. Fig.3A 
shows the overlayed FTIR spectra for regular White Tea. Fig.3B shows the overlayed 

FTIR spectra for regular Green tea. Fig. 3C shows the overlayed FTIR spectra for 
regular Black tea. All spectra were taken at the 650-4000 cm-1. 
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Figure 20 A comparison of  FTIR spectra for fine  tea leaves Trial 2. Fig.3A shows 
the overlayed FTIR spectra for fine White Tea. Fig.3B shows the overlayed FTIR 

spectra for regular Green tea. Fig. 3C shows the overlayed FTIR spectra for regular 
Black tea. All spectra were taken at the 650-4000 cm-1. 
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Figure 21. A comparison of Cellulose Ethyl's FTIR and EGCG FTIR spectra. O-H 

stretch occurs at  3100-3600 cm-1. C-H occurs at  2840-2950 cm–1 C-O stretch   occurs 
at  1000-1300 cm-1. C=O stretch occurs at 1650-1730 cm-1. 

 


