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This study reports the sustainable synthesis of a zinc-based metal-organic framework (Zn-BTC MOF) using

zinc, extracted from waste dry cell batteries. A three-step route involving zinc recovery, hydroxide

precipitation, and solvothermal coordination with 1,3,5-benzenetricarboxylic acid (BTC) led to the

formation of crystalline Zn-BTC. Comprehensive characterization, utilizing techniques such as XRD, FTIR,
Raman, FESEM, TEM, XPS, EDS, and TGA-DSC, confirmed the formation of a highly ordered Zn-BTC
MOF framework structure with nanoscale morphology and thermal stability. Zn-BTC MOF exhibited

promising electrochemical performance in detecting uric acid (UA), with a wide linear detection range
(0-200 pM), low detection limit (1.43 pM), and high electroactive surface area (0.16 cm?). Additionally,
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1. Introduction

Uric acid (UA) is a key end-product of purine metabolism in
humans and is commonly found in blood and urine.! Although
UA functions as an antioxidant at normal levels, its accumula-
tion is linked to serious health issues such as hyperuricemia,
gout, cardiovascular disease, kidney dysfunction, and metabolic
syndrome.'* Therefore, reliable, rapid, and sensitive detection
of UA is of great clinical importance for the early diagnosis and
monitoring of related disorders.>*

A variety of analytical techniques such as high-performance
liquid chromatography (HPLC),” capillary electrophoresis,®
chemiluminescence,” spectrophotometry,” and enzymatic
assays™ have been utilized for UA detection. However, these
methods often suffer from limitations including high cost,
sample preparation,

time-consuming complex
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Escherichia coli. By fabricating the MOF using recycled zinc, this research highlights its dual potential as
a high-performance electrochemical sensor and antibacterial agent.

instrumentation, and poor portability. In contrast, electro-
chemical techniques offer attractive alternatives due to their
simplicity, rapid response, cost-effectiveness, high sensitivity,
and ability to operate in real biological environments.'>*
However, the performance of electrochemical sensors largely
depends on the properties of the electrode-modifying materials,
which must provide high surface area, abundant active sites,
and efficient electron transfer pathways.**

To address these requirements, researchers have increas-
ingly turned to advanced functional materials, with metal-
organic frameworks (MOFs) attracting significant interest.'®
MOFs combine metal centers with organic linkers to create
highly porous structures that enhance analyte adsorption and
electron transfer, thereby improving electrocatalytic perfor-
mance.'® Within various types of MOFs, zinc-based MOFs (Zn-
MOFs) are particularly gaining interest because of their redox
activity, environmental stability, and biocompatibility, making
them suitable for biosensing and biomedical applications."”

Zn-MOFs have been effectively employed for the electro-
chemical sensing of various analytes including UA.*® In partic-
ular, Zn-based MOFs have shown excellent performance in UA
detection due to their high density of redox-active Zn*" sites,
tunable pore structures, and ability to facilitate both adsorption
and electron transfer, which collectively enhance sensitivity and
selectivity.” These frameworks have also demonstrated anti-
microbial activity due to the gradual release of Zn>" ions, which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interfere with bacterial membrane integrity and enzyme func-
tion.>*** Despite these advances, many synthesis routes for
MOFs rely on commercially available metal salts, which can be
expensive and environmentally taxing.

With growing interest in sustainable materials development,
there is a pressing need to adopt green strategies for MOF
synthesis.”” Recycling valuable metals from electronic waste,
such as zinc from spent dry cell batteries, offers an effective
solution to reducing environmental impact while providing
a low-cost precursor for MOF fabrication. In this study, we
demonstrate the extraction of metallic zinc from discarded dry
cells and its use in the synthesis of a Zn-BTC MOF using 1,3,5-
benzenetricarboxylic acid (BTC) as an organic linker.

The synthesized Zn-BTC MOF was characterized using
multiple analytical techniques including X-ray diffraction
(XRD), Fourier-transform infrared (FTIR) spectroscopy, Raman
spectroscopy, field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), energy-dispersive X-ray
spectroscopy (EDS), and simultaneous thermal analysis (TG-
DSC). The material was subsequently evaluated for its electro-
chemical performance toward UA, an important biomarker
linked to metabolic disorders. Additionally, its antibacterial
activity was tested against both Gram-positive (Bacillus subtilis)
and Gram-negative (Escherichia coli) bacteria, further extending
its relevance in biomedical and environmental applications.
This work aims to bridge sustainable materials science and
practical functionality, offering a pathway toward -circular
economy practices through value-added MOF production from
battery waste.

2. Materials and method

2.1. Materials

All the chemicals used in this research were of analytical grade
and used without further purification. BTC (extra pure, 98%)
was obtained from Sisco Research Laboratories Private Limited
(India). N,N-Dimethylformamide (DMF) and ethanol (C,H¢O)
were purchased from Merck Life Science Private Limited (India)
and Merck KGaA (Germany), respectively. Triethylamine
((C2H5);3N), hydrochloric acid (HCl, 37%), and uric acid
(CsH4N,03) were supplied by Sigma-Aldrich (Germany). Sodium
hydroxide (NaOH), sodium dihydrogen phosphate (NaH,PO,),
disodium hydrogen phosphate (Na,HPO,), and silver nitrate
(AgNO;) were also sourced from Merck KGaA. For antibacterial
studies, Gram-positive Bacillus subtilis (ATCC 6633) and Gram-
negative Escherichia coli (ATCC 11229) were used as test organ-
isms. All experimental procedures were carried out using
deionized (DI) water with a resistivity of 18.2 MQ cm.

2.2. Synthesis of Zn-BTC MOF

2.2.1. Extraction of zinc from waste dry cells. Zinc metal
was collected from used dry cell batteries and utilized as the
starting material for Zn-BTC MOF synthesis. The discarded
batteries were first opened manually using pliers. The outer
steel cover was carefully removed to access the inner zinc shell.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A black powdery substance, primarily made up of manganese
dioxide (MnO,) and graphite, was present along with a carbon
rod in the centre. These materials were separated by hand,
leaving behind the Zn shell. The Zn shell was then washed
several times with distilled water to remove the loose black
powder. To ensure a clean surface free of residual particles, the
zinc shell was scrubbed with sandpaper. This step removed
oxide layers, enhancing the reactivity of the surface. After
cleaning, the Zn was left to dry at room temperature.

2.2.2. Preparation of zinc hydroxide (Zn(OH),). The
extracted Zn (3.0 g) was dissolved in 50 mL of 10% HCI solution
under continuous stirring at 50 °C until a clear ZnCl, solution
was obtained. To this, 50 mL of 1 M NaOH was added dropwise
with continuous stirring, leading to the formation of a white
gelatinous precipitate of Zn(OH),. NaOH was further added
until the pH reached 9, followed by an additional 10 minutes of
stirring to ensure complete precipitation. The precipitate was
then filtered and thoroughly washed with DI water to remove
residual chloride ions. The absence of chloride was confirmed
using AgNO; solution (no white precipitate formation). The
purified zinc hydroxide was dried in a hot air oven at 80 °C for 8
hours, yielding 3.95 g of Zn(OH),.

2.2.3. Synthesis of Zn-BTC MOF. To synthesize Zn-BTC,
1.485 g of Zn(OH), (0.015 mol) was first dissolved in 15 mL of
10% nitric acid (HNOj;) under stirring to ensure complete
dissolution of the hydroxide. Separately, 2.1014 g of BTC (0.01
mol) was dispersed in a mixture of DMF, and ethanol (15 mL
each; total 30 mL) in a Duran bottle. The Zn(NO;), solution was
then added to this ligand-containing mixture. To promote
deprotonation of the carboxylic acid groups and enhance
coordination, 2 mL of triethylamine was introduced into the
reaction mixture. The sealed vessel was heated in an oven at
100 °C for 24 hours under solvothermal conditions. After the
reaction, white crystalline Zn-BTC MOF was observed settled at
the bottom of the bottle. The mixture was allowed to cool to
room temperature, and the supernatant was decanted. The
solid product was then washed thoroughly with DMF, deionized
water, and ethanol to remove unreacted precursors and
solvents. Finally, the crystals were air-dried at room tempera-
ture for 24 hours and ground into a fine powder. The total yield
of Zn-BTC MOF was 1.3269 g, corresponding to an approximate
percentage yield of 40.70% based on the amount of Zn(OH),
used.

2.3. Characterization techniques

The structural and morphological properties of the synthesized
Zn-BTC were characterized using various analytical tools. X-ray
diffraction (XRD) patterns were recorded with a Rigaku Smar-
tLab diffractometer using Cu-Ka radiation (A = 1.5406 A) in out-
of-plane geometry. Functional groups and bonding character-
istics were analyzed using Fourier-transform infrared (FTIR)
and Raman spectroscopy. FTIR spectra were obtained on a Shi-
madzu IR Prestige21 spectrometer with an ATR accessory over
the range of 4000-400 cm™’, averaging 30 scans at 4 cm ™"
resolution. Raman measurements were performed using
a Horiba MacroRam spectrometer with a 785 nm laser,
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calibrated using a standard silicon band at ~520 cm ™.
Morphology was examined by field emission scanning electron
microscopy (FESEM) on a JEOL JSM-7610F and transmission
electron microscopy (TEM) using a Talos F200X G2. Samples for
FESEM were platinum-coated, while TEM grids were prepared
by drop-casting ethanol-dispersed powders onto carbon-coated
copper grids. Elemental composition was determined via
energy-dispersive X-ray spectroscopy (EDS) attached to the
FESEM, using a 1 nA probe current and ZAF correction for
quantification. X-ray photoelectron spectroscopy (XPS) analysis
was carried out using a Thermo Scientific K-ALPHA system with
Al Ka radiation, under ultra-high vacuum. Surface cleaning was
done using low-energy ion beam etching prior to measurement.
Thermal properties were examined using a simultaneous
thermal analyzer (STA) (NETZSCH STA 449 F5), operating at
a heating rate of 10 K min ' under a continuous nitrogen gas
flow.

2.4. Electrochemical measurements

The electrochemical properties of the synthesized Zn-BTC MOF
were investigated using a conventional three-electrode system
connected to an electrochemical workstation (CH Instruments,
CHIG650E). A glassy carbon electrode (GCE, 3 mm diameter)
modified with Zn-BTC MOF served as the working electrode,
while a platinum wire and Ag/AgCl (3 M KCl) were used as the
counter and reference electrodes, respectively. Prior to modifi-
cation, the GCE was polished with 0.3- and 0.5-micron alumina
powder, rinsed thoroughly with DI water, and dried under
nitrogen. The Zn-BTC MOF suspension (1 mg mL~" in DI water)
was ultrasonicated for uniform dispersion, and ~7.5 uL of this
suspension was drop-casted onto the GCE surface and air-dried
at room temperature.

All electrochemical measurements were performed in
phosphate-buffered saline (PBS, 0.1 M, pH 7.4) at room
temperature. Cyclic voltammetry (CV) was conducted over
a potential range of —0.5 V to +1.0 V at scan rates ranging from
10 to 100 mV s~ to evaluate the redox behaviour and scan rate
dependence of UA. The sensitivity of the modified electrode was
examined by recording CVs at increasing concentrations of UA
(0-300 uM). Calibration curves were constructed from anodic
peak currents as a function of UA concentration to assess the
sensor's linear range and sensitivity. For kinetic analysis, the
peak currents were plotted against the scan rate (v) and the
square root of the scan rate (v'/?) to determine whether the
process was adsorption-controlled or diffusion-controlled. All
measurements were repeated three times to ensure reproduc-
ibility and stability of the sensor response.

2.5. Antibacterial activity evaluation

2.5.1. Agar well diffusion assay. The antibacterial activity of
Zn-BTC MOF was evaluated using the standard agar well
diffusion method as described in previous studies.>®** Sterile
Mueller-Hinton Agar (MHA) (20-25 mL) was poured into 90 mm
Petri dishes and allowed to solidify under aseptic conditions. A
freshly prepared bacterial suspension (approx. 10> CFU mL ",
ODgpo = 0.05) was uniformly spread onto the solidified agar
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surface using a sterile cotton swab. Sterile 6 mm wells were
punched into the agar using a cork borer. A volume of 100 pL of
Zn-BTC MOF solutions at various concentrations (0.1, 0.2, 0.3,
0.4, and 0.5 mg mL ') was carefully pipetted into each well. A
tetracycline disc was used as a positive control, while dimethyl
sulfoxide (DMSO) served as the negative control. The inoculated
plates were incubated at 37 °C for 24 hours, after which the
zones of inhibition around each well were measured using
a millimetre ruler. All experiments were performed in tripli-
cates, and results were expressed as the mean =+ standard
deviation (SD).

2.5.2. Determination of minimum inhibitory concentra-
tion (MIC) and minimum bactericidal concentration (MBC).
The MIC and MBC of Zn-BTC MOF against bacterial strains
were determined using the broth microdilution method as per
standard protocols.” Serial dilutions of the Zn-BTC MOF stock
solution were prepared to obtain a concentration range of 0.02
to 0.8 mg mL™". Fresh bacterial inocula (~10°> CFU mL™", ODggo
= 0.03-0.05) were added to each well containing Mueller-
Hinton Broth (MHB) with different concentrations of the test
sample. Wells with bacterial culture but no Zn-BTC MOF served
as positive controls, while MHB alone was used as the negative
control. After 24 hours of incubation at 37 °C, MIC was identi-
fied as the lowest concentration at which no visible turbidity
was observed. For MBC determination, samples showing no
turbidity were sub-cultured on MHA plates to assess bacterial
viability. Cell density was also quantified by measuring absor-
bance at 600 nm using a UV-Vis spectrophotometer, and values
were compared to controls to confirm the inhibitory and
bactericidal effects.

3. Results and discussion

3.1. Characterization

3.1.1. X-ray diffraction (XRD) analysis. The crystalline
structure and phase composition of the synthesized Zn-BTC
MOF were analyzed using powder X-ray diffraction (XRD) tech-
nique. As shown in Fig. 1(a), the diffraction pattern displays
a series of sharp and distinct peaks in the 26 range of 5°-40°,
confirming the high crystallinity of the material. A dominant
peak at 26 = 10.1° was observed, corresponding to the charac-
teristic reflection of Zn-BTC frameworks.>*® Additional
diffraction peaks were observed at 20 = 15.7°, 17.8°, 26.0°,
27.1°, 29.9°, 37.1°, and 40.8°, corresponding to higher-order
reflections of the Zn-BTC structure. While the overall peak
positions and patterns align well with those reported in the
literature, slight shifts in peak positions and variations in
relative intensities were observed. These differences may arise
from minor variations in solvothermal synthesis conditions or
the use of battery-derived zinc as a precursor; however, this
remains a hypothesis that would require further investigation

through  detailed  structural analysis and  defect
characterization.”®*
3.1.2. Fourier transform infrared (FTIR) spectroscopic

analysis. FTIR spectroscopy was employed to investigate the
functional groups present in the synthesized Zn-BTC metal-
organic framework. The FTIR spectrum of Zn-BTC (Fig. 1(b))

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD spectrum, (b) FTIR spectrum, and (c) Raman spectrum of Zn-BTC MOF.

reveals characteristic vibrational bands that confirm the coor-
dination between zinc ions and BTC ligands. The broad
absorption band observed around 3400 cm ™" corresponds to
the O-H stretching vibrations,* indicating the presence of
adsorbed water molecules or uncoordinated ~-OH groups within
the framework. The bands at 1622 cm™" and 1573 em ™" can be
attributed to the asymmetric stretching vibration of coordi-
nated carboxylate groups (-COO~) bonded to Zn>*, while cor-
responding symmetric stretching band appears around
1373 em " and 1436 cm*, confirming successful deprotona-
tion and coordination of the carboxylate moieties to zinc
centers.* Band position at 1109 cm ™" can be attributed to the
C-0 stretching or in-plane bending modes of the aromatic ring
or coordinated carboxylate, typical for metal-carboxylate
frameworks.**

The peaks in the region of 600-800 cm ™" are associated with
Zn-O stretching vibrations, which further substantiate the
formation of metal-oxygen coordination bonds. The absence of
a significant peak around 1700 cm ™", typically ascribed to the
free carboxylic acid C=O stretching, suggests complete
complexation of the BTC ligand with Zn** ions. These spectral
features collectively support the successful synthesis of Zn-BTC
with a coordinated framework structure.

3.1.3. Raman spectroscopic analysis. Raman spectroscopy
was used to investigate the structural features and coordination
environment in the synthesized Zn-BTC MOF. The Raman
spectrum (Fig. 1(c)) displays multiple sharp bands, confirming
the vibrational modes associated with both the BTC ligand and
Zn-O coordination. A low-frequency band observed at

© 2025 The Author(s). Published by the Royal Society of Chemistry

~200 cm ™" is attributed to Zn-O stretching vibrations, indi-
cating successful metal-ligand coordination in the framework.
The peaks at 825 cm ™" and 874 cm ™" correspond to C-H out-of-
plane bending modes of the aromatic benzene ring from the
BTC ligand.? A prominent band at 1006 cm ™" is assigned to the
symmetric ring breathing mode of the benzene ring, which is
characteristic of aromatic carboxylate ligands.*® The peaks at
1470 cm ' and 1583 cm™ " represent the symmetric and asym-
metric stretching vibrations of C=C bonds in the aromatic
system, confirming the intact nature of the BTC structure after
MOF formation.**

3.1.4. Field emission scanning electron microscopy
(FESEM) and energy dispersive X-ray spectroscopic (EDX)
analysis. The morphology and particle size distribution of Zn-
BTC MOF were investigated using FESEM analysis. As shown
in Fig. 2(a and b), particles of Zn-BTC exhibit a densely packed,
aggregated morphology composed of irregularly shaped nano-
particles. The nanoscale dimensions of the particles are
evident, with no apparent large crystallites or macroscopic
agglomeration, suggesting uniform nucleation during
synthesis.** Image analysis of over 75 particles (Fig. 2(c))
revealed an average particle size of 51.50 4= 21.71 nm, indicating
nanometric scale which is favourable for electrochemical
applications due to enhanced surface-to-volume ratio and
diffusion properties. Elemental composition was assessed
through EDX spectroscopy (Fig. 2(d)), which confirms the
presence of carbon (C), oxygen (O), and zinc (Zn) as the primary
elements. The quantification yielded atomic percentages of C:

RSC Adv, 2025, 15, 30564-30575 | 30567
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Fig. 2 (a) and (b) FESEM images, (c) particle size distribution histogram,

57.59%, O: 36.15%, and Zn: 6.26%, with respective mass
contributions of 41.18%, 34.44%, and 24.38%.

3.1.5. Transmission electron microscopy (TEM) and
elemental analysis. The internal morphology, crystallinity, and
particle size distribution of Zn-BTC were examined using TEM.
Fig. 3(a-c) depict low- and high-magnification TEM images,
revealing aggregated, nearly spherical nanoparticles with
smooth boundaries. Particle size distribution analysis (Fig. 3(d))
of 15 particles reveals an average size of 44.84 + 12.50 nm,
corroborating FESEM measurements and affirming nanoscale
dimensions. High-resolution TEM (HRTEM) (Fig. 3(c)) high-
lights clear lattice fringes, indicating crystalline order within
individual particles, while the selected area electron diffraction
(SAED) pattern (Fig. 3(e)) displays concentric rings, confirming
the polycrystalline nature of the Zn-BTC structure.*® The EDS
spectrum (Fig. 3(f)) identifies C, O and Zn. The observed Cu
signal, which dominates the spectrum (20.98%), originates
from the copper TEM grid, while Zn is present in low detectable
concentration (0.03%), typical for MOFs due to their organic-
rich composition. The atomic percentages of C: 75.12% and
O: 3.87% are consistent with the organic BTC ligand and
framework oxygen atoms.

3.1.6. X-ray photoelectron spectroscopic (XPS) analysis.
XPS analysis was conducted to investigate the surface elemental
composition and chemical states of the elements in Zn-BTC.
The wide survey spectrum (Fig. 4(a)) confirms the presence of

30568 | RSC Adv, 2025, 15, 30564-30575

and (d) EDX spectrum with elemental composition of Zn-BTC MOF.

Zn, O, and C, with prominent peaks corresponding to Zn 2p, O
1s, and C 1s orbitals. The high-resolution spectrum of Zn 2p
(Fig. 4(b)) displays two intense peaks at approximately 1022.2 eV
and 1045.3 eV, which can be assigned to Zn 2p;,, and Zn 2p;,,
respectively.’” The binding energy of the Zn 2p;,, peak at 1022.2
eV indicates the divalent oxidation state of zinc (Zn>"), consis-
tent with Zn coordinated to carboxylate ligands in the BTC
framework. The spin orbit splitting of about 23.1 eV confirms
the presence of Zn. In the O 1s spectrum (Fig. 4(c)), a dominant
peak at around 532.4 €V is attributed to oxygen in carboxylate
groups (-COO™), while minor contributions from hydroxyl
groups and adsorbed water appear at slightly higher binding
energies.*® This suggests the successful binding of BTC's oxygen
atoms with Zn>* centre. The deconvoluted C 1s spectrum
(Fig. 4(d)) reveals three main components: a peak at 284.6 eV
corresponding to C-C/C=C bonds from the aromatic BTC ring,
a peak at 286.3 eV associated with C-O functionalities, and
a higher binding energy peak at 288.9 eV representing O-C=0
species from carboxylic groups.* These features corroborate the
integration of BTC ligands in the MOF structure through
carboxylate coordination.

3.1.7. Thermogravimetric and differential scanning calo-
rimetry (TG-DSC) analysis. The thermal stability and decom-
position behaviour of Zn-BTC were evaluated using
simultaneous TG-DSC analysis (Fig. 5). The thermogram reveals
multiple stages of mass loss, corresponding to the release of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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physisorbed water, coordinated solvent molecules, and frame-
work decomposition. The initial mass loss of approximately
0.67% below 150 °C corresponds to the removal of adsorbed
moisture, with a small endothermic DSC peak indicating
evaporation. The second stage, occurring between 200-450 °C,
accounts for a more significant weight loss of about 38.83%,
attributed to the decomposition of organic BTC linkers. This
region features exothermic events with enthalpic values of
—34.47Jg ', —2.934 J g ', and —55.34 ] g ', signifying struc-
tural breakdown and combustion of organic constituents. A
final broad endothermic transition between 500-750 °C is
observed in the DSC curve, with an associated energy of 222.3 J
g~', which likely corresponds to further degradation of carbo-
naceous residues and stabilization of the resulting inorganic
phase. At 800 °C, the material retains a residual mass of 46.55%,
which suggests the formation of thermally stable ZnO or inor-
ganic metal oxide residue after framework decomposition. This
analysis affirms that Zn-BTC is thermally stable up to approxi-
mately 400 °C, making it a viable candidate for electrochemical
and biological applications within moderate thermal
environments.

3.2. Electrochemical analysis

3.2.1. Electrocatalytic activity of Zn-BTC MOF toward UA.
Fig. 6(a) shows the CV curves of the Zn-BTC/GCE in the presence
and absence of 100 uM UA over a potential range of —0.5 to
+1.0 V at a scan rate of 50 mV s~ '. A significant increase in the
anodic current was observed in the presence of UA, confirming

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a)—(c) TEM images, (d) particle size distribution histogram, (e) SAED pattern, and (f) EDS spectrum with elemental composition.

the enhanced electrocatalytic activity of the MOF. A well-defined
oxidation peak appeared near +0.55 V, corresponding to UA
oxidation. This is attributed to the increased surface area and
active sites available on the Zn-BTC framework, which facilitate
faster electron transfer.*” In contrast, the bare GCE showed only
a weak and broad oxidation signal, reflecting poor catalytic
behaviour. The Zn-BTC MOF layer reduced the oxidation over-
potential, implying faster redox kinetics and improved UA
adsorption.

3.2.2. Concentration dependent response and sensitivity.
The concentration-dependent electrocatalytic response of the
Zn-BTC/GCE was further evaluated using CV for UA concentra-
tions ranging from 0 to 300 pM (Fig. 6(b)). A systematic increase
in anodic peak current was observed with increasing UA
concentrations, with no substantial peak shift, indicating
a stable catalytic process. The corresponding calibration curve
is shown in Fig. 6(c), which reveals a linear relationship (R> =
0.9882) between peak current and UA concentration from 0 to
200 uM. The linear regression equation is presented as follows.

ipc = 0.0087Cya + 3.7497 (1)

where ipc is the anodic peak current (nA) and Cy, is the UA
concentration (uM). The limit of detection (LOD) can be calcu-
lated using the formula as given below.

30
LOD = 5 (2)
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Fig. 5 Simultaneous thermal analysis of Zn-BTC MOF showing ther-
mogravimetric (TG), differential scanning calorimetry (DSC), derivative
thermogravimetry (DTG), and differential scanning calorimetric
capacity (DSCC) curves.

where ¢ is the standard deviation of the blank response and S is
the slope of the calibration curve. Using a slope of 0.00867 pA
pM "' and a standard deviation of 0.003761, the LOD was esti-
mated to be 1.43 pM, indicating the sensor's suitability for
detecting UA at physiologically relevant levels.

30570 | RSC Adv, 2025, 15, 30564-30575

3.2.3. Scan rate study and kinetics. To understand the
redox kinetics, CVs were recorded at various scan rates from 10
to 100 mV s (Fig. 6(d)). The peak currents increased with scan
rate, and the redox peaks remained well defined. When the peak
current (ipc) was plotted against scan rate (v), a linear rela-
tionship (R* = 0.9811) was observed (Fig. 6(e)), indicating that
the oxidation process is adsorption-controlled at higher scan
rates. The obtained linear equation is presented as follows.

ipc = 0.0531v + 0.7913 (3)

To further examine the mechanism, peak currents were
plotted against the square root of scan rate (v*/?). As shown in
Fig. 6(f), the anodic and cathodic peak currents exhibited linear
relationship (R> = 0.99 for both case) with »*2. The corre-
sponding anodic and cathodic equations are presented
respectively as follows.

ipa = 0.7236v'2 + 0.9719 (4)
ipe = —0.6738v"? — 1.4288 (5)

This confirms that the redox process is also diffusion-
controlled, especially at lower scan rates. The presence of
both relationships (i « » and i « »*'?) indicates a mixed kinetic
regime involving both adsorption-controlled and diffusion-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative study of different material modified GCE with
Zn-BTC/GCE for uric acid sensing

Linear range

Electrode material (nM) LOD (uM) Reference
Zn-BTC 0-200 1.43 This study
Au decorated Ni-MOF 15-500 5.6 45
Au NPs 0.5-600 0.25 46
Cu-MOF 0.5-600 0.2 47
Polypyrrole-carbon black-Co;0, — 0.46 48
Polypyrrole-Fe-MOF 1-300 0.212 49

controlled processes. This dual kinetic regime indicates that the
electrochemical oxidation of UA at the Zn-BTC MOF-modified
electrode involves both surface adsorption and mass transport
mechanisms. Such behaviour is advantageous for sensing
applications, as it ensures fast electron transfer (adsorption-
dominated) and accessibility of the analyte even at lower
concentrations (diffusion-dominated). This observed mixed

© 2025 The Author(s). Published by the Royal Society of Chemistry

kinetic control can be rationalized by considering the structural
characteristics of the Zn-BTC MOF. The presence of abundant
active Zn sites coordinated with carboxylate groups facilitates
strong adsorption of uric acid molecules onto the electrode
surface, thus contributing to the adsorption-controlled process
at higher scan rates.** Furthermore, the nanoscale morphology
and interconnected pore channels inherent to the MOF archi-
tecture can enhance the accessibility of analytes, enabling effi-
cient diffusion of UA from the bulk solution toward the
electrode surface.*” The high surface area of the Zn-BTC/GCE
provides numerous adsorption sites, while the porosity
reduces mass transfer limitations, resulting in rapid analyte
transport.* Together, these structural factors promote a dual
kinetic regime where adsorption dominates at higher scan rates
due to surface interactions, whereas diffusion governs the
process at lower scan rates where mass transport from the bulk
solution is critical. This combination of adsorption-driven
electron transfer and diffusion-assisted analyte supply ulti-
mately enhances the sensor's sensitivity and responsiveness.

RSC Adv, 2025, 15, 30564-30575 | 30571
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Fig. 7 Antibacterial activity of Zn-BTC MOF against (a) Escherichia coli and (b) Bacillus subtilis at different concentrations where PC refers to
positive control and NC refers to negative control; evaluation of minimum inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) against (c) Escherichia coli, and (d) Bacillus subtilis.

3.2.4. Electroactive surface area estimation. The electro- From the slope of the i, versus »*% plot and applying this
chemically active surface area (4) of the Zn-BTC/GCE was esti- equation, the electroactive surface area of Zn-BTC/GCE was
mated using the Randles-Sevcik equation as presented below. calculated to be 0.16 cm”, which is significantly larger than that

of the bare GCE (~0.071 cm?). This confirms that the Zn-BTC
ip = (2.69 x 10)n*?4D"Cypv'" (6) MOF contributes significantly to increasing the active surface

area and hence the electrocatalytic response.
where, n = 2 (number of electrons transferred), A = electroactive 3.2.5. Cycling stability assessment. The cycling stability of
surfacci area (cm’), D = diffusi.on coefficient of UA (5.5 x 10~ the Zn-BTC/GCE was evaluated by recording twenty consecutive
cm® s7'), Cus = concentration of UA (100 uM or 1.0 x cyclic voltammograms in 100 uM uric acid prepared in 0.1 M
10~ mol L%). PBS (pH 7.4) at a scan rate of 50 mV s~ " (Fig. 6(g)). The Zn-BTC/

Table 2 Results of antibacterial activity of Zn-BTC MOF by agar well diffusion assay. Tetracycline disc was used as positive control and DMSO
solvent as negative control”

Zone of inhibition in cm

Gram positive Gram negative
bacteria bacteria
B. subtilis E. coli
Sample Concentration ATCC 6633 ATCC 11229
Zn-BTC MOF 0.1 mg mL™" 1.3 £ 0.15 —
0.2 mg mL™* 2.0 £0.18 1.3 £ 0.50
0.3 mg mL ™" 1.5 £+ 0.22 1.5 +0.17
0.4 mg mL " 1.4 £ 0.16 1.3 £0.26
0.5 mg mL ™" 1.7 £ 0.25 1.2 4+ 0.21
Positive control 30 pg 3.1+ 0.16 1.8 £ 0.50

Negative control — — _

a «

—” indicates no zone of inhibition.

30572 | RSC Adv, 2025, 15, 30564-30575 © 2025 The Author(s). Published by the Royal Society of Chemistry
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GCE exhibited variation in peak current in the repeated
measurements where 16.67% decrease in oxidation peak
current was observed after the 20th cycle compared to the first.
The relative standard deviation (RSD) of the peak current
responses was calculated to be 7.89%. The observed decrease in
peak current reflects the possibility of incidences such as minor
surface fouling, partial detachment or restructuring of the MOF
film, or slight Zn leaching under repeated oxidative scans.**

3.2.6. Comparison of Zn-BTC/GCE with existing works. A
comparative study was conducted to evaluate the performance
of our Zn-BTC MOF GCE for uric acid (UA) sensing against other
modified electrodes. Table 1 presents the linear range and limit
of detection (LOD) for UA sensing using these various modified
electrodes.

3.3. Antibacterial activity of Zn-BTC MOF

The antibacterial potential of Zn-BTC MOF was investigated at
different concentrations against Escherichia coli and Bacillus
subtilis using the agar well diffusion method (Fig. 7(a and b)). As
shown in Table 2, Zn-BTC MOF demonstrated dose-dependent
inhibition of bacterial growth. The largest inhibition zone
against B. subtilis was observed at 0.2 mg mL " (2.0 & 0.18 cm),
whereas E. coli showed its highest response at 0.3 mg mL ™" (1.5
£ 0.17 cm). The positive control (tetracycline disc) showed
significant inhibition against both strains, whereas the negative
control (DMSO) exhibited no inhibitory effect.

To further determine the inhibitory and bactericidal
concentrations, MIC and MBC values were calculated using
broth microdilution assays. For E. coli, the MIC was found to be
0.2 mg mL ", while the MBC was 0.8 mg mL™" (Fig. 7(c)). In the
case of B. subtilis, Zn-BTC MOF showed greater sensitivity with
a MIC of 0.1 mg mL™" and MBC of 0.6 mg mL ™" (Fig. 7(d)).
These findings indicate that Zn-BTC MOF is more effective
against B. subtilis than E. coli, likely due to structural differences
in the cell walls of Gram-positive and Gram-negative bacteria.
The antibacterial activity of Zn-BTC MOF is likely attributed to
a mechanism commonly reported for Zn-based MOFs, where
gradual Zn** ion release from the framework can disrupt
bacterial membranes and interfere with enzymatic processes,
leading to cell death. However, it should be noted that the
present study did not directly measure Zn>" release or its
interaction with bacterial membranes; thus, this mechanism is
proposed based on literature and warrants further experimental
confirmation.*

According to previous reports, under physiological or mildly
acidic conditions (e.g. infection microenvironment, pH ~5.5),
partial hydrolysis of the Zn-BTC coordination bonds induces
controlled Zn®>" ion release, which disrupts bacterial
membranes and enzymatic function, particularly in Gram-
positive B. subtilis and Gram-negative E. coli.>® The nanoscale
morphology enhances surface contact with bacteria, increasing
local Zn>" concentrations and promoting bactericidal efficiency.
In vivo studies of previous reports show that Zn-BTC MOF also
supports wound healing and exhibits anti-inflammatory effects
via sustained zinc release and low cytotoxicity.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Regarding the electrochemical sensing, the enhanced
electrochemical sensing performance of Zn-BTC MOF toward
uric acid can be principally attributed to its crystalline archi-
tecture and nanoscale morphology. The highly ordered frame-
work, as confirmed by XRD and TEM, provides an organized
array of Zn nodes linked by BTC units, which facilitates effective
electron transport. Nanoscale dimensions observed in FESEM
and TEM further depicts an increased electroactive surface area
which enables more uric acid molecules to access the redox-
active sites.”>**

4. Conclusion

In this work, a sustainable and cost-effective approach for the
synthesis of a zinc-based metal-organic framework was
demonstrated by utilizing zinc, recovered from waste dry cell
batteries. The synthesis involved extraction, hydroxide precipi-
tation, and coordination with BTC under mild solvothermal
conditions, yielding a crystalline, thermally stable, and nano-
structured MOF. Comprehensive characterization using XRD,
FTIR, Raman, SEM, TEM, XPS, and TGA confirmed the forma-
tion of a pure, porous, and structurally robust Zn-BTC frame-
work. The material exhibited significant electrocatalytic activity
toward the oxidation of uric acid, with a wide linear detection
range, low detection limit, and high electroactive surface area.
Scan rate studies further revealed a mixed kinetic control,
combining both adsorption and diffusion-driven processes. In
addition to sensing performance, Zn-BTC MOF showed prom-
ising antibacterial activity. The material effectively inhibited the
growth of both Gram-positive and Gram-negative bacteria, with
lower MIC and MBC values against B. subtilis. The dual func-
tionality (electrochemical and antimicrobial) highlights the
versatility of Zn-BTC MOF for biomedical and environmental
applications. The integration of waste-derived synthesis with
dual functional performance positions this study at the inter-
section of sustainability and practical material innovation. By
demonstrating that high-value MOFs can be fabricated from
electronic waste, this work contributes toward greener synthesis
protocols and supports a more circular approach to materials
science.
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