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Abstract

In this study, we discuss the synthesis and characterization of a new type of Hydrogel Composite - a Dual
Functional Hydrogel Composite - which was created to serve dual purposes: both for Colorimetric Detection of
Heavy Metals in Urine, as well as Adsorption of Heavy Metals from Urine.

To create the Hydrogel Matrix we used Carboxymethyl Tamarind Kernel Gum (CMTKG), Guar Gum (GG) and
Acrylamide (AAm), with the cross-linkers being combination of N, N’-Methylene bisacrylamide (MBA), initiator
being Potassium per-sulfate (KPS) and accelerator is Tetramethylethylenediamine (TEMED). In addition, we
incorporated Dithizone (DTZ) into the Hydrogel Composite to act as a Colorimetric Ligand to enable Naked-eye
Detection.

The resulting transparent Hydrogel films had a high efficiency in DTZ loading, and so we evaluated the response of
the Hydrogel Films to the toxic Metals Cadmium (Cd), Lead (Pb), Chromium (Cr), Nickel (Ni), Copper (Cu),
Iron(Fe) and Mercury (Hg). The results of this study illustrate that the Hydrogel Composite functions well as a
Colorimetric Sensor due to the well-documented ability of Hydrogel Composites to bind metals and the large color
difference of heavy metal colorimetric and heavy metal Adsorption. The research presented here identifies a Novel
Hydrogel Composite as a Low-Cost platform for Point-of-Care Heavy Metal Urine Detection, as well as
Environmental Remediation.

Introduction

Heavy metals, such as cadmium (Cd), lead (Pb), chromium (Cr), nickel (Ni), copper (Cu), Iron (Fe) and mercury
(Hg), cause threats to environmental safety and community health since they contaminate water resources and fluids
in the body [1]. These metals accumulate in living organisms over a period of time and cause severe diseases,
damage to organs, and neurological problems. Even though humans are exposed to these toxic metals primarily
through contaminated food, water, and industrial waste, urine is one of the major routes for detecting
bioaccumulation by monitoring biomarker levels [2].

Conventional detection techniques for heavy metals include atomic absorption spectroscopy and inductively coupled
plasma-mass spectrometry. These two techniques present very sensitive and specific outcomes, but they are rather
expensive, time-consuming, and require space in a central laboratory [3].

The low cost, ease of use, and visible interpretation make colorimetric sensors a possible alternative in helping solve
some of these issues. Dithizone (DTZ) is one of the most used chromogenic agents because it forms a strong
complex with heavy metals, hence changing color [4]. However, in most instances, DTZ in aqueous or biological
solutions is difficult to use due to its low solubility, light sensitivity, and inability to recover/reuse [5]. Hydrogel-
based immobilization systems use hydrogels made of naturally occurring polymeric compounds, such as
Carboxymethyl Tamarind Kernel Gum or Guar Gum. Such hydrogels offer excellent biocompatibility,
biodegradability, and functional versatility [6]. This study will report a newly developed, multifunctional hydrogel
composite that incorporates CMTKG, GG, and AAm and cross-links by MBA, and also possesses redox-initiators
systems. By further functionalizing with DTZ, the hydrogel allows colorimetric detection of metals, besides
adsorptive removal. This method not only provides an easily visible and easy access on how to use equipment to
perform such types of detection but also helps in the environmental remediation through sequestration of toxic ions.
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The purpose of this research is to develop an inexpensive, portable, and environmentally friendly technique for rapid
screening of urinary heavy metals, which would be very helpful in the future, especially in point-of-care diagnostic
testing and the purification.

Comparative Analysis and State-of-the-Art (SOTA) Materials

To properly situate this work within the current state-of-the-art for heavy metal monitoring, it is essential to compare
the conceptual and technical features of our platform with existing modalities. Traditional analytical methods, such
as Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Atomic Absorption Spectroscopy (AAS), provide

superior sensitivity but are fundamentally limited by high operational costs, sophisticated laboratory infrastructure,

and an inability to perform in-situ, real-time testing.
To overcome these barriers, recent developments have shifted toward nanomaterial-based and polymeric
colorimetric sensors. Table 1 summarizes how our dual-action platform compares with recent state-of-the-art
materials in the literature.

TABLE 1: Comparative matrix of SOTA heavy metal sensing and remediation systems.
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Conceptual and Technical Novelty of This Work

Unlike single-function platforms that either isolate sensing from environmental remediation or rely on toxic, non-
biodegradable synthetic matrices, this study introduces a distinct Dual-Action ‘Detect and Detox’ platform. The
structural and technical advances of this design reside in three key areas:

1. Synergistic Sustainable Matrix: By grafting Carboxymethyl Tamarind Kernel Gum (CMTKG) and Guar
Gum (GG) with Acrylamide, we leverage an abundance of carboxyl (-COO") and hydroxyl (-OH) groups.
This composition maximizes the hydrogel’s water-retaining networks (achieving an equilibrium swelling
capacity up to 1220%) and promotes rapid mass transfer of metal ions from complex biological fluids like
urine.

2. Immobilization without Leaching: Free Dithizone (DTZ) is notoriously limited by poor water solubility
and severe light sensitivity. Our platform achieves high-efficiency physical entrapment within a stabilized
3D porous network. This successfully suppresses DTZ leaching and degradation while retaining full
accessibility to its metal-chelating sites.

3. Simultaneous Chromogenic Signaling and Sequestration: The hydrogel does not merely capture ions; it
undergoes distinct, metal-specific visual color shifts (e.g., violet-pink for Hg?*, greenish for Cu?* at highly
sensitive limits of visual detection (0.1 ppm). This allows the platform to function simultaneously as an
immediate point-of-care screening tool and a structural matrix for heavy metal detoxification.

Experimental Section
Synthesis of the CMTKG/Guar Gum/Acrylamide Hydrogel Film

The Hydrogel membrane is fabricated through the free radical polymerization method of Carboxymethyl Tamarind
Kernel Gum (CMTKG) and Guar Gum (GG) as the Biopolymers using Acrylamide (AAm) as a monomer and N,N'-
methylenebisacrylamide (MBA) as the cross-linker and KPS and TEMED as redox initiators to begin the
polymerization (Fig. 1).

DTZ
MIXING LOADING
HDRATION AND POLYMERIZATION
CROSSLINKING CURING

Fig. 1 Schematic representation of the synthesis process of the CMTKG-GG-PAM hydrogel.

First, 0.5g of CMTKG was added to 40ml of deionized water at a slow rate using a magnetic stirrer for 1.5 hours
until it was fully hydrated and resulted in a clear solution. The same procedure of dissolving the 0.5g of GG in 40ml
of deionized water was performed using magnetic stirring for 1.5 hours so that it was fully hydrated. The two
viscous solutions were mixed thoroughly so that there was a homogenous dispersion of the two polysaccharides. 3g
of AAm was then added to this mixture and mixed for another 15-20 minutes until it was dissolved.



Once all of the AAm was dissolved, 0.02g of MBA was added and mixed for another 30 minutes to ensure uniform
distribution within the solution. To initiate the polymerization process, 0.045g of KPS was added followed by
adding 0.01ml of TEMED and mixed at a slow rate to prevent the formation of bubbles. This initial solution was
poured on a clean and level Petri dish and placed in the hot air oven at 65 degrees Celsius for 2—3 hours for complete
polymerization and film formation.

Functionalization of the CMTKG/Guar Gum/Acrylamide Hydrogel Film

The first step for producing colorimetric-sensory hydrogel films is solvation using ethyl alcohol as a solvent (in a 2.5
mg/ml concentration) containing Dithizone (DTZ). Therefore, after curing the hydrogel films, they were cut into
rectangular pieces and subsequently soaked in a 2.5 mg/ml ethanol solution of DTZ for 2 hours, shielded from light
to avoid degradation during the process.

For removing debris, the films soaked in DTZ were thoroughly rinsed multiple times with deionized water until the
wash water was clear, thus demonstrating that all unbounded DTZ was removed from the film and there was no
residual DTZ in the films. After completion of this rinsing process, the resulting hydrogel film containing
colorimetric sensory characteristics was stored in a cool dry dark location until further use.

SIMULATED HYDROGEL MATRIX WITH FORMATION OF COLOURED
URINE IMMOBILIZED DTZ LIGAND METAL - DTZ COMPLEX

Fig. 2 Schematic illustration of the chelation-based colorimetric sensing mechanism for heavy metal detection using
the DTZ-functionalized hydrogel.

To evaluate the performance of the resulting hydrogel films, both the visual colour change and adsorption efficiency
were observed by conducting immersion tests in a 0.5 ppm concentration of artificial urine containing heavy metals
(Fig. 2).

Swelling studies
Free Absorbency Capacity

The tea bag method was used to determine the absorbency of the prepared polymers. A tea bag containing an
accurately weighed powdered sample (0.2+0.02 g) was immersed entirely in 200 ml of aqueous saline solution (0.9
wt. % of NaCl) and allowed to soak for 30 min at room temperature to reach equilibrium [7]. The tea bag was hung
up for 15 minutes to remove excess fluid. The equilibrated absorbency (Qeq) was calculated using the following
equation (1):
ey
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Where Wy is the weight of the prepared polymer, Wrg, r and Wrg, i are the weights of the tea bag after and before
water uptake, respectively. Five measurements were taken to give the average value.

Swelling behavior under various conditions

Over the course of 24 hours, the swelling behavior of the produced hydrogels was evaluated in pH 7.4 and 1.2
buffers. After precisely weighing the dried hydrogel (Wq), it was submerged in the appropriate solutions [8].

The hydrogel was removed, weighed (WS), and then re-immersed in the solution after one hour. The given equation
(2) was used to measure swelling, which was done in triplicate.

. . |{W’s - de
Equilibritm Swelling (%) = — x 100
d
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The swelling experiment in distilled water at temperatures ranging from 10 °C and 60 °C was used to evaluate the
SAP's thermal responsiveness. Temperature control was achieved by using a water bath set to desired temperatures
(above 25 degrees Celsius) and a refrigerator for temperatures below 25 degrees.

Gel Fraction

The weighted hydrogel (Wi) was immersed in distilled water for 24 hours, removed, dried in an oven at 60°C, and
then weighed (We) once again in order to determine the gel fraction (cross linked portion) of produced hydrogels
[9]. The following equation (3) was used to determine the gel fraction (%).

e

W
Gel Fraction (%) = W x 100

I
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Porosity

Hexane was used as the solvent to assess the porosity of the produced hydrogels. For two hours, the dry hydrogel
(Mi) was submerged in 10ml of hexane. The final weight (Mf) was noted upon the hydrogel's removal from the
hexane [10]. The following formula (4) was used to determine the hydrogel's porosity:

Porosity (%) = x 100

(Wf - Wr')
pv
“)
Here, p and V stand for the hydrogel's volume and hexane's density (0.659 g/mL).

Sensing Studies

The colorimetric sensing behavior of the DTZ-functionalized hydrogel film was systematically investigated at
different concentrations of metals and at different temperature ranges. For the concentration studies, artificial urine
solutions were artificially contaminated with standard heavy metal ions (Cd>*, Pb?*, Cr3*, Ni2*, Cu?*, Fe?*, Hg?*) at
concentrations of 0.1 - 0.5 ppm. Hydrogel films of a uniform size were immersed in the same solutions for the same
duration and color changes were photographed and recorded. For quantitative analysis, a UV-Vis spectrophotometer
was used to measure the absorbance shift at specific wavelengths associated with the metal-DTZ complexes. The
temperature sensitivity of the sensing mechanism was studied in a similar manner, using the same protocol (i.e.,



color changes of the films and solutions were photographed) over the temperature range of 5 - 60 °C. The test
temperatures were equilibrated with the solutions and hydrogel films before immersing in them, and the following
parameters were measured to evaluate the impact of temperature on the sensing mechanism and hydrogel
performance: Color transition time, color intensity and color stability.

Results and Discussion
Synthesis and Macroscopic Properties

Using the free-radical technique of copolymerization, we were able to combine the Carboxymethyl tamarind kernel
gum (CMTKG), guar gum (GG) and acrylamide (AAm) with N,N'-methylenebisacrylamide (MBA) as a cross-
linking agent and KPS-TEMED as a redox initiator system at a polymerization temperature of 65°C for two to three
hours (Fig. 4). The film produced from this process exhibited excellent mechanical properties such as transparency,
flexibility, and stability (Fig. 3).

(a) (b)

Fig. 3 (a) Formation of transparent CMTKG-GG-PAM polymer film (b) Successful incorporation of Dithizone in
the hydrogel film
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Fig. 4 Proposed chemical reaction mechanism and physical entrapment process for the hydrogel fabrication. (a)
Synthesis of the CMTKG/GG/AAm hydrogel via free-radical graft copolymerization. (b) Schematic of the physical
entrapment of Dithizone into the three-dimensional polymeric network.

When treated with dithizone (DTZ) by soaking in an ethanol solution, a pale orange color was uniformly seen
throughout the entire film showing evidence of successful incorporation of the chromogenic ligand. The film
maintained its shape during exposure to both aqueous and simulated urine environments; there was also no expected
DTZ leaching or film dissolution when stored at room temperature. In summary, this indicates that the films will
likely serve well as stable immobilization materials for use in sensor applications.



Sensory Analysis and Colorimetric Response

The DTZ-loaded CMTKG/guar gum/acrylamide hydrogel films showed intense and reproducible colorimetric
responses to various metal ions, which clearly indicates that DTZ had been successfully immobilized within the
polymeric matrix with retention of its metal-chelating property (Fig. 5). A different metal ion led to a different
visual result due to DTZ-metal complexation: darkening with Fe?*, greenish hue with Cu?*, light peach and yellow
colors with Pb?* and Cd?*, respectively, lighter coloration with both Ni** and Cr, and violet—pink color due to the
Hg? ion (Fig. 6).

! .

DITHIZONE METAL ION

Fig. 5 Molecular modeling of the chelation reaction between the Dithizone (DTZ) ligand and a target metal ion.
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Fig. 6 Photographic evidence of the selective colorimetric response of the DTZ-functionalized hydrogel films
toward various metal ions. (a) Cu®* (b) Cd>* (c) Pb** (d) Hg** (e) Cr** (f) Ni* (g) Fe?* (h) DTZ - Control (i)Control
without DTZ

The metal-free blank film containing DTZ preserved the original orange coloration of DTZ. On the other hand, a
blank hydrogel without DTZ remained completely colorless, thus proving that the chromogenic response shown by
the DTZ-loaded hydrogel film was purely due to the DTZ-metal interaction and not due to any polymer—metal
interaction.

Swelling studies
Effect of pH



The swelling behavior of the CMTKG/GG/AAm hydrogel largely depends on the pH value of the surrounding
medium. This is a function of the ionization states that the functional groups within this hydrogel find themselves. In
highly acidic environments at pH 1.2, the swelling is greatly reduced at about 380% .This is because the carboxylate
(-COO") groups on the CMTKG are largely protonated to the undissociated carboxylic acid (-COOH) form. This
suppresses electrostatic repulsions among the polymer chains and thus favors the formation of intra- and
intermolecular hydrogen bonds that result in a compact network that is contracted with little volume available for
water to penetrate [11].

When the pH increases to a mildly acidic and neutral range, pH 4.0 to 7.0, swelling increases sharply, from 495% to
1220% (Fig. 7). This is due to progressive deprotonation of -COOH groups to form negatively charged -COO~
anions [12]. The mutual electrostatic repulsion between these anionic sites forces the polymer chains to expand into
larger pores and a more open network structure. At neutral pH (7.0), this "electrostatic repulsion” effect, together
with the osmotic driving force from the hydrogel, gives maximum water absorption [13].

Effect of pH on Swelling Behavior
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Fig. 7 Effect of pH variation on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel.

At pH 9.0 and 10.0, a slight swelling decrease from the neutral maximum, from 1150% to 985%, is observed. While
the polymer chains remain fully ionized at this increased pH, the high concentration of counter ions Na* in the
surrounding medium acts to screen the negative charges borne by the polymer backbone [14]. This charge-screening
effect lowers the intensity of electrostatic repulsion, partially collapsing the expanded network [15]. Besides this, the
increased ionic strength of the solution diminishes the osmotic pressure difference between the interior of the
hydrogel and the external medium-the major driving force for swelling-and, therefore, moderates the overall
capacity for water uptake [16].

Effect of CMTKG



The CMTKG content governs the swelling capacity of the hydrogel directly through its hydrophilic and ionic
character [17]. The swelling is poor (850%) at a lower concentration, for instance, with 0.3 g CMTKG, due to
insufficient carboxylate -COO~ groups, which restrict both the osmotic driving force and electrostatic repulsion
within the network [18]. When the content increases to an optimum, for example, 0.5 g, swelling increases to a
maximum value of 1220% (Fig. 8), which is attributed to the ideal balance of hydrophilic sites and crosslinking
density [19].
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Fig. 8 Effect of CMTKG on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel.

The high density of ionizable -COO~ groups enhances water uptake due to the Donnan equilibrium and chain
expansion [20]. In contrast, beyond the optimum concentration (0.6-0.7 g), swelling decreases from 1170% to
1050% (Table 2 )with increased polymer content, due to the increased viscosity during synthesis, which may affect
homogeneous cross-linking and decrease the free volume for water uptake, despite the presence of more hydrophilic
groups [21].

TABLE 2 Effect of CMTKG on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel

Sample CMTKG GG AAm MBA KPS Swelling Gel Porosity
percent Fraction

Al 0.3 0.5 3 0.02 0.045 850 85 50.5

A2 0.4 0.5 3 0.02 0.045 1080 88.2 54.8

A3 0.5 0.5 3 0.02 0.045 1220 91.5 58.2

A4 0.6 0.5 3 0.02 0.045 1170 90.0 56.5

A5 0.7 0.5 3 0.02 0.045 1050 87.5 52.0




Effect of GG

Guar gum is a galactomannan polysaccharide, and its main role in the swelling capacity of hydrogel is primarily due
to its hydrophilic hydroxyl (-OH) groups. At low amounts, such as 0.3 g GG (Fig. 9), swelling is slight
(approximately 920%) because there is insufficient hydrophilicity, resulting in limited interaction with the
surrounding water [22].
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Fig. 9 Effect of Guar Gum on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel

By increasing guar gum to an optimum value of about 0.5 g, swelling reaches a maximum of approximately 1220%.
This takes place because an optimum value exists between the ability of guar gum to hold water and the structure of
the overall crosslinked network, which together enhance water absorption and retention through hydrogen bonding
and some flexible chain movement [23]. When further increased beyond this, up to 0.6-0.7 g, swelling decreases
again to about 1180%-1090% (Table 3). This decrease arises because of the increased viscosity and chain
entanglement that may hinder the further expansion of the network, decreasing the free space available for water
diffusion inside it, although more hydrophilic sites are available [24].

TABLE 3 Effect of Guar Gum on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel.

Sample CMTKG GG AAm MBA KPS Swelling Gel Porosity
percent Fraction

A6 0.5 0.3 3 0.02 0.045 920 86 51

A7 0.5 04 3 0.02 0.045 1100 89 55.2

A8 0.5 0.5 3 0.02 0.045 1220 91.5 58.2

A9 0.5 0.6 3 0.02 0.045 1180 90.2 56




A10 0.5 0.7 3 0.02 0.045 1090 88 53.5

Effect of Acrylamide

Acrylamide is the key molecule forming the hydrogel network, causing the swelling because of its water-loving
properties from the amide group (-CONH:). A smaller amount, around 2.0 g of acrylamide, results in the gel
swelling to only 980% (Fig. 10) , because there are fewer chains to provide the sites for water to be attracted to,
causing the swelling [25]. Increasing the mass of acrylamide to the optimum level of 3.0 g, the swelling increases to
the highest level, approximately 1220% [26].
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Fig. 10 Effect of Acrylamide on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel.

Now the chains are at the optimal length and concentration, the hydrophilic sites are easily accessible for the
addition of water by the process of hydrogen bonding, and the three-dimensional structure also holds the entire
network while absorbing the water. Further increasing the concentration to above the optimum level, around 3.5-4.0
g, the swelling reduces to around 1190% to 1110% (Table 4). Now the chains have homo-polymerized to high
extents, causing the chains to be unable to move freely, as there is also less free space to hold the water [27].

TABLE 4 Effect of Acrylamide on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel.

Sample | CMTKG GG AAm MBA KPS Swelling Gel Porosity
percent Fraction

All 0.5 0.5 2 0.02 0.045 980 88 52

Al12 0.5 0.5 2.5 0.02 0.045 1130 90 55.5

A13 0.5 0.5 3 0.02 0.045 1220 91.5 58.2




Al4 0.5 0.5 3.5 0.02 0.045 1190 00.8 57
Al5 0.5 0.5 4 0.02 0.045 1110 89 54
Effect of MBA

N, N’-Methylenebisacrylamide, or MBA, is the key chemical cross-linker, whose concentration determines how
elastic the hydrogel would be and how much it would swell. As the concentration of MBA is very low (0.010 g), the
hydrogel swells greatly to the extent of 1340% (Fig. 11), as the structure is not compactly cross-linked, hence having
elastic properties and absorbing plenty of water [28]. However, this less compactly cross-linked structure lacks
robustness.

1400
40
1300 4 \
JK
1220

1200
=
(0]
Z
~
w 1100
=
[7p]

1050
1000 -
900 890
T T T 1) T
0.010 0.015 0.020 0.025 0.030
MBA (gm)

Fig. 11 Effect of MBA on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel

As the concentration of MBA is increased to the optimum level (0.020 g), the swelling ability is also balanced to
1220%, as the structure is not only stable to retain its shape but also elastic to hold water [29]. As the concentration
of MBA is increased to the higher side (0.025-0.030 g), the swelling ability reduces substantially to 1050% and
890% (Table 5), respectively, as the structure is compactly cross-linked and hence non- elastic, with the result that
the space is pushed out where the water can enter [27].

TABLE 5 Effect of MBA on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel.

Sample CMTKG GG AAm MBA KPS Swelling Gel Porosity
percent Fraction

Al6 0.5 0.5 3 0.01 0.045 1340 82 62.5

A17 0.5 0.5 3 0.015 0.045 1280 87 60




Al18 0.5 0.5 3 0.02 0.045 1220 91.5 58.2
A19 0.5 0.5 3 0.025 0.045 1050 04 52.5
A20 0.5 0.5 3 0.03 0.045 890 96.5 48
Effect of KPS

The role of a radical initiator in free radical polymerization is played by potassium persulfate (KPS), thus

determining the extent of Polymer chains formed and final network robustness of hydrogel formed. In a condition
where concentration of KPS is lower (0.030 g), swelling is reduced to a lower extent of around 950% (Fig. 12) due
to a lower number of radicals to facilitate complete polymerization [30]. This leads to lower polymer chains and a
loosely formed network with reduced ability to retain water.
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Fig. 12 Effect of KPS on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel.

However, an optimum concentration of KPS (0.045 g) leads to an increase in swelling to a maximum of around

1220%, indicating an appropriate concentration of radicals in facilitating complete and efficient polymerization [31].

The final network formed would therefore be of appropriate chain size and cross-linked density to allow effective

absorption of water. However, increasing KPS concentration (above 0.052-0.060 g) leads to a subsequent reduction
in swelling to around 1180% and 1080%, respectively. An excess of KPS may therefore result in termination of
reaction due to oligomers and over-cross-linking, thus inhibiting network expansion with reduced free volume of

water [32]

TABLE 6 Effect of KPS on the equilibrium swelling behavior of the CMTKG-GG-PAM hydrogel.

Sample

CMTKG

GG AAm MBA KPS Swelling

percent

Gel Fraction

Porosity




A21 0.5 0.5 3 0.02 0.030 950 84 50
A22 0.5 0.5 3 0.02 0.038 1120 88.5 54.8
A23 0.5 0.5 3 0.02 0.045 1220 91.5 58.2
A24 0.5 0.5 3 0.02 0.052 1180 93 57
A25 0.5 0.5 3 0.02 0.060 1080 94.5 535

Gel fraction
Effect of CMTKG

The gel fraction, the portion of the hydrogel that is cross linked and insoluble, increases with the rise in the amount
of CMTKG until it reaches an optimal point at which the network is reinforced. When the amount of CMTKG is
only 0.3 g (Fig. 13), the gel fraction is already at 85.0% meaning that there is not enough polymer backbone
available for successful combination with the MBA, and some oligomers are still soluble or unreacted [33]. Then, at
0.5 g CMTKG, the gel fraction reaches an optimal point of 91.5% because the biopolymer component is rich enough
in hydroxyl and carboxyl groups, which are used in cross linkages, thereby having a robust three-dimensional
network [33].

Fig. 13 Effect of CMTKG on the Gel Fraction of the CMTKG-GG-PAM hydrogel

As the amount of CMTKG is raised again beyond 0.6-0.7 g, the gel fraction slightly decreases to 90.0% and 87.5%
because the excess amount is congested, which may have resulted in steric hindrance, reduced accessibility for the
cross linkers, and may have resulted in more physical than chemical network formation.



Effect of GG

With low guar gum content-0.3 the gel fraction is 86.0%, because there is not enough strong polymer backbone,
which has become necessary in order to be cross linked effectively with N,N'-methylenebisacrylamide (MBA),
leaving more polymer chains soluble or unreacted [34]. At an optimum amount of 0.5 g (Fig. 14), the gel fraction
was at its maximum, 91.5%, since guar gum provides adequate crosslinking sites to form a stable and well-
integrated three-dimensional network [35].
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Fig. 14 Effect of GG on the Gel Fraction of the CMTKG-GG-PAM hydrogel

A further increase in guar gum within the range 0.6-0.7 g yields a small decline in the gel fraction to 90.2-88.0%.
This might be ascribed to steric hindrance and crowding of the chains that may impede uniform crosslinking and
allow physical entanglement to be favored over efficient chemical crosslinking, with a reduction in overall
efficiency.

Effect of AAm

At a relatively low content of acrylamide of 2.0 g, the gel fraction decreases to 88.0% because of a lack of sufficient
monomer to achieve a complete cross-linkable network structure. However, at a critical concentration of 3.0 g,
according to optimization, the gel fraction increases to 91.5% (Fig. 15), indicating successful free radical
polymerization and cross-linking by MBA (N,N’-Methylenebis-acrylamide) [36].



FIG. 15 Effect of Acrylamide on the Gel Fraction of the CMTKG-GG-PAM hydrogel

A tough, insoluble three-dimensional network has formed under these conditions. Increasing the content of
acrylamide to a relatively higher value of 3.5-4.0 g leads to a progressive decrease in the gel fraction to values of
90.8-89.0%, respectively [37]. It may be attributed to the kinetic chain transfer or termination reaction, especially
with relatively heavier monomer concentrations, resulting in a greater tendency for chain growth and lesser cross-
linking efficacy.

Effect of MBA

With the lowest concentration (0.010 g) of MBA, the gel fraction is a remarkable 82.0%, indicating a lack of
crosslinking and a significant presence of free polymer chains or unreacted oligomers in solution [38]. At the point
of ideal concentration (0.020 g), the gel fraction significantly rises to 91.5% (Fig. 16), establishing an ideal
crosslinking process whereby the polymer chains are immobilized in their three-dimensional structure as an
insoluble network [39].



Fig. 16 Effect of MBA on the Gel Fraction of the CMTKG-GG-PAM hydrogel.

Further increasing the concentration with MBA (0.025-0.030 g) indicates a rise in the gel fraction to 94.0% and then
to 96.5%, indicating a near-complete involvement of polymer chains within the cross linked structure. This indicates
a concomitant decrease in the degree of swelling.

Effect of KPS

The amount of KPS used greatly affects how much stays cross linked and insoluble in the hydrogel, as it controls the
degree of initiation and the extent of polymerization [40]. A low KPS amount of 0.030 g gives 84.0% (Fig. 17) for
the gel fraction, meaning poor initiation occurs together with partial crosslinking; thus, a large part of the polymer
chains and unreacted monomers remains soluble [41].

Fig. 17 Effect of KPS on the Gel Fraction of the CMTKG-GG-PAM hydrogel.



For the proper KPS amount of 0.045 g, the gel fraction is 91.5%; thus, the formation of radicals and the chain
propagation are effective, and a strong crosslinking occurred, which therefore produced a solid three-dimensional
network that was insoluble [42]. Further increasing KPS to 0.052-0.060 g results in even higher gel fractions: from
93.0% to 94.5%. Increasing KPS accelerates polymerization and crosslinking. However, higher gel fractions do not
always lead to better performance, since too much compactness can impede swelling and reduce porosity [43].

Porosity
Effect of CMTKG

Porosity, which reflects the internal structure of voids, is strongly associated with CMTKG concentration because
porosity influences the mesh structure and chain expansion. For low CMTKG content (0.3 g), the value of porosity
significantly decreases to 50.5% because of the compact structure of the polymer [44]. Consequently, a less swollen
mesh with reduced pores is attained. For the optimum CMTKG content (0.5 g), the value of porosity reaches a
maximum of 58.2% (Fig. 18) because of sufficient ionic repulsion between the -COO~ ions that leads to the
expansion of the polymer chains [45].

Fig. 18 Effect of CMTKG on the porosity of the CMTKG-GG-PAM hydrogel

Additionally, a well-defined mesh with micro- and macro-pores is created. For further increase in CMTKG content
(0.6-0.7 g), a gradual decrease in the value of porosity up to 56.5-52.0% is attained [46]. The decrease might be
because of the enhanced closure of the pores. A tightly packed mesh with a high degree of swelling might also
occur.

Effect of GG

When we add a smaller amount of guar gum (0.3 g), the value of porosity decreases to 51.0% because, in this case,
the polymer remains denser and compact, hence fewer and smaller pores are created. When we add the optimum
amount of guar gum (0.5 g), the value of porosity increases to 58.2% (Fig. 19) due to its well-proportional mixture
with the other factors, causing it to swell well to form a clear and well-interconnected pore structure [47].



Fig. 19 Effect of GG on the porosity of the CMTKG-GG-PAM hydrogel

When we exceed this amount (0.6-0.7 g), the value of porosity reduces to the 56.0-53.5% range because, in this
case, too much guar gum is added to make the polymer more dense, hence filling up the spaces of the pores and
reducing their size, forming a more compact and hydrophilic network, which is still sponge-like [48].

Effect of AAm

With a low amount of acrylamide (2.0 g), the structure did not crosslink to become tough, so the value for porosity
was lower at 52.0%, as the structure was voider with smaller pores. When it reaches the optimal point of 3.0 g, the
porosity is at its highest, 58.2%, because the cross-linking is well-balanced [49]. The structure is highly uniform,
with proper distances between chains, allowing for good swelling and the ability to form a network of micro- to
macrospores (Fig. 20).

Fig. 20 Effect of Acrylamide on the porosity of the CMTKG-GG-PAM hydrogel



For greater amounts of acrylamide, ranging from 3.5 to 4.0 g, the porosity decreases to between 57.0% and 54.0%
because the number of chains is already excessive to fill the spaces between them, making the structure more
compact, even though the swelling capacity remains high.

Effect of MBA

At the lowest concentration of MBA (0.010g), porosity is highest at 62.5% (Fig. 21) because of the porous mesh
structure that turns into huge pores. At the optimum concentration of MBA (0.020g), porosity is lower at 58.2%
because of the higher crosslinking density that makes the pores less open while maintaining connectivity to allow
fluid flow in the porous network structure [50].

Fig. 21 Effect of MBA on the porosity of the CMTKG-GG-PAM hydrogel

At higher concentrations of 0.025-0.030g of MBA, porosity decreases significantly to 52.5% and 48%, respectively,
because of the high crosslinking that leads to a dense structure with little room between the links to form pores that
can allow the fast diffusion of fluid in the hydrogel structure.

Effect of KPS

Porosity, as a function of the internal pores of the hydrogel and how well they are interconnected, depends on the
quantity of KPS, which affects the rate at which the polymerization procedure happens and how well the network
forms [51]. A low quantity of KPS (0.030 g) results in reduced porosity to 50.0% (Fig. 22) because of incomplete
polymerization, hence forming a network with poor, scattered interconnections and few pores.



Fig. 22 Effect of KPS on the porosity of the CMTKG-GG-PAM hydrogel

When at the ideal concentration (0.045 g) of KPS, the highest porosity of 58.2% is achieved due to consistent and
full polymerization, hence forming a well-regular network with well-defined and well-connected pores for enhanced
fluid permeability and retention [17]. Whereas at a higher concentration of KPS (0.052-0.060 g), porosity decreases
to 57.0% and 53.5%, respectively, because of accelerated polymerization due to increased radicals, hence creating a
less regular network with higher cross-linking and smaller pores with low interconnectivity, hence affecting
permeability and ability to swell [52].

Concentration-Dependent Sensing Study

The colorimetric response of the hydrogel film to different concentrations of heavy metals was studied. Using urine
spiked with known concentrations of the three metals from our study (results not shown), we quantitatively analyzed
the hydrogel film's colorimetric response by measuring both the color intensity and absorbance (using UV-VIS) at
specific wavelengths [53]. As the concentration of each heavy metal increased from 0.1 ppm to 0.5 ppm (Fig. 23),
there was a clear relationship between the increasing concentration of the heavy metal and the intensity of the color
in the hydrogel films. The UV-VIS absorbance data confirmed this relationship, with each metal-DTZ complex
demonstrating an increase in absorbance at characteristic wavelengths (for example, the linear increase in
absorbance at 520 nm for the Pb**-DTZ complex; therefore, it demonstrates the potential of this system to detect
low levels of heavy metals in urine/spiked urine).
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Fig. 23 Effect of metal ion concentration (ppm) on the response time of the DTZ-functionalized hydrogel sensor

The limit of visual detection of most of the metals was determined to be 0.1 ppm. This is important in light of the
accepted limits for occupational exposure established by the relevant health organizations.

Temperature-Dependent Sensing Study

A temperature-dependent sensing performance study was performed within the range of 5-60 °C to assess the effect
of different types of environment and physiology on the first hydrogel created that responds to colorimetric
detection of drugs.

The film responded consistently over the temperature range of 20 °C to 40 °C, with maximum intensity and stability
occurring at around 25- 37 °C. Response times were slightly delayed at lower temperatures (5-15 °C), while faster
color development occurred at elevated (>50 °C) temperature, but less colour and more rapid partial desorption of
DTZ occurred, suggesting that the hydrogel sensor was most reliable between standard room and body temperature,
and therefore could be used as a point-of-care sensor without extreme thermal regulation (Fig. 24).
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Fig. 24 Effect of Temperature on the response time (sec) of the DTZ-functionalized hydrogel sensor

Selectivity and Co-existing Ion Interference

The selectivity tests were performed with common urine electrolytes like Na*, K*, Ca?*, Mg, Cl", PO+*", Fe**, and
Zn**. The DTZ-hydrogel film showed excellent selectivity for the target heavy metals, and none of the color
interference from the coexisting ions was evident at physiologically relevant concentrations. The cross-reactivity
among target metals was minimal; however, simultaneous detection of multiple ions produces composite color shifts
that could be deconvolute using spectral analysis. This is a selective behavior that indicates the utility of the film in
complex biological matrices like urine.

Proposed Mechanism of Sensing

The colorimetric sensing mechanism of the DTZ-functionalized CMTKG/Guar Gum/Acrylamide hydrogel is under
the synergistic control of chelation chemistry, hydrogel diffusion kinetics, and matrix-metal interaction. Dithizone



(DTZ), a well-known chelating agent, contains both thiol (—SH) and azo (—N=N-) functional groups which act as
soft Lewis bases having high affinity for borderline and soft metal ions like Hg**, Cu**, Pb*", Cd**, among others
(Fig. 25). In the event of exposure to metal-contaminated urine, metal ions diffuse through the hydrophilic and
porous hydrogel network driven by swelling of the natural gum-acrylamide matrix.

Inside the hydrogel, the metal ions coordinate with DTZ through sulfur and nitrogen donor atoms to form stable,
colored metal—dithizone complexes. This coordination causes a strong ligand-to-metal charge transfer (LMCT) that
changes the electronic absorption profile of DTZ and yields distinct, metal-specific color transitions-from yellow for
Cd?** to violet for Hg?". The hydrogel acts not only as an immobilization scaffold but also as a means to enhance the
local concentration of DTZ while prolonging its stability against photo degradation and leaching.

N\r' N/‘;’h N—N =L_-’/M\u—m—
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Fig. 25 Proposed mechanism of detection: formation of a Dithizone — Metal complex where M?* (metal ion) is Pb2,
*Cd?**, Cu*', Ni**, Fe?*, Cr**, Hg?" ions

The continuous polysaccharide backbone in CMTKG and guar gum offers additional carboxylate and hydroxyl
groups that could weakly bind the metal ions through electrostatic and coordination interactions, thus pre-
concentrating metals around DTZ sites and thereby accelerating the kinetics of chelation. This dual-adsorption—
chelation pathway also provided a good explanation for observed detection time reductions with increasing metal
concentration and temperature. Both factors enhance the diffusion rate and complex formation kinetics [53]. Such
temperature dependence can be related to greater mobility of both metal ions and polymer chains at higher
temperatures, which allows faster penetration and binding, although too high a temperature may affect the stability
of hydrogels and the retention of DTZ.

Characterization
FTIR (Fourier transform infrared)

Absorption bands located within the region of 3200-3400 cm™, which are due to the O-H and N-H stretching
vibration modes, indicate the presence of functional hydroxyl and amine groups in the structure [54]. The peaks
found in the vicinity of 2920 cm™ relate to C-H stretching vibrations associated with aliphatic branches. The very
intense peak at around 1600-1650 cm™ corresponds to Amide I (C=O stretching) that is produced as a result of
interactions from Carboxymethylation and crosslinking [55]. The C-O-C stretching vibration peaks located within
the range of 1000-1150 cm™ are due to the sugar backbone structure of polysaccharides.

The broad O-H band associated with the strong hydrogen bonding found in the guar gum spectrum at ~3300 cm™ is
a characteristic of polysaccharides [56]. The near 2925 cm™ peak derives from the C-H stretching vibrations, while
the peaks between ~1020-1100 cm™ are characteristic of typical C-O and C-O-C polysaccharide structure stretching
vibration modes, which serve as evidence to support the continued integrity of guar gum products in their
formulations [57].



% TRANSMITTANCE

i

—_—CMTEG]| =
i N =1 | A | A |

i i M m |
4000 3500 3000 2500 2000 1200 1000 S00
WAVELENG TH (cni))

Fig. 26 FTIR spectra of (a) CMTKG-GG-PAM hydrogel incorporated with dithizone (b) CMTKG-GG-PAM
hydrogel (c) Acrylamide (d) Guar Gum (e) CMTKG .

The acrylamide spectrum shows a strong absorption peak at about 1660 cm™ for C=0 stretching of the amide group
and peaks around 3200-3400 cm™* corresponding to N—H stretching vibrations (Fig. 26). Other bands close to 1450—
1550 cm™ also correspond to N-H bending and C—N stretching, confirming that the functional groups arise from
acrylamide monomers [58].

In the spectrum of the combined hydrogel, significant peak position and intensity variations are present. A
broadened, slightly lower wavenumber shifted O—H/N—H stretching band suggests increased hydrogen bonding
interactions amongst guar gum, acrylamide, and CMTKG. An amide I peak at around 1650 cm™ has been more
clearly reflected, which further confirms graft copolymerization and network formation [59]. Reduced intensities of
peaks due to the monomer also confirm the conversion of free acrylamide into the polymeric hydrogel structure
[60].

The dithizone-loaded hydrogel (DTZ-HG) presents some additional spectral peaks over the blank hydrogel
spectrum. The appearance of new peaks between 1400-1600 cm-! relates to the presence of the dithizone molecules,



as shown by the presence of the A=C bond and the aromatic C=C bond stretches [61]. The slight shifts occurring
within the amide and hydroxyl stretches relate to some interaction between the dithizone and the hydrogel main
chain through hydrogen bonds as well as coordinate bonds. All the major peaks of the hydrogel backbone show that
dithizone loading does not affect the backbone stability.

XRD (x ray Diffraction)

The CMTKG material has been characterized by having a broad diffraction peak centered in the 20 value of 18°-22°,
suggesting that this material has an amorphous structure with short-range ordering of molecules. It should be noted
that this wide peak is characteristic of chemically modified polysaccharide-based materials [62].

This pattern for guar gum also possesses a wide peak in the range of 20 = 19-21° due to its semi-crystalline polymer
nature (Fig. 27). The intensity of this peak for guar gum is less due to higher amounts of hydrogen bonds in its
polysaccharide material [63].

The spectrum of acrylamide reveals well-defined peaks in its diffraction pattern, signifying its crystalline
characteristics in monomer form. The high peak of acrylamide in its spectrum disappears in the spectrum of the
hydrogel. This proves successful polymerization of acrylamide in forming a hydrogel network.
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Fig. 27 XRD patterns of (a) CMTKG-GG-PAM hydrogel incorporated with dithizone (b) CMTKG-GG-PAM
hydrogel (c) Acrylamide (d) Guar Gum (¢) CMTKG

The combined hydrogel has a wide diffraction peak with less intensity. This supports that there was a randomly
cross-linked polymeric network. A possible explanation could be that there are no sharp crystalline peaks in the
combined hydrogel. This supports successful graft copolymerization onto a guar gum/CMTKG backbone [64].

The diffraction pattern of dithizone-loaded hydrogel (DTZ-HG) reveals a similar amorphous pattern, indicating
slight peak broadening and variations in peak intensities, compared to that of blank hydrogel. The lack of prominent
peaks due to free dithizone confirms that free dithizone appears to be well distributed throughout the hydrogel
matrix in a more molecular form, as opposed to a distinct crystal form of free dithizone [65]. The effectiveness of
dithizone immobilization in hydrogel, maintaining structural integrity of hydrogel, is thus proved.

UV (Ultraviolet-Visible spectroscopy)

The UV-Vis fingerprint of dithizone-loaded CMTKG/guar gum/acrylamide hydrogel indicates that the ligand is
well immobilized and that metal-specific complexes form within the gel network. When free dithizone is present
inside the hydrogel, it still exhibits characteristic visible-region bands between 380 and 480 nm from n—n* and
n—n* transitions of the azo group —N=N- and thiocarbonyl group C=S (Fig. 28) [66]. The bands are slightly
broader and more stable compared to those in the free solution, indicating strong physical entrapment and hydrogen
bonding between dithizone and hydroxyl/amide groups of the CMTKG—guar gum—acrylamide matrix. This confirms
that after loading, the sensing ligand remains chemically intact and optically active [67].
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Fig. 28 UV spectra of (a) CMTKG-GG-PAM hydrogel incorporated with dithizone (b) CMTKG-GG-PAM hydrogel
(c) Acrylamide (d) Guar Gum (e) CMTKG

The spectral changes of the hydrogel become specific, reproducible, and dependent on the kind of metal ion. In the
presence of Hg?*, well-pronounced bathochromic shifting occurred with a substantial absorbance increase at 500—
550 nm. This confirmed the strong Hg—S bonding and thus inferred the formation of a stable complex between Hg
with dithizone, consistent with the well-observed color change from orange to violet. Pb*" also gave significant
increases in absorbance and band broadening in the visible region, showing that strong chelation was possible
through sulfur and nitrogen donors [68]. However, there was a partial shifting of the peak pattern because lead has a
larger ionic radius and geometry. With Cd?**, the smoother and better-defined band close to 450480 nm is due to
fair stability and less extended electronic delocalization of the complex, as compared to that of Hg?" and Pb?* [69].
In general, Cu** yielded a broader spectrum extending to higher wavelengths (about 520-580 nm), probably coming
from the ligand-to-metal charge transfer combined with d—d transitions characteristic of Cu (II) complexes [70]. The
Fe-dithizone complex shows a different profile, with a broadened band and more subtle intensity changes that
suggest a different coordination environment, perhaps mixed Fe*'/Fe*" states and redox activity within the hydrogel.
Ni** exhibits lower overall absorbance with a broad, featureless band, supporting weaker complexation and a more
symmetric coordination sphere, consistent with the lower affinity of dithizone for Ni** [71]. Cr species, in turn,
generate a broad visible-band pattern that can be ascribed to charge-transfer and d—d transitions; this reflects
coordination with dithizone and the impact of variable chromium oxidation states.

SEM (Scanning Electron Microscopy)
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The SEM analysis of the CMTKG/Guar Gum/Acrylamide hydrogel reveals a complex, heterogeneous surface
morphology characterized by a dense, cross-linked polymer matrix with irregular, flaky protrusions. At lower
magnifications (x200 to x350), the hydrogel displays a relatively solid and brittle appearance with sharp fracture
planes and "river-like" micro-channels, which are essential for facilitating water diffusion into the network (Fig. 29).
As magnification increases to x2500, the surface shows significant roughness and the presence of small, integrated
particulate clusters, indicating the successful grafting of the synthetic Acrylamide chains onto the natural
polysaccharide backbones of the Tamarind and Guar gums. This lack of distinct phase separation suggests high
compatibility between the components, while the folded, lamellar structures observed are likely a result of the
dehydration process during sample preparation. Overall, the highly textured and porous topography provides a
highly effective surface area, which is a favorable characteristic for applications in heavy metal adsorption, dye
removal, or controlled drug delivery.

Conclusion

In summary, this study successfully developed a novel, dual-functional hydrogel composite based on
Carboxymethyl Tamarind Kernel Gum (CMTKG), Guar Gum (GG), and Acrylamide (AAm) for the simultaneous
detection and adsorption of heavy metals. By optimizing the concentrations of the biopolymers and cross-linking
agents, the research identified a specific formulation that yields a robust, highly porous three-dimensional network
with a maximum swelling capacity of 1220% at physiological pH. The successful immobilization of Dithizone
(DTZ) within this matrix provided a sensitive colorimetric platform capable of producing distinct "naked-eye" color
changes in response to toxic ions such as Lead, Cadmium, and Mercury at concentrations as low as 0.1-0.5 ppm.

The physicochemical analysis revealed that the hydrogel's performance is deeply rooted in the synergy between its
natural and synthetic components, where the ionic character of CMTKG and the hydrophilicity of Guar Gum
balance mechanical stability with high reactivity. With a gel fraction of 91.5% and optimized porosity, the material
ensures both structural integrity and efficient mass transfer for metal sequestration. This innovation represents a



significant advancement in diagnostic technology, offering a low-cost, portable, and environmentally friendly
alternative to expensive laboratory spectroscopy. Ultimately, the DTZ-functionalized hydrogel stands as a versatile
tool for both point-of-care heavy metal screening in clinical urine samples and large-scale environmental
remediation.
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