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ABSTRACT: As the excessive presence of heavy metals in the environment 3
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and sensitive methods for their detection. In this study, a novel electrochemical sensor ™ % s %
for the detection of Pb** ions is described. The proposed sensor is based on a glassy &4 %“ -CHiCOOH  ogy & &
carbon electrode (GCE) modified by a thin film of histidine-grafted metal—organic %",&(f . %’“ ’
framework (MOF-808-His). The MOF-808 was obtained solvothermally, and then . :

postsynthetically modified by substituting the coordinated acetate with histidinate. By Mo‘mos Pb() Moﬁos'ﬂ's
electrochemistry, the MOF-808-His-modified GCE demonstrated high charge — \&ﬂly e
selectivity, while electrochemical impedance spectroscopy (EIS) and kinetic studies MOF-808/GCE MOF-508-His/GCE
gave a lower charge transfer resistance (4196 Q) and a better standard heterogeneous \—/\ " lv
electron transfer rate constant (1.80 X 107> cm s™') on MOF-808-modified GCE. These

results indicated a swift and direct electron transfer rate from [Fe(CN)¢]>~/#" to the AT S

electrode surface. Using square wave anodic stripping voltammetry (SWASV), the rapid

and highly sensitive determination of Pb** was achieved on MOF-808-His-modified GCE. By optimizing the accumulation-detection
parameters including pH of the detection medium, deposition time and potential, and concentration, a remarkable limit of detection
(LoD, based on a signal-to-noise ratio of 3) of (1.12 X 107* + 0.10 X 107'%) mol L™ was obtained, with a sensitivity of (9.6 + 0.1)
pA L umol ™. After interference and stability studies, the MOF-808-His-modified GCE was applied to the detection of Pb*" in a tap
water sample with a concentration of 10 ymol L™ Pb**.

KEYWORDS: metal—organic framework, lead detection, voltammetry, histidine, glassy carbon electrode

1. INTRODUCTION Many analytical techniques have been proposed for that
purpose, such as atomic absorption spectroscopy,” atomic
emission spectrometry,12 atomic fluorescence spectrometry,13
luminescence tests,'*" and inductively coupled plasma-mass
spectroscopy.l(”17 However, these approaches necessitate
costly equipment, labor-intensive protocols, and extensively
skilled personnel to attain satisfactory sensitivity. Thus, it is
desirable to investigate precise, user-friendly, cost-effective, and

The global apprehension over the discharge of detrimental
heavy-metal ions into the environment persists." The
bioaccumulation of these toxic heavy metals aggravates the
problem and presents a substantial peril to biodiversity and
human well-being.”~* Lead is among the most toxic heavy
metals since it can damage the nervous system (the brain in

particular), and liver, even at very low concentrations.” Besides highly efficient technologies for the monitoring of Pb%* ions in
general concerns, the occupational hazards associated with the environment. Electrochemical methods used for lead
plating, mining, tanneries, and oil refining, are among more determination offer several advantages, including low cost,
special problems, particularly in developing countries. As simplicity, selectivity, and high sensitivity.”'® Electrochemical
substantiation, the continuous surveillance and traceability of stripping voltammetry is preferred due to its incorporation of
lead remains a perpetual concern for researchers in the an efficient preconcentration process combined with advanced
domains of analytical chemistry, pollution management, and electroch?mical measurement techniques for accumulated
sensor technologies.6 The maximum contamination level of analytes."”

lead in drinking water is set at 10 ug L™' (48 nmol L™") by the

World Health Organization (WHO).” In order to mitigate the Received: October 24, 2023 Ot
deleterious impact of heavy-metal ions on the environment and Revised: ~ December 15, 2023

human health, the development of detection methodologies Accepted: December 19, 2023

with elevated sensitivity and reliability for lead ions holds Published: January 3, 2024

significant importance. Quantitative determination of lead ions
in environmental samples has attracted extensive attention.®” "
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Nevertheless, serving as the fundamental component of
electrochemical sensors, the majority of electrode materials
encounter numerous constraints, including restricted surface
areas (attributable to heightened sensitivity and dynamic
range), lack of structural tunability, and limited possibility to
modify the surface where the electron transfer process occurs.
Consequently, considerable endeavors have been devoted to
the advancement of materials exhibiting tailored chemical and
physical characteristics, with the aim of enhancing their
electrochemical performance. Many materials have been used
as electrode modifiers for the detection of heavy-metal ions in
water, including orgalnoclays,6’20_23 carbon nanotubes,** and
metal—organic frameworks (MOFs).”>**

The rise of MOFs has attracted the attention of electro-
chemists as a promise for better electrode materials. The
micro/mesoporous metal—organic framework materials
(MOFs, also known as porous coordination polymers, PCPs)
could potentially serve as a part of composite electrode
materials, ensuring increased surface area with tunable nature/
functionalization and pore size, accelerate mass transport,
nature, and accelerate electron transfer.””° These attributes
make MOFs highly appealing materials for a wide range of
applications, including gas/energy storage, adsorption, separa-
tion, sensing, drug delivery, and catalysis, which also could
mean interesting synergism with their possible use as electrode
materials.”’ > However, most MOFs have poor electronic
conductivity and relatively low stability (particularly hydrolytic
one).*>” Such a disadvantage could hamper the efficiency of
MOFs for the determination of lead. MOFs composed of
zirconium as the metal ion are regarded as a promising choice,
due to the good cation/anion matching in hard and soft acids
and bases concept (HSAB) terms.”” Although they have
interesting properties, the adsorption of heavy metals by
MOFs, at least by the most typical carboxylate ones, is typically
low (particularly from a selectivity and sensitivity point of
view), also due to poor HSAB match. One of the still
addressable technological problems of MOFs as electrode
materials is their limited processability, while the as-
synthesized crystalline particles are typically micron-sized,
thereby gossessing limited adhesion affinity to the electrode
surface.”” A prevalent strategy to surmount these limitations is
the integration into MOFs of a matrix or a functional suPport
to improve electrical conductivity and stability.*”*" An
illustrative example involves the utilization of an iron(II)
phthalocyanine-derived nanocomposite integrated with Zn-
based MOF. This amalgamation demonstrated efficacy in
facilitating the electrochemical assessment of trichloroacetic
acid.*”

Another approach is to functionalize MOFs with groups that
have a good affinity toward heavy-metal ions. Zr-MOFs
functionalized with amino groups (UiO-66-NH,) are partic-
ularly interesting for electrochemical sensing applications, as
the abundance of the amino groups favors the adsorption of
heavy-metal ions.”” Another route is the use of thiols/thiolates
for even better binding. For example, UiO-66(Zr)—
OOCCH,SH was prepared via modulated synthesis in the
presence of thioacetic acid, for the removal of silver from
water."

A nanocomposite comprising the Zr(IV)-based MOF NH,—
UiO-66 and reduced graphene oxide (RGO) has been
formulated for the electrochemical identification of ciproflox-
acin in an aqueous medium.** Zirconium carboxylate MOFs
are generally promising in this regard due to the inherent
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availability of defects, at which functionalized carboxylates
could be docked. MOF-808, according to our opinion, is
particularly interesting in this regard. MOF-808 is built of
(Zr04(OH),]"*" inorganic building units (IBUs) connected
by 1,3,5-benzenetricarboxylate linkers (BTC) to form a highly
porous structure with an spn topology with good porosity
characteristics and reasonable hydrolytic stability. The
coordination of the hexanuclear IBUs, typical for zirconium,
is completed by the monofunctional carboxylate anions, usually
formates or acetates, and the corresponding idealized formula
is [Zrs0,(OH),(BTC),(HCOO)] or [Zr;O0,(OH),(BTC),-
(CH;CO0)].* Formic acid, along with other carboxylic
acids, is a Iiégand that appears to act as a crystal growth rate
modulator.”® These coordinated monocarboxylates can be
postsynthetically exchanged by other monocarboxylates
bearing functional groups, thereby functionalizing the surface
of the pores.” An interesting possibility is the functionalization
of the pores by amino acids: e.g,, an example demonstrated the
generalization of the approach by synthesizing 11 amino-acid-
functionalized MOF-808 structures in which the carboxylate
fragment is coordinated to the cluster, while the amino-
containing fragment represents a modifying pendant group in
the pores of the MOF."” The method of preparation in this
case was a standard solvothermal synthesis (Scheme 1a,b)

Scheme 1. (a) Section of the 3D Structure of MOF-808
(Yellow Spheres Depict the Small Tetrahedral Pores). (b)
Schematic Depiction of the Substitution of Coordinated
Formate in MOF-808 by Histidinate to Give MOF-808-His”

(b)
po o Al on LR 8~
O (o - o8 O
54 I{% %jﬁ

MOF-808

MOF-808-His

[21:0.(OH),(BTC),(HCOO),]
MOF-808

“Adapted with permission.*® Copyright 2018 American Chemical
Society.

using elevated temperatures (150 °C) and extended reaction
durations (3—7 days), utilizing the hazardous solvent N,N-
dimethylformamide (DMEF).*>"® Therefore, a cleaner, faster,
and gentler approach is desirable for the synthesis of MOEF-
808, so a green synthesis procedure based on water and acetic
acid has been developed, using moderate temperatures (100
°C) and short reaction times (5—24 h).*”*° While the amino-
acid-grafted Zr-MOFs are potentially interesting in the context
of electrochemical sensing, there is room for improving their
synthesis and affinity toward heavy metals.

In this work, we pursued an environmentally sustainable and
simple synthesis of MOF-808 in aqueous medium under reflux,
followed by postsynthetic acetate modulator exchange with L-
histidine (2-amino-3-(1H-imidazol-4-yl)propionic acid = His),
which is deemed one of the most promising modifiers for
binding heavy metals due to its chelating capabilities via the
amino and imidazole functions. The implementation of
postsynthetic modulator exchange of acetate vs histidinate
seeks to improve the binding of lead ions by forming stable
complexes with chelating amino-NH,- and imidazole-N-donors

https://doi.org/10.1021/acsami.3c15931
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Figure 1. (a, b) SEM images of MOF-808 and MOF-808-His. (c) Powder X-ray diffractograms of simulated MOF-808, as-MOF-808, MOF-808,
and MOF-808-His. SEM images and the corresponding EDS-elemental mapping of MOF-808 (d-h) and MOF-808-His (i-n). Superposition of

EDS-mappings (e, j).

and Pb** cations. These complexes can be weakened under
acidic conditions, leading to optimal Pb** ion detection. The
MOF-808-His material, acquired through this synthesis, was
employed as a modifier for a glassy carbon electrode (GCE)
and demonstrated, for the first time, its utility in electro-
chemical detection of lead ions in aqueous media.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. All reagents employed in the
study were commercially obtained and utilized without additional
purification. These included zirconyl chloride octahydrate (ZrOCl,-
8H,0, purity 99.5%, ChemSolute, Renningen, Germany), benzene-
1,3,5-dicarboxylic acid (H;BTC, purity 98%, BLD Pharmatech,
Mehlingen, Germany), deuterium oxide (D,0, 99.8 atom %D,
Karlsruhe, Germany), and sodium nitrate (NaNOs, purity 99%,
PanReac AppliChem, Darmstadt, Germany). Acetone (purity 99.5%),
ethanol (purity 98%), and histidine (His, purity >99%) were obtained
from Sigma-Aldrich (Steinhelm, Germany). Lead(Il) nitrate (Pb-
(NOy),, purity 99%), potassium hexacyanidoferrate(III) (K;[Fe-
(CN)¢], purity >99%), and potassium hexacyanidoferrate(II)
trihydrate (K,[Fe(CN)4]-3H,0, purity > 98%) were obtained from
Merck (Darmstadt, Germany). Hexaammineruthenium(III) chloride
([Ru(NH;)4]Cl,, purity 97%), hydrochloric acid (HCI, purity 37%),
and sodium hydroxide (NaOH, purity >98%) were obtained from
Sigma-Aldrich (Steinhelm, Germany). All solvents were of analytical
grade. Ultrapure water was used to prepare all solutions. pH
measurements were conducted using a Metrohm 744 pH meter
equipped with a glass electrode.

2.2. Synthesis of MOF-808 and Postsynthetic Grafting of
Histidine to MOF-808-His. MOF-808 was synthesized under the
reflux method according to a published procedure.”” The as-
synthesized material, designated as as-MOF-808, underwent overnight
vacuum activation (107> mbar) at a temperature of 60 °C, resulting in
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a yield of 875 mg. MOF-808 was histidine-functionalized according to
a procedure described in the literature.”* The sample MOF-808-His
was then dried at 60 °C overnight under vacuum (107 mbar).

2.3. Physicochemical Characterization of MOFs. The
crystallographic properties and phase composition of the materials
were evaluated via powder X-ray diffraction (PXRD) analysis. This
analysis was performed using a Rigaku MiniFlex600 diffractometer
equipped with a 600 W Cu—Ka X-ray source (40 kV, 15 mA),
operating in reflective mode within the 26 range of 2—100°. The
experimental setup included a Bragg—Brentano goniometer, a
graphite monochromator, and a HyPix-400 MF 2D hybrid pixel
array detector (HPAD). The measurement was performed at room
temperature with 0.01° steps using Cu—Ka radiation (4 = 1.54182
A). Fourier-transform infrared spectroscopy (FTIR), nitrogen
physisorption isotherms, thermogravimetric analysis (TGA), scanning
electron microscopy (SEM), and elemental analysis were performed
using the instrumentation detailed in ref 43. Spatial distribution
analysis of elemental composition was conducted through energy-
dispersive spectrometry (EDS) mapping, employing a scanning
electron microscope (SEM) ZEISS EVO with energy-dispersive X-
ray spectroscopy (Carl Zeiss GeminiSEM 500, Germany). Prior to
analysis, all samples were subjected to overnight vacuum drying at 60
°C. 'H nuclear magnetic resonance (NMR) spectra were acquired
using an AVANCE III Bruker HD 300 MHz Digital NMR
spectrometer. 128 scans were collected with longer than typical d1
relaxation times at 20 s were collected to ensure reliable integrals.

2.4. Digestion of the MOF for the '"H NMR SpectroscoPy
Analysis. The sample preparation of MOFs prior to the liquid 'H
NMR analysis was carried out according to a protocol described in the
literature.”’ The MOFs samples (about 15 mg) were ultrasonically
dissolved in a NaOH/D,O solution for 24 h before collecting their 'H
NMR spectra. This procedure allows only the organic part of the
MOFs to be dissolved. The residual formed Zr-oxide hydroxide was
removed by filtration.

https://doi.org/10.1021/acsami.3c15931
ACS Appl. Mater. Interfaces 2024, 16, 2509—2521
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2.5. Preparation of Working Electrodes. The sensors were
elaborated by the “drop coating” method on a GCE (@ = 3 mm). The
latter was first polished with a 0.05 ym alumina paste and then rinsed
with pure water. The prepared MOF-808-His was dispersed in
ultrapure water by ultrasonication to reach a concentration of 2 mg
mL™". Then, 2 pL of the suspension was deposited on the surface of
the GCE and oven-dried at 40 °C for 10 min to form a modified
electrode, designated as MOF-808-His/GCE. The MOEF-808-
modified GCE, designated as MOF-808/GCE and used for
comparison, was also prepared using the same procedure.

2.6. Electrochemical Studies. Voltammetric measurements were
conducted at ambient temperature using a Metrohm 797 VA
Computrace, employing a standard three-electrode cell configuration.
The working electrodes consisted of either bare or modified GCEs,
while a silver/silver chloride electrode (Ag/AgCl) served as the
reference electrode, and a platinum electrode (Pt) functioned as the
auxiliary electrode. Cyclic voltammograms of [Fe(CN)s]*~ and
[Ru(NH,)4]>" ions were recorded within the potential range of
—0.3 to 0.6 V and —0.55 to 0 V, respectively, in an aqueous solution
of 0.1 mol L™! NaNO;. The scan rate used was 20 mV s~ (unless
otherwise specified), and no stirring of the supporting electrolyte was
performed. Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out using a Gamry instrument Interface1l000TM
controlled by Gamry framework software. EIS was conducted over a
frequency range of 0.1 Hz to 10 kHz, with a potential amplitude of 10
mV and a fixed potential of 0.2 V. The electrolyte employed for EIS
measurements was a 0.1 mol L™' aqueous NaNOj solution containing
0.5 mmol L™! [Fe(CN)4]*"/[Fe(CN)4]*". The results obtained were
processed using the Echem analyst software. The electroanalysis of
Pb?* ions was performed using square wave voltammetry (SWV). The
electrochemical detection protocol comprises two sequential stages:
an open-circuit preconcentration (accumulation) step of the analyte,
succeeded by voltammetric detection in a distinct medium,
specifically a hydrochloric acid solution. The initial step involved
immersing the working electrode in a beaker containing 20 mL of
Pb** solution with a specified concentration, maintained under gentle
agitation. Following a predetermined accumulation period, the
electrode was promptly extracted, rinsed with ultrapure water, and
transferred to the electrochemical cell housing the detection solution.
All experiments were carried out in triplicate and the data points are
an average of three repeated experiments.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization of MOFs.
3.1.1. SEM and PXRD Analyses. SEM micrographs of MOEF-
808 and MOF-808-His are shown in Figure la,b. The images
obtained show the octahedral morphology of all materials, with
no significant change in the microcrystal shape of MOF-808
after the modification with histidine. Most microcrystals have a
size of around 1 ym. PXRD characterizations were performed
to verify the crystalline MOF-808 phase of the materials by
positive matching with the simulated patterns (Figure 1c). The
matching PXRD pattern proved the MOF-808 formation and
exhibited the high crystallinity of the synthesized structures,
thereby verifying the phase purity and unchanged crystalline
structure following the incorporation of amino acids.
Diffraction peaks at 20 = 4.28, 8.30, 8.69, 9.92, and 10.93°
were related to the (111), (311), (222), (400), and (331)
planes, respectively. The crystallinity index (CI) of the
materials was estimated by analyzing the integrated intensity
areas (crystalline peak areas) of the characteristic X-ray
diffraction peaks after baseline correction,”” according to the

equation: CI = 2ofevsalinepeals 50 MOF-808 and MOF-

area of all peaks

808-His showed a good crystallinity index with values of 83
and 82%, respectively. The energy-dispersive X-ray spectros-
copy (EDS) element mappings were conducted on a single
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particle depicted in Figure 1d—n and on many particles (Figure
Sla—k in the Supporting Information) to examine the element
compositions of MOF-808 and MOF-808-His. The spatial
distribution of Zr, C, O, and N superimposes satisfactorily for
MOF-808 and MOF-808-His.

3.1.2. 'H NMR and Elemental Analysis. The amount of His
moieties in MOF-808-His was estimated by 'H NMR
spectroscopy of digested samples. The 'H NMR spectra of
pristine MOF-808, His, and MOF-808-His after digestion of
the samples in NaOH/D,O solution for 24 h are shown in
Figure 2. The chemical shift at 8.3 ppm in all spectra

~BTC _oAcetate
Acetone
\\
L (c) 1 4 | |MOF-808-His
L@ | "
(b) J MOF-808
8 7 6 5 4 3 2 1 0
ppm

Figure 2. 'H NMR spectra of (a) histidine, and digestion NMR
spectra of (b) MOF-808 and (c) MOF-808-His in NaOH/D,O (the
signal at 4.7 ppm is from residual HDO/D,0).

corresponds to the 3 protons of the aromatic ring of BTC*".
The chemical shifts at 1.85 and 2.2 ppm stem from the protons
of the acetate and acetone (due to washing step) groups,
respectively. The acetate group content in the MOF-808
framework was calculated from the ratio of the integrated peak
areas of acetate and BTC (Figures S2 and S3 in the Supporting
Information). The Ac/BTC molar ratio was determined to be
1.9:1, indicating that approximately 3.8 acetate groups are
bound to each ZrsO,(OH), SBU in the formula unit of MOF-
808 (see details of the calculations in the Supporting
Information). This is less than the 3:1 ratio expected for the
ideal formula [Zr40,(OH),(BTC),(Ac)s].**° Yet, this ratio
of Ac/BTC of ~2:1 was also matched by CH analysis (cf.
Table S1 in the Supporting Information). The missing 2.2
acetate groups in the synthesized MOF-808 are apparently
replaced by 4.4H,0 ligands bound to the Zr sites and 2.20H"
being hydrogen-bonded to the p;—OH groups. Such a
replacement was structurally authenticated in a single-crystal
structure of the related MOF UiO-66.>

The formula unit of the synthesized MOF-808 then
corresponds to [ZrsO,(OH),(BTC),(Ac);3(OH),,(H,0)44]-
The integral intensity of the acetate group of MOF-808
decreased significantly in the case of MOF-808-His, demon-
strating the successful substitution of acetate ligands by L-
histidine. The r-histidine proton signals were observed in the
'"H NMR spectra of MOF-808-His (Figure S4). The acetate
and His contents on the MOF-808 network were calculated
based on the ratios of the integrated peak areas of acetate/BTC
and His/BTC. The acetate and His contents on the MOF-808
network were calculated based on the ratios of the integrated
peak areas of acetate/BTC and His/BTC. For MOF-808-His,

https://doi.org/10.1021/acsami.3c15931
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Ac/BTC and His/BTC molar ratios of 0.14:1 and 1.8:1 were
obtained, respectively, indicating that about 3.6 His groups
coordinate to each Zr;O,(OH), SBU in the formula unit of
MOF-808-His and only about 0.28 acetate groups remain. This
then gives a composition for MOF-808-His of
[Zrs0,(OH),(BTC),(Ac)o3(OH),, 1 (His)s6(H,0)4,] which
is also matched by CHN analysis (cf. Table SI in the
Supporting Information). Noteworthy, the derived formulas
for synthesized MOF-808 and MOF-808-His are approximate
since they assume the ideal BTC content of 2 and do not
account for possible BTC linker defects.

3.1.3. FT-IR, BET, and TG Analyses. FT-infrared spectros-
copy was employed to follow the incorporation of L-histidine
(Figure 3a). The peak at ~653 cm™' corresponds to the
vibrational mode of Zr—O bonds,>* while the characteristic
peaks at 1375, 1450, and 1577 cm™! are attributed to the
stretching vibrations of carboxylate groups of the BTC ligands.
The absorption bands at 763 cm™' belong to out-of-plane
vibrations of the BTC ring. In the spectrum of MOF-808-His,
the emerging peak of C—N stretching of the amino group was
observed at 1155 cm™’, and a set of twin peaks of —NH,
stretching of the amino group at 3267 and 3143 cm™', which
indicate that the MOF-808 was functionalized with histidine.
Figure 3b,c displays the N,-sorption isotherms and the
NLDFT pore size distribution (Calculation model: N, at 77
K on carbon) plots for MOF-808, and MOF-808-His. Both
display type I nitrogen isotherms, which are typical of
microporous materials.*”>”> MOF-808 demonstrates a Bruna-
uer—Emmett—Teller (BET) surface area of 1527 m*> g™', a
pore volume of 0.69 cm® g™' and an average pore size of 1.5
nm. In comparison, MOF-808-His has smaller BET surface
area (1193 m* g!), pore volume (0.47 cm® g!), and average
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pore size (1.2 nm). The changes reflect the successful partial
exchange of the acetate by histidinate in the framework. It
should be noted that the cavity size in two samples is still large
enough for efficient mass transfer of the solvated ions in the
pores (the adsorption kinetics in aqueous solution depends on
the size of the hydrated ions which are 0.4 nm for Pb** and
0.32 nm for NO;7;>° with 0.12 and 0.18 nm respective ionic
radii).>® The value of the specific surface area, determined in
this investigation for MOF-808 (1527 m” g~') agrees with
other BET surface area reports for MOF-808 from acetic acid
modulated synthesis in water (1210 and 1540 m* g_l).so’54
However, this value is lower than the early reported BET
surface area for MOF-808 (2060 m?> g~') which was
synthesized under formic acid modulation, > which resulted
in a material featuring coordinated formate anions decorating
the inner pores of the framework. The material obtained in this
work has acetate coordinated in the pores. The lower surface
area and porosity is, therefore, due to the higher steric
occupation of acetate compared to formate in the pores of
MOF-808. The thermal stability and chemical compositions of
our materials can be assessed by thermogravimetric analysis
(TGA) (Figure 3d). Prior to TGA testing, the samples were
activated by solvent exchange and subsequently subjected to
vacuum evacuation at 60 °C overnight. TGA curves of pristine
MOF-808 and histidine-grafted MOF-808 materials under
synthetic air conditions are presented in Figure SS (Supporting
Information). The first step (up to 100 °C) observed on the
TGA curve is ascribed to the loss of Zr-coordinated water
(aqua ligands). Both MOF-808 and MOF-808-His have a very
similar crystal water content. The second step started from 105
to 800 °C and can be attributed to the loss of the coordinated
water (aqua ligands), the acetate CH;COO™ modulator, and
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808/GCE and (d) MOF-808-His/GCE at scan rate of 50 mV s\,

the organic linker (BTC) (cf. Table S1 in the Supporting
Information). The mass loss during this step was lower for
MOF-808 (47 wt %) than for MOF-808-His (58 wt %),
suggesting that some of the acetates were replaced by histidine
molecules during the grafting process. The plateau from about
800 °C on can be fully regarded as the residue ZrO,. The
residual ZrO, content at 800 °C (35 wt %) in MOF-808-His is
lower than the residual content in MOF-808 (45 wt %). The
findings derived from elemental microanalysis, comparison of
infrared (IR) spectra, thermogravimetric (TG) analysis, 'H
nuclear magnetic resonance (NMR) spectroscopy, and N,
adsorption—desorption isotherm analysis collectively indicate
the successful substitution of acetate groups by histidine
molecules within MOF-808.

3.2. Electrochemical Characterization of Modified
GCE and Assessment of Electrochemical Sensing
Capabilities for Positive and Negative lons. Cyclic
voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) are useful techniques to study the electrochemical
characteristics of the modified electrode.

3.2.1. Cyclic Voltammetry (CV). CV was employed to
examine the electrochemical behavior of the modified
electrodes toward [Fe(CN)¢]>~ and [Ru(NH,)s]** electro-
active probes. CV experiments were conducted in 0.1 mol L™
NaNO,; at two different pH values: pH 6.5 and pH 3 (obtained
by diluting a 0.1 mol L™" HCl solution). The bare GCE, MOF-
808/GCE, and MOF-808-His/GCE were utilized for the CV
measurements at a scan rate of S0 mV s™'. These experiments
aimed to evaluate the ion exchange properties of the materials
(MOF-808 and MOF-808-His) and to confirm the presence of
amino acid moieties in the modified material. The analysis of
[Fe(CN)4]*~ was performed in a potential range of —0.3 to 0.6
Vin 0.1 mol L™ NaNOj, at pH 6.5, and the obtained results
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are depicted in Figure 4a,b. The bare GCE gave a reversible
system (Ipa/IPC = 1). Compared to bare GCE, MOF-808/GCE
showed larger peak currents in the first cycle, especially in the
cathodic direction (I,, = 3.6 A, I, = 6.8 uA) and slight
accumulation. This accumulation occurs with a shift of the
peak potentials from 0.012 V to cathodic values to give peak
currents of 4.8 A (anodic direction), and 5.8 pA (cathodic
direction) at the 35th scan.

The adsorption of the redox species is allowed by the pore
size (1.5 nm) and takes place due to the good surface area
(1527 m* g™') and the possibility of terminal ligand exchange
(acetate in this case) or defect filling. In contrast, a slight
accumulation, and peak current of the 35th scan of 3.95 pA
(anodic direction), and 3.6 uA (cathodic direction) were
obtained with MOF-808-His/GCE (Figure 4b). This accumu-
lation occurs as a result of electrostatic attraction between the
negatively charged redox system [Fe(CN)4]*~ and the amino
group of histidine, which carries a positive charge; this process
should strongly depend on the pH and increases with the
protonation of the amino group of the histidine (at least until
pH levels low enough to fully protonate the amino group of the
histidine).

The low peak current values compared to those obtained on
MOF-808/GCE are reflected in the decrease of its specific
surface area (1193 m? g™') and pore diameter (1.2 nm) and a
low efficiency of histidine as a ligating pendant group under
standard conditions. However, in an acidic environment pH 3
(obtained by dilution from a 0.1 mol L™ HCI solution), the
peak currents increased significantly for all electrodes (Figure
S6, in the Supporting Information). On MOF-808-His/GCE
(Figure S6b in the Supporting Information), a progressive
accumulation of [Fe(CN)¢]*~ species was noted, which
stabilized after about SO scans, with peak current values (I,
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=21.1 pA, I, = 43.5 pA), higher than those obtained on bare
GCE (I, = 5.2 A, I, = 5.2 yA) and on MOF-808/GCE (I,,
= 10 pA, I, = 17 uA) (Figure S6a in the Supporting
Information). This accumulation arises from the electrostatic
attraction between the negatively charged [Fe(CN)4]*~ redox
probe species and the highly protonated amino groups that are
present on the surface of MOF-808 following the grafting of
histidine.

Moreover, under neutral conditions, the peak-to-peak
separations (AE) observed at MOF-808-His/GCE and
MOF-808/GCE were measured to be 0.291 and 0.159 V
(with a value of 0.149 V from the second to the 35th scan),
respectively. This disparity can be ascribed to the enhanced
electron transfer kinetics and larger electroactive surface area
exhibited by MOF-808/GCE when compared to MOF-808-
His/GCE. Under nearly neutral conditions (pH 6.5), the
diffusion of cations within MOF-808-His surpasses that of
pristine MOF-808. This is attributed to the electrostatic
attraction between the positively charged MOF-808-His, which
is protonated at this pH, and [Fe(CN)]*~ ions.

Similarly, the analysis of [Ru(NH,)4]** species was
performed in the potential range of —0.55 to 0.0 V in 0.1
mol L' NaNOj at pH 6.5 and the results are shown in Figure
4c,d. The response of the probe on bare GCE was also
reversible (I,,/I,. & 1). By modifying the bare GCE with
MOF-808 (Figure 4c), peak currents comparable to those
obtained on bare GCE (IPa = 44 pA, I, = 52 UA) were
obtained. A substantial disparity is evident when comparing the
findings obtained from MOZF-808/GCE and MOF-808-His/
GCE. The multicyclic voltammograms recorded on MOF-808/
GCE with accumulated [Ru(NH;)¢]** (Figure 4c) show a
couple of oxidation and reduction peaks centered at ~0.214 V.
On the other hand, for MOF-808-His/GCE (Figure 4d), this
couple also appears (at ~0.214 V) demonstrating a slight
accumulation (Ipa =44 A, I,.=6.5 UA) before and during the
first scan. During further scans, a notable potential shift of the
redox peaks toward more negative values (redox couples
centered at ~0.318 V) was observed, as well as a significant
accumulation, leading to higher peak currents after 75 scans
(I, = 14.2 pA, I = 19.7 puA). The observed behavior related
to the [Ru(NH;)4]*" species for MOF-808-His material is not
common. One could suggest that the signals centered at
~0.214 V are due to the interaction between the [Ru-
(NH,)6]** species and the MOF-808-His material. Further, the
signals centered at ~0.318 V are due to “free” [Ru(NH;)4]*"
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species in the solution that have been exchanged for cations in
the electrolyte prior to their electrochemical reduction. Under
acidic conditions (pH 3), the peak currents were almost the
same on all electrodes (Figure S6 in the Supporting
Information): bare GCE (I, = 4.6 A, I,. = 5.4 uA), MOF-
808/GCE (I, = 4.4 uA, I, = 5.3 yA) and MOF-808-His/GCE
(Ipél =44 puA, I, =55 pA). On MOF-808/GCE (Figure S7a in
the Supporting Information), this low current can be explained
by the fixation of the negative probe [Fe(CN)¢]*” and a
positive surface charge of MOF-808 could be hypothesized.

The behavior on MOF-808-His/GCE (Figure S7b in the
Supporting Information) is consistent with the phenomenon of
electrostatic repulsion between the [Ru(NH,)4]** species and
the positively charged MOF-808-His surface due to the
presence of the (partially protonated) His molecule. This
demonstrates that the charge selectivity of MOF-808-His
remained effective on the GCE, allowing rapid transport/
accumulation of anions regardless of the pH of the test
medium (neutral and acidic) and cations in neutral media,
while preventing cation uptake in acidic media. This result is
promising for the exploitation of MOF-808 and MOF-808-His
as electrode material. CV experiments were performed at
various scan rates (Figure S8) and the electroactive surface
area of both the unmodified and modified electrodes was
determined by calculating the slope of the current plotted
against the square root of the scan rate, in accordance with
Randles—Sevcik equation:56 I, = (2.69 x 10%)An**D2Cy!?,
where I, is the peak current, A the electrode electroactive area
(cm?), n the number of electrons transferred (n = 1), D the
diffusion coefficient of [Fe(CN)¢]*~*" in 0.1 M NaNO,
solution (D = 7.7 X 107% cm? s7'), C the concentration of
[Fe(CN)g]>™ (5 X 1077 mol cm™) and v the potential scan
rate (V s™'). From the slope of linear plots of I, vs 172 (Figure
S8b, S8d, and S8f), the electroactive surface areas of bare GCE,
MOF-808/GCE, and MOF-808-His/GCE were determined to
be 0.053, 0.103, and 0.096 cm?, respectively. The electroactive
surface area of MOF-808/GCE is approximately 1.1-fold
higher than that of MOF-808His/GCE and 1.9-fold higher
than the bare GCE one. The better electroactive surface area
with MOF-808/GCE compared to MOF-808-His/GCE is due
to its higher specific surface area and pore diameter, evidence
of the presence of a greater number of electrochemically active
sites. The presence of (partially protonated) His molecules
inside the pores (MOF-808-His) contributes to the number of
active sites affine to the [Fe(CN)4]>/* species.
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3.2.2. Electrochemical Impedance Spectroscopy. E1S, with
Nyquist plots, was employed to elucidate the heterogeneous
electron transfer characteristics at the interface between the
electrode and the solution. The Nyquist plots exhibited distinct
semicircular and linear regions, corresponding to electron
transfer-limited and diffusion-limited processes, respectively.
The plots were fitted using a variant of the model
corresponding to a constant phase element (CPE) with
diffusion circuit (Figure Sa, solid line). The resistance of
charge transfer (R,) values obtained with MOF-808/GCE
(4196 Q) was smaller than those obtained on MOF-808-His/
GCE (28,080 Q) and on bare GCE (65,450 Q), thereby
meaning an increased electron transfer rate at the modified
electrodes. The R values obtained with MOF-808/GCE are
lower due to its high electroactive (0.103 cm?) and BET (1527
m?® g™') surface areas. The His molecule has two basic centers,
which in the conjugate acid form could express Coulombic
interactions with the negative redox probe [Fe(CN)]3~/*7,
resulting in higher electron transfer of MOF-808-His/GCE
than bare GCE.

The findings from EIS align with those obtained in CV.
Furthermore, the double-layer capacitance (Cy) of bare GCE
and modified GCEs was also obtained, and the corresponding
circuit elements were compiled and presented in Table 1. The

Table 1. Summary of the Computed Circuit Components
for EIS Measurements

Ca K (107¢
electrode R (Q) W uF) R,(Q) (10°F) cms™!)
bare GCE 189.6 108.2 65,450 338.1 1.18
MOF-808/GCE 176.6 91.48 4196 19,560 18
MOF-808-His/GCE 1913 121.6 28,080 0.026 2.69

higher Cg value on MOF-808/GCE (19,560 X 10° F) than on
MOF-808His/GCE (26.02 X 10° F) shows that MOF-808-
modified electrodes could be a promising material for
developing a capacitive sensor.

For all electrodes, the standard heterogeneous rate constant
was also calculated in accordance with the equation®’

_ RT 0
& = SR where k” represents the standard heterogeneous

electron transfer rate constant (cm s™'), n is the number of
electrons transferred, R stands for the universal gas constant
(8.314 J K™' mol™), T is the temperature (298.15 K), F is the
Faraday constant (96,485 C-mol™), R, is the electron transfer
resistance (Q), A is the electrode surface area (cm?), and C is
the concentration of the [Fe(CN)¢]*~/#~ solution (5 X 1077
mol cm™). A system characterized by a low k° value exhibits a
longer time scale to reach equilibrium compared to a system
with a high k° value, which achieves equilibrium in a shorter
time scale. Thus, the k° values (Table 1) show that MOF-808/
GCE (1.80 X 1075 cm s7') has a faster electron transfer than
MOEF-808-His/GCE (2.69 X 107¢ cm s™') as well as the bare
GCE (1.15 X 107® cm s7"). The findings obtained from CV
and EIS are in good correlation when experiments are
conducted under identical pH conditions (pH 6.5) (refer to
Figure 4a,b for CV and Figure Sa for EIS).

The elevated peak currents observed for [Fe(CN)¢]*~ ions
on MOF-808/GCE correspond to a lower obtained R value.
Conversely, the diminished peak currents observed on MOF-
808His/GCE align with a significantly higher R value
obtained with MOF-808/GCE.
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The elevated peak currents obtained for [Fe(CN)¢]*~ ions
on MOF-808/GCE correspond to a lower obtained R value.
Conversely, the diminished peak currents observed on MOF-
808His/GCE align with a significantly higher R value
obtained with MOF-808/GCE.

3.3. Application of the MOF-808-His to the Electro-
chemical Detection of Pb®*. 3.3.1. Initial Voltammetric
Investigations Conducted on Electrodes Modified with
Binder-Free MOF-808. The ability of the previously charac-
terized materials to accumulate lead ions was assessed by
square wave anodic stripping voltammetry (SWASV) and the
results are presented in Figure Sb. Low peak currents were
observed on bare GCE (0.23 uA) and MOF-808/GCE (1.67
uA). The substantial increase in peak current, reaching a factor
of 7.3, observed on MOF-808/GCE can be attributed to the
notable specific surface area of MOF-808, which facilitates the
accumulation of a greater quantity of Pb>" ions from the
solution. This high current (1.67 uA) is also reflected by the
fact that MOF-808/GCE has a higher electrochemically active
surface area than bare GCE. MOF-808-His/GCE shows a
better peak current of Pb** (18.45 puA), with anodic current
peak intensities for Pb** by 11.05 and 80.22 times higher than
the ones for MOF-808/GCE and bare GCE, respectively.

The electrochemical lead ion detection process comprises
two successive stages: (i) an open-circuit preconcentration or
accumulation phase, where lead ions (pH 6) interact with the
MOEF-808 and MOF-808-His materials. MOF-808-His binds
better to the analyte due to its amino-NH,- and imidazole-N-
donors. (ii) The second phase involves voltammetric detection
in a separate medium (0.1 mol L™' HCI), where previously
accumulated ions are released from the material by ion
exchange with protons. This preconcentration is more difficult
to achieve with nonfunctionalized MOF-808, resulting in
reduced peak currents. Acid solutions are commonly used in
electroanalysis due to their ability to weaken complexes formed
by cationic species with amine ligands, as shown by previous
studies.”® This preconcentration ability allows the better
determination of lead ions by the MOF-808-His/GCE sensor.
The results of the electrochemical characterizations using the
redox probes showed that the sensitivity of MOF-808 is better
for negative charges via coordination bound, explaining the low
peak current of Pb** ions observed on MOF-808/GCE
compared to MOF-808-His/GCE. However, Pb** is mainly
present in the form of lead monohydroxide complex Pb(OH)*,
which could be efficiently bound by histidine, ensuring better
performance of the MOF-808-His material.

3.3.2. Experimental Optimization of the Electrochemical
Detection of Lead. In order to obtain the best detection
efficiency on MOF-808-His film-modified GCE, a range of
relevant parameters for the detection of Pb** were optimized:
amount of MOF-808-His on the electrode, pH of the detection
medium, quantity of material in the film, accumulation time,
pH of accumulating medium, deposition potential and
deposition time. The binding capacity of the MOF-808-His
film for Pb** depends on the amount of the latter present in
the dispersion used to modify the electrode surface. Figure 6a
demonstrates that the intensity of the anodic peak
progressively increases with the amount of material until it
reaches a maximum value at 6 pg of MOF-808-His. Above 6
ug, a slight decrease in peak current intensity is observed,
indicating that the film has become excessively thick and
hinders the efficient detection of the analyte. 6 g is therefore
considered the optimum amount for further investigation.
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Figure 6. Optimization of experimental conditions. Amount of MOF-808-His on the electrode (a), deposition potential (b), deposition time (c),
and influence of pH of accumulating medium (d), on the Pb** stripping current response on MOF-808-His/GCE. The experiments were run in
triplicate, and the data points are an average of three repeated experiments (n = 3). (e) SWASV response of the MOF-808-His/GCE at different
concentrations of Pb** ions at different concentrations: (i—viii): 0.001 and 0.5 ymol L™* under optimal conditions and (f) calibration curve. Each

data point is an average of three repeated experiments (n = 3).

The deposition potential was studied between —1.3 and
—0.7 V. As illustrated in Figure 6b, the peak current of Pb**
exhibited a pronounced and relatively stable magnitude within
the potential range of —1.3 to —1.1 V, followed by a gradual
decline at more positive potentials. This behavior can be
attributed to the diminishing energy required for the reduction
of Pb** ions. A deposition potential of —1.2 V was chosen for
further experiments. The influence of deposition time on the
peak current of 10 umol L™' Pb** at MOF-808-His/GCE after
1 min of preconcentration was assessed, and the corresponding
outcomes are presented in Figure 6¢c. The current signals
exhibited an initial rise within the 0 to 30 s time frame,
followed by a subsequent attainment of a plateau.

After considering factors such as time consumption,
sensitivity, and saturation of the working electrode, a
deposition time of 30 s was selected for subsequent analyses.

2517

It is worth noting that the pH of the solution significantly
impacts the adsorption behavior of metal ions. As shown in
Figure 6d, the peak current associated with the reduction of
Pb** increases with pH values up to 5. The weak currents in
acidic medium (pH up to 5.0) are due to the protonation
(amine groups of His) of the MOF-808-His material which
decreases the binding efficiency of Pb** due to protonation. On
the other hand, between pH 5.0 and 6.1, the strongest relative
peaks obtained are due to the easy adsorption of the lead
monohydroxide complex Pb(OH)*. Continued elevation of
the pH (from 6.1 to 6.7) resulted in a decrease in the peak
current. Within this specific pH range, the predominant
formation of hydroxide complexes of lead, particularly
Pb(OH)~ and Pb(OH),, occurs primarily due to hydrolysis
reactions.”® pH 6.1 was chosen for further experiments.
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The relationship between the peak current and the
accumulation time, as well as the concentration of the
detection medium (HCI) containing 10 gmol L™ Pb**, was
investigated, and the findings are illustrated in Figure S9
(Supporting Information). In Figure S9a (Supporting In-
formation), the electrode response increased progressively with
accumulation time between 1 and 20 min; no saturation was
reached and demonstrating a linear accumulation with time
toward the end of the tested time interval. This behavior
highlights many binding sites in the MOF-808-His material.
An accumulation time of 10 min was chosen for subsequent
experiments, as it represents an optimal trade-off between
achieving high sensitivity and conducting rapid analyses. Figure
S9b (Supporting Information) presents the effect of the
detection medium concentration on the peak current of Pb**
ions. Given that hydrochloric acid facilitates the desorption of
accumulated complexes, the concentration range of 0.1 to 2.5
mol L™" was optimized. It was observed that the detection of
Pb’* ions reached quantitative levels within the 1 and 2.5 mol
L! range. Therefore, a solution of 1 mol L~! HCl was chosen
as the detection medium for subsequent analyses. In summary,
for the quantitative individual determination of Pb** ions in
aqueous solutions, a 10 min accumulation period in an
aqueous solution with a pH of 6.1 is recommended, followed
by a detection step in a 1 mol L™ HCI solution with a 30 s
application of potential at —1.2 V.

3.3.3. Analytical Performance, Interference, and Practical
Applications of the Electrochemical Sensor. The linearity and
sensitivity of the concurrent determination of Pb** were
examined using SWASV under optimized conditions. As
depicted in Figure Ge, the voltammograms of Pb** obtained
from SWASV fell within the range of 0.001 to 0.5 ymol L™
Within this concentration range, a noticeable increase in peak
current was observed as the lead concentration increased.
Based on these results, the calibration curve (Figure 6f) with
the equation: I, (A) = 1.8 X 107" + 9.6 X Cpy>* (mol L™") was
obtained with excellent linearity (R = 0.997), indicating
excellent quantitative performance. Limit of detection (LoD)
and limit of quantification (LoQ) were determined using the
formulas LoD = 3 S,/m and LoQ = 10 S,/m, where S,
represents the standard deviation of the blank and m represents
the slope of the calibration curve.’”” LoD and LoQ were
estimated to be (1.12 X 107° + 0.10 x 107*°) mol L™ ((23.2
+2.1) ng L") and (3.75 X 107" + 0.31 X 107'°) mol L™*
((77.7 + 6.4) ng L") (Conc. + SD, n = 3), respectively.
Additionally, the method exhibited a sensitivity of (9.6 + 0.1)
uA L umol™" was obtained. The detection limit was much
lower than those of the listed electrochemical sensors in Table
S2 (Supporting Information). These findings demonstrate that
the developed electrochemical sensor exhibits a remarkable
capacity to detect lead ions with notable sensitivity.

Selectivity plays a crucial role in assessing the performance
of a sensor. Thus, each of these carefully selected ions (Cd**,
Cu’*, Zn®, Cr’*, Sn**, Mn®*, Ni**, Ag’, Mg**, In**, Tm**, and
Fe’") was intentionally introduced at the same concentration
as Pb?* and measured under optimal experimental conditions.
The results obtained are summarized in Figure S10
(Supporting Information). The presence of Cd*', Cr’*, Mg**,
and Tm®* was observed to have minimal impact on the signal
of Pb** ions. However, a decrease in the recovery rate of Pb**
ions was observed when Cu?', Zn?*, Mn?*, and Ni** were
added due to their good affinity for the protonated amine
groups on MOF-808-His. Similar behavior was observed for
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Sn**, Ag’, In*", and Fe**. In** interfered with Pb** signal due to
similar electrochemical behavior and stripping characteristics.
Consequently, the presence of Sn**, Ag®, In**, and Fe*" in the
same solution limited the selectivity of the proposed method.

This strong influence of metal ions on the determination of
Pb** ions is also due to the difference in the stability constant
of metal complexes involving sulfur and nitrogen atoms. Metal
complexes based on cadmium with sulfur and nitrogen donor
ligands, for example, show reduced stability (average logK =
4.6) comgared with those based on lead (av. logK
12.1).°7% The stability of copper complexes (av. logK =
12.5) is close to that of lead complexes. Therefore, it is
recommended to completely remove these species, possibly
through complexation, from any sample prior to Pb**
detection. Notably, Na*, K*, CI~, SO,*", and NO;~, which
were not included in Figure S10 (Supporting Information), did
not interfere with the Pb** signal.

Disinfection byproducts (DBPs) are widely acknowledged in
potable water due to their cytotoxic, genotoxic, and
carcinogenic properties.”” DBPs, namely, 1,2-dichloromethane
(DCM) and trifluoroacetic acid (TFAA) were, therefore,
examined to verify the selectivity of the MOF-808-His sensor.
Figure S10 (Supporting Information) shows that these two
compounds increase the peak current of Pb** ions compared
with other metal cations. TEAA can bind Pb** via its acetate
functions, thereby increasing the metal ion concentration and
consequently the peak current.

The stability of the electrochemical sensor was assessed by
examining the current responses of the Pb*" ions after the
electrode had been stored for 1 week at a temperature of 4 °C
and the results are shown in Figure Slla (Supporting
Information). The current signal showed a recovery of
93.6%. The decrease in sensitivity can be attributed to material
consumption during the sensing protocol and the structural
deterioration of the MOF-808-His during the storage period.
The sensor is reusable. Yet, this feature was evaluated after
desorption in an acid medium. Acidic media can attenuate
complexes formed between Pb*" ions and histidine chelating
groups. As shown in Figure S11b (Supporting Information),
the same modified electrode was used 3 times for the
determination of 10 uM Pb*" under optimal conditions. The
attenuation rates of the second and third analyses, relative to
the first analysis, were determined to be 96.1 and 90.1%,
respectively. These results mean that the MOF-808-His/ GCE
exhibits commendable cyclic and reusable characteristics in the
current operating environment.

To assess the reproducibility of MOF-808-His/GCE, an
intra-assay was conducted. Six MOF-808-His/GCE were
prepared using the same procedures and utilized for the
determination of 10 gmol L™' Pb** (Experimental conditions:
0.1 mol L™ HCI; deposition potential, —1.2 V; deposition
time, 30 s; and accumulation time, 1 min) (Figure S12 in the
Supporting Information) derived from the six electrodes for
Pb** determination was 3.75%, indicating that the developed
MOF-808-His-modified GCE had excellent reproducibility and
stability for Pb** determination, which made it promising for
practical applications in environmental lead ion monitoring.
The suitability of MOF-808-His/GCE as a sensing platform for
monitoring the quality of drinking water was assessed for the
detection of minute quantities of lead in a tap water sample.
Several concentrations were selected for the tap water
examination, including a concentration lower than the
WHO-prescribed value of 48 nmol L™' (10 ug L™'). The
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Pb** concentrations ascertained using the modified MOF-808-
His/GCE were computed and presented in Table S3
(Supporting Information). The recovery acquired from the
tap water sample in Pb** solutions of 20, 100, and 10,000 nmol
L™! were 94.5, 96.2, and 95.65%, respectively, indicating the
significant potential of the proposed electrochemical sensor for
practical implementations.

4. CONCLUSIONS

A modified electrode using a histidine-grafted metal—organic
framework (MOF-808-His) was synthesized and applied for
the detection of Pb** ions in aqueous solution. Due to its large
specific surface area, high concentration of lead-binding sites,
porosity, and electrical charge, MOF-808-His is useful for
analyte accumulation and detection. The proposed sensor has
a linearity region with a lower limit of (1.12 X 107'% + 0.10 X
107*%) mol L™" and a sensitivity of (9.6 + 0.1) uA umol™' L,
which is significantly better than the reported analogues for
electrochemical determination of lead. The practical usability
of our proposed method was validated by testing the lead
determination in tap water, ie., in the presence of typical
interfering ions, where less than 10 wmol L' Pb** were
detectable. Thereby a simple, sensitive, and reliable electro-
chemical sensor based on a highly porous MOF material is
proposed as a sensor model for environmental monitoring.
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