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Abstract 

The textile industry has more than doubled from 2020 to 2024, disrupting ecosystems. Current 

remediation methods like coagulation-flocculation are energy-intensive and costly. 

Biodegradable hydrogels, with hydrophilic functional groups and porous structures, offer a 

sustainable alternative. This study optimized hydrogel-based dye remediation of Methylene blue 

(MB) and Methyl Orange (MO) using computational and experimental approaches. To predict the 

hydrogel-dye interactions at a molecular level, computational simulations (Avogadro, Auto Dock 

Vina, ORCA) screened 30 hydrogels based on their binding energies, identifying four promising 

hydrogels (beaded, emulsion templating, dual crosslinking, and CH/GG/CR). They were tested for 

physical properties, dye adsorption, dye desorption/reusability, surface charges, temperature 

stability, functional groups, and biotoxicity. A novel self-cleaning 3D-printed column was 

developed to enhance dye adsorption efficiency by minimizing clogging and enabling continuous 

operation with minimal human intervention. Statistical analysis was conducted using a one-way 

analysis of variance (ANOVA), followed by Tukey’s post hoc. The CH/GG/CR hydrogel achieved 

the highest efficiency(p<0.05), reducing MB and MO concentrations to 0.33 ppm and 0.64 

ppm(p<0.05), respectively. Graphene oxide further enhanced adsorption, achieving reductions to 

0.2 ppm (MB) and 0.4 ppm (MO); however, the additive of the CQD showed the best balance of 

efficiency and cost effectiveness. FTIR analysis confirmed the presence of key functional groups 

(OH, NH2⁻). Biotoxicity tests showed minimal effects. Reusability tests with HCl (MB) and NaOH 

(MO) were effective. This waste product is a concentrated dye solution which could be reused in 

industries to directly contribute to the circular water economy. Due to the material and cost 

constraints, some future studies should explore the scalability of these biodegradable hydrogels 

under varying flow rates and environmental conditions. 
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1. Introduction 

Synthetic dyes are used in many industries such as textile processing, food production, 

and pharmaceutical, with the textile industry being the largest consumer. As of 2023, the dyes 

and pigment market size share were around $41.7 billion. During textile dyeing, around 10–15% of 

dyes are lost in the process and enter wastewater, resulting in approximately 280,000 tons of dyes 

being discharged annually into global water systems. Since much of the textile industry is 

concentrated in developing countries that lack adequate wastewater treatment infrastructure, 

the discharge of untreated dye effluent poses serious environmental threats. 

In aquatic systems, dyes block sunlight and impair photosynthesis in phytoplankton and 

aquatic plants, disrupting oxygen production and contributing to hypoxia. Contaminants like 

methyl orange (MO), which can form carcinogenic aromatic amines, inhibit chlorophyll synthesis, 

and reduce photosynthetic efficiency. Dyes, particularly persistent and bioaccumulative azo 

compounds, have been linked to endocrine disruption, organ damage, and increased cancer risk; 

methylene blue (MB) specifically interferes with DNA and RNA structures (Al-Tohamy, 2022).  

Conventional dye remediation methods like coagulation-flocculation aggregate dye 

particles using salts such as aluminum or iron but generate sludge and secondary pollutants that 

require further treatment (Bahrodin, 2021). These systems are costly and less effective at low dye 

concentrations. Advanced oxidation processes (AOPs) demand high energy or chemical input, 

operate under narrow conditions, and may form toxic byproducts. Membrane filtration also 

requires high pressure, incurs high maintenance costs, and suffers from membrane fouling, 

limiting long-term use (Getya, 2023). 

Hydrogels, particularly those synthesized from natural polysaccharides, offer advantages 

including biodegradability, high binding affinity, and ease of fabrication, making them suitable to 

be used in low-resource settings, without access to complex remediation techniques. Hydrogels 

possess a 3D polymeric structure capable of absorbing large amounts of water and capturing dye 

molecules through functional groups such as hydroxyl, carboxyl, and amine. These groups enable 

hydrogen bonding, electrostatic attraction, and van der Waals forces with dye molecules. Their 

reusability further enhances cost-effectiveness and sustainability (Ahmed, 2015). 
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Hydrogel performance can be enhanced with additives. CQDs, carbon-based 

nanoparticles (1–10 nm), are biocompatible and rich in surface functional groups that enable 

interactions with aromatic dyes like MB and increase mechanical strength and durability for long-

term applications due to it being a nanofiller(Kanungo, 2023; Shabbir, 2021). Similarly, AC 

contributes π–π stacking via its graphitic regions and promotes ionic interactions through its 

oxygenated functional groups, while also enhancing porosity and thermal stability (Thamer, 2023). 

GO, with functional groups like –OH, –COOH, and epoxy, improves both dye uptake and 

mechanical strength through π-electron interactions, hydrogen bonding, and a high surface area 

(Guo, 2015; Liu, 2023). EG serves as a porogenic solvent, increasing pore size during synthesis to 

facilitate dye diffusion and absorption (Getya, 2023; Xu, 2023). Additionally, functional group 

modifications such as hydroxyl, carboxyl, and amine groups tune hydrophilicity, charge 

interactions, and crosslinking behavior. (Ribeiro, 2019; Tian, 2019; Wamba, 2018). 

Given the potential for hydrogel leaching, ecotoxicity testing is essential to ensure 

environmental safety. Daphnia magna was selected as a model organism due to its sensitivity to 

pollutants, short life cycle, and ethical suitability for assessing aquatic toxicity. (Reilly, 2023). 

Recent advancements in hydrogel-based dye remediation have demonstrated promising 

results, but certain limitations remain. Majamo et al, 2024 synthesized hydrogels from corn cob 

cellulose showed high adsorption capacity for MB. However, it showed instability in varying 

temperatures and pH levels, along with loss of efficiency upon reuse (Majamo et al, 2024). 

This study aimed to simulate and identify high-performing hydrogels through 

computational modeling, synthesize and optimize them based on mechanical strength, swelling, 

and reusability, and implement them in an auto-cleaning column system for practical dye 

remediation. The alternate hypothesis is that in silico and in vitro-optimized hydrogels will 

significantly enhance adsorption efficiency and stability. This is a 6 phase approach: 1) narrow 

down the thousands of hydrogel candidates to the top 4 using a literature search and 

computational modeling simulation 2) synthesize 4 hydrogels in the lab 3) test the main hydrogels 

4) add 5 additives to the best hydrogel 5) test the additive hydrogels 6) incorporate the hydrogels 

into an auto cleaning 3D printed column apparatus. This project addresses key gaps in hydrogel 

sustainability, cost-efficiency, and real-world applicability. 
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Scheme #1: 

Overview of the 

research 

program 

(created with 

Biorender) 

 

 

 

2. Phase 1 In-silico approach 

2.1 Methods - All of the below protocols were completed by the competition entrant 

Initial simulations screened hydrogel structures for dye remediation based on binding 

energies and interactions, reducing experimental trials and minimizing waste. 

2.1.1 Literature search 

A systematic literature search was 

conducted using databases such as Google 

Scholar, Science Direct, and PubMed with 

keywords like “hydrogel”, “dye adsorption”, and 

“porous structure”. Peer reviewed studies from 

the past 10 years were reviewed to identify 

hydrogels with a large surface area, hydrophilic 

functional groups, and sustainable materials. 

Materials were substituted to safer alternatives to 

comply with school lab regulations. The hydrogels 

in figure 1 were the most optimal. 

2.1.2 Building the molecular structure in Avogadro: (Avogadro, 2022) 

Hydrogel components were modeled and assembled in Avogadro (2022), with geometry 

optimized using MMFF94 for organic and UFF for inorganic parts to ensure structural accuracy. 

Methylene blue (MB) and methyl orange (MO) dye molecules were also constructed for interaction 

studies, based on literature-reported structures. 

2.1.3 Molecular Docking  
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Molecular docking was performed using AutoDock Vina to identify ideal binding sites 

between hydrogels and dyes. Dyes were designated as the ligand, and hydrogels were treated as 

the receptor. Initial preparation in AutoDockTools remove water molecules, add Kollman charges, 

and add torsal tree for rotatable bonds. Hydrogel was enclosed within a grid box, and docking was 

executed.  

2.1.4 Density Functional Theory (DFT) Analysis via ORCA (Neese, 2022) 

Interaction energies between the hydrogel and the dye were calculated. Density Functional 

Theory (DFT) calculations were performed using the B3LYP method and def2-SVP basis set. B3LYP 

was chosen for its proven accuracy in predicting interaction energies in both organic and 

inorganic systems (Lu, 2013). def2-SVP provided the necessary polarization functions to model 

electron distribution in hydrogel–dye interactions. A solvent of water was defined using the SMD 

(Solvation Model based on Density) in the CPCM framework under ambient aqueous conditions.  

2.2 Results and Discussion 

 
*MB = methylene blue; MO = methyl orange; BE = binding energy (Hartree)* 

Table #1: Summary of the top four hydrogel systems and components selected based on DFT-calculated binding 

energies. (Figure by Competition Entrant, 2025) 

Density Functional Theory (DFT) calculations using ORCA were performed to determine the 

binding energies of various hydrogel systems with MB and MO in an aqueous environment. Shown 

in table 1, all systems exhibited negative binding energies, indicating thermodynamically 

favorable interactions, except for the ET + MO system(0.0078 Hartree), suggesting electrostatic 

repulsion due to the negatively charged COO⁻ groups in sodium alginate repelling the anionic MO 

dye. In contrast, hydrogels such as DC and beaded variants demonstrated stronger affinity for MB 

(–0.0657 Hartree), indicating a preference for cationic dyes (Karimzadeh, 2023). 

3. Phase 2: Main Hydrogel Synthesis 

3.1 Methods - All of the below protocols were completed by the competition entrant 

The following subsections outline the formulation for each hydrogel. Each synthesized 

hydrogel was evaluated for key physical and functional properties shown in phase 3. 
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3.1.1 Type 1: CH/GG/CR (Srivastava, 2021)  

Chitosan (1.0% w/v) was dissolved in 1.0% (v/v) acetic acid and mechanically stirred (600 

rpm) overnight at room temperature to form a pale yellow viscous solution. Gellan gum (Mw = 500 

kDa, 1.5% w/v) and κ-carrageenan (Mw = 788.7 Da, 1.5% w/v) were each dissolved in deionized 

water (90 °C) under continuous stirring(600rpm) until homogeneous viscous solutions formed. 

Chitosan, gellan gum, and κ-carrageenan solutions were then mixed in a 1:1:1 ratio and allowed 

to self-assemble into a three-dimensional polymeric network at room temperature. 

3.1.2 Type 2: Beaded (Kjidaa, 2024) 

A solution of chitosan (Mw = 3.8–20 kDa with a degree of deacetylation ≥ 75%) was 

prepared by dissolving 1g in 100 mL of 2% acetic acid. Bio-Hap (1g) was added under continuous 

stirring (400 rpm) for 6 hours. The mixture was dispensed using a pipet into a solution of NaOH 

(2% w/v) and mechanically stirred at 50 rpm for 3 hours. The obtained beads were washed with 

distilled water until a neutral pH was reached. The hydrogel beads were immersed in 100mL 

genipin solution (0.5% v/v) for 12 hours and rinsed with distilled water until a neutral pH. 

3.1.3 Type 3: Emulsion Templating (Makrygianni, 2021; Kovačič, 2017) 

The hydrogel was fabricated using an aqueous to oil phase ratio of 60:40 (v/v). Pluronic F-

68 (0.5% w/v) was added to the hydrogel solution (99%) (350 rpm). The oil phase, mineral oil (40%) 

and Tween 80 (2% w/v), was premixed at 500 rpm (5 minutes) before added to the aqueous phase. 

The resulting solution was stirred at max speed. Polymerization was initiated by adding the cross 

linker under continuous stirring (300rpm). The resulting monolith was cut into 5in squares 1cm 

thick and soaked in ethanol for 24 hours to remove the oil, then washed with deionized water. 

3.1.4 Type 4: Dual crosslinking (Cano-Vincent, 2023) 

Sodium alginate (0.25 g) was dissolved in 30 mL of distilled water and stirred at 600 rpm for 

1 hour at 24 °C. The solution was poured into a Petri dish, dried at room temperature for 24 hours, 

then at 37 °C for 48 hours to form a film. For primary crosslinking, 5 g of calcium chloride was 

dissolved in 500 mL of water, stirred for 15 minutes, and the dried films were immersed for 1 hour, 

then rinsed three times. For secondary crosslinking, films were soaked in 0.01% zinc chloride 

solution for 2 hours, then dried again at room temperature for 24 hours and at 37 °C for 48 hours. 

4. Phase 3: Main Hydrogel  
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4.1 Methods - All of the below protocols were completed by the competition entrant 

4.1.1 Dye absorbance assay:  

4.1.1.1 Treatment with the hydrogel 

Hydrogel samples were immersed in dye solutions (0.5, 1, 2, 3, and 4 ppm) for 48 hours. 

These concentrations were chosen based on a literature search identifying regions like 

Bangladesh and Cambodia where textile dye pollution contributes to water scarcity. Lower levels 

reflect conditions in natural water systems and allow accurate UV-Vis quantification. This also 

serves as a proof of concept, scaled to fit the constraints of a high school lab. 

4.1.1.2 Testing using the UV-vis spectrophotometer: (Luftman, 2018) 

Dye concentrations were found using a UV-Vis spectrophotometer following calibration. 

Measurements were performed at the maximum absorbance wavelengths: 665 nm for MB and 

464 nm for MO, based on previously reported values (Wang, 2023). Dye solutions of known 

concentrations were prepared and measured to construct calibration curves. Absorbance values 

were plotted against their corresponding concentrations to generate Beer's Law plots. Linear 

regression analysis was used to derive the calibration equations. These equations were applied to 

calculate the remaining dye concentrations in the test solutions throughout the experiment.  

4.1.2 Kinetic analysis: (Aljeboree, 2023) 

4.1.2.1 Pseudo-first-order model 

It assumes the rate of adsorption is proportional to the number of unoccupied sites on the 

hydrogel. The linear form of the pseudo-first order model was determined via Equation 1:  

       (Equation 1) 

Where Qe is the amount of dye adsorbed at equilibrium (mg/g), Qt is the amount of dye adsorbed at time t (mg/g), K1 is the rate 

constant of the pseudo-first-order adsorption. ln(qe - qt) was plotted against t to obtain a straight line graph, 

and the slope and intercept identified -k1 and lnqe, respectively. 

4.1.2.2 Pseudo-second order model The pseudo second order model assumed that the 

adsorption rate depends on the square of the number of available adsorption sites. The linear 

form was determined via Equation 2. 

     (Equation 2) 
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Where Qt is the amount of dye adsorbed at time t (mg/g), Qe is the amount of dye adsorbed at equilibrium (mg/g), K2 is the pseudo 

second order rate constant (g/mg-min), T is time (min). t/qt was plotted vs. t, and the slope and intercept were 

identified as 1/qe and 1/k2qe^2, respectively. k2 was calculated via Equation 3:  

(Equation 3) 

4.1.2.3 Analysis The best model was identified by selecting the most linear plot with a r2 value 

closest to 1. K, the rate constant, was quantified. The higher the k the faster the adsorption. First 

order may indicate a physisorption process. A second order may suggest chemisorption . 

4.1.3 Desorption efficiency: (Dhahir, 2024) 

Post-adsorption, hydrogels were rinsed with distilled water to remove loosely bound 

particles. 0.1M HCl and 0.1 M NaOH were tested. Used hydrogels (1 g) were placed into a beaker 

with the desorption agent (50 mL). Mixtures were mechanically stirred at 200 rpm for 2 hours. The 

process of adsorption and desorption was repeated until the hydrogel became unusable.  

4.1.4 Physical characteristics (Ahearnee, 2012) 

Swelling was evaluated by immersing 400 mg of dried hydrogel in 20 mL of deionized water 

for 1 hour. The swollen hydrogel was weighed, and percent weight change was calculated. 

Stretchability was assessed by incrementally extending the hydrogel in 2 cm intervals until 

rupture. The maximum elongation was recorded. Percent stretch change was calculated. 

4.1.5 Thermogravimetric analysis (Reddy, 2014) 

3 hydrogel samples were weighed and then heated in an oven at constant temperature 

(25°C, 30°C, or 35°C). At 5-minute intervals, samples were removed, cooled to room temperature, 

and reweighed to assess mass loss. Mass loss was plotted over time. 

4.1.6 Determining the point of zero change (Dalalibera, 2020) 

HCl (0.1M) and NaOH (0.1M) were used to adjust the pH of the 0.1M NaCl solution 

gradually while stirring the solution. The hydrogel was submerged into each pH solution and kept 

overnight. The final pH of the solution was measured using a pH meter. The pH at which the final 

pH = initial pH is the PZC. The linear interpolation was conducted in order to find the exact PZC. 

    (Equation 4) 

4.1.7 Toxicity Testing  

Daphnia magna were cultured in natural spring water at 21 °C under a 12:12 light/dark  
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cycle and acclimated for 12–24 hours prior to testing. They were maintained at a ratio of 1 gallon 

per 100 individuals and fed daily with Chlorella vulgaris and Daphnia magna pellets. Cultures 

were partially refreshed weekly and maintained in triplicate to reduce population loss. (Carolina 

Biological) For toxicity testing, ten Daphnia magna were introduced into 100 mL of spring water 

containing 5 g of hydrogel. Mortality was recorded daily over the exposure period. 

4.1.8 FTIR Analysis (Mohamed, 2017) 

Air-dried hydrogel samples were analyzed using FTIR spectroscopy at the NYU shared 

instrumentation facility. Infrared radiation was passed through the samples to obtain absorption 

spectra, which were used to identify characteristic vibrational bands of functional groups.  

4.1.9 Central Composite Design 

Stat Ease was used to preform central composite design which is used to build second order 

models without needing to test every possible combination. It optimizes the factors of time(40-

100min), initial concentration (1-4 ppm) and adsorbent dose(1-3 g/ml) to obtain the lowest final 

concentration. 20 possible combinations of the 3 factors were obtained and tested in the lab. 

4.1.10 Statistical ANOVA: 

Statistical analysis was performed using one-way ANOVA and two-way ANOVA with 

significance being p<0.05. It was run using XLMiner Analysis ToolPak.  

4.2 Results and Discussion FTIR analysis confirmed the successful synthesis and 

functionalization of all hydrogel formulations; for example, the 

CH/GG/CR hydrogel showed distinct –OH, –NH₂, C=O, S=O, and 

C–O–C peaks, verifying the incorporation of chitosan, gellan gum, 

and κ-carrageenan. 

A one-way ANOVA 

revealed that the ET hydrogel 

demonstrated the highest 
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swelling capacity, exceeding 4000% after 1440 minutes (p< 0.005), and the highest stretchability, 

reaching nearly 195%. These results can be attributed to its porous, loosely cross linked structure 

with interconnected channels, which allow for efficient water uptake and significant deformation 

under tension. The CH/GG/CR hydrogel showed moderate swelling and high stretchability 

(~175%), likely due to the presence of ionic and hydrogen bonding interactions among 

components. The beaded hydrogel, reinforced with hydroxyapatite and crosslinked with genipin, 

exhibited low swelling and reduced stretchability (~90%, p < 0.005), reflecting its compact and 

reinforced internal structure. The DC hydrogel showed the lowest swelling and stretchability, 

consistent with its tightly packed, dual chemically crosslinked matrix that restricts both polymer 

expansion and deformation. 

In both MB and 

MO adsorption 

experiments, 

ET and beaded 

hydrogels 

exhibited rapid 

initial uptake, 

particularly within the first 24 hours. The ET hydrogel’s high surface area-to-volume ratio and 

porous, interconnected structure enhanced diffusion and exposure of functional groups like 

COO⁻ and OH⁻, facilitating strong electrostatic interactions with MB⁺ (Lai, 2018). Although the 

beaded hydrogel has limited internal porosity, its spherical morphology and surface area 

promoted efficient early-phase adsorption (Kidaa, 2024). In contrast, dual-crosslinked (DC) 

hydrogels showed significantly lower adsorption for both dyes throughout the 48-hour period, 

likely due to their dense structure (Cano-Vicent, 2023). After 46.5 hours, the CH/GG/CR and ET 

hydrogels achieved high MB removal, reducing concentrations to 0.33 and 0.31 ppm, respectively, 

due to their anionic functional groups(COO-). However, ET showed reduced MO adsorption due to 

electrostatic repulsion, while the beaded hydrogel demonstrated improved MO uptake, likely due 

to positively charged NH₄⁺ groups from chitosan. The CH/GG/CR hydrogel maintained strong 
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adsorption for both dyes, attributed to its diverse functional groups: NH₂ from chitosan (for MO⁻), 

COO⁻ from gellan gum, and SO₃⁻ from κ-carrageenan (for MB⁺), as confirmed by FTIR. 

Figure #6: (A) Point of Zero Change (PZC) of the main hydrogel formulations (N=3), showing the relationship between initial pH and 

ΔpH after equilibration. (B) Schematic illustration of electrostatic dye-hydrogel interactions below and above the PZC.  

To evaluate the pH dependent surface charge behavior of the hydrogel formulations and its 

influence on dye adsorption, the point of zero change (PZC) was determined using the ΔpH 

method. The PZC corresponds to the pH at which ΔpH equals zero, indicating that the net surface 

charge of the hydrogel is neutral. Surface charge polarity relative to the PZC plays a critical role in 

dye adsorption: below the PZC, hydrogel surfaces are protonated and positively charged (e.g., –

OH₂⁺, –NH₃⁺), favoring electrostatic attraction with anionic dyes such as methyl orange (MO⁻), 

whereas above the PZC, the presence of deprotonated groups (e.g., –COO⁻, –SO₃⁻) leads to a 

negatively charged surface that enhances adsorption of cationic dyes like MB⁺, as illustrated in 

Figure 6B. (Rey, 2011) The PZC values varied across formulations shown in Figure 6A. The high 

PZC of the beaded hydrogel suggests a strong positive surface charge under neutral conditions, 

enhancing MO⁻ adsorption, whereas the CH/GG/CR hydrogel—with its moderate PZC and diverse 

functional groups (NH₂ from chitosan, COO⁻ from gellan gum, and SO₃⁻ from κ-carrageenan)—

demonstrates dual functionality, capable of adsorbing both MB⁺ and MO⁻ depending on the 

surrounding pH. In contrast, the consistently low PZC values of the emulsion-templated and dual-

crosslinked hydrogels suggest they remain negatively charged at most environmental pH levels, 

limiting MO⁻ adsorption due to electrostatic repulsion, but favoring MB⁺ binding. Furthermore, 

external pH modulation using HCl or NaOH can significantly impact adsorption efficiency by 

altering the hydrogel's surface charge. Acidic conditions (pH < PZC) induce positive surface 

charges, weakening MB⁺ adsorption through electrostatic repulsion. Conversely, alkaline 

conditions (pH > PZC) promote a negatively charged surface that diminishes MO⁻ uptake. These 

findings underscore the importance of tuning both hydrogel composition and environmental pH to 
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optimize selective dye removal performance. Other factors such as ionic strength, temperature, 

and competing ions may affect surface charges and need to be considered in future studies. The 

data correlates to the point of zero change analysis.  

Figure 8 presents the thermogravimetric 

analysis (TGA) of the hydrogel formulations. The 

emulsion-templated hydrogel showed the lowest 

thermal stability, retaining only 20% of its mass by 

500 °C due to its porous, loosely cross linked structure. 

While this architecture improves swelling and dye 

uptake, it lacks the integrity to resist thermal 

degradation, as the exposed labile polymer chains 

decompose more readily. In contrast, the dual-crosslinked hydrogel demonstrated the highest 

stability, maintaining over 60% of its weight at 500 °C, attributed to its dense, highly crosslinked 

network and thermally stable linkages. CH/GG/CR and beaded hydrogels exhibited intermediate 

stability; CH/GG/CR benefited from ionic and hydrogen bonding among its biopolymers, while the 

beaded hydrogel, reinforced with hydroxyapatite and genipin, showed improved resistance due to 

its compact structure. These results highlight an inverse relationship between porosity and 

thermal durability, underscoring the need to balance adsorption and heat resistance in hydrogel 

design. 

The CH/GG/CR hydrogel demonstrated the best 

overall performance in dye adsorption, physical 

properties, and stability, and was therefore selected for 

further optimization. Seven chitosan:gellan gum:κ-

carrageenan ratios were tested (1:1:1, 2:1:1, 2:2:1, 1:2:1, 

1:2:2, 1:1:2, and 2:1:2), with the 1:1:1 ratio yielding the 

highest dye adsorption and selected for subsequent 

experiments. 
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  The 

CH/GG/CR 

hydrogel 

was then 

tested for 

reusability 

with no statistically significant loss in performance after 5 cycles. HCl was effective de-adsorbing 

MB which is likely due to the protonation of the hydrogel’s surface functional groups (COO- → 

COOH or NH2 → NH3+) under acidic conditions, which induces electrostatic repulsion with the 

cationic MB dye, promoting efficient desorption. After removal, the hydrogel rapidly re-

equilibrates upon washing, retaining its capacity to rebind MB in subsequent cycles. In contrast, 

NaOH was more effective for regenerating the hydrogel for MO adsorption. Under alkaline 

conditions, functional groups such as NH3+ and SO3H are deprotonated to NH2 and SO3- 

respectively, enhancing electrostatic repulsion with the anionic MB causing de-adsorption. The 

hydrogel’s ability to maintain high dye removal efficiently across cycles suggests that the ionic 

interactions involved are largely reversible and that the structural integrity of the hydrogel remains 

stable. 

5. Phase 4: Additive synthesis 

5.1 Methods - All of the below protocols were completed by the competition entrant 

Each of the add ons was incorporated into the optimized CH/GG/CR hydrogel.  

5.1.1 Creation of the CQDs: (Kanungo,2023) (Shabbir, 2021) 

A 0.7 M citric acid solution was prepared in distilled water and microwaved at medium-

high power in 3-minute intervals until a viscous, tar-like product formed. After cooling to room 

temperature, 20 mL distilled water was added and stirred to form a CQD solution. The solution 

underwent vacuum filtration, yielding a clear or slightly colored CQD solution. 

5.1.2 Creation of the activated carbon (Thamer, 2023) 

Moringa oleifera seeds were washed with deionized water and air-dried for 24 hours. The 

dried material was carbonized in a kiln at 600 °C for 1 hour. The resulting char was soaked in a 

10% K₃PO₄ solution for chemical activation. After activation, the material was rinsed with distilled 
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water until a neutral pH was achieved. The activated carbon was subsequently ground and sieved 

to obtain particles between 0.150 mm and 0.425 mm in size. 

5.1.3 Addition of graphene oxide nanoparticles:(Liu, 2023) 

Graphene oxide nanoparticles (5 g) were dispersed in 10 mL of deionized water and added 

to the hydrogel precursor mixture at a 1:10 ratio (nanoparticle suspension to hydrogel) and 

thoroughly mixed.  

5.1.4 Addition of the ethylene glycol(porogenic solvent): (Xu, 2023) 

Ethylene glycol (EG) was added to the hydrogel precursor mixture at a 1:10 ratio. 

5.1.5 Carboxyl group activation(Tian, 2019) 

Hydrogels were treated with 5% hydrogen peroxide on an orbital shaker (50 rpm) for 

5 hours, followed by UV-C exposure at a 6 cm distance for 24 hours. The hydrogel was rinsed with 

deionized water until neutral pH. After, the hydrogel soaked in 10% citric acid at 50 °C for 12 hours 

and was washed thoroughly with distilled water to remove residual ethylene glycol and citric acid. 

6. Phase 5: Additive results and discussion 

FTIR spectroscopy was 

used to confirm the successful 

incorporation and chemical 

functionality additives (Figure 

12). Each spectrum revealed key 

functional groups contributing to 

interactions within the hydrogel 

matrix. In Figure 12A, CQD shows broad –OH/–NH stretching (~3300 cm⁻¹) and carboxylic C=O 

(~1700 cm⁻¹), indicating strong hydrogen bonding and electrostatic potential. GO (B) exhibits 

enhanced –OH, C=C, and C=O peaks, confirming aromatic and oxidized domains for π–π stacking 

and electrostatic dye binding. EG (C) shows weakened CH₂ and shifted –OH peaks, suggesting 

hydrogen bonding and altered swelling behavior. AC (D) displays broad –OH bands and reduced 

C–H/C=C intensities, reflecting surface oxidation that enhances van der Waals and electrostatic 

interactions. Lastly, carboxyl modification (E) is confirmed by intensified C=O, C–O, and –OH 

peaks, indicating improved polarity and crosslinking potential for enhanced dye adsorption. 
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Figure #13: Evaluation of the physical 

effects of various additives on (A) Swelling 

behavior and (B) stretchability of 

CH/GG/CR hydrogels (N=3). Data is the 

percent (± 1 SE). Statistical significance 

was determined using Anova: Two-Factor 

With Replication with a post-hoc Tukey 

Test(*p < 0.05, **p < 0.01, ***p < 0.005 

compared to CH/GG/CR) 

The swelling and stretchability performance of CH/GG/CR hydrogels modified with various 

functional additives is shown in Figure #13. The swelling analysis (FIgure 13A) revealed that the 

incorporation of activated carbon (AC), graphene oxide (GO), and ethylene glycol (EG) significantly 

increased the hydrogel’s swelling capacity compared to the unmodified CH/GG/CR formulation. 

The GO and carboxyl group grafted hydrogel reached over 2000% swelling after 1440 minutes 

(***p<0.005). The enhancement is from the activated carbon is most likely due to the heat 

induces dehydration and K3PO4 oxidation reactions with hydroxyl and carboxyl groups, 

generating CO₂ and water  and forming a porous carbon matrix with a high surface area due to the 

etching and expansion of the carbon framework. Graphene oxide (GO) consists of loosely stacked 

2D carbon sheets with high surface area and interlayer spacing, which allows water to diffuse 

more easily through the hydrogel and expand its network. Its abundant oxygen-containing 

functional groups (–OH, –COOH, –O–) form hydrogen bonds with water, significantly enhancing 

the hydrogel’s hydrophilicity and swelling capacity. The stretchability results showed that the EG 

significantly increased the hydrogel extensibility (**p<0.01) likely acted as a plasticizer. The AC 

modified hydrogel exhibited the lowest stretchability (***p<0.005) which is due to the rigid 

structure of AC which reinforces the filler.  

Among all 

additives, graphene 

oxide (GO), activated 

carbon (AC), and 

carbon quantum 

dots (CQDs) showed 

the highest dye 

removal efficiency, with GO and AC reducing concentrations nearly to zero (***p < 0.005). GO’s 
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extended π-conjugated domains enabled strong π–π stacking with aromatic dyes, while its –

COOH, –OH, and –O– groups facilitated hydrogen bonding and electrostatic interactions. AC’s 

sp²-hybridized polyaromatic structure and oxygenated surface groups supported multiple binding 

modes, aided by its microporous–mesoporous architecture. CQDs, with sp²/sp³ hybridization and 

oxygen/nitrogen-rich surfaces, enabled efficient adsorption via hydrogen bonding, electrostatics, 

and π–π interactions. Ethylene glycol-modified hydrogels showed limited MO⁻ and moderate MB⁺ 

removal, likely due to active site blockage. 

      The unmodified CH/GG/CR hydrogel exhibited a PZC at 

approximately pH 6.68, while activated carbon (AC) and 

carbon quantum dots (CQD) showed slightly lower PZC 

values at 6.45 and 5.2, respectively, indicating differing 

surface charge behaviors. 

 Figure #16 shows the pseudo-first-order kinetic plot for 

dye adsorption onto various hydrogel formulations, where 

ln(Ct/C₀) is plotted against time. This model assumes 

adsorption is proportional to available sites, indicating a 

physisorption mechanism driven by weak interactions such 

as van der Waals forces and hydrogen bonding. GO-modified 

hydrogels exhibited the highest k value(slope), indicating the 

fastest adsorption due to their high surface area and π–π 

interactions. CQD- and AC-modified hydrogels also showed 

rapid kinetics and 

good model fit (R² 

≈ 0.815), due to their functionalized surfaces and high 

porosity. In contrast, EG-modified hydrogels showed 

the lowest k, likely due to site blockage. Overall, GO, 

CQDs, and AC significantly improved dye adsorption 

efficiency.  

The unmodified CH/GG/CR hydrogel, as well 
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as the CQD and EG-modified variants, showed high survival rates (approximately 70%), 

comparable to the no-hydrogel control, indicating low toxicity and good biocompatibility. 

Acceptable survival rates will be ones that are not significantly different from the control. In 

contrast, the AC-modified hydrogel resulted in a significantly lower survival rate of around 40% (p 

< 0.01), suggesting that the activated carbon may have introduced harmful residues that were 

detrimental to aquatic life.  

Central composite 

design testing showed a 

successful quadratic 

model with a r^2 of 0.9. 

ANOVA tests showed 

successful modeling with a p-value of 0.0014 being significant and a lack of fit p-value of 0.27 

being not significant. Optimized values of adsorbent dose, initial concentration and contact time 

resulted to be 3 g/mL, 1ppm, and 40min respectively.  

7. Phase 6: Apparatus Testing 

7.1 3D Printed Column 

A column was designed on Onshape with three fan-shaped 

sections. The dimensions were 12 cm in length and 0.98 cm in 

width, with square-shaped gaps measuring 1.5 mm by 1.5 mm. The 

column was designed to be 0.3 mm thick. The design was sliced 

using Bambu Studio and printed using a Bambu A1.  

7.2 Apparatus Setup  

Hydrogels were minced and inserted into the 3D printed apparatus. The 

hydrogel-filled apparatus was inserted into a Kimble Flex column (12 

mL total, 15 cm length, 1 cm ID). A peristaltic pump fed the initial dye 

solution through the tubing (Fisher Scientific, 13-876-3) set at an 

optimized motor speed and passed through the tubing/inserted 

column. Effluent was collected in a separate flask. 

7.3 Auto Cleaning 
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To enable auto-cleaning, a DROK timer relay was connected to a 

1.8” solenoid valve with a 2- 

position, 5-way junction box to alternate between dye and 

cleaning solutions at optimized intervals. A peristaltic pump set 

to an optimized speed drove the solution through the column. 

The solenoid valve-timer relay setup directed the treated 

cleaning solution for reuse and recirculated the dye solution 

back to the original container.  

7.4 Optimization 

  Motor speed was optimized as the minimum rate allowing continuous flow through the 

apparatus (30). Dye solution timing and volume were determined by sampling every 10 minutes 

until concentration stabilized, indicating hydrogel saturation. Cleaning solution timing was 

determined by sampling every 20 seconds until dye levels neared 0 ppm, confirming complete 

desorption. This process was repeated each cycle until dye concentrations plateaued. Figure 19 

summarizes the setup, optimization, and performance. A total of 0.56 g of hydrogel treated 

3000 mL of dye solution, achieving adsorption capacities of 0.47 ppm for MB and 0.56 ppm for 

MO, with desorption values of 10.2 ppm and 9.8 ppm, respectively. The hydrogel showed high 

cumulative adsorption (26.91 mg) and consistent retention capacity (7.2 mL), confirming its 

reusability and suitability for continuous remediation. 

8. Conclusion 

In conclusion, this study presents a biocompatible and sustainable hydrogel-based 

approach to dye remediation, using a 1:1:1 blend of chitosan, gellan gum, and κ-carrageenan. The 

alternate hypothesis was supported. Among the modified variants, hydrogels enhanced with 

graphene oxide, activated carbon, and carbon quantum dots (CQDs) showed the highest 

adsorption, with CQDs offering superior biocompatibility and cost-efficiency due to their in-lab 

synthesis from citric acid. The hydrogels demonstrated strong reusability, with NaOH and HCl 

enabling effective desorption of methyl orange and methylene blue, respectively, where in a 

wastewater facility two separate treatment systems will be needed. Integration with a 3D-printed 

auto-cleaning system enabled programmable, low-maintenance operation with minimal 
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environmental impact. This system offers a scalable and eco-friendly solution for continuous 

wastewater treatment, combining natural materials with smart engineering. 

9. Future Studies 

While the hydrogel-based dye remediation showed strong performance, several limitations 

remain such as real world implantation and scalability to handle large amounts of realistic 

wastewater. Real wastewater conditions with mixed contaminants could not be tested due to 

budget constraints, and hazardous dyes were excluded for safety reasons. Plant-based hydrogel 

synthesis was also limited by equipment and cost. Future studies should address these 

challenges and explore scaling the auto-cleaning system for industrial use. 
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