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Abstract  

The goal of this study was to determine how different types of tea waste (green, 

black, and white) interact with aluminum ions, Al3+ (aq), to remove this toxic heavy 

metal from solution as efficiently as possible. The Molecular Operating Environment 

computer program was used to predict the electrostatic interaction energies and bond 

lengths between aluminum ions and tea waste components. The amount of aluminum 

removed from a pH 5 buffer solution after interacting with various types of tea waste was 

determined using a UV-Visible absorption spectrophotometer. Acquired absorption 

spectra were used to assess aluminum concentration in four situations for each tea 

(regular, fine, regular ultrasonicated, fine ultrasonicated). Each condition had five vials 

with increasing concentrations of Al3+ (aq). After 90 minutes of reaction between tea 

waste and aluminum ions, the absorption spectra of the five runs (four conditions and one 

control) were collected for each tea sample. Ultrasonication of samples generated 

increased interactions between Al3+ (aq) ions and tea waste that resulted in increased 

adsorption capacity (from 1.59 mg/g for fine green tea to 2.40 mg/g for the same tea 

ultrasonicated) and removal efficiency (from 36.8% for fine green tea to 55.7% for the 

same tea ultrasonicated). Thus, higher agitation of tea waste solutions containing 

aluminum may aid in more efficiently filtering aluminum out of drinking water.  

However, there was no discernible differences in removal efficiency between regular and 

fine tea waste samples. FTIR spectra of black, green, and white tea waste leaves were 

recorded using an ATR-FTIR spectrometer before and after aluminum adsorption. The 

intensities of the FTIR spectra diminished in the presence of aluminum ions due to their 

interactions with tea waste, but there was no significant spectral shift in the FTIR peak 

positions of the tea waste after aluminum addition, suggesting that the adsorption process 

was a physical change.  
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Chapter 1: Introduction  

1.1: Metal Contaminants Commonly Found in Water  

The primary source of human exposure to heavy metals stems from contaminated 

drinking water. Consuming water concentrated with heavy metals, such as arsenic, lead, 

nickel, and mercury, has been shown to have adverse effects on human metabolism 

worldwide. Heavy metal toxicity results in cellular damage to DNA and proteins that can 

lead to disease. Thus, water containing such heavy metals is a major cause of mortality 

everywhere (1). Illnesses due to chronic or acute heavy metals toxicity include 

immunodeficiency, osteoporosis, neurodegeneration, and even organ failure. For females, 

heavy metal exposure has been connected to estrogen-dependent diseases such as breast 

cancer, endometrial cancer, endometriosis, and stillbirths throughout various studies 

(2,3). 

 

1.2: AlCl3 and Aluminum 

Anhydrous aluminum (III) chloride is a white powder with a strong odor. The 

chemical formula for aluminum chloride is AlCl3, and its molar mass is 133.34 g/mol. 

When consumed, AlCl3 is a hemostatic and antiperspirant agent, however it is harmful to 

interior tissue. Aluminum chloride blocks sweat gland ducts at the distal end, damaging 

epithelial cells that form a plug to prevent sweating. AlCl3 is rapidly converted into 

insoluble, poorly absorbed basic aluminum salts in the small intestine, which can be 

harmful to the body (3).  

Aluminum is a non-essential metal for humans that impedes most physical and 

cellular processes (4). Studies have linked ongoing aluminum exposure to debilitating 
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pathological illnesses such as neurotoxicity, toxic myocarditis, ischemic stroke, Crohn’s 

disease, inflammatory bowel disease, anemia, autism, sclerosis, infertility, and even 

diabetes mellitus (5). The toxic impacts of aluminum on the human body primarily stem 

from the fact that this heavy metal promotes oxidative stress, generating reactive oxygen 

species that can cause various disease manifestations (6). Periodic aluminum exposure is 

also suggested to increase mitochondrial dysfunction which decreases ATP synthesis (7). 

 Aluminum is a known neurotoxin that, in high concentrations, inhibits prenatal 

and postnatal brain development in humans and copious experimental animals. 

Neurodegenerative diseases such as Alzheimer’s disease and dementia are linked to 

chronic aluminum metal exposure (5).  Numerous experimental animal models have 

indicated that aluminum causes tau protein and amyloid-beta protein build up, generating 

apoptosis and thus the onset of both Alzheimer’s disease and dementia (8). Furthermore, 

this heavy metal alters hippocampal calcium signal pathways which can lead to memory 

loss, tremors, impaired coordination, sluggish motor movement, and ataxia. Typically, 

there are elevated aluminum concentrations in the brains of Alzheimer’s patients (4).   

Beyond causing age-related disease, this heavy metal also plays a role in 

damaging certain body parts and organs. Research has indicated that aluminum is able to 

alter breast epithelial cells to ultimately cause genomic instability, proliferation, and 

estrogen action tampering (9). In a study conducted by Zhu and Sun, chronic aluminum 

sulfate administration in mice reduced testicular weight and tubule size while inducing 

spermatogenic arrest (10). Consistent exposure may inflict liver damage as it reduces 

glutathione and increases heme oxygenase activity (11). Within the kidneys, aluminum 

aggregation induces renal tubular cell deterioration, prompting nephrotoxicity (12). 
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Aluminum has also been suggested to directly inhibit parathyroid secretion. Moreover, its 

accumulation in the heart is detrimental as it can lead to cardiac hypertrophy in 

hemodialysis patients (11). 

Aluminum comprises approximately eight percent of the Earth’s crust, making it 

the third most abundant element (13). Pure elemental aluminum does not exist as it is 

extremely reactive, but rather it occurs as a mixture with polyatomic ions such as 

hydroxide, sulfate, and phosphate. As a ubiquitous element, aluminum can be found 

almost everywhere in the environment, meaning that exposure to this heavy metal is 

practically inevitable (12). Upon absorption, aluminum is predominantly found in the 

spleen, lungs, liver, and bone (14). The average aluminum concentration in the brain 

ranges from 0.25–0.75 mg per gram of wet brain tissue (12,14).  

Some of the most substantial exposure to this toxin typically occurs through the 

use of aluminum-containing compounds in popular medicine such as antacids, phosphate 

binders, buffered aspirins, and even vaccines (15). Furthermore, aluminum is also present 

within the daily diet (vegetables, roots, and seafood), antiperspirants, desensitization 

procedures, cosmetics, food additives, and even drinking water (7). All humans contain 

some amount of aluminum that can be quantified in the blood, bones, feces, and urine. 

The Environmental Protection Agency (EPA) recommends a maximum concentration of 

0.05–0.2 mg aluminum per liter of drinking water which is determined by taste, smell, 

and color (16). Numerous cities have reported having as much as 0.4–1.0 mg/L of 

aluminum in their drinking water, well over the recommended limit set by the EPA. 

Aluminum ingestion above 0.226 mg/L (two μmol/L) has been linked to dialysis 
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dementia and fracturing osteodystrophy (17). Moreover, most adults in the United States 

consume between 7–9 mg of aluminum every day in their food (16).  

 

1.2.1: Aluminum in Drinking Water 

The wide distribution and presence of aluminum ensures that every human is 

exposed to this heavy metal and may eventually be harmed by it. Aluminum can be 

solubilized in soil water when the pH dips lower than 5.0, allowing it to become absorbed 

by plant roots. Aluminum is also intentionally added to drinking water as a means of 

purification (11). Common processes such as mining elevates its level in the environment 

and raises the potential to be found within drinking water (18). Rapid industrialization 

and increased use of heavy metals as a resource have also caused heightened discarding 

of aluminum into the surrounding environment (19). Higher concentrations of heavy 

metals are typically due to soil erosion, eroding of the Earth’s crust, mining, urban runoff, 

sewage leakage, and pesticides (20). Heavy metals like aluminum are quite harmful 

ecologically, evolutionarily, and nutritionally. 

 

1.3: Tea Waste 

There are five main types of tea with varying human health benefits: black tea, 

green tea, oolong tea, Pu-erh tea, and white tea (21). The processing of black tea requires 

that the leaves are entirely oxidized, withered, and mashed. This leaf deterioration 

initiates oxidation and transforms catechins into complex tannins. Green tea is prepared 

in a manner that prevents oxidation as it is steamed or dry-cooked. Upon drying, the 

green tea leaves are then either left as separate leaves or rolled together. Green tea is 
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indicated to have medicinal effects on the body related to anticancer properties, weight 

loss, and improved cardiovascular functioning. White tea is produced through young 

leaves or buds which are withered, uncured, and baked dry for use (22). 

Tea waste (TW) refers to the remnants of tea such as sweepings, fluff, fiber, or 

stalks, which are high in nutrients. Tea factory waste is a low-cost, abundant material that 

is easily recycled, making it an eco-friendly resource (19). This waste initially starts out 

as tea leaves, which have insoluble cell walls that are mainly composed of various 

ligands such as cellulose, hemicelluloses, lignin, condensed tannins, as well as other 

structural proteins that are showcased in Figure 1. Thus, much of the waste has a solid 

ability to act as a metal hunter from solutions given the presence of important functional 

groups. TW creates adsorptive membranes that assist in the removal of toxic metals or 

molecules from materials such as water.  

Adsorption is a productive method for separating organic and inorganic 

micropollutants such as aluminum from solution, thus helping to purify it (23). This 

process more specifically  occurs when molecules adhere to the surface of a solid or 

liquid, meaning that a substance will build up in higher concentrations on the exterior. 

Thus, the molecules only build up at the surface and do not accumulate within most of 

the adsorbing material. The adsorbate refers to the substance whose molecules get 

adsorbed at the surface while the adsorbent is the substance on whose surface the process 

occurs (44). In order for this surface phenomenon to occur, both the adsorbate and 

adsorbent are needed. In this investigation the adsorbate is aluminum 3+ which is 

deposited onto the TW adsorbent to remove the heavy metal from solution. 
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            a. Tannic acid (25)        b. Epigallocatechin gallate        c. Lignin (26)     

            (EGCG) (27,28)      

 

                           

 

 

d. Ethyl Cellulose (29)                   e. Deae Cellulose (30) 

Figure 1. Chemical structures (a-e) of main components found in tea. 

 

1.4: Caffeic Acid as an External Chemosensor 

Caffeic acid (CA) is a phenolic acid synthesized by every plant species and can be 

found in coffee, wine, medicines, and various teas. CA exists as a yellow organic solid 

(180.16 g/mol) and contains both phenolic and acrylic functional groups. Additionally, 

this orally bioavailable compound exists in cis and trans forms as shown in Figure 2 (31). 

The cis form indicates that the carboxylic acid and aromatic ring lie on the same side of 

the double bond within the molecule whereas the trans isomer contains these atoms on 

opposite sides of the double bond. These two organic isomers possess a mutual 

transformation in plants, which helps modulate critical physiological activities.  

CA constitutes nearly all hydroxycinnamic acid content within fruits and is 

typically tied to proteins in cell walls, making it very abundant in nature (32). This 
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organic compound protects plants against predators and infections by preventing the 

development of insects, fungi, and bacteria while also shielding leaves from ultraviolet 

radiation B. Furthermore, caffeic acid has antioxidant, anti-inflammatory, antimicrobial, 

antitumor, anticarcinogenic, and free radical-reducing effects on humans. Thorough 

research has indicated that ingesting foods high in CA can protect against cancer by 

inhibiting the production of nitro compounds that greatly contribute to this pathology 

(32).  

 
                                       Trans (opposite sides)                        cis (same side) 

 

Figure 2. Trans (left) and cis (right) isomers of caffeic acid (33,34).  

Chemosensors are beneficial sensing systems as they are quite simple and have 

appropriate responsive properties. A chemosensor is a sensory receptor that converts a 

chemical signal into action potential. Thus, a chemosensor measures local chemical 

stimuli by interacting with a specific analyte to create a noticeable change. Molecular 

sensors participate in analyte-specific reactions which can then be transmitted into a 

detectable signal. With chemosensors, the change of the optical (UV-Visible absorption 

or fluorescence spectra) can be measured in order to determine any analyte presence (43). 

In this investigation, a trans and cis combination of caffeic acid was externally used 

(outside of its natural presence in tea) in order to serve as a chemosensor for UV-Visible 

absorption spectroscopy experimentation. 
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1.5: Molecular Operating Environment Complex Formation  

Molecular modeling is a technique that is used in biology, chemistry, medicine, as 

well as other interdisciplinary research to depict three-dimensional (3D) structures and 

properties of molecules. Molecular Operating Environment (MOE) is a molecular 

visualization software that is available on numerous operating platforms. This program 

allows for the observation of ligand binding, hydrophobicity, hydrogen bonding, as well 

as side chains and secondary structure properties. Various molecular modeling software 

packages are used in undergraduate classrooms in order to highlight 3D structures of 

biological macromolecules (36). MOE is best known as a discovery platform that 

involves visualization, modeling, simulations, and procedure development for 

synthesizing new molecules. In this study MOE was used to predict the binding energy 

between the tea components and aluminum ions. 

Complexes are ions or compounds where an atom is surrounded by other species 

to generate a larger structure. A complex generally indicates a chelated ion of a transition 

metal where the metal ion itself is encompassed by other atoms. More specifically, 

a complex forms between a central metal ion such as Al3+ and one or more 

surrounding ligands. Ligands refer to molecules or ions that contain at least one lone pair 

of electrons. The positively charged central metal ion is deemed as the Lewis acid 

(electron pair acceptor) while the ligand stands in as a Lewis base (electron pair donor) 

using one or more lone pairs of electrons. Small, highly charged metal ions like Al3+ have 

the highest tendency to form complex ions (37). 

 

 



 

9 
 

1.6: Previous Methods for Water Purification 

Nearly 785 million people lack access to clean water, which is about one out of 

every ten people on Earth. Globally, females spend 200 million hours every day hauling 

water just to be able to properly drink and bathe. People in third world countries 

alternatively may try to gain access to groundwater by digging shallow wells. However, 

these wells quickly become full of bacteria, viruses, and parasites (38). Despite these 

efforts, more than 800 young children die from diarrhea caused by contaminated water 

and poor sanitation each day. Access to clean water is a global concern. In developing 

countries, the lack of clean water increases their risk of bacterial infections, such as 

urinary tract infections (39).  

In the past, aluminum has been removed from water via reverse osmosis, 

distillation, and ion exchange. Ion exchange is highly effective for removing heavy 

metals like aluminum. However, these ion exchange systems require numerous feed 

pumps and tanks. Ion exchange requires very specific resins that can be quite costly, 

ranging up to $1,000 per cubic foot. Thus, maintaining these facilities takes careful 

planning and execution as the resin can end up costing more than the actual system itself 

(40). Many underdeveloped and underfunded nations cannot afford to create such 

systems to ensure the purity of their drinking water. Alternative methods of water 

purification that are cost-effective must ultimately be used in areas where no other 

adequate options are currently presented. 

 

 

 



 

10 
 

1.7: Goals  

The goal of this study is to produce an easy-to-use, low-cost, eco-friendly, and 

highly accurate detection and removal method to rid of aluminum ions in water. This 

green chemistry method will require using UV-Visible absorption spectroscopy and 

ATR-FTIR spectroscopy that can accurately quantify and characterize the investigated 

systems. There are ultimately three consecutive aims to this investigation.  

First, the electrostatic interaction energies and bond distances between Al3+ (aq) 

ions and various tea waste constituents will be established via the MOE computer 

program to determine the Al3+-ligand complex structures as well as determine the major 

component in tea waste that strongly binds to aluminum ions. The MOE molecular 

modeling software will help predict the interaction energy between Al3+ ions and 

important components found in TW including tannic acid, Epigallocatechin gallate  

(EGCG), lignin, ethyl cellulose, and deae cellulose. Lignocellulosic components such as 

hemicellulose, cellulose (ethyl and deae), and lignin are three main elements that 

compose plant cell walls, including tea (41). Another important component of tea waste 

is EGCG which is a catechin (antioxidant and plant secondary metabolite) that helps in 

the tea plant’s cellular maintenance and protects it from harsh sunlight (42). These 

TW constituents function as metal-binding ligands. The ability to visualize the Al3+-

ligand complexes will lend vital details about certain types of intermolecular interactions 

present in the complexes and distances between the Al3+ ions and ligands. 

The second aim will involve performing experiments that verify MOE 

predictions. To do so, the concentration of aluminum ions in water will be established via 

a calibration curve. The absorbance of every solution will be measured using a UV-
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Visible spectrophotometer. The concentration of Al3+ ions present in water will be 

computed based on the absorbances of the calibration curve. The control in this study 

consists of arranged standard Al3+ solutions that will be compared to solutions with the 

same concentration but are prepared with regular, fine, non-ultrasonicated, and sonicated 

tea waste. Ultrasonication in this experiment would attempt to increase the interactions 

between aluminum 3+ ions and TW leaves by vigorously shaking the sample vials for 20-

minute periods. Twinings black, green, and white tea will be used within this 

investigation. All results will then be used to conclude which tea waste is most efficient 

at removing aluminum ions from wastewater, which will be determined by adsorption 

capacity (mg/g) and adsorption efficiency (%). Two hypotheses are in place for this goal. 

First, if regular and fine TW filter Al3+ ions from wastewater, then the fine TW will 

remove more aluminum ions due to its larger surface area. Secondly, if non-

ultrasonicated and ultrasonicated TW filter Al3+ ions from wastewater, then the 

ultrasonicated tea waste will remove more aluminum ions given the increased agitation 

that improves the Al3+-ligand interactions. 

The third and final aim is to experimentally determine the type of the Al3+-TW 

ligand interactions present in the solid phase. The type of interaction (physical or 

chemical) between tea waste and aluminum ions will ultimately be verified by measuring 

the ATR-FTIR vibrational spectra of tea waste before and after filtration with Al3+ ion 

solutions. The expectation here is that the ATR-FTIR vibrational spectra collected will 

assist in dictating the type of intermolecular interactions (physical or chemical) between 

Al3+ ions and significant constituents found in TW metal-binding ligands. 
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Chapter 2: Experimental Procedures  

2.1: Materials  and Methods 

Aluminum (III) chloride, solid caffeic acid, pH 5.0 (0.1 M NaCl) buffer 

(composed of sodium acetate, acetic acid, sodium chloride, hydrochloric acid, distilled 

water), and Twinings tea bags (black, green, and white) were used as purchased. 

 

2.2: Instrumentation  

The Centrifuge 5810 R was used to spin the TW into a supernatant prior to 

collecting UV-Visible (UV-Vis) absorbance spectra. An Agilent 8453 Diode Array UV-

Vis was used to collect absorption spectra. The Perkin Elmer Spectrum 100 FT-IR 

w/ATR was used to measure vibrational spectra of the TW samples before and after 

AlCl3 adsorption. Table 1 depicts the main instruments and methods used within this 

investigation to specifically characterize the aluminum complexes upon binding to tea 

waste.  

 

Table 1. Instruments and methods used for the characterization of aluminum complexes. 

Experimental 

Methods 

Principle Instrument Ranges & 

Analysis Results 

Complex 

Formation 

UV-Visible 

Absorption 

Spectrometer 

(UV-Vis) 

Spectroscopic technique that 

captures the absorption of the 

ultraviolet and visible photons 

of a molecule in solution 

based on its transition from a 

fundamental state to an 

excited electronic state (43). 

The band shifts within the 

generated ligand spectrum 

are directly correlated to the 

participation of a specific 

ligand site that leads to 

complexations. The 

wavelength of a UV–visible 

spectrum occurs between 

190 nm and 780 nm and 

while the y-axis represents 

the absorbance of the 

molecule in solution. The 

absorption spectrum 

consists of numerous bands 

that have varying degrees of 

Complexation leads 

to specific band 

shifts in the 

spectrum of the 

ligand that, in 

several cases, can be 

directly related to 

the involvement of a 

specific 

complexation site of 

the ligand (43). 
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intensity (43). 

Attenuated 

Total 

Reflectance-

Fourier-

transform 

infrared 

spectroscopy 

(ATR-FTIR)  

Spectroscopic technique that 

measures the absorption of an 

infrared photon generated by a 

molecule in solution or as a 

solid during its changes from 

a ground vibrational state to 

an excited vibrational state 

(43). FTIR produces an 

infrared spectrum of samples 

in liquid, solid, or gas phase. 

Attenuated total reflection 

(ATR) is used along with 

FTIR where samples can be 

used directly in either solid or 

liquid state and do not require 

additional preparation (44). 

In an IR spectrum, every 

peak is attributed to a 

certain functional group. 

The produced IR spectrum 

shows the percentage of 

transmittance on the y-axis 

values against the wave 

number on the x-axis that 

ranges from 4000 cm−1 to 

400 cm−1(43). 

Specific peaks 

within an FTIR 

spectrum indicate 

the presence of a 

metal-heteroatom 

bond, such as Al-O. 

Furthermore, the 

bond vibrational 

energies of the 

ligand functional 

groups within the 

complex are 

influenced by the 

binding of metal, 

ultimately shifting 

the associated peaks 

(43). 

Ultrasonicator Ultrasonicators vibrate to 

produce bubbles that cause 

shock waves(45). They are 

useful instruments when 

attempting to increase 

enzymatic and chemical 

reactions, prompt bacterial 

activity, scatter solids in 

liquids, as well as degas 

certain liquids (46). 

 

Sonicators work between 

2000 and 35,000 rpms. 

They usually tolerate 

volumes between .03 

millimeters and 5 liters 

(35). 

The cavitation of an 

ultrasonicator can 

cleave complex 

network structures, 

helping to expose 

the Al3+ ions to the 

surfaces of the tea 

waste particles(47). 

Centrifugation Separation technique that uses 

centrifugal force to isolate 

substances of different 

densities, get rid of moisture, 

and to mimic gravitational 

effects. The denser part of the 

solution sinks to the bottom to 

form a pellet while the less 

dense particles remain 

towards the top (48). 

Microcentrifuges can hold 

small tubes around 0.2 mL 

and larger centrifuge 

instruments can hold 500 

mL bottles. Centrifuge 

speeds typically range from 

zero to 7,500 RPM, 

however more sophisticated 

machine range 20,000 RPM 

or higher (49). 

N/A 

 

2.3: UV-Visible Absorption Spectroscopy 

2.3a. UV-Vis Absorption Spectroscopy Preparation 

The metal ion of interest in this investigation was aluminum 3+ present in 

aluminum (III) chloride (AlCl3) while the types of tea waste involved were steeped black, 

green, and white Twinings tea bags. The teas were eventually filtered out from the 
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aluminum solutions before any spectra was taken (40,41). Stock solutions of AlCl3 (2.0 

mM or 2 x 10-3 M) and caffeic acid (0.5 mM or 5 x 10-4 M) were prepared using a pH 5 

(0.1 M NaCl) buffer as a solvent. CA served as a chemosensor to recognize Al3+ ions 

present in aqueous media during UV-Visible absorption spectroscopy (UV-Vis).  

There were numerous constants throughout experimentation. The contact time 

between the tea waste and the aluminum 3+ metal cation was always 90 minutes, the 

dosage of TW used for all batch experiments remained at 25 mg for all trials, and all 

experiments were conducted at constant temperature of 25 oC (room temperature). The 

tea waste amount of 25 mg for this investigation was chosen arbitrarily based on 

published literature. The variables being measured within this study involved the effects 

of different tea types (black, green, and white) as well as the different conditions (regular, 

fine, ultrasonicated, not-ultrasonicated). The initial concentrations of AlCl3 were also 

varied (S1-S5) in order to see if metal concentrations had any effect on the generated 

results, as shown in Tables 2 and 3. 

 

Table 2. Initial Al3+ concentrations of S1 through S5 used for this investigation. 

 

A pH 5 (0.1 M NaCl) buffer was created to optimize the interactions between 

aluminum 3+ and the TW by utilizing a procedure adapted from literature (50). To 
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construct the buffer, 800 mL of deionized water was added to a 1.0 L beaker. 

Approximately 5.844 g of NaCl was added to concentrate the 1.0 L solution at 0.1 M 

NaCl. About 5.772 g of sodium acetate was added along with 1.69 mL of acetic acid 

(0.03 M). An additional 200 mL of deionized water was added to the beaker. Using a 

calibrated LabQuest to measure the pH, 10 M HCl was utilized dropwise until the 

machine read a pH of 5.0 if adjustment was necessary (51). This pH 5 (0.1 M NaCl) 

buffer was utilized as the solvent throughout all the experiments. This solution was made 

twice in order to supply for all data collection within this investigation.  

 

2.3b Preparation of Tea Waste Ligands 

The tea waste for this investigation was prepared utilizing Twinings black, green, 

and white tea bags. Two bags of each tea type (six bags total: two of black, green, and 

white) were steeped in a 1.0 L beaker of boiling deionized water heated by a hotplate 

until they produced colorless water. The steeping process took approximately 25 washes 

before colorless water was observed, with black tea taking the longest to produce 

colorless water. If time did not permit to thoroughly decolor the water in one sitting, the 

tea bags were left in water overnight in order to expedite the steeping process as shown in 

Figure 3. After obtaining colorless water, the tea bags were then left to dry in the 

laboratory hood for five days as shown in Figure 4. On day five, each tea type was placed 

separately on a sizable watch glass and left to dry in an Isotemp oven at 100 degrees 

Celsius for thirty minutes. 
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Figure 3. Overnight steeping of Twining black, green, and white tea to produce colorless 

water. 

 

Figure 4. Process of drying the steeped tea bags over a period of multiple days. 

Once rid of all moisture, the tea bags were removed and left to cool down and dry 

further for three days. One bag of each TW type (black, green, white) was cut open and 

placed into individual glass vials labeled as “regular”.  Thus, the regular samples were 

simply cut from the dried tea bag and poured directly into clean vials. Alternatively, the 

other tea bag of the same type was ground for approximately five minutes utilizing a dry 

pestle and mortar until an extremely fine, compact texture was obtained. Each varying 

ground tea type was placed into a clean glass vial labeled “fine” to help produce two of 

the experimental runs with the ground tea waste, as shown in Figure 5. Throughout this 
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entire process, preventing cross-contamination and water from getting into the TW 

samples was prioritized to lend optimal masses and results. 

 

Figure 5. Images of dry tea waste vials under varied conditions. 

 

2.3c. Calibration Curve Determination 

A ratiometric curve was constructed to generate an accurate calibration ratio at 

two different wavelengths (287 nm for the caffeic acid chemosensor peak and at 350 nm 

for the complex) in order to accurately measure the AlCl3 concentration upon the 

introduction of different TW. It was critical that the appropriate concentration and dye 

were identified within this investigation to ensure a reliably positive trend between 

increased absorbance and increased concentration of Al3+ ions in solution. A quartz 

cuvette was utilized to measure the absorbance of the samples. 

Serial dilutions of the stock CA solution were prepared in nine 15 mL vials by 

adding increasing amounts of 2.0 mM AlCl3 solution and topping them off with the pH 5 

(0.1 M NaCl) buffer solvent to a final volume of 10 mL. First, increasing amounts of 2.0 

mM aluminum (III) chloride were added to each vial to produce a spectrum that 

measured different Al3+ concentrations (0 mL, 0.2 mL, 0.8 mL, 1.5 mL, 2 mL, 2.5 mL, 3 
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mL, 4 mL, and 5 mL to lend nine total vials). Each vial was then filled to the 9 mL mark 

using the pH 5 (0.1 M NaCl) buffer. Lastly, all nine vials were then filled with 0.05 mM 

CA (1 mL of a 0.5 mM CA solution) to reach a final overall volume of 10 mL in all vials.   

Following sample preparation, UV-Visible absorption spectra were taken to 

generate a nine-point linear calibration curve. The instrument was first blanked using the 

pH 5 (0.1 M NaCl) buffer solution in a quartz cuvette and the UV-Vis spectrum of each 

vial was taken in order of increasing AlCl3 concentration. Since the first of the nine 

solutions only contained the buffer with no aluminum ions at all, it was expected that this 

point would measure at zero on the spectrum to ensure proper blanking of the instrument. 

All UV-Visible absorption spectra were recorded at room temperature (25 oC) and the 

data was eventually fit to a linear curve. 

 

2.3d. UV-Visible Spectroscopy Procedure 

Four various conditions (regular, fine, regular ultrasonicated, fine ultrasonicated 

along with the control containing no TW) were measured for each tea type (black, green, 

or white) with an ultraviolet–visible absorption spectrometer (UV-Vis). Each separate 

TW condition contained five vials with increasing amounts of AlCl3 stock solution 2.0 

mM labeled S1 through S5 (0 mM, 0.1 mM, 0.2 mM, 0.3 mM, and 0.4 mM) and 0.05 mM 

CA. Thus, each TW type (black, green, and white) tested 25 test tubes (Table 3 and 

Figure 6) which all contained 0.05 mM Caffeic Acid, varying amounts of AlCl3 (S1-S5), 

and 25 mg of each TW type that was prepared differently. The S1 sample for each trial 

contained no aluminum at all (0 mL or 0 mM [Al3+]) and thus highlighted what the 

spectrum of the TW alone looked like. Increasing volumes of AlCl3 stock solution at 0 
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mL, 0.5 mL, 1 mL, 1.5 mL, 2 mL were first used to generate S1 through S5 samples at a 

final concentration of 0 mM, 0.1 mM, 0.2 mM, 0.3 mM, and 0.4 mM. The equation M1V2 

= M2V2 was used to calculate the overall aluminum concentrations (Table 3) where M1 

was the initial concentration of AlCl3 at 2.0 mM, V1 was the initial volume of AlCl3 (0 

mL, 0.5 mL, 1 mL, 1.5 mL, 2 mL),  M2 was the final concentration of Al3+ in solution 

that was ultimately calculated, and V2 was the final volume of solution in the vial (10 

mL). 

 

Table 3. Experimental design of all 25 test tubes used for black, green, and white tea 

measured by UV-Visible Spectroscopy within this study. TW indicates tea waste while 

US indicates samples that were ultrasonicated. 

 

The first run served as a control for each experimental run and only contained 

increasing amounts of aluminum (III) chloride and 0.5 mM Caffeic Acid. No tea waste of 

any type was added to these test tubes to generate a calibration curve for aluminum. The 

second set of vials represented the tea in its natural (“regular” state), where 25 mg of the 

regular tea type was added to each test tube, along with the increasing AlCl3 amounts 

(S1-S5) and 0.05 mM CA. The third set of test tubes highlighted the tea when it was 
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finely ground, with 25 mg of this fine TW residing in each test tube containing AlCl3 and 

CA. The fourth set of test tubes all contained various concentrations of AlCl3, 0.05 mM 

CA, and 25 mg of tea that was regular (not ground with pestle and mortar), but was 

ultrasonicated for 20 minutes, as shown in Figure 7. The fifth set of test tubes all 

contained various concentrations of AlCl3, 0.05 mM CA, and 25 mg of tea that was finely 

ground with pestle and mortar and then ultrasonicated for 20 minutes. Five runs were 

produced for each tea type condition and the control (five total tests), lending 75 test 

tubes total for the entire experiment between black, green, and white tea.  

 

Figure 6. Test tube set up for UV-Visible Absorption Spectroscopy of each TW type. 

 

Figure 7. Ultrasonication of certain tea waste samples during the 90-minute equilibration 

period. 
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To prepare the tea waste solutions, increasing amounts of AlCl3 (S1-S5 in 

concentrations of 0 mM, 0.1 mM, 0.2 mM, 0.3 mM, and 0.4 mM) were added to clean 

five 15 mL clean vials, as shown in Figure 8. Five sets of S1 through S5 vials were set up 

to test for the four tea waste conditions as well as the control run, meaning that 25 vials 

were used for each tea type (black, green, and white). The pH 5 (0.1 M NaCl) buffer 

solution was added to each vial until every sample reached the nine mL mark. 

Approximately 25 mg of tea waste was measured out using a small weighing boat and 

scale, and then added to each vial. The vials were then all shaken for three minutes and 

left to equilibrate for 90 minutes. At the beginning of this 90-minute period the 

ultrasonicated samples were placed in the ultrasonicator for 20 minutes (Figure 7) and 

then left alone for the other 70 minutes.  

After letting solutions equilibrate for 90 minutes, the UV-Vis absorption spectra 

of the five runs were first taken for green tea, using the pH 5 (0.1 M NaCl) buffer as a 

blank. The second trial for green tea was taken five days later. Before taking the second 

data set, the samples were shaken and left to settle again for one hour. The same 

procedure was followed in order to collect UV-Visible absorption spectra for the fine and 

regular samples of the black and white tea. The wavelengths emphasized were at 287 nm, 

315 nm, 345 nm, and 350 nm respectively based on the data collected from the ratio 

metric calibration curve. 
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Figure 8. Preparation of TW samples and AlCl3 for complexation measured by UV-

Visible absorption spectroscopy. 

 

2.3e. Data Analysis 

For the UV-Visible absorption spectroscopy system, calibration curves for each 

trial were first created. These calibrations curves did not contain any tea waste and only 

contained increasing concentrations of aluminum residing in the pH 5 (0.1 M NaCl) 

solution with 0.05 mM of CA as the dye. Five different aluminum amounts (0 mL, 0.5 

mL, 1.0 mL, 1.5 mL, and 2.0 mL) were used to construct this curve as well as throughout 

experimentation. These amounts in mL were eventually turned into concentrations in 

order to use them as values within the Beer Lambert law. The initial Al3+ concentrations 

(0 mM, 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM) were then plotted against the absorbance of 

the solution at the wavelength ratio 350 nm over 287 nm squared, as gathered by the UV-

Visible absorption spectra data. The peak at 287 nm represented the presence of the CA 

dye in solution alone while the peak at 350 nm was due to the Al-CA complex. This ratio 

metric conversion allows for a linear trend to be represented within the calibration curve 
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due to accounting for the absorbance of the dye alone. The final aluminum 3+ 

concentration values were ultimately calculated from the (350 nm/287 nm)2 absorbance 

values generated by the UV-Vis spectrometer using the Beer Lambert law (52): 

A = ε * c * p                (1) 

 c = A/(ε*p)         (2) 

A represents the absorbance ratios (350 nm/287 nm)2 that were generated at each 

point on the curve from the UV-Vis spectra, this value has no units. ε represents the 

molar absorptivity in L mol-1 cm-1, which was found by fitting the calibration curve to a 

linear plot and utilizing the slope of the line (m in y = mx + b linear equation) as this 

value. P is the path length of the sample in cm, which was always 1 cm to account for the 

height of the quartz cuvette in this investigation. C is the final concentration of the 

aluminum 3+ ions in solution in mol/L, which was isolated and ultimately calculated by 

using equation 2. 

Adsorption capacity and adsorption efficiency were ultimately calculated from 

these data as listed in the work of Hakan Çelebi , Gülden Gök , and Oğuzhan Gök (53). 

Adsorption capacity (qe) for each sample was calculated in milligrams per g (mg/g) by 

first converting the final absorbance values from the calibration curve for each run into 

final concentration values in units of moles per liter (moles/L). These concentration 

values (moles/L) were then converted to milligrams per liter (mg/L) using the molecular 

mass of the aluminum at 26.982 grams per mole. Within the equation provided below, C0 

represents the initial concentration of aluminum in mg/L (0, 0.0001, 0.0002, 0.0003, 

0.0004), Ce represents the final concentration after experimentation in mg/L, W 
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represents the weight of the tea waste in grams (0.025 g for all samples), and V represents 

the volume of the final solution in liters (0.010 L for all samples): 

 

     qe = 
(C0 – Ce)V

𝑊
 

 

Furthermore, adsorption efficiency was similarly calculated as a percentage by 

utilizing the work of Dongyi Lin and his colleagues (54). E is equivalent to the adsorption 

efficiency as a percent, Co is the initial concentration of aluminum in mg/L (0, 0.0001, 

0.0002, 0.0003, 0.0004), and Ce is the concentration of aluminum at equilibrium: 

 

         E =  
(C0 – Ce)

C0
 𝑥 100 

 

Data for both adsorption capacity (mg/g) and adsorption efficiency (%) were 

averaged for two trials for each tea type and condition (fine, regular, fine ultrasonicated, 

regular ultrasonicated). Grouped column graphs were constructed in OriginPro2022 for 

both adsorption capacity (mg/g) and adsorption efficiency (%) and ultimately separated 

based on whether the sample was ultrasonicated or not. 

 

2.4: ATR-FTIR Spectroscopy 

A PerkinElmer Spectrum 100 FT-IR Spectrometer was used for experimentation. 

Ultrasonication was performed for the ATR-FTIR measurements, no control for 

ultrasonication was established as seen in the UV-Vis absorption spectrometer procedure. 

With utilizing information from the literature, twelve vials were prepared that contained 
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the various types of tea (black S1-S4, green S5-S8, and white S9-S12) in either the 

regular or fine (ground with pestle and mortar) state (55). Six of these vials were control 

vials that contained no aluminum ions and only contained TW (odd increments of S1, S3, 

S5, S7, S9 and S11), while the other six were experimental vials specifically measuring 

the FTIR spectra of the interactions between Al3+ and TW (even intervals of S2, S4, S6, 

S8, S10 and S12). For example, the FTIR of black tea was taken in its regular and fine 

state, however a control run containing no aluminum was taken for both conditions (S1: 

regular black tea and S3: fine black tea) meaning that four FTIR spectra were ultimately 

taken for black tea in general (with S2: regular black tea and S4: fine black tea containing 

Al3+ ions as the experimental runs). 

Two milliliters of the AlCl3 Stock solution at 2.0 mM were initially placed into 

each of the six experimental 15 mL vials. These experimental vials were then topped off 

to the 9 mL mark with pH 5 (0.1 M NaCl) buffer. The other six control vials were only 

filled with 9 mL of pH 5 (0.1 M NaCl) buffer. Thus, each condition had a control in 

which no aluminum chloride was added. After, 25 mg of each appropriate tea type (fine 

and regular versions of black, green, and white tea) was added to each vial (12 runs total, 

two for each sample type). Upon sample creation, all vials were shaken and then 

ultrasonicated for 20 minutes. Following this aggregation period, the samples were all left 

to equilibrate for 70 minutes (90 minutes total of TW presence). In the meantime, twelve 

pieces of large filter paper, three large glass funnels, and three 250 mL beakers were 

gathered. Appropriate spaces for each of the twelve sample types were labeled in the 

hood in order to differentiate each sample as they are left to dry. After ninety minutes, the 

samples were shaken again and were individually filtered using a glass funnel. Each 
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funnel filtration apparatus was washed in between samples to avoid variable results. All 

liquid filtrate was discarded while the solid tea waste stuck on the filter paper was kept 

for future evaluation. The tea waste-containing filter paper was left to dry in the hood for 

48 hours as shown in Figure 9. After two days, all twelve samples were dried further in 

an Isotemp Oven at 75 degrees Fahrenheit for approximately thirty minutes before FTIR 

spectra was taken if samples were not completely dry at the time. 

 

Figure 9. Complete drying of tea waste samples for 48 hours prior to FTIR data 

collection. 

 

 Once completely dry, an FTIR spectrum was taken for each sample. To prepare 

the FTIR for experimentation, all related instruments were powered on, and the Spectrum 

computer application was opened. “Connect” was pressed after opening the application. 

The surface of the ATR plate was washed with a small amount of acetone on a Kimtech 

Kim wipe and wiped dry thoroughly. A background scan was performed before any solid 

was placed onto the instrument for measurement. For this investigation, the Spectrum 

application parameters were set between the wave numbers 650 cm-1 and 4000 cm-1 and 

at four scans (accumulations). The dried tea waste sample was lightly packed onto the 
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plate using a scoopula. Just enough tea waste was added to cover the hole of the ATR 

crystal. A scan preview was clicked, and the pressure tower was carefully screwed down 

until strong compaction of the solid waste was achieved around a force of 125. Once in 

place, the spectrum was taken by hitting the scan button again. After each run, the 

machine was washed lightly with acetone and dried thoroughly with a Kimtech wipe. The 

spectra were labeled, saved, and printed for further analysis. Excel and OriginPro2022 

were utilized to analyze all FTIR data shown in section 3.4. Any change in TW ligand 

functional groups (i.e., hydroxyl and carboxylic acid groups) upon complexation with 

Al3+ was analyzed using FTIR information from Figure 10 and 11. 

 

 

Figure 10. General identification of functional groups within an FTIR spectra (56,57). 
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Figure 11. Identification of EGCG and Ethyl Cellulose on an FTIR spectra within a 

spectrum peak generated by Black TW (58). 
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2.4b: Additional Ultrasonicated Rwandan Black Tea FTIR Experiment 

 To see if results could be replicated in other tea brands, both UV-Visible 

absorption spectra and ATR-FTIR spectra of the Gold Blend Rwandan black tea were 

measured with and without aluminum (III) chloride.  

For the UV-Visible absorption spectra, half of the black tea bag was kept in its 

regular state while the other half was ground to a “fine” state with a pestle mortar for 

approximately five minutes. Fifteen 15 mL vials were needed to run the experiments for 

the UV-Visible absorption spectra, with all samples being ultrasonicated for 20 minutes. 

Five of the vials served as a control group without any TW with increasing 

concentrations of aluminum (0 mM, 0.1 mM, 0.2 mM, 0.3 mM, and 0.4 mM). Five of the 

vials tested were the black Rwandan tea in its regular state, which were ultimately 

ultrasonicated during the 90-minute equilibration period. The remaining five vials tested 

the black Rwandan tea that was ground with pestle and mortar and then ultrasonicated 

during the 90-minute equilibration period.  

Increasing amounts of AlCl3 (2.0 mM or 2 x 10-3 M) were first placed in each 

vial. Each vial was then topped off to the 9 mL mark with pH 5 (0.1 M NaCl) buffer. 

Approximately 25 mg of tea waste were weighed out and added to each respective black 

Rwandan tea waste type (regular ultrasonicated and fine ultrasonicated), with the control 

containing no TW at all. All test tubes were vigorously shaken for about 30 seconds. The 

experimental samples containing the Rwandan black tea waste were ultrasonicated for 20 

minutes, then left alone to equilibrate for 70 more minutes. The control samples were 

simply left alone for 90 minutes during this same period. 
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After the waiting period, the tea waste within the ten tubes was individually 

filtered out using a glass funnel with paper and the filtrate was added to each respective 

test tube. Upon filtration, 1 mL of CA (0.5 mM or 5 x 10-4 M) was added to each of the 

fifteen vials, including the control samples. The samples were left to equilibrate for 20 

minutes and following this period three separate FTIR spectra were taken for each tea 

waste condition using a similar ATR-FTIR procedure described at the end of section 2.4 

to generate the graph below in Figure 3.4e. 

 

2.5: Molecular Operating Environment (MOE) 

The MOE computer application was initially used to measure the minimizations 

and interactions between various TW ligands and aluminum 3+ metal. To calculate the 

minimized energy between aluminum 3+ and TW ligands (tannic acid, lignin, ethyl 

cellulose, deae cellulose, EGCG), the energies of the ligands alone were initially 

calculated. The 3D structures of the tea waste ligands were then either downloaded online 

(from PubChem or ChemSpider) or were constructed within the AMPAC application. 

These ligand files were saved as a PDB file. The Molecular Operating Environment 

(MOE) application was launched, and the desired ligand file was opened. The ligand was 

first minimized then “Compute”, “Prepare” and “Partial charges” were clicked to see 

charge in the overall molecule. The method was changed and applied to MMFF94. The 

forcefield was altered to reflect a 0.001 gradient and the energy was minimized once 

again. The potential energy was computed and various types of energy (bond stretch, 

angle bend, torsional, etc.) were recorded in the “ligand” column of the table below (note 

method of MMFF94). The electrostatic energy was most important to note within this 
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procedure. This table was reproduced for each ligand complexed with metal and saved 

with the appropriate date. 

Upon calculating the energies of the ligands, the energies between the aluminum 

3+ and each tea waste ligand were then computed. To construct the metal cation, 

“Builder”, “More”, and then the aluminum metal from the periodic table was selected. To 

see the excess hydrogens on the metal, “Render”, “Atom”, “Name” was clicked. Each 

labelled Hydrogen on the metal was deleted and the metal was clicked within Builder 

mode and given an oxidation number of +3 by hitting “Window”, “Atom Manager”, and 

typing the charge under “Ionization.” The appearance of the metal cation was changed to 

reflect a Vanderwal molecule by pressing “Atoms” and clicking the two spheres adjacent 

to each other. The energy of the overall molecule was then minimized with the forcefield 

at MMFF94 and the gradient at 0.001. The potential energy of the entire molecule was 

then computed and “SVL” was clicked to calculate all the energies. This data was 

recorded in the table below in the “Complex” column. The files were then saved for 

future reference. 

The “Difference” (ΔG in J/mol) column of the table below was calculated by 

taking the minimized energy of the “Complex'' minus the energy of the minimized 

“Ligand.” The units of kcal/mole were converted to Joules/mole by using the conversion: 

1kcal/mol = 4.184 kilojoules per molecule and 1 kJ/mol = 1000 J/mol. This procedure 

was repeated for at least two trials to ensure accurate results. The overall average results 

are available in Table 3.5. 

The pictures shown in section 3.4b were generated by sizing up the atom (Al3+) 

and the ligand to be thicker under the “Render” section where the thicker lines and 
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spheres were clicked. Additionally, under the “Render” section, the background was 

changed to a more visible white setting by hitting “Setup” and changing the color to 

white under the “Background.” The bond distances were displayed by hitting “Measure” 

and then “Distance” on the right-hand side of the screen, and each tea waste ligand 

directly interacting with Al3+ was clicked after selecting the metal to display these 

distances. The molecule was minimized once more by hitting “Minimize” on the right-

hand side of the screen and a picture was taken using the Snipping Tool application 

available on most personal computers.   

 

Table 4. Energy Interaction Calculations from Molecular Operating Environment.  

Metal with Ligand from MOE MMFF94 Method 

Contribution Ligand 

(kcal/mol) 

Complex 

(kcal/mol) 

Difference 

Δ (Complex - Ligand) in 

J/mol 

Total Energy    

Bond Stretch Energy    

Angle Bend Energy    

Out-of-plane mode    

Torsional energy    

Van der Waals    

Electrostatic    
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Chapter 3: Results and Discussion  

 

3.1: Calibrations  

 
Figure 3.1a. UV-Visible absorption spectra of aluminum (III) chloride with caffeic acid: 

calibration determination. 

 

 At the caffeic acid chemosensor peak of 287 nm the absorbance decreases as Al3+ 

concentration increases, indicating an indirectly proportional relationship. Alternatively, 

at the Al3+-caffeic acid complex peak at 350 nm, absorbance increases as the 

concentration of Al3+ increases, highlighting a directly proportional relationship. 
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Figure 3.1b. Ratio metric calibration curve of the complex (350 nm) over the caffeic acid 

peak (287 nm) squared between aluminum (III) chloride and caffeic acid fit to a linear 

plot. 

 

 A calibration curve was generated for each run of the different tea types (green, 

black, and white). Each time the calculated linear equation (y = 1.765x + 0.059) was used 

to determine the final concentration of Al3+ ions in solution. The y-values of the slope 

equation y = mx + b were the wavelengths generated by the UV-Visible absorption 

spectrophotometer after filtration with TW while the x-values were solved for in order to 

determine the final concentration of AlCl3 post-adsorption. As concentration of AlCl3 

increased, the ratio between 350 nm and 287 nm squared increased as well. 
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Figure 3.1c.  UV-Visible absorption spectra of aluminum before any tea waste was 

added. 

 
Figure 3.1d. UV-Visible absorption spectra of aluminum after regular green tea waste 

was added (run 1). 
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 The UV-Visible absorption spectra between AlCl3 and caffeic acid alone (Figure 

3.1c) in comparison to those compounds introduced to regular green TW (Figure 3.1d) do 

not vary significantly in terms of specific band (x-axis) shifts in wavelength. However, 

the starting absorbance values in the samples containing tea waste at around 215 nm were 

much higher than when AlCl3 and CA interacted alone. There were similar reduced 

absorbances between 0.6 to 0.8 around 350 nm (where the formation of the complex is 

highlighted). The regular green TW samples started at a higher absorbance near 215 nm 

but ultimately dropped to about the same absorbance as the samples without any TW 

(350 nm). 
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3.2: Adsorption Capacity 

 

 

 
Figure 3.2a. Average adsorption capacities in mg/g of tea waste that was not 

ultrasonicated over two trials. 
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Figure 3.2b. Average adsorption capacities in mg/g of ultrasonicated tea waste samples 

over two trials. 

 

The adsorptive capacities of ultrasonicated tea waste (Figure 3.2b) were 

consistently higher than the non-ultrasonicated samples (Figure 3.2a), as highlighted 

within the height differences between Figures 3.2a and 3.2b. For example, the non-

ultrasonicated white TW at the maximum aluminum concentration of 0.4 mM AlCl3 only 

had an adsorption capacity of 1.60 mg/g while the same tea reached 2.41 mg/g upon 

ultrasonication, almost a two-fold increase. Between both adsorption capacity figures, a 

higher concentration of aluminum always led to a higher adsorption capacity. Thus, the 

higher concentration of aluminum (0.4 mM) led to a higher adsorption capacity than 
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more dilute Al3+ solutions. For both figures, no plateau in adsorption capacity was 

reached, indicating the solutions did not reach a high enough concentration for the 25 mg 

of tea waste to operate most optimally and thus equilibrium did not occur.  

 
Figure 3.2c. Adsorption capacity Q (mg/g) of non-ultrasonicated tea waste samples 

containing the maximum S5 concentration of AlCl3 at 0.4 mM.  

 
Figure 3.2d. Adsorption capacity Q (mg/g) of ultrasonicated tea waste samples 

containing the maximum S5 concentration of AlCl3 at 0.4 mM. 
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Similar to the previous figures of adsorption capacity, the ultrasonicated samples 

of the S5 solutions at the highest aluminum (III) chloride concentration of 0.4 mM (about 

2 mL) in Figure 3.2d consistently maintained higher adsorption capacities than the non-

ultrasonicated samples in Figure 3.2c. The non-ultrasonicated samples reached capacities 

around 1.5 mg/g whereas the ultrasonicated samples generated adsorption capacities up to 

2.5 mg/g. In all samples except for the non-ultrasonicated black tea, the finely ground 

teas had higher adsorption capacities than the regular ground teas of that same type when 

AlCl3 at 0.4 mM was tested (i.e., the fine green tea had a higher Q value than regular 

green tea in both figures). 

 
Figure 3.2e. Adsorption capacity Q (mg/g) of ultrasonicated and non-ultrasonicated 

black tea waste samples as AlCl3 concentration increases. Results averaged over two 

trials. 

  

 The ultrasonicated samples for both regular and fine black tea (orange and green 

bars) maintained higher adsorption capacities than the samples that were not greatly 
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agitated (purple and yellow bars) during the 90-minute equilibrium period. Most 

adsorption capacity values remained between 0.00 and 0.10 mg/g. In all black tea sample 

types, as aluminum 3+ ion concentration increased, the adsorption capacity did as well 

with no noticeable plateau indicating an equilibrium or that maximum adsorption 

capacity was reached with these conditions.  

 
Figure 3.2f. Adsorption capacity Q (mg/g) of ultrasonicated and non-ultrasonicated green 

tea waste samples as AlCl3 concentration increases. Results averaged over two trials. 

 

Similar to the results obtained in Figure 3.2e, the ultrasonicated samples for both 

regular and fine green tea (orange and green bars) maintained higher adsorption 

capacities than the samples that were not greatly agitated (purple and yellow bars) during 

the 90-minute equilibrium period. In all green tea sample types, as aluminum 3+ ion 

concentration increased, the adsorption capacity did as well with no noticeable plateau 

indicating an equilibrium or that maximum adsorption capacity was reached with these 

conditions. For the green tea waste, most adsorption capacity values remained between 
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0.05 and 0.15 mg/g, a range higher than that reflected in the black (Figure 3.2e) or white 

(Figure 3.2g) samples. Thus, amongst all conditions, the green tea waste generally had 

higher adsorption capacities (mg/g) in comparison to black and white tea waste. 

 
Figure 3.2g. Adsorption capacity Q (mg/g) of ultrasonicated and non-ultrasonicated 

white tea waste samples as AlCl3 concentration increases. Results averaged over two 

trials. 

 

Similar to the results obtained in Figures 3.2e and 3.2f, the ultrasonicated samples 

for both regular and fine white tea (orange and green bars) maintained higher adsorption 

capacities than the samples that were not greatly agitated (purple and yellow bars) during 

the 90-minute equilibrium period. In all white tea sample types, as aluminum 3+ ion 

concentration increased, the adsorption capacity did as well with no noticeable plateau 

indicating an equilibrium or that maximum adsorption capacity was reached with these 

conditions. For the white tea waste, the majority of adsorption capacity values remained 
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between 0.025 and 0.125 mg/g, a range comparative to the black tea samples (Figure 

3.2e).  

 
Figure 3.2h. Overall adsorption capacity (mg/g) of all tested tea samples over two trials.   

   

 

 Overall, ultrasonicated tea waste (orange and green bars) created consistently 

higher adsorption capacities in comparison to non-ultrasonicated samples (purple and 

yellow bars). Additionally, the green tea most consistently maintained slightly higher 

adsorption capacities in comparison to black and white tea waste, as highlighted in 

Figures 3.2e through 3.2g. All experimental adsorption capacities ranged between nearly 

0 mg/g and 2.5 mg/g.                                                     
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3.3: Adsorption Efficiency   

 

 
Figure 3.3a. Average adsorption efficiencies of tea waste that was not ultrasonicated 

over two trials.  
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Figure 3.3b. Average adsorption efficiencies of ultrasonicated tea waste samples over 

two trials. 

 

 As shown between Figures 3.3a and 3.3b, ultrasonicated tea waste samples 

(Figure 3.3b) consistently had higher adsorption efficiencies in comparison to samples 

that were not as thoroughly agitated (Figure 3.3a). The adsorption efficiencies generally 

ranged between 15% to 40% for the non-ultrasonicated TW (3.3a) while the 

ultrasonicated TW maintained higher efficiencies generally between 40% and 70% (with 

one outlier in Figure 3.3b for fine black tea). Among all samples, there was no clear 

difference in adsorption efficiency between regular and fine tea waste samples.    
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Figure 3.3c. Adsorption efficiency (%) of all black tea waste samples with varying 

concentrations of AlCl3 over two trials. 

 

Within the black tea waste samples, the adsorption efficiencies of the 

ultrasonicated samples are nearly doubled in most cases (between 40 and 58%) in 

comparison to the non-ultrasonicated samples (between 15 and 30%). 

  



 

47 
 

 
Figure 3.3d. Adsorption Efficiency (%) of all green tea waste samples with varying 

concentrations of AlCl3 over two trials. 

 

Within the green tea waste samples, the adsorption efficiencies of the 

ultrasonicated samples are nearly doubled in all cases (between 45 and 70%) in 

comparison to the non-ultrasonicated samples (between 25 and 35%). 
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Figure 3.3e. Adsorption efficiency (%) of all white tea waste samples with varying 

concentrations of AlCl3 over two trials. 

 

Within the white tea waste samples, the adsorption efficiencies of the 

ultrasonicated samples are higher in all cases (between 45 and 70%) in comparison to the 

non-ultrasonicated samples (between 25 and 50%). The white tea samples did not have as 

much of a difference in efficiency between ultrasonicated and non-ultrasonicated samples 

relative to the black (Figure 3.3c) and green (Figure 3.3d) adsorption efficiencies. 
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Figure 3.3f. Average adsorption efficiencies of all tea waste samples used in this 

investigation over two trials. 

  

Among all TW types, the ultrasonicated samples (orange and green bars) had 

higher adsorption efficiencies than the non-ultrasonicated TW (purple and yellow bars). 

As highlighted in the figure above, no convincing discrepancy in adsorption efficiency 

was found between black, green, or white tea waste. In general, the adsorption efficiency 

decreased as the initial concentration of Al3+ ions in water increased.  
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3.4: FTIR Spectral Analysis 

 

Figure 3.4a. FTIR spectra of fine tea waste samples without AlCl3, between 80 and 

100% T. 

 

With the exception of the baseline deficit of the white regular tea sample, the 

percentage transmittance of all tea waste samples produced similar peaks. These peaks 

minimally experienced a horizontal shift (x-axis) in wavenumber but did experience a 

slight vertical (y-axis) shift in transmittance. Both the black and green fine tea had 

noticeable peaks around 3300cm-1, indicating the presence of hydroxyl (OH) groups. 

However, this peak was not as defined in the white fine tea sample. The percentage 

transmittance generally ranged from 80 to 100%.  
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Figure 3.4b. FTIR spectra of fine tea waste samples upon interacting with AlCl3 (Al3+), 

between 84 and 100% T. 

 

The percent transmittance of all tea waste samples produced similar peaks in 

terms of wavenumber, however, differed variably in transmittance. The percent 

transmittance generally ranged from 84 to 100%, a range much narrower and shorter than 

the tea samples alone in Figure 3.4a. 
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Wavenumbers 

(cm-1) 

Vibration White Regular TW % 

Transmittance 

White Regular TW w/ 

AlCl3 % Transmittance 

3356 O-H stretch 93.35 98.74 

2977 C-H stretch 96.24 98.82 

1693 C=O stretch 94.88 98.25 

1063 C-O-C 

stretch 
83.87 94.44 

1017 C-O stretch 82.97 92.84 
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Wavenumbers 

(cm-1) 

Vibration Green Regular TW % 
Transmittance 

Green Regular TW w/ 

AlCl3 % Transmittance 

3356 O-H stretch 98.43 99.20 

2977 C-H stretch 98.85 99.45 

1693 C=O stretch 98.38 99.10 

1063 C-O-C 

stretch 
96.17 98.79 

1017 C-O stretch 95.36 98.86 

 

Wavenumbers 

(cm-1) 

Vibration Black Regular TW 

% Transmittance 

Black Regular TW w/ 

AlCl3 % Transmittance 

3356 O-H stretch 92.37 91.83 

2977 C-H stretch 95.14 94.49 

1693 C=O stretch 92.85 92.27 

1063 C-O-C 

stretch 
81.64 78.53 

1017 C-O stretch 80.41 75.85 

 

Figure 3.4c. FTIR spectra and transmittances of regular ultrasonicated tea waste upon 

interacting with Al3+ ions in solution. 

 

 Both the white and green regular ultrasonicated tea samples (top two spectra) 

maintained lower transmittances around 3300 cm-1 and below 1700 cm-1 when alone 

versus when Al3+ was introduced. Transmittance for these teas ultimately increased upon 

AlCl3 introduction in those areas. The peak around 3300 cm-1 indicates a shift in the 

concentration of hydroxyl (OH) groups while peaks below 1700 cm-1 can indicate a 

difference in C=O, C-O-C, and C-O group amounts upon complexation. Thus, upon 
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complexation with Al3+, the regular ultrasonicated white and green tea experienced a 

decrease in OH and carbon-based groups, potentially indicating that the TW ligands 

bonded to the Al3+ ions at these sites (ligand interactions highlighted in Figure 3.5b). As 

shown in Figure 1, tannic acid and EGCG are TW ligands with a carboxylic acid group 

(C=O and OH), contributing to spectral peaks between 2800 and 3500 cm-1. The FTIR 

spectra of the black regular TW alone and with AlCl3 had very minute differences in both 

band shifts and transmittance overall.  

Both the white and green regular tea samples experienced a significant increase in 

transmittance upon complexation with aluminum (with white regular TW going from 

93.35% to 98.74%) around 3300 cm-1 (OH peak), indicating a potential complex 

formation. At 1017 cm-1 where the C-O stretches generally appear, the white regular tea 

experienced a detectable increase in transmittance upon complexation with aluminum, 

going from 82.97% to 92.84%. Percent transmittances generally increased for both the 

white and green tea upon complexing with Al3+ however this trend seemed to be reversed 

with black regular TW, as transmittance seemed to decrease in the complex (red line). 
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Wavenumbers 

(cm-1) 

Vibration White Fine TW 

% Transmittance 

White Fine TW w/ AlCl3 

% Transmittance 

3356 O-H stretch 99.51 98.68 

2977 C-H stretch 98.79 99.13 

1693 C=O stretch 96.55 98.82 

1063 C-O-C stretch 96.43 96.33 

1017 C-O stretch 96.14 95.84 
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Wavenumbers 

(cm-1) 

Vibration Green Fine TW 

% Transmittance 

Green Fine TW w/ AlCl3 

% Transmittance 

3356 O-H stretch 96.88 97.19 

2977 C-H stretch 98.12 97.99 

1693 C=O stretch 97.83 96.74 

1063 C-O-C stretch 91.91 91.61 

1017 C-O stretch 91.01 90.80 

 

Wavenumbers 

(cm-1) 

Vibration Black Fine TW 

% Transmittance 

Black Fine TW w/ AlCl3 

% Transmittance 

3356 O-H stretch 93.91 94.92 

2977 C-H stretch 96.02 96.69 

1693 C=O stretch 94.92 95.77 

1063 C-O-C stretch 83.90 86.82 

1017 C-O stretch 81.42 85.15 

 

Figure 3.4d. FTIR spectra and transmittances of fine ultrasonicated tea waste upon 

interacting with Al3+ ions in solution. 

 

There were no major band (x-axis) shifts in wavenumbers for the majority of the 

regular (Figure 3.4c) or fine (Figure 3.4d) ultrasonicated tea waste samples to indicate 

that any chemical adsorption occurred between aluminum 3+ and TW. There were slight 

differences in transmittance, which may be due to outside factors or a small indication of 

the complex formation. Varying transmittances between TW alone versus upon the 

addition of AlCl3 were not as easily observed in the fine ultrasonicated TW samples 
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(3.4d) in comparison to the regular ultrasonicated TW samples (Figure 3.4c). The white 

fine ultrasonicated tea experienced a higher transmittance in virtually all areas upon the 

addition of Al3+ , similar to the increased transmittance of regular white ultrasonicated tea 

in Figure 3.4c. The most obvious shifts for fine ultrasonicated samples occurred below 

1700 cm-1, indicating changes in C=O, C-O-C, and C-O stretches from various TW 

ligands. Hydroxyl group (OH) stretches around 3300 cm-1 were most detectable in the 

fine green and black tea samples. The fine black tea generated lower transmittances 

overall (78% to 100%) compared to the green and white fine teas (88% to 100%). 

 

Figure 3.4e. Rwandan black tea with varying concentrations of aluminum (III) chloride. 

 

No significant band shifts were noted between the fine black TW alone and when 

Al3+ was introduced. The spectra with the lowest transmittance occurred with the 0.2 mM 

AlCl3 solution, however the next highest transmittance was the Rwandan fine TW alone 

with no aluminum. The highest transmittance ultimately occurred when 0.1 mM AlCl3 
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was added indicating no clear trend between percent transmittance and the concentration 

of AlCl3 in Rwandan black TW solution. 

 

3.5: Interaction of Al3+ ions with Tea Waste     

Table 3.5. Total Energy Minimization of Aluminum 3+ ions with Common Tea Waste 

Ligands and Caffeic Acid Dye                                                             

 
 

 

Figure 3.5a. Total Energy Difference of Aluminum 3+ ions with Common Tea Waste 

Ligands and Caffeic Acid Dye 
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The Molecular Operating Theory suggests that the stronger binding chemosensor 

isomer is the cis form of Caffeic Acid. In terms of tea waste ligands, tannic acid and 

EGCG have the lowest interaction energies when complexed with Al3+, indicating that 

these conformations are the most stable. Ethyl Cellulose and Deae Cellulose had the 

highest interaction energies when complexed with Al3+, indicating that these 

conformations are the least stable. 

 
          Ethyl Cellulose& Al3+                      Deae Cellulose & Al3+                     

 

 
Tannic Acid & Al3+ 
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Lignin & Al3+                                                EGCG & Al3+ 

 

 

 

 

 

 

 

 

 

 

                      cis-caffeic acid & Al3+                                              trans-caffeic acid & Al3+                                                         

 

Figure 3.5b. MOE interaction illustrations of Aluminum 3+ ions with Common Tea 

Waste Ligands and Caffeic Acid Dye. All measured distances are in angstroms (Å). 

 

Looking at the results from Figure 3.5a and Table 3.5, there appears to be no 

correlation between the bond distance of Al3+ and various tea waste ligands. Tannic acid 

(largest energy reduction in the Table 3.4 MOE Results) had bond lengths of 3.20 and 

3.13 picometers when complexed with Al3+ which maintained longer distances than Deae 

cellulose and aluminum 3+ (smallest energy reduction in the Table 3.4 MOE Results) 

with a shorter bond length of 2.95, 3.12, and 3.13 picometers.  
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Chapter 4: Conclusions  

 The first aim of this study attempted to perform MOE calculations to determine 

the Al3+-ligand complex structures as well as the major component in tea waste that 

strongly binds to aluminum 3+, as shown in section 3.5. There was no evident correlation 

between the bond distance of the complex and which ligand caused the largest reduction 

in energy when bound to Al3+. The lack of correlation may be due to the fact that there 

was technically no solvent for this complex to also interact within, which is not a realistic 

condition in real experiments. Future studies using MOE could also add water (H2O) as 

another factor in the interactions in order to see a trend more consistent with what would 

be observed in the laboratory.   

The second aim of this investigation involved performing experiments that verify 

MOE predictions by using a UV-Visible spectrophotometer. The specific results of each 

TW ligand (i.e., tannic acid and deae cellulose) could not be looked at individually as it is 

on such a microscopic level. However, it appears that ultrasonication greatly helped to 

complex and ultimately remove aluminum 3+ ions from water, as shown in section 3.3. 

Therefore, the prediction about the ultrasonicated TW samples being more effective in 

filtering aluminum was correct and increased shaking of TW solutions containing 

aluminum may help to filter the heavy metal out more efficiently. The second prediction 

of finely ground TW being more efficient at complexing and removing aluminum from 

solution than regular was not supported by the data. There was no convincing evidence 

for either regular or fine TW to say that one version complexed better with aluminum 

than the other. Future experiments should use higher concentrations of aluminum 

(beyond 0.4 mM) as the differences in adsorption capacity and efficiency between regular 
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and fine TW became more noticeable at higher Al3+ concentrations. Perhaps if higher 

concentrations of aluminum were used, there would be detectable differences between the 

regular and fine tea waste upon using 25 mg.  

The third aim of this study was to determine the type of the Al3+-ligand 

interactions present in the solid phase as well as whether the interaction between tea 

waste and aluminum ions was physical or chemical via the ATR-FTIR vibrational 

spectra, evident in section 3.4. At this time, it appears that adsorption between the tea 

waste and aluminum heavy metal is likely physical since there were no convincing band 

shifts that occurred within any of the FTIR spectra (Figures 3.4c and 3.4d). There were 

slight differences in the percent transmittance at times, but nothing convincing enough to 

highlight the formation of the Al3+-ligand complex. Future studies should use higher 

concentrations of aluminum 3+ beyond 0.4 mM to complex with tea waste in order to see 

more noticeable FTIR results. Additionally, future studies should look into the functional 

groups that specific TW types have and uncover that how the concentrations of different 

TW ligands vary in black, green, and white tea in order to make more sense of the FTIR 

spectra being generated for each sample (i.e., white regular TW experienced a less 

noticeable OH peak in Figure 3.5b around 3300 cm-1, is this due to the tea having less 

tannic acid and EGCG which mean less carboxylic acid functional groups are present?). 

As mentioned previously, the EPA recommended limit of aluminum ions in water 

sits between 0.05 to 0.2 mg/L. Within this investigation, the minimum amount of AlCl3 

used was 13.34 mg/L at a 0.1 mM AlCl3 concentration, which is 66.7 times the maximum 

0.2 mg/L limit set by the EPA (Table 4.1). Furthermore, the maximum 0.4 mM 

concentration used in this study equates to 53.34 mg/L of AlCl3, an amount 266.7 times 
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larger than the maximum EPA recommended limit (Table 4.1). While such minute 

concentrations of aluminum are difficult to work with in a general laboratory (a 0.2 mg/L 

Al3+ solution would require a concentration of 0.0015 mM of AlCl3), future studies 

should examine utilizing concentrations of aluminum 3+ this low in order to more 

appropriately emulate levels established within federal guidelines. Thus, using 25 mg (or 

less) of TW on concentrations of aluminum this low may significantly heighten the 

adsorption capacity and efficiency of TW in removing this toxic heavy metal from 

solution. Considering that the true amount of aluminum ions is much lower than the 

concentrations used in these experiments, appropriate filtration of aluminum may be 

achieved using relatively low amounts of TW. Overall, extensive research has supported 

the idea that ingestion of any amount of aluminum can be deleterious to the human body. 

Thus, any affordable and green method for removing aluminum from drinking water may 

aid in the effort of preventing debilitating disease on a global scale.  

 

Table 4.1. Connecting the concentrations of aluminum used in this study to the EPA 

limits of this heavy metal in drinking water. 

0.1 mM 

AlCl3 

1 M 1 mole 133.34 g 1000 mg =  13.34 mg/L 

AlCl3 

 1000 mM 1 L 1 mole 1 g   

 

0.4 mM 

AlCl3 

1 M 1 mole 133.34 g 1000 mg =  53.34 mg/L 

AlCl3 

 1000 mM 1 L 1 mole 1 g   

 

*53.34 mg/L / 0.2 mg/L = 266.7 times bigger than max EPA limit for drinking water 

*13.34 mg/L / 0.2 mg/L = 66.7 times bigger than max EPA limit for drinking water 
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Chapter 5: Limitations and Future Work        

 The COVID-19 pandemic presented some setbacks regarding being able to 

conduct experiments within the laboratory as well as some supply chain issues in 

ordering proper materials for data collection. Furthermore, throughout experimentation 

there were multiple power outages and equipment issues with the UV-Vis absorption 

spectrophotometer and ATR-FTIR as much of the equipment was left unused throughout 

the pandemic. Budget issues also made it difficult to manipulate various conditions such 

as experimenting at varying temperatures constantly as well as being able to test various 

chemosensors. Limited time also made it difficult to repeat these experiments reliably, 

meaning the baseline for some of the FTIR spectra had to be corrected. 

In future experiments, the completion of additional trials (more than the two 

conducted in this investigation) would be helpful to confirm accurate results for UV-

Visible absorption spectroscopy experimentation. Furthermore, an FTIR spectra of the 

solid TW collected during filtering in preparation for taking the UV-Vis absorption 

spectra may lend more insight into what specific functional groups change when various 

forms of TW are complexed with Al3+ ions. Another factor that future investigations 

could examine is the equilibration time. Prepared samples for both the UV-Vis absorption 

spectroscopy and ATR-FTIR measurements were left to equilibrate for 90 minutes, 

however examining the spectra at 30, 60, or 120 minutes may lend completely different 

results. Since ultrasonication was quite effective at removing aluminum from the pH 5 

(0.1 M NaCl) buffer solution in this study, changing the time in which ultrasonication 

occurs (from 20 minutes to 10, 30, or 60 minutes) would lend more insight into just how 

much agitation is optimal for removing aluminum 3+ ions from drinking water. 
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Additionally, research could also test more concentrations of AlCl3 to not only confirm 

the trend of increased adsorption capacity and efficiency with increased Al3+ 

concentration, but also to find the plateau point to determine what concentration of 

aluminum is most efficiently removed from solution in the provided conditions. As 

shown within the maximum aluminum (III) chloride concentration of 4.0 mM S5 samples 

in Figures 3.2c and 3.2d, future studies using higher amounts of Al3+ may show a 

compelling difference in the adsorption capacity and efficiency between the fine and 

regular tea waste samples. 

 On a broader scale, future investigations could examine the use of various 

chemosensors, pH, and temperature to determine whether there are additional conditions 

that may be the most optimal. Studies could look at using different tea waste brands such 

as Lipton, Tazo, or Yogi as well as different TW amounts in each experimental trial (10 

mg or 50 mg instead of 25 mg) to determine whether the results of these experiments 

could be replicated. The tea waste set at 25 mg in this study was arbitrarily chosen based 

on the literature. If there was more time for experimentation, varying the amount of tea 

waste that was used may have helped solidify the results of this investigation. 

Unfortunately, budget played a role in this work, making it difficult to have access to 

such a wide range of temperatures, chemicals, and laboratory equipment. 
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Appendix  

Appendix I: Determination of Dye and Metal Type for the UV-Vis 

Dye colors influence the wavelength of light at which they absorb. Many dyes 

contain alternating double and single bonds which usually take in light in the visible 

region.  Conjugated regions of a dye molecule can be short (few alternating double and 

single bonds) or long, which indicates a large degree of conjugation with many 

alternating bonds. Dyes have a smaller energy gap and require lower energy light, such as 

visible light, to excite an electron (59). 

The chemosensor dye, caffeic acid, used in this investigation was ultimately 

determined due to its close relationship to TW as well as its success as an indicator in the 

literature. Initially, methyl red (50 mM) and acid red (10.0 mM) were tested as dyes but 

did not generate accurate interactions with aluminum 3+ metal. The 10 mM methyl red 

with a molar mass of 269.30 g/mol was made by adding approximately 0.135 g of methyl 

red in water. The 1.0 mM acid red (509.43 g/mol) solution was prepared by adding 

approximately 0.025 g of acid red in 50 mL of deionized water. When constructing the 

initial Beers/ratio metric plot between these dyes and aluminum metal, a reliable positive 

trend with increasing Al3+ concentration was not observed. Furthermore, these dyes were 

difficult to fully dissolve in solution. Similar issues occurred when attempting to 

implement erythrosine blue (0.1 mM), graphene quantum dots, and tannic acid as an 

appropriate dye for the UV-Vis absorption spectroscopy experiments. Erythrosine Blue is 

a fine red solid at room temperature with a molar mass of 835.9 g/mol. A 50 mL solution 

of 0.1 mM EB with a molar mass of 835.9 g/mol was prepared by adding approximately 

0.00417 g of EB to a 50 mL volumetric flask and filling the rest of the flask up with 
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deionized water. Even after careful construction and concentration tweaking, it was 

evident that these dyes would not serve well as chemosensors. 

Tannic acid was also tested as a chemosensing dye as it is a relevant TW ligand. 

In this experiment, 1 mL of Tannic Acid was added to all vials, with incremental amounts 

of the AlCl3 solution 0 mL, 0.2 mL, 0.4 mL, 0.6 mL, and 1 mL being added to each vial. 

The vials were then topped off to 10 mL with the pH 4.0 Buffer solution. The solutions 

were warmed for 20 minutes in a water bath at 37 degrees Celsius and the UV-Visible 

absorption spectra was taken at 37 degrees Celsius for each solution. Even after tweaking 

the temperature, concentration, and order, it was evident that tannic acid would not work 

as a dye in this investigation since it would not produce a consistent trend with aluminum 

3+ (a higher concentration of aluminum equating to a higher absorbance on the spectra). 

At this point, more literature was read and caffeic acid was ultimately chosen as the 

chemosensor.  

Within this investigation it was critical that the absorption of the UV-Vis 

absorption spectra did not reach above an absorption of 2.0. Thus, the issues with using 

methyl red and acid red as dyes appeared to be because the concentrations were too high, 

generating a very dark red color. A few weeks were initially dedicated to creating lower 

concentrations of methyl red (5 mM) and acid red (1.0 mM) solutions. However, even 

after achieving a UV-Vis absorption spectra that did not reach above 2.0 absorption, the 

dyes still did not generate a positive trend upon interacting with increasing amounts of 

aluminum 3+ ions. 
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Aluminum (III) sulfate was initially used to represent the heavy metal in this 

study; however, it was quickly determined that it was difficult to fully dissolve in 

solution, lending inaccurate concentration solutions. Aluminum (III) sulfate is a white, 

clumpy compound that does not completely dissolve very easily in cold water. Thus, the 

first examination was to ensure a way aluminum sulfate would be able to completely 

dissolve in aqueous solution. Initially, deionized water at room temperature was utilized 

to try to dissolve the solution, however this generated poor results. When the deionized 

water was heated to about 100 degrees Celsius the aluminum sulfate dissolved slightly 

more, but still maintained large particles at the bottom that would affect results. Thus, a 

buffer solution was created utilizing a packet of Hydrion pH 4 buffer and adding 500 mL 

of deionized water to a volumetric flask. A small amount of the pH 4 buffer (50 mL) was 

heated on a hot plate until it started boiling around 100 degrees Celsius. Approximately 

0.017 g of aluminum sulfate was added to a 50 mL volumetric flask with the hot pH 4 

buffer solution quickly being added on top of it. A 50 mL solution of 1.0 mM aluminum 

sulfate with molar mass of 342.15 g/mol was prepared by adding approximately 0.017 g 

of aluminum sulfate in water. After examination it was evident that this salt would not be 

viable for this study as the resulting solution was still cloudy and particle ridden. These 

experiments took place from September 10th, 2021, and September 24th, 2021. 

After unsuccessful trials with larger aluminum salts such as aluminum sulfate, 

aluminum chloride was chosen as it is much more soluble in water. Aluminum (III) 

chloride solution (AlCl3) is a fine white powder with a molar mass of 133.34 g/mol. 

AlCl3 much more easily dissolves in room temperature water to produce a colorless 

solution. Complete dissolving of this heavy metal helped to achieve more consistent 
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binding interactions between the tea waste. Approximately 0.0667 g of aluminum (III) 

chloride was dissolved in 50 mL of water residing in a volumetric flask to lend a 10 mM 

concentration of the compound. The resulting solution was completely dissolved and 

clear as desired, however this concentration of solution was too strong to generate 

reliable results for the UV-Vis absorption spectrometer as the absorption values spanned 

far above 2.0. Thus, a 50 mL solution of 1.0 mM aluminum chloride was initially 

prepared by adding approximately 0.0067 g of aluminum chloride in water. The 

aluminum chloride solution in this case was utilized as measurable Al3+ ions for this 

investigation with brewed TW. However, this concentration was soon increased to 2.0 

mM with a pH 5 (0.1 M NaCl) buffer as a solvent for this investigation as the previous 

concentration of AlCl3 was too low for the UV-Vis to accurately read. 

 

Appendix II: Determining Optimal Conditions for UV-Vis Experiments  

 Initially, the solvent used for all spectroscopy experiments was deionized water 

around a neutral pH of 7.0. However, upon further experimentation and literature review, 

it was determined that a more acidic solvent may improve the stability constant between 

caffeic acid and aluminum 3+ ions in solution. A pH 3.5 buffer solution was produced via 

a Hydrion packet and 500 mL of deionized water. The spectra change upon this alteration 

was still not sufficient to represent the literature UV-Visible absorption spectrum for 

caffeic acid and the subsequent complex. A pH 5.0 (0.1 M NaCl) was ultimately created 

for experimentation and was shown to provide the most accurate spectra between this dye 

and heavy metal solution. The concentration of dye and AlCl3 were altered multiple times 

until the absorbance continuously remained below 2.0 and a positive trend was observed.  
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 Temperature is another highly important factor for any chemical reaction or 

experiment. Temperatures around 37 degrees Celsius were used at one point with tannic 

acid in order to see if it would improve binding interactions between AlCl3 and the 

various dyes being tested. Upon using a heat bath for solutions containing both tannic 

acid and AlCl3, no noticeable changes in the absorbance spectra occurred. Thus, the 

experiments were ultimately kept at room temperature when caffeic acid was used as a 

dye. 

 Timing was another factor that was optimized during this investigation through 

trial-and-error. At first the dye, TW, and CA were all added to a test tube at the same 

time. The tea waste was centrifuged to the bottom of the test tube before taking the UV-

Vis absorption spectra for approximately five minutes. However, it was determined that 

adding caffeic acid early on and the continued presence of TW during data collected 

heavily impacted the interactions between the aluminum 3+ ions and the TW. CA was 

ultimately added after the equilibration period, diminishing the possibility that the Al3+ 

ions were interacting with this chemosensor instead of the tea waste present. 

Furthermore, having the physical TW particles present while taking spectra presented 

another obstacle as solid particles were inevitably present within the quartz cuvette being 

measured to generate a spectrum. The procedure was ultimately altered in order to filter 

out the solid TW particles to ensure the sample being used was solely solution and 

uniform throughout.  
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Initially the tea waste was not filtered out from the vials before UV-Visible 

absorption spectra was taken. However, this soon posed a problem as the solid TW 

caused variable results when the UV-Vis absorption spectra were taken. Before the TW 

was filtered out, all four sets of vials (regular, fine, regular ultrasonicated, and fine 

ultrasonicated) were placed in the Centrifuge 5810 R at 700 RPM for five minutes in 

order to send the TW particles to the bottom of the test tube. The test tubes were then left 

to equilibrate for 15 minutes before each appropriate UV-Vis absorption spectrum was 

taken. UV-Vis absorption spectra for each of the five varying aluminum concentrations 

was individually taken for each tea type, with the first sample containing no aluminum 

(III) chloride at all. However, numerous solid particles of the TW still remained in the 

cuvette. Thus, the procedure was changed to filter out the tea waste. Additionally, the CA 

chemosensor appeared to have been competing with aluminum 3+ ions to bind with the 

TW, producing variable results. Thus, the procedure was tweaked to introduce caffeic 

acid after filtering the TW out and twenty minutes before taking the UV-Vis absorption 

spectra to avoid this competition. 

 Two rounds of ATR-FTIR were taken within this investigation, for purposes of 

reliability and accuracy. The below results reflect the FTIR spectra that was taken two 

days after filtering aluminum through the tea waste (March 13th, 2022) whereas the FTIR 

used in the results section of this paper were taken about six weeks later (April 20th, 

2022). While the graphs were not entirely inaccurate, these graphs required baseline 

corrections. The black fine ultrasonicated tea was baseline corrected below in Figure A1. 

Additionally, the acetone used to clean the ATR plate may have slightly altered some of 

the results. Thus, the results were taken again (Figure A3) after careful analysis to avoid 
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any variable spectra caused by outside factors. Functional groups in Figure A2 were used 

to analyze all FTIR data acquired within investigation in order to relate it back to the 

individual ligands that compose TW. 

 

Figure A1. Original FTIR plots achieved 48 hours after experimentation, run one. 
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Figure A2.  Functional groups observed to analyze FTIR data of tea waste. 

 

Figure A3. FTIR plots shown in Section 3.4, without any annotations added. 


