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1. Introduction

Solvothermal synthesis of organoclay/Cu-MOF
composite and its application in film modified GCE
for simultaneous electrochemical detection of
deoxyepinephrine, acetaminophen and tyrosinet

Edwige Mouafo-Tchinda,® Justin Claude Kemmegne—Mbouguen,@*a
Charles Peguy Nanseu-Njiki,® Henrietta W. Langmi,@C Chrispin Kowenje,®
Nicholas M. Musyoka (¢ and Robert Mokaya & *'

An organoclay/copper-based metal-organic framework (MOF) composite was synthesized using
a solvothermal method by growing a Cu-BTC (copper(i) benzene-1,3,5-tricarboxylate) MOF from
a mixture of the MOF precursor solution in which various amounts of organoclay had been dispersed.
The organoclay was obtained by intercalating a cationic dye, namely thionin, into a natural Cameroonian
clay sampled in Sagba deposit (North West of Cameroon). The organoclay and the as-synthesized
composites were characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-
IR), scanning electron microscopy (SEM) and Brunauer, Emmett and Teller (BET) techniques. From
Scherrer's equation, the crystallite size of the composite was found to be between 55 and 58 nm, twice
as large as the pristine MOF's crystallite size. The organoclay/Cu-MOF composite (Sa-TNsq/Cuz(BTC),)
exhibiting a BET surface area of 192 m? g%, about twice that of pristine clay and about one seventh that
of pristine MOF, was then utilized to form a stable thin film onto glassy carbon electrodes (GCE) by drop
coating (Sa-TNso/Cuz(BTC),/GCE). These electrodes demonstrated electrocatalytic behavior toward
deoxyepinephrine (DXEP) and thus enabled selective and simultaneous sensitive detection of three
analytes: DXEP, acetaminophen (AC) and tyrosine (TYR) compared with bare GCE and clay modified
electrode. Under optimum conditions, Sa-TNsq/Cusz(BTC),/GCE exhibited good performance including
large calibration curves ranging from 5.0 uM to 138.0 uM for DXEP, 4.0 uM to 153.0 uM for AC and 1.0
uM to 29.4 uM for TYR. The detection limits were found to be, 0.4 uM, 0.7 uM and 0.2 uM for DXEP, AC
and TYR, respectively. The developed sensors have been applied successfully in the quantification of AC
in a commercial tablet of AC, and DXEP, AC and TYR in tap water.

ranging from agriculture to surface coating and environmental
use' because of their interesting features including, large

Clay minerals are natural layered aluminosilicates consisting of
a tetrahedral and an octahedral sheet in either 1:1 or 2:1
configuration. Clays may be used in a variety of applications
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specific area, good catalytic support properties, thermal
stability and mechanical stability as well as low cost. Among
clay materials, the smectite group which is a 2 : 1 phyllosilicate,
has attracted considerable attention owing to its particle size,
high surface area, ion exchange capacity, swelling property,
chemical stability and thermal stability.> Smectites have been
efficiently used for the removal from the environment of heavy
metals® and dyes,*® both of which are longstanding environ-
mental pollutants.

Thanks to the attractive properties of smectites, they have
also attracted much attention in the field of electrochemistry
since the pioneering work of Gosh and Bard in 1983.° In order to
improve selectivity and sensitivity as electrode modifiers,
organic-inorganic hybrids namely organoclays, may be
prepared via either grafting of specific organic moieties onto the
clay surface or by intercalating organic species in the interlayer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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region of the clay. In such scenarios, the organic species also
convert the interlayer space of smectites from hydrophilic to
hydrophobic.”® Organoclay and clay modified electrodes have
been explored successfully as immunosensors, biosensors®*®
and sensors'"** despite their insulating character which can be
overcome by using redox mediators. The redox mediators are
used for electroanalytical applications to either increase the
electrochemical response or to decrease the overpotential, or
both. The mediators, which can be organic or inorganic mole-
cules, may be located within the clay™ or in the interlayer region
of the clay.**

Recently, other organic-inorganic porous materials, namely
metal-organic frameworks (MOFs), have emerged as possible
electrode modifiers in voltammetry determination of inorganic
or organic species'>'® although research in this area is still in
the early stages.'® Several routes for MOF synthesis have been
reported including electrochemical synthesis, microwave
assisted synthesis, sonochemical synthesis, mechanochemical
synthesis, evaporation synthesis, microfluidic synthesis, and
solvothermal synthesis. Among these MOFs preparation tech-
niques, solvothermal synthesis appears to be the most prefer-
able method, owing to the fast reaction kinetics, and
production of uniform products with high phase purity and
crystallinity."””*®* MOFs display interesting physicochemical
properties including high surface area, tunable pore size and
good chemical reactivity.'® By combining highly porous struc-
tures with a specific functional group, MOF modified electrodes
can offer rapid diffusion of the analyte into their pores and thus
improve framework-analyte interactions, which would enhance
analyte detection. In addition to these interesting properties,
MOFs exhibit good redox conductivity, which is enabled by their
large porosity,” thus making them suitable for electrocatalytic
reactions.”*® More recently, research is growing in the area of
the synthesis of MOF composites with synergetic and new
interesting properties such as exceptional electrochemical
activity, conductivity and stability, thus overcoming low
conductivity and lack of chemical stability encountered for
pristine MOFs.** To date, MOF-based composites for electro-
chemical sensing have focused on MOF/carbon composites,**>*
MOF/metal nanoparticle composites,” MOF/metal oxide
composites,*>** MOF/polymer composites,* MOF/
polyoxometalate composites****** and more recently organo-
clay MOF."* Although MOF-based composite modified elec-
trodes exhibit excellent sensitivity and selectivity toward organic
and inorganic targets,'® the composite film on the electrode
surface requires stabilization, which has mainly been achieved
by using a conductive polymer such as Nafion.

In this work, we report on the solvothermal synthesis of an
organoclay/Cu-MOF (Cu3(BTC),) composite exhibiting the
ability to form a stable film on glassy carbon electrode (GCE)
without a polymer and further investigate the film GCE redox
accessibility, electrochemical catalysis and electrochemical
sensing activity toward three physiologically important
compounds: deoxyepinephrine (DXEP), acetaminophen (AC)
and tyrosine (TYR). Deoxyepinephrine or N-methyldopamine, is
a derivative of catecholamine, which is present in insects and
plants.” As a drug, DXEP is suitable for epinephrine
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substitution and is used to relieve high blood pressure, and for
the treatment of cardiovascular arrest and congestive heart
failure.”® Acetaminophen or paracetamol (N-aminophenol) is
a popular analgesic and antipyretic drug, of which an overdose
can cause serious health complications.” Tyrosine (4-hydrox-
yphenylalanine) is an amino acid derivative of phenylalanine
indispensable for maintainance of nitrogen (N) balance in
humans. It is also a very important precursor for the synthesis
of some catecholamines.*® In biological fluids, acetaminophen
often coexist and interfere with catecholamines.* For all these
reasons, the monitoring of these three compounds is essential
for the human wellbeing. Even if several successful methods for
the quantification of these analytes are available,*** electro-
chemical methods offer a most promising approach even
though electrochemical determination of catecholamine, acet-
aminophen and tyrosine at bare conventional electrodes suffer
from electrode fouling, slow electron transfer and interference
of their electrochemical response.*%’

2. Experimental
2.1 Materials, chemicals and reagents

The natural clay, predominantly containing smectite, was
collected from Sabga deposit (North West Cameroon in Central
Africa) and its fine fraction was utilized to prepare the organo-
clay. The clay fine fraction (particles <2 pm) was obtained by the
process of sedimentation of the pristine clay and then converted
into its sodium form as reported elsewhere.” The homoionic
fine fraction (namely Sa) was then collected as reported in the
literature.*® Copper(u) nitrate trihydrate (Cu(NO;3),-3H,0) (Abcr
Chemical, 99.5%), trimesic acid (Sigma Aldrich, 98%), ethanol
(Abcr Chemical, 99.8%)), N,N-dimethylformamide (DMF, Abcr
Chemical, 99.8%), hydrochloric acid (HCl, Sigma Aldrich, 36.8-
38%), deoxyepinephrine (DXEP, Abcr Chemical, 99%), acet-
aminophen (AC, Sigma, 98.%), tyrosine (TYR, Sigma, 98%),
K,HPO, (Sigma, 98%), KH,PO, (Sigma, 98%), KCI (Synth Lab,
99%), CH;COOH (Synth Lab, 99.8%), and CH;COONa (Synth
Lab, 99%) were purchased and used without any treatment.

2.2 Dye adsorption study and preparation of organoclay

The organoclay was prepared by absorbing thionin acetate dye
into a natural Cameroonian, clay predominantly made of
smectite, with surface area and cation exchange capacity (CEC)
of 86 m*> ¢ and 0.89 meq. g, respectively.* Optimal condi-
tions for the absorption of the dye by the clay were firstly
determined. Experimentally, a known amount of sodium
homoionic clay (fine fraction) was introduced into a 50 mL vial
containing the thionin acetate dye (20.0 pM). The suspension
was sonicated for 30 minutes and then magnetic stirred for
a fixed time (1-60 min) after which it was allowed to attain
exchange equilibrium. The solid was collected and the filtrate
had no thionin dye according to spectrophotometry, which
showed no characteristic absorption band at 600 nm.** The
amount of dye adsorption was evaluated using eqn (1).

4 (1)
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where C, and C. are initial and equilibrium concentrations of
thionin dye expressed in mg L™, respectively. W (g) and V(L) are
the mass of the clay sample and the volume of the dye solution,
respectively.

The organoclay was prepared by intercalating the thionin
acetate dye into a natural Cameroonian clay (Sa) interlayer
space. 2.0 g of Sa was dispersed in 250.0 mL of dye (20.0 uM, pH
7) and stirred for 30 min. The solid organoclay, designated as
Sa-TN, was collected by centrifugation and washed with
distilled water and then dried in an oven at 50 °C.

2.3 Preparation of Cu-MOF and organocly/Cu-MOF
composite

The copper MOF (Cu; (BTC),) was synthesized following a sol-
vothermal method, as previously reported** but with slight
modification. In this case, 1 mmole of Cu(NO;),-3H,0 and 0.67
mmoles of trimesic acid were dissolved in a solvent mixture
made of DMF (12 mL), ethanol (8 mL) and water (10 mL). The
obtained solution was transferred into a 50 mL PTFE Teflon
lined autoclave and thoroughly mixed for 10 min and then
heated in an oven for 17 h at 80 °C. After cooling to room
temperature, the resulting suspension was filtered and the
resulting blue material was thoroughly washed with DMF/
Ethanol/water mixture before being dried for 24 hours at 80 °
C*»* to yield a blue colored powder.

The organoclay MOF composite was synthesized following
a solvothermal method. Typically, a solvent mixture containing
Cu-MOF precursors (ie., that which is used to prepare the
pristine MOF) was added slowly to a PTFE Teflon lined auto-
clave containing well dispersed organoclay suspension, which
was prepared by suspending a given amount of organoclay in
ethanol/water (2/3) solvent mixture under stirring. The mixture
was then heated in an oven at 80 °C for 17 h. The amount of
organoclay was varied from nil to 50% while the composition of
MOF precursor was kept constant, and the obtained composite
was denoted Sa-TN,/Cu-BTC (x is the mass percentage of orga-
noclay added ie. 5% for Sa-TN5/Cus(BTC),, 10% for Sa-TN;,/
Cu;(BTC),, 25% for Sa-TN,5/Cu;(BTC), and 50% for Sa-TNs,/
Cuj;(BTC)y).

2.4 Preparation of the working electrodes

The working electrode was made using glassy carbon (GCE, @ =
2 mm) as substrate. Prior to its utilization and modification, the
bare glassy carbon was polished to a mirror like surface with
three different sizes of alumina (1, 0.3 and 0.05 pm) suspension
slurry on individual polishing pad, followed by thorough
rinsing with distilled water and sonication in a 1:1 mixture of
ethanol and water. Modification of the glassy carbon was ach-
ieved by depositing some microliters of the suspension of
composite prepared in DMF onto the electrode surface. The
coating was left to dry for 4 h at room temperature. The ob-
tained electrode was denoted Sa/GCE, Sa-TN/GCE, Sa-TN/
Cu;(BTC),/GCE when the modifier suspension was made of
pristine clay (Sa), organoclay (Sa-TN) and the composite (Sa-TN/
Cu;(BTC),), respectively.

20818 | RSC Adv, 2023, 13, 20816-20829
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2.5 Instrumentation

Fourier transform infrared (FTIR) spectra of pristine samples
and composites were recorded using an attenuated total
reflection FT-IR spectrophotometer (Bruker Alpha - T-
Spectrophotometer). Powder X-ray diffraction (XRD) analyses
were performed with a Bruker X-ray diffractometer D8-Advance
with Cu-Ko radiation. Scanning electron microscopy (SEM)
coupled with energy dispersed spectroscopy (EDS) analyses
were performed with Auriga SEM. A micromeritics sorptometer
was used to determine the surface area and porosity from
nitrogen adsorption-desorption isotherms obtained at 77 K. p-
Autolab Potentiostat (PGSTAT 12) controlled by GPES software
was used for electrochemistry experiments in aerobic condition
in three electrodes cell: glassy carbon electrode (GCE) as solid
substrate for working electrode, saturated calomel electrode
(SCE) as reference electrode and platinum wire as counter
electrode. Differential pulse voltammetry (DPV) was carried out
in the potential interval ranging from 0 to 0.9 V with scan rate of
50 mV s~ (modulation amplitude of 0.04995 V, step potential of
0.00495 V, modulation time of 0.05 s and interval time of 0.1 s).

3. Results and discussion
3.1 Kinetic study of the adsorption of thionin by Sa clay

The adsorption kinetics of the thionin dye onto clay fine frac-
tion (Sa) are shown in Fig. S1.1 As observed an adsorption rate
was achieved in the first 7 min., and equilibrium was achieved
within 30 min. The adsorption kinetic study of TN by clay is
better fitted for a pseudo second order model (R> = 0.9999)
(Fig. S1Bt), indicating that the adsorption process of TN by Sa
likely involved chemical interactions.** The adsorption
isotherm of TN by Sa is presented in Fig. S1C.{ As revealed by
Fig. S1D and data in Table S1,T the equilibrium data fitted the
Langmuir model better. These results suggest that the adsorp-
tion of the dye occurs as monolayer onto clay surface. At pH 7,
the clay shows high adsorption capacity (1.99 umol g™ '), given
that at this pH the clay is negatively charged thus, it will interact
electrostatically with the cationic dye.*

3.2 Physicochemical properties of organoclay and
organoclay Cu-MOF composite

The homoionic clay and organoclay were characterized by XRD
and their patterns are shown in Fig. 1A. As shown on both
diffraction patterns of pristine clay (pattern a) and modified clay
(pattern b), the dyo; peak is located at 26 of 8.12° and 6.79°,
respectively. This finding indicates that the interlayer space of
the pristine clay has expanded from 11.56 to 13.13 A, i.e. by ca.
1.56 A, indicating that the dye was located in the interlayer
space. The expansion indicated that the cationic dye interca-
lated into clay with the plane of its carbon parallel to the clay
sheet plane, given that the cationic thionin dye is a flat molecule
of size 7.2 x 15 A on the basis of van der Waals radii.?

Fig. 1B shows the FT-IR spectrum of pristine clay before
(Fig. 1B, spectra a) and after the intercalation of the dye into its
interlayer (Fig. 1B, spectra b). For the pristine clay (curve a), the

-OH stretching vibration band was observed at 3627 cm ™,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) XRD patterns of pristine clay (plot a) and organoclay (plot b)

and (B) FT-IR spectrum in KBr of pristine clay (spectra a) and dye
intercalated clay (spectra b). The insets show magnification of the
regions 1350-2250 cm~* and 1225-1550 cm ™%,

while bands at 3460 and 1630 cm " were attributed to the
bending mode vibration of absorbed water. The broad band at
1050 cm™ " was ascribed to the asymmetric stretching vibration
of Si-O in the Si—O-Si group, and shifted to 1060 cm ™" for the
organoclay (curve b). The band at ca 1600 cm ™" on the spectrum
of dye intercalated clay showed a little shoulder 1660 cm™*
attributed to the N-H bending mode of the dye. Two weak
bands that appeared at 1869 and 2038 cm ™" in curve b and were
absent in spectrum a, may be assigned to the overtone band of
the aromatic. The band occurring at 1393 cm ™" for organoclay
was attributed to the C=C skeleton stretching.

Fig. 2A presents the XRD patterns of pristine Cu-MOF
(pattern a) and organoclay/Cu-MOF composites (patterns
b and c) prepared with different amounts of organoclay. The
patterns show narrow and intense peaks, indicating good
crystallinity for the as-synthesized products. The XRD pattern of
the pristine MOF shows characteristic peaks of Cu-MOF at 26 =
5.6°, 6.7°, 9.5°, 11.6°, 13.5°, 17.5°,19.0° and 25.8°. The as-
synthesised material contained CuO and Cu,O as revealed by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) XRD patterns and (B) FT-IR spectra of (a) Cuz(BTC),, (b) Sa-

TNs/Cus(BTC), and (c) Sa-TNso/Cus(BTC)s.

the characteristic XRD peaks at 260 = 35.5° and 38.7° for the first
copper oxide and 36.4° for the second.***” The patterns of the
as-synthesized composites, Sa-TN; o/Cu;(BTC), (curve b), and Sa-
TN;5¢/Cu;(BTC), (curve c¢), exhibited the same characteristic
diffraction peaks as the pristine MOF, indicating that these
composites featured the typical Cu organic framework and,
secondly, that the embedment of the Cu-MOF with the orga-
noclay did not modify the well-known structure of Cu-MOF. In
addition, the organoclay composites exhibited sharp peaks
similar to those of the pristine MOF, indicating that the MOF
within the composites was crystalline. However, the intensities
of these peaks for the composite became weaker as the orga-
noclay content increased, revealing that high content of the
organoclay in the starting mixture containing MOF precursors
had an impact on the formation of the Cu-MOF crystals, and
thus a less ordered crystalline structure was formed in the
hybrid material. These observations also indicate that loading
of an appropriate amount of organoclay is required to maintain
the crystallinity as well as the octahedral shape of the MOF.

RSC Adv, 2023, 13, 20816-20829 | 20819
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The FTIR spectrum of pristine Cu-MOF (curve a) and those of
various composites are shown in Fig. 2B (curve b for Sa-TN;,/
Cu,(BTC), and curve ¢ for Sa-TN50/Cuz(BTC),). For spectrum (a),
the characteristic vibration bands of Cu-BTC can be observed,
namely, at 1642 and 1513 cm ™, corresponding to the asymmetric
stretching modes (1642 cm ™ is the aromatic C=C and 1513 cm ™"
from C=0 of H3BTC),” and at 1406 cm ™" and 1368 cm ™" arising
from symmetric stretching modes (1406 cm™" due to C=0 and
1368 cm™* from C-O of H;BTC).** The band at 1060 cm ™ * can be
assigned to the C-H vibration of the aromatic ring. In addition the
vibration at 725 ecm ™" is likely a Cu-O stretching vibration due to
the coordination of the oxygen atom to Cu®". The bands at
630 cm ™, 550 cm™* and 460 cm™* can be related to CuO and
Cu,O. The characteristic bands of the Cu-MOF are generally
present in the spectra of the various composites as shown in
Fig. 2B (spectra b and c). Moreover, comparison of the FTIR
spectrum of the composites shows that there is a good agreement
in terms of position and intensity of the characteristic bands of
Cu-MOF. These findings are consistent with the fact that the
introduction of appropriate amounts of organoclay did not
interfere with the structure of the Cu-MOF. The only significant
difference between the spectrum of the composites and that of the
pristine MOF is the broad band for curve a at 3000-3800 cm ™,
ascribed to stretching of hydrogen-bonded O-H group and the

View Article Online
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intense band at 1500 cm ™" attributed to Si-O-Si. The EDS analysis
of the Sa-TN;,/Cuz(BTC), composite confirmed the presence Si
and Al together with C, O and interestingly Cu, thus demon-
strating that the composite was likely made of clay interconnected
to the Cu-MOF (Fig. S2t). The average crystallite sizes of the
pristine MOF and the composites were calculated using the
Scherrer equation:

kA
d= B cos 6 2)

where (8 represents the FWHM (Full Width at Half Minimum)
measured in radian on 26 and 6 is the Bragg angle for diffraction
peaks, 4 is the wavelength of X-rays, d is the crystallite size and k
is a constant (0.9). The crystallite size of Cu-MOF was estimated
to be ca. 25 nm, close to that reported in the literature.* In the
presence of the organoclay, the crystallite size of Cu-MOF within
the composites was between 55 and 58 nm. The increase in Cu-
MOF crystallite size in the composite compared with that of
pristine MOF implied a correlation between the amount of
organoclay added to MOF precursors solution and the crystallite
size of Cu-MOF indicating that high amount of organoclay led to
larger crystallite size.

The SEM images of the Cu-BTC MOF, clay and Sa-TN/
Cu;(BTC), composites are shown in Fig. 3. In the SEM images of

lpm  20/02/2020
WD 10.3mm|

x5,000

Fig. 3 SEM images of pristine Cuz(BTC), (A), organoclay (B), Sa-TN,s/Cu3(BTC), (C) and Sa-TNsq/Cu3(BTC), (D).
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the pristine MOF (Fig. 3A), it can clearly be seen that Cuz(BTC),
particles are well-formed with a truncated octahedral geometry,
which is in agreement with their XRD patterns. Their average
edge to edge length was estimated to be between 10-12 pm. The
image of organoclay (Fig. 3B) depicts a compiled platy
morphology characteristic of smectite clay minerals. The SEM
image of composites Sa-TN;,/Cu-BTC (Fig. 3C) and Sa-TN5,/Cu-
BTC (Fig. 3D) shows the clay sheets and the typical truncated
octahedral structure of Cu-MOF, the crystal being covered by
organoclay leading to a rough surface as observed in Fig. 3C and
D. The presence of the organoclay on the surface of the MOF
acts to prevent the aggregation between crystals and favor the
formation of a stable film at the electrode substrate.

Fig. 4b shows the N, adsorption-desorption isotherms of
pristine Cu-MOF (plot a) and the composites (plot b for Sa-TN, ¢/
Cuj3(BTC),, plot ¢ for Sa-TN50/Cu;(BTC), and the pristine clay
(plot d). A type IV isotherm was obtained with the pristine MOF
and Sa-TN;,/Cus(BTC),, highlighting their microporosity, while
that of clay was type IV with a H3 hysteresis loop attributed to
the layer structure of the clay. Interestingly Sa-TN5,/Cu3(BTC),
composites exhibited type IV isotherm along with a small
hysteresis loop at high relative pressure, which indicates the
presence macro- and mesopores associated with the interpar-
ticle spaces® in the composite. The surface area of the pristine
Cu-MOF was 1408 m* g %, close to the value reported elsewhere
in the literature for bulk Cu-MOEF.> The surface area of the
composites was 569 m* g~ * for Sa-TN,o/Cu;(BTC),, and 192 m>
g~ for Sa-TN;o/Cu,(BTC),. The reduced surface area of the
composites is likely due to the low porosity nature of organoclay
(91 m> g™, curve d, Fig. 4) covering the MOF surface. The detail
data of pore volume of the pristine MOF, pristine clay and clay
MOF composites are presented in Table 1.

3.3 Electrochemical behavior of DXEP, AC and TYR on Sa-
TN/Cu-BTC/GCE

As reported in the literature, deoxyepinephrine (DXEP) and

acetaminophen  (AC) undergo  multistep  reactions
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Fig.4 N, isotherms of pristine Cuz(BTC), (a) and those of composites:
Sa-TNyo/Cu3(BTC), (b), Sa-TNso/Cus(BTC), (c) and pristine clay (d).
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Table 1 Textural properties of pristine Cus (BTC),, clay and their
composites

BET surface  Micropore volume Micropore size

Materials area (m*g™") (em’g™) (nm)
Cu; (BTC), 1408 0.70 0.57
Sa-TNyo/Cus(BTC), 569 0.28 0.31
Sa-TN5o/Cuy(BTC), 192 0.09 0.30
Sa 91 0.05 0.86

corresponding to Electrochemical-Chemical-Electrochemical
(ECE) (Scheme 1A) and Electrochemical-Chemical (EC)
(Scheme 1B) mechanisms. As catecholamine, DXEP in aqueous
media undergoes a first two-electron oxidation process leading
to a catecholamine o-quinone, which can then result in a cycli-
sation and yield leucoaminochrome. Leucoaminochrome is
easily oxidisable by exchanging two electrons to form amino-
chrome.® In the EC mechanism of AC, its two-electron oxidation
leads to N-acetyl-p-benzoquinone imine and after chemical
reaction it is transformed to p-benzoquinone.

Cyclic voltammetry (CV) was employed to investigate the
electrochemical behavior of the three analytes individually in
acetate buffer (AcB) pH 5 at bare GCE, pristine clay film elec-
trode (Sa-GCE) and composite modified electrode (Sa-TN/
Cu;(BTC),/GCE). Fig. 5 shows CVs recorded at 50 mV s~ in AcB
containing either 138 uM DXEP (Fig. 5A) or 154 uM AC (Fig. 5B)
at bare GCE (curve a), Sa/GCE (curve b) and Sa-TN;5,/Cu;(BTC),/
GCE (curve ¢). As shown in Fig. 5A, when the electrolyte solution
contained the catecholamine and the potential scan was run in
the positive direction, a well-defined peak appeared. However,
in the reverse potential scan, no peak appeared within the
potential range examined. This reveals that the electrochemical
process is irreversible. This behavior can be rationalized by the
fact that the dopamichrome can undergo polymerisation reac-
tion on GCE electrode surface leading to the fouling of the
electrode. Interestingly, contrary to CV recorded at bare elec-
trode, those recorded in the same conditions at Sa/GCE and Sa-
TN50/Cu;(BTC),/GCE exhibited a pair of redox peak centered at
Ey;, =+0.26 V and E;/, = +0.17 V, respectively, besides the peak
current ratio Ip,/I,. was different from unity, corroborating the
quasi-reversible nature of the electrochemical reaction of DXEP
at the modified electrodes. These results show complementarity
between the clay and MOF. Indeed, the quasi-reversible process
observed at the modified electrode may be due to the fact that at
pH 5 the DXEP and its electrooxidation products are positively
charged, favoring the electrostatic attraction between the
negatively charged clay sheet and these products. Moreover, the
intracyclization of the protonated product of the oxidation of
DXEP cannot take place under acidic condition, but the amine
group was being transformed to ammonium, thus resulting in
less electrode fouling. In addition, the amino or hydroxy group
of the three analytes can undergo van der Waals/electrostatic
interactions with silanol groups on the clay surface, favoring
their diffusion through the film at the electrode surface.
Although the CVs recorded at modified electrode exhibited
a quasi-reversible process, the current ratio, I;,c/Ips, was ca 0.6
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for Sa-TN5,/Cuz(BTC),/GCE and ca 0.2 for Sa/GCE. The anodic
and cathodic potential separation at CV recorded at Sa/GCE was
found to be 0.61 V, three times higher than that obtained at Sa-
TN;,/Cus(BTC),/GCE. The increase in reversibility associated to
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the negative shift of the oxidation potential and the positive
shift in reduction potential of DXEP in addition to peaks current
increase, suggests that the MOF within the film onto the elec-
trode surface likely catalyzed the oxidation of DXEP. This may

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CVs recorded at bare GCE (a), Sa (b) and SaTNso/Cus(BTC)2/
GCE (c) in 0.1 M AcB (pH 5.0) containing either: (A) 138.0 uM of DXEP,
(B) 154.0 pM of AC or (C) 44.2 uM of TYR. Scan rate 50 mV s

have occurred through the intermediary of an adduct formed
between the oxidized product of DXEP and the MOF.

When the electrolyte solution contained AC, although CVs
recorded at bare GCE exhibited an anodic and a cathodic peak
(see Fig. 5B), the anodic peak was positively shifted whereas the
cathodic peak was negatively shifted compared with the corre-
sponding CVs recorded at modified electrode, with a larger peak
to peak separation AE estimated to be 0.54 V and Ip/Ip, = 0.2.
This AE value is 10 mV higher than that obtained at Sa/GCE,
which exhibited a current ratio of ca. 0.45, suggesting that as
for DXEP, the presence of clay film onto the electrode surface

© 2023 The Author(s). Published by the Royal Society of Chemistry
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favored the redox reaction of positively charged AC. Interestingly,
although the redox potentials recorded at Sa-TN5,/Cu;(BTC),/GCE
are aligned with those of Sa/GCE, the electrochemical response of
the AC oxidation at Sa-TNj5,/Cuz(BTC),/GCE was slightly lower
than that recorded at Sa/GCE. These observations suggest that
Cu-MOF does not have catalytic effect on the oxidation of AC
contrary to what was observed with DXEP. It is worthy to note that
the oxidation peak potential corresponding to the oxidation of AC
at Sa/GCE appeared nearly at the same potential as the oxidation
of DXEP, resulting in an overlap of their voltammetry response, as
for bare glassy carbon, while at Sa-TN5,/Cuz(BTC),/GCE these
corresponding peak potentials are well separated.

In the presence of TYR as shown in Fig. 5C, when the
potential was scanned in the positive direction, an oxidation
peak appeared at +0.78 V at TN;,/Cuz(BTC),/GCE (curve ¢), and
+0.81 V at Sa-Sa/GCE (curve b) and GCE (curve a). Meanwhile in
the reverse potential scan, as expected no peak was observed,
indicating that at modified and unmodified electrodes, the
electrochemical process of TYR is an irreversible process. The
enhancement of the current at modified electrodes is likely due
to the fact that this analyte, as do DXEP and AC, can diffuse
through the negatively charged film onto the electrode surface
through van der Waals/electrostatic interactions with silanol
group on the clay surface.

Fig. 6 compares the differential pulse voltammograms (DPV)
recorded at bare GCE and composite electrodes (Sa-TNjq/
Cu;(BTC),/GCE) in AcB (pH 5) containing the mixture of DXEP,
AC and TYR. As expected from the CV results of Fig. 5, the
voltammogram recorded at the composite modified electrode
shows three well-defined oxidation peaks at +0.20 V, +0.42 V and
+0.72 V, attributed, respectively, to the electro-oxidation of
DXEP, AC and TYR. At the bare GCE, two well resolved peaks
appear at +0.48 Vand 0.74 V attributable to the electro-oxidation
of AC and TYR, respectively, the first peak being overlapped by
dome due to the oxidation of DXEP. This result is consistent
with the CV response, confirming that the electrochemical
response of AC at bare GCE interfered with that of DXEP as

|
| |
| |
i 0.2 pA | |
(a)
| |
| | |
0.0 0.2 04 0.6 0.8 1.0
E/V

Fig. 6 DPVs recorded at bare GCE (a) and SaTNsq/Cuz(BTC)2/GCE (b)
in 0.1 M AcB (pH 5) containing 19.8 uM of DXEP, 23.8 uM of AC and
442 uM of TYR.
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reported in the literature.**>* The peak-to-peak separations at
Sa-TN5,/Cuz(BTC),/GCE were found to be AEpxgpac = 22 mV
and AEpxgpryr = 27 mV. Thus at modified electrode the
simultaneous detection of the three analytes is feasible.

The electrochemical response of glassy carbon modified with
different composites, namely, (Sa-TN5/Cus(BTC),, 5% for Sa-
TN;o/Cus(BTC),, 25% for Sa-TN,s/Cuz(BTC), and 50% for Sa-
TN;,/Cus(BTC),) modified GCE were examined under the same
conditions of pH and electrolyte solution containing 19.8 pM of
DXEP, 23.8 uM AC and 44.2 uM TYR. It was found (Fig. S31) that
at the composite modified electrode Sa-TN5,/Cuz(BTC),, three
well-defined oxidation peaks appeared on sweep voltammo-
grams corresponding to the oxidation of DXEP, AC and TRR,
while at the other composite film electrodes, only the oxidation
peak of DXEP and AC were observed. In addition, the Sa-TNj5q/
Cu3(BTC), modified electrode demonstrated better sensitivity
associated with a negatively shifted potential mainly for DXEP
and AC, in comparison with electrochemical response recorded
at  Sa-TN5/Cu3(BTC),, Sa-TN;,/Cus(BTC), and Sa-TN,s/
Cuj;(BTC),. These results also demonstrate the synergistic effect
of the MOF and organoclay, which can be explained by the good
crystallinity of Cu,(BTC), within the composite film at Sa-TN;,/
Cu3(BTC), and its stability, with the organoclay forming an
interconnected network which may favor charge transfer as well
as the stability of the film at the electrode surface. For these
reasons, Sa-TN;,/Cuz(BTC), modified glassy carbon electrodes
were further explored as sensors.

To investigate the electrochemical reaction kinetics at Sa-
TN;,/Cus(BTC),/GCE, the effect of scan rate was studied (Fig. 7).
For the three analytes, the electrochemical response increased
with the scan rate and the oxidation peak potentials were
positively shifted while the reduction peak potentials were
negatively shifted. Although the redox peak potential shifted
with the increase of the scan rate, their potential difference
remained nearly constant (=200 mV for DXEP (Fig. 7A) and
400 mV for AC (Fig. 7B)). The insets of Fig. 7 show that for all
analytes, the plot of current peak versus the square root of the
scan rate (v'/?) resulted in a straight line. This linearity suggests
that the electrochemical reaction of the three analytes at Sa-
TN;50/Cus(BTC),/GCE is an apparent diffusion controlled
process. The plot of log of the oxidation current versus log of
scan rate was also obtained and were found to be linear with the
slope of 0.6 (R* = 0.996), 0.4 (R* = 0.995) and 0.5 (R*> = 0.996) for
DXEP, AC and TYR, respectively. These values are not far from
0.5, which confirms that the electro-oxidation of these analytes
at Sa-TN/Cuj(BTC),/GCE is predominantly controlled by an
apparent diffusion' and that the electrode was not fouled by
these analytes and/or the product of the reaction.

3.4 Optimization of the experimental parameters

The estimation of the optimal experimental parameters were
achieved using Sa-TN;,/Cu;(BTC),/GCE.

3.4.1 Effect of the amount Sa-TN;,/Cuz(BTC), onto GCE
surface. The sensitivity of the modified electrode is usually
affected by the film thickness, which can be tuned by varying
the amount of the modifier. We probed the dependence of
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Fig.7 CVsrecorded at different scan rates at Sa-TNsq/Cus(BTC),/GCE
in AcB pH 5.0 containing either: (A) 138.0 uM DXEP, (B) 154.0 uM AC or
(C) 44.2 uM TYR. Insets show the linear relationship between the peak
current vs. square root of the scan rate (v*?) and log E vs. logv.

oxidation peak current of DXEP, AC and TYR on the amount of
the composite (4.0 to 20.0 mg) dispersed in 2.0 mL of DMF and
from which 2.0 pL was taken and dropped onto GCE and left to
dry at room temperature. We found that (Fig. S47) the electro-
chemical response for the three analytes increased then leveled
off when the suspension was prepared by dispersing 4 mg of
composite in DMF. The peak current then decreased due to the
fact that the modification film on GCE was very thick with
organoclay, which caused electrical resistance for the analytes.
Thus the modification of the working electrode for further work

© 2023 The Author(s). Published by the Royal Society of Chemistry
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was made by drop casting 2.0 uL of the composite suspension
(4.0 mg mL™") onto the electrode surface.

3.4.2 Effect of the pH of the electrolytic solution

The oxidation peak potentials as well as the electrochemical
responses of DXEP (pK, = 9.27 & 10.29), AC (pK, = 9.5) and TYR
(pKa = 9.76) at Sa-TN5,/Cu(BTC),/GCE were found to vary with
the pH of the buffer solution, indicating that the electrochemical
behavior of these analytes was affected by the acidity of the
electrolyte solution. This behavior was examined in buffer solu-
tion with pH ranging from 3.5 to 7.0 and containing simulta-
neously 18.0 uM DXEP, 14.0 uM AC and 24.0 uM Tyr. As can be
observed in Fig. 8 and inset A, in the pH range from 3.0 to 7.0, the
peak current was also found to augment from 3.0 to 5.0 then
diminish before increasing again reaching the maximum current
at pH 6 and then leveling off. Although the current was greater at
pH 6 for DXEP and AC, the oxidation peak current as a result of
TYR oxidation was very low. Thus, pH = 5.0 acetate buffer
(shortened as AcB) where the electrochemical response vis-a-vis
the three analytes were maximum, was chosen for further
experiments. Interestingly, it was noted that for the three analy-
tes, the oxidation peak potentials were negatively shifted as the
electrolyte solution pH increased (Fig. 8A), revealing that protons
were involved in the electrochemical reaction.*® The inset B of the
Fig. 8 shows that the oxidation peak potential and the electrolyte
pH are linearly dependent with slope value of 79.1 (R* = 0.992) for
DXEP, 42.98 (R> = 0.912) for AC and 61.5 (R> = 0.966) for TYR. All
these values are close to the theoretical Nernstian value of
59.0 mV at 25 °C, suggesting that protons are involved in the
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electrochemical reaction process at the modified electrode as
indicated in the following mechanisms in Scheme 1.

3.5 Determination of DXEP, AC and TYR at Sa-TN;,/
Cu;(BTC),/GCE

Under the optimal conditions the individual and simultaneous
determination of DXEP, AC and TYR were investigated at Sa-
TN50/Cu;(BTC),/GCE using DPV.

3.5.1 Individual determination of DXEP, AC and TYR. The
individual determination of DXEP, AC and TYR was achieved by
increasing the amount of one of these analytes in the electrolyte
solution (AcB pH 5). The electrochemical response recorded at
Sa-TN/Cu;(BTC),/GCE is shown in Fig. 9A for DXEP; Fig. 9B for
AC and Fig. 9C for TYR. In all cases, the peak currents ascribed
to the oxidation of DXEP at = +0.20 V, AC at +0.44 V and TYR at
=~ +0.76 V were observed to increase with the successive addi-
tion of a constant amount of the targeted analyte. As shown in
the insets of Fig. 9A and B, the increase of electrochemical
responses for the three analytes, taken individually, fit a linear
equation within the concentration range 1.0-138.0 uM (R*> =
0.995) for DXEP, 4-154.3 uM for AC (R* = 0.999) and 1.0-29.3
UM (R*> = 0.993) for TYR. The sensitivities of the Sa-TNjo/
Cu;(BTC),/GCE were deduced from the slopes of the regression
equation to be 0.024 pA uM %, 0.010 pA pM ' and 0.006 pA
uM ! for DXEP, AC and TYR, respectively.

3.5.2 Simultaneous determination of DXEP, AC and TYR.
The simultaneous determination of DXEP, AC and TYR was
conducted by increasing the concentration of one analyte in the
electrolyte solution containing a fixed concentration of the
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(A) DPVs recorded at Sa-TNso/Cus(BTC),/GCE at different buffers with pH ranging from 3.0 to 7.0 containing the three analytes mixture

(19.8 uM DXEP, 23.8 uM AC and 44.2 Mm TYR). (B) Dependence of different oxidation peak potentials on pH.
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Fig. 9 DPVs recorded at Sa-TNsqo/Cusz(BTC),/GCE when successive addition of either (A) DXEP, (B) AC or (C) TYR were added in AcB buffer

successive addition of either of (A') DXEP in AcB containing 153.0 uM AC

and 17.3 uM TYR, (B) AC in AcB containing 12.0 uM DXEP and 17.3 uM TYR or (C') TYR in AcB containing 6.0 uM DXEP and 10.2 pM AC. Insets are

corresponding calibration curves.

other two. As observed in Fig. 9A-C, when successive addition of
DXEP was made in AcB (pH 5) containing a fixed concentration
of AC (153.0 uM) and TYR (17.3 uM), the peak current associated
with the oxidation of AC and TYR remained nearly constant
while that of DXEP increased in line with increase in the
concentration of DXEP. This increase of oxidation peak current
due to DXEP depended linearly on the DXEP concentration
ranging from 5.0 pM to 138.0 uM (R*> = 0.998). Similarly, when
AC was added gradually to the acetate buffer containing
a constant concentration of 12.0 uM DXEP and 17.3 uM TYR, the
electrochemical response as a result of the oxidation of AC was
found to vary linearly with AC concentration from 4.0 to 154.3
uM. By keeping the concentration of DXEP (6.0 uM) and AC
(10.2 uM) unchanged in the electrolyte solution, the oxidation

20826 | RSC Adv, 2023, 13, 20816-20829

peak current of TYR was also linearly dependent with its
concentration ranging from 2.0 pM to 12.0 uM. The sensitivities
of Sa-TN;,/Cu-BTC/GCE were, respectively, 0.016 pA puM ',
0.009 pA pM~* and 0.007 pA pM ™, for DXEP, AC and TYR. The
detection limit estimated for each analyte was 0.4 uM for DXEP,
0.7 uM for AC and 0.2 uM for TYR. These results indicate that
the performances of the developed sensors showed wider linear
ranges as well as lower detection limits compared with other
sensors reported in the literature (Table 2).

3.6 Interference study

The influence of inorganic (Ca®>*, Mg®*, Zn** and Cu®") and
organic (dopamine, uric acid, ascorbic acid and tryptophan)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the sensing performance of the developed sensors Sa-TNso/Cu-BTC/GCE and those reported in literature®

Linear range Detection limit

Modified electrodes Analytes (uM) (uM) Reference
CuFe204/1H3MBr1/PE DXEP 0.3-300 0.09 58
(CPE/CuO-NPs/HMIPF6 0.7-900 0.2 59
ZA/CPE 0.5-70 0.2 60
ZX/CPE 0.5-70 0.08 60
Sa-TN;,/Cu-BTC/GCE 1-138 0.4 This work
AuNPs/poly(trisamine)/GCE AC 1.9-188 0.1 61
NiO/CNTs/DPID/CPE 0.8-550 0.3 62
CoTPyPRu(bipy)2-Ba/GCE 1-50 0.2 63
Au@Pd HNRs/BG/GCE 130-1010 6.35 64
poly-L-Asp/GPE 0.05-108.25 0.011 65
poly(Val)/CPE 5- 60 0.29 66
AuNPs/MWCNT/GCE 0.09-35.0 0.03 67
TCPP-Sa/CPE 1-90 0.2 68
HKUST-1/GCE 12.5-75 0.11 69
MWMOF-199/GCE 0.1-5 1.3 70
ZA/CPE 0.5-70 0.3 60
ZX/CPE 0.5-70 0.2 60
Sa-TN5,/Cu-BTC/GCE 4-154.3 0.7 This work
AuNPs/poly(trisamine)/GCE TYR 3.9-61.8 0.9 61
NiO/CNTs/DPID/CPE 5.0-750.0 1 62
CoTPyPRu(bipy)2-Ba/GCE 1-25 0.5 63
Au@Pd HNRs/BG/GCE 30.00-360.00 3.71 64
poly-L-Asp/GPE 0.1-93.9 0.31 65
AuNPs/MWCNT/GCE 0.4-80 0.21 67
TCPP-Sa/CPE 3-51 0.7 68
Sa-TN;5,/Cu-BTC/GCE 1-21.6 0.2 This work

% AuNP: gold nanoparticle, HNRs: hybrid nanorods; CPE: carbon paste electrode; HMIPF6: n-hexyl-3-methylimidazolium hexafluorophosphate
H3MBr: 1-hexyl 1-3 methylimidazolium bromide; ZIF zeolitic imiazole framework; Val: valine; MWMOF: microwave organic framework; DPID: 2-
(3,4-dihydroxyphenethyl) isoindoline-1,3-dione; H3MTFB: 1-hexyl 3-methylimidazolium tetrafluoroborate; L-Asp: r-aspartic acid, ZX: zeolite X;

ZA: zeolite A; SPE: screen printed electrode.

interferences on the determination of DXEP, AC and TYR was
evaluated by adding various species to the analyte mixture (5.0
UM DXEP + 5.0 uM AC + 5.0 uM TYR) in 0.1 AcB pH 5.0. In the
presence of inorganic species, the electrochemical response
toward DXEP, AC and TYR was not affected. When dopamine,
ascorbic acid, uric acid or tryptophan were added at concen-
tration lower than 2.0 pM in the electrolyte solution containing
the three analytes, the response of the sensor toward these
analytes was unaffected. However, for greater concentrations
(i.e. >2 uM), the electrochemical response of DXEP was signifi-
cantly affected by dopamine and that of AC was also affected by
uric acid while the tryptophan interfered with the quantification
of TYR.

3.7 Real sample analysis

Sa-TN/Cu-BTC/GCE was applied to estimate the AC content in
a commercial tablet of Paracetamol 1000 mg (i.e. 1000 mg of AC/
tablet) using the standard addition method. The tablet was
finely ground in a mortar and the powder was then dissolved in
water. The aqueous solution was centrifuged and 0.5 mL of the
supernatant was transferred into an electrochemical cell con-
taining 24.5 mL of AcB (pH 5) and DPV response was recorded
(dashed line in Fig. S51). Five successive additions of AC stan-
dard were then employed and the electrochemical response
recorded each time (solid line in Fig. S5t). From the regression

© 2023 The Author(s). Published by the Royal Society of Chemistry

equation shown in the inset (Fig. S5), the estimated amount of
acetaminophen in the tablet was 96.75% of the theoretical
amount AC of the paracetamol tablet. This result shows that the
developed sensors can be used efficiently for AC quantification
in real samples. The amount of the three targeted analytes in
tap water was also determined using the same method. Exper-
imentally, in order to perform real sample analysis of tap water,
a known amount of DXEP, AC and TYR was spiked into the tap
water. The sample was then added to the electrolytic solution so
that the total volume of electrochemical cell was 10.0 mL. The
DPVs were then recorded at the developed sensors. Five
successive standards of the analytes were added to the solution
and the DPVs recorded. The amount of each spiked sample
obtained and recovery values are presented in Table S2.f For the
three analytes the recovery value ranged from 90% to 102%,
demonstrating the applicability of the developed sensors in real
milieu.

3.8 Stability, repeatability and reproducibility of Sa-TN;,/
Cu;(BTC),/GCE

The results displayed in Fig. 9 show that the oxidation peak
potentials obtained for simultaneous or individual detection of
DXEP, AC and TYR are well correlated and show similar sensi-
tivity. This confirms the good operational stability of the
modified electrode toward the oxidation of the three analytes.
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Since the electrode preparation is easy and rapid, it does not
need to be stable for a long time. A repeatability study based on
successive measurements of the electrochemical response
using Sa-TN;,/Cuz(BTC),/GCE prepared by drop coating of the
composite suspension in the mixture of analytes in the elec-
trolyte solution was carried out. The relative standard deviation
(RSD) of seven successive measurements for the three analytes
were estimated to be 1.5%, 1.2% and 1.4% for DXEP, AC and
TYR, respectively, which indicate that Sa-TN/Cu;(BTC),/GCE
exhibited good repeatability and short term stability. The
reproducibility of Sa-TN5,/Cuz(BTC),/GCE was studied using
five independent modified electrodes prepared similarly and
used in electrolytic solution containing a mixture of analytes.
RSD was 3.4%, 4.1% and 3.7% for DXEP; AC and TYR, respec-
tively; which confirmed good reproducibility.

4. Conclusion

A copper MOF composite was prepared by growing the MOF
crystals in a mixture containing MOF precursors and an orga-
noclay. The organoclay was obtained by intercalating thionin
dye into the interlayer of a natural Cameroonian clay. The
characterization of the resulting blue crystal composite showed
that it exhibited high surface area and appeared to be made of
well-shaped hexagonal Cu-MOF crystals covered with clay. The
composite film modified glassy carbon electrodes were fabri-
cated by drop casting a suspension onto the electrode surface
followed by drying at room temperature. The modified electrode
demonstrated electrocatalytic activity vis-a-vis DXEP, thus
allowing some selectivity of the modified electrode for the
simultaneous determination of DXEP and AC, which was found
to cause interference when using bare GCE. Thanks to the
synergistic effect of organoclay and Cu-MOF at the surface of
GCE, the composite modified glassy carbon electrode showed
good selectivity and sensitivity for both the individual and
simultaneous detection of DXEP, AC and TYR. The composite
modified glassy carbon electrodes were successfully applied in
the quantification of AC in a commercial tablet and the three
analytes (DXEP, AC and TYR) in a tape water.
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