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KEYWORDS Abstract Lately, due to its accessibility and eco-friendliness, walnut shell biochar (WS-BC) is
Biochar; gaining attention as an electrode material component in the electrochemical detection of water pol-
Walnut shell; lutants. The overall performance of WS-BC is reliant on the nature of raw biomass and the produc-
Tyrosine film; tion methods as well. In our concept, biochar, prepared from raw walnut shell (WS) by pyrolysis,
Heavy metal ions; was added to a carbon paste electrode (CPE), and poly-tyrosine (p-Tyr) was electrodeposited on the
Carbon paste electrode; surface of the BC-doped electrode. The conditions of the elaboration of the electrode, such as pH,
Electrochemical detection potential, and the number of deposition cycles, pH were optimized. The obtained p-Tyr-BC-CPE

platform was tested for the determination of cadmium, lead, copper, and mercury ions in water
and soil samples, using square wave voltammetry (SWV). The raw WS biomass and its BC were
examined by thermal analysis (TG-DSC), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and scanning electron microscopy coupled with energy-dispersive X-ray spec-
troscopy (SEM/EDX) techniques. The synergistic effects of the coexistence of the WS-BC and the
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Nomenclature

(WS) Walnut shell

(WS-BC) Walnut shell biochar

(CPE) Carbon paste electrode

(p-Tyr) Poly-tyrosine

(TG-DSC) Thermo-gravimetric analysis-differential scan-
ning calorimetry

(XRD) X-ray diffraction

(FTIR) Fourier transform infrared spectroscopy

(SEM/EDX) Scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy

(ICP-AES) Inductively coupled plasma-atomic emission
spectroscopy

(ICP-MS) Inductively coupled plasma-mass spectrometry

(FAAS) Flame atomic absorption spectrometry

(GFAAS) Graphite furnace atomic absorption spectrome-
try

(CV) Cyclic voltammetry

(EIS)  Electrochemical impedance spectroscopy

(SWV) Square wave voltammetry

(DOM) Dissolved organic matter

thin film of p-Tyr, for the detection of traces of heavy metal ions were investigated by electrochem-
ical tests. The electrochemical characterization of the unmodified and modified electrodes was per-
formed using the cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
methods, while the Cd>", Pb>", Cu®" and Hg?>" detection experiments were studied using the
CV and SWYV techniques. The optimized experimental conditions for the p-Tyr-BC-CPE platform
were evaluated. The obtained electrochemical results showed that the p-Tyr-BC-CPE platform pro-
duced excellent sensitivity toward the heavy metal ions: LOD of 0.086, 0.175, 0.246, and 0.383 nM
for Cd(II), Pb(1Il), Cu(Il) and Hg(II), respectively. The modified electrode platform displayed high
selectivity, stability, and good reproducibility.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Heavy metals (HM) are toxic pollutants, and although naturally occur-
ring elements of our environment, they are also emitted from various
artificial sources, such as automobiles, mining, fertilizers, tannery, bat-
tery, paper, and various other industries (Gumpu et al., 2015; Lim
et al., 2018; Yadav et al., 2018). Heavy metal ions can persevere in
the ecosystems for long periods and present severe risks to human
and animal health and global biodiversity (Baig and Sajid, 2017). Some
HM ions are essential ingredients to human metabolism, in very small
quantities (like iron, copper, and zinc), but are harmful to their health
in high doses (Mehta, et al., 2016). Other HM ions are toxic even at
low doses (like lead, cadmium, and mercury) (He et al., 2005; Farzin
et al., 2017).

When the toxic HM ions enter the food chain, they cause diseases
such as lead poisoning (lead), nerve and kidney damage (mercury),
bone damage (cadmium), and/or various cancer types of the bone mar-
row, kidneys, liver, or thyroid gland in humans (Rapini and Marrazza,
2017). Since the main cause of different forms of cancers was attributed
to heavy metal ions poisoning, more attention and stricter regulations
have been implemented to minimize the risks of HM ions accumula-
tion in the environment (Lim et al., 2018). Currently, numerous con-
ventional techniques have been applied for the detection and
monitoring of heavy metal ions in water and wastewater, such as
ICP-AES, ICP-MS, FAAS, GFAAS, and several electrochemical
methods (Jlalia et al., 2021; Garcia-Miranda Ferrari et al., 2020).

Electrochemical techniques are acknowledged as significant in the
fields of environmental analysis (Wang et al., 2021; Laghlimi et al.,
2021), due to their economical cost, low running costs with low down-
time, great efficiency, and excellent selectivity (Laghlimi et al., 2021).
Carbon paste electrodes (CPEs) have been utilized wildly due to their
easiness in restoration, steady response, and low ohmic resistance
(Laghlimi et al., 2021; Smaini et al., 2019). Glassy carbon electrode
(GCE) was also used as a useful tool as a detection platform in sensing
(M. M. Foroughi, n.d.; Salajegheh et al, 2019). Electrode

modification has been applied in analytical chemistry where several
investigations were performed to quantify metal traces using modified
carbon paste electrodes that have advantages such as simplicity, eco-
nomical, non-toxic, and good selectivity (Smaini et al., 2019;
Moutcine et al., 2020; Laghlimi et al., 2020).

Electrochemical sensors based on biochar (BC) materials are very
promising due to their structure, physicochemical properties, and high
sensitivity (Li et al., 2019; Wu et al., 2021). Several scholars focused on
the production of biochar from agricultural waste materials. The pro-
duced biomass could increase the economic return and reduce contam-
ination due to the high surface area, well-developed pore structure,
rapid adsorption behavior, decent ion-exchange properties, and rela-
tively easy regeneration process (Li et al., 2020; Zhang et al., 2019).

Amongst different agricultural-based adsorbents, the chemical
composition of Walnut Shell (WS) displays great prospects as a sus-
tainable source of active carbon for the remediation and extraction
of toxic pollutants from water and soil environment. Walnuts are pro-
duced from a tree known as Juglans regia L, simply named walnut tree,
which is commonly found in Asian European, and North African
countries as well. Using raw biomass (WS) without additional alter-
ation perhaps will not produce the anticipated results due to their
restricted functionalities. For instance, WS biomass before activation
has relatively low pore properties hindering its ability to reach full
capacity in the adsorption process. Therefore, there is a progressively
increasing number of studies in identifying new approaches to improve
the physical and/or chemical characteristics of WS biochar (Albatrni
et al., 2022).

The energy conversion of biomass is essentially based on thermal or
hydrothermal conversion processes. Among these, pyrolysis is a
rapidly developing technology with great potential for small-scale elec-
tricity production at a lower cost than any other possible biomass con-
version (Albatrni et al., 2022). Consequently, thermochemical
conversion procedures of WS biomass into biochar, such as pyrolysis
in the absence of oxygen by conventional heating, are dominant to
avoid secondary contamination. The obtained BC has a lowered H/
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C and O/C ratio, though, depending on the duration and the temper-
ature of pyrolysis, it preserves electron-rich groups, such as hydroxyl
(OH), carboxyl (COOH), phenyl, and amino-functional groups
(Ahmad et al., 2014). Certainly, the hydroxyl and carboxyl groups
define the char’s reactivity and constitute the possible binding sites
for positively charged analytes i.e. heavy metal ions (Albatrni et al.,
2022; Wu et al., 2018; Nguyen et al., 2019).

Recently, organic materials resulting from various agricultural side
products have been used as precursors of biochars, such as sawdust
(Madzaki et al., 2016), dates seeds (Chakraborty et al., 2019), olives
seeds (Karakas et al., 2016), corncobs (Lateef et al., 2019), rice husks,
and straw (Vieira et al., 2020; Sharma et al., 2020), coffee beans waste
(Zhang et al., 2020), hazelnut shell (Licursi et al., 2017), palm kernel
shell (Bazargan et al., 2014); Argania Spinosa shells (Ifguis et al.,
2022), coconut husks and walnut shell (WS) (Albatrni et al., 2022;
Popoola, 2019), have all been used to prepare carbon materials.

Pyrolysis temperature selection is critical due to its effect on the
alterations of the composition and structure, and a temperature
increase decreases the biochar-derived dissolved organic matter
(DOM) (Qiu et al., 2022; Bandara et al., 2020; Guo et al., 2022). Bio-
char can alter the species and distribution of HMs through adsorp-
tion—desorption, ion exchange, surface complexation, chemical mass
precipitation, and reduction—oxidation reactions, thus decreasing
the bioavailability of HMs and remediating HM contamination in
water and soil, while also functioning as a soil enhancement agent
(Qiu et al., 2022). However, the heavy metals removal and fixation effi-
ciency in water and soils by biochar, is comparatively restricted. This
disadvantage dictated the necessity for the surface modification of bio-
chars as an appropriate technique to rise the removal efficiency of
heavy metals. The immobilization of HMs takes place on the surface
of biochar, and HMs may interact with dissolved substances in biochar
as well. Water soluble substances in biochar include not only dissolved
DOM, but also some water-soluble inorganic minerals (Bandara et al.,
2020; Guo et al., 2022).

WS-BC can be modified, either physically or chemically, to
enhance its applicability and adaptation for different environmental
applications. Moreover, a polymer film of tyrosine can be introduced
to the surfaces of the electrodes to enhance their sensitivity and stabil-
ity by its good affinity for metal ions, giving place to new sensor plat-
forms with desired and frequently preset qualities (Wang et al., 2021;
Duan et al., 2017; Salih et al., 2017).

In the present contribution, WS biomass residues pose as sources
for the production of BC. The physicochemical characteristics of the
prepared BC were examined to inspect its potential application in a
sensor platform for the detection of HM ions in aqueous solutions.
The thermal properties, structure, and functional groups of the biochar
were characterized through TG-DSC, XRD, FTIR, and SEM/EDX,
respectively. The properties of the electrode, prepared with the contri-
bution of BC, and a poly-tyrosine (p-Tyr) film on its surface, were
investigated for the detection of Cd*", Pb>", Cu*** and Hg*" in
water samples by CV, EIS, and SWV measurements under optimized
conditions. The objective of this work is the development of a novel
voltammetric sensor based on L-tyrosine film and walnut shell biochar
to detect the trace of heavy metal ions in water and soil samples.

2. Materials and methods

2.1. Materials

The walnut shells were collected from the Marrakech-Safi
Region (Morocco). Graphite powder was purchased from Lor-
raine Itd. L-tyrosine was purchased from Sigma-Aldrich.
Nitrate salts of CdH, Pb”, Cu’’, Hg”, Co®", Fe’™,
Mg?", Mn?*, Ni?", Zn?", and Ca®* were received from Mer-
ck. Hydrochloric acid, acetic acid, phosphoric acid, boric acid,

sodium hydroxide, sodium acetate, dipotassium hydrogen
phosphate, potassium dihydrogen phosphate, and potassium
hexacyanoferrate were supplied by Fluka Chemika. All mate-
rials were analytical grade and used without any further purifi-
cation treatment. All solutions were prepared with distilled
water.

2.2. Preparation and characterization methods

2.2.1. Preparation of walnut shells biochar

The walnut shells were selected, washed with deionized water
to remove any impurities, dried at 105 °C for 24 hrs. to elim-
inate extra water, and then pulverized with a roller mill to
obtain a product with 100-300 pm uniform particle size
(Albatrni et al., 2022; Salih et al., 2017). The crushed product
was pyrolyzed in a muffle furnace heated to 600 °C for 2 hrs.
under vacuum. The obtained biochar was sealed in a hermetic
vessel for further use.

2.2.2. Preparation of real samples

For the practical tests of the sensor platform, soil and water
samples were collected from Bouregrag River (Rabat-Sale
Region). The soil samples were dried (at 105 °C for 24 h)
and then pulverized with a crusher to obtain a soil powder
of 50 pum sieve. For the extraction of HM ions, one gram of soil
was mixed in 40 mL of acetate buffer solution ABS (0.10 M
sodium acetate and acetic acid, pH 5.5), sonicated for
10 min., and then centrifuged for 15 min at 3500 rpm and
finally filtered to obtain the soil extract solution. The river
water sample was filtered (0.45 um membrane) without any
further pretreatment. Before the tests, the river water solution
was diluted 2x with 0.10 M acetate buffer solution and
adjusted the pH to 5.5. Finally, the soil and water samples
were stored in a fridge at 4.0 °C for further use.

The standard solution containing 100 nM of Cd>*, Pb>*,
Cu®*, and Hg>" was applied to the samples and diluted to
0 nM of analytes. Then, concentrations of Ccd**, pPp?t,
Cu?", and Hg2+ in the soil and water samples were assessed
by using the SWV technique with the same as above mentioned
optimal conditions.

2.2.3. Characterizations of walnut shells and biochar

The thermal behavior of the samples in the presence of an inert
(99.999 % purity nitrogen) and oxidizing (99.999 % purity
synthetic air) atmosphere was analyzed by a simultaneous
thermo-gravimetric and differential scanning calorimetric ana-
lyzer (LabsysEvo, France). The measurements were performed
in flowing (90 mL/min) gases, in alumina crucibles, in a 20—
600 °C temperature range, with a heating rate of 10 °C/min.
The obtained data were baseline corrected and further pro-
cessed with the thermal analyzer’s software (Calisto Process-
ing, ver. 2.092). The thermal analyzer (both the temperature
scale and calorimetric sensitivity) was calibrated by a multi-
point calibration method, in which seven different certified ref-
erence materials were used to cover the thermal analyzer’s
entire operating temperature range.

The Walnut shell powder and its pyrolysis product were
studied by XRD (Philips XPert Pro MPD). The Fourier trans-
form infrared spectrometry was used to identify the functional
groups that were present in the raw material and its pyrolysis
product. FTIR measurements were recorded using Jasco FT/
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IR-4600 apparatus (Tokyo, Japan), equipped with a
Jasco-ATR-Pro-One single reflection diamond ATR accessory
(incident angle 45°), and a DLATGS detector operating in the
4000-400 cm™" interval. A resolution of 4 cm~! and the co-
addiction of 64 individual spectra were applied. Before the
evaluation, an ATR correction (Jasco Spectra Manager v.2,
Spectra analysis module version 2.15.11) was performed on
the raw spectra. An SEM coupled with an EDX apparatus
(FEI-Quanta 650) was used to scan the surface morphology
and chemical composition of the walnut shell powder before
and after pyrolysis.

2.3. Electrochemical measurements

The electrochemical measurements were performed using a
potentiostat (SP-150-BioLogic science instruments) equipped
with EC-Lab software. The three-electrode system configura-
tion incorporated a carbon paste electrode (CPE) as the work-
ing electrode (WE), (A = 0.13 cm?), a saturated calomel
electrode (SCE) as the reference electrode (RE), and platinum
wire as the counter electrode (CE). The working electrode was
prepared by mixing the pyrolyzed walnut shells with graphite
powder at 15 and 75 wt%, respectively, and paraffin oil. For
comparison purposes, bare CPE was fabricated likewise with-
out the addition of biochar (Dudek et al., 2018).

The poly-tyrosine-carbon paste (p-Tyr-CPE) and poly-
tyrosine-biochar-carbon paste (p-Tyr-BC-CPE) electrodes
were fabricated by electrochemical polymerization of the L-
tyrosine monomer using the CV method. The electrochemical
characterization of the unmodified and modified electrodes
was done by utilizing the CV and EIS methods, while the
Cd*", Pb>*, Cu®*" and Hg*>" detection tests were studied
using the SWYV techniques. 40.0 mL of 0.1 M ABS was placed
in the electrochemical cell having a predetermined concentra-
tion of the target heavy metal ions.

3. Results and discussion
3.1. Biochar structural, physical, and chemical properties

3.1.1. Thermal measurements

The mass loss and heat flow (TG-DSC) curves of the walnut
shell powder and its biochar, measured under N, and synthetic
air atmosphere, from 20 to 600 °C, are shown in Fig. 1. It is
observed that for the walnut shell product under oxidative
(Fig. la) and inert conditions (Fig. 1b), small mass loss of
7 % (air) and 4 % (N,) was observed up to 130 °C, accompa-
nied by a small endotherm, due to the loss of physically bound
water (moisture).

At temperatures from 200 °C to 500 °C in air, and 400 °C in
nitrogen, the oxidative decomposition or pyrolysis of walnut
shells occurs, i.e. the removal of chemically bound water, con-
densation of the remaining carbon content, volatilization of
lighter compounds, and, in the case of air-treatment: oxidative
burning. In both cases, the mass loss is separated into two
steps around 350 °C (more characteristic in the presence of
air), which is probably due to the structural inhomogeneity
of the shell material, regarding the presence of both the less
organized hemicellulose and the denser or more organized cel-
lulose content. While at the end of the second step of mass loss,
almost quantitative volatilization took place in the air, under

inert conditions a much lower mass loss value was obtained,
the rate of the mass loss decreased significantly above
400 °C, and slow pyrolytic degradation of the sample took
place.

Regarding the energetics, under an oxidative atmosphere,
overlapping exothermic peaks with peak maxima of 339 °C
and 450 °C were found, which confirms that the decomposition
and volatilization steps of the WS are accompanied by
exothermic burning. Under inert conditions the shape of the
heat flow profile is similar, but almost two orders of magnitude
lower (Senneca et al., 2018; Xu et al., 2017), which points out
that the pyrolyzed WS still contains some oxygen, which
intramolecularly oxidizes carbon, leading to the appearance
of the small overlapped exotherms.

Up to 500 °C, 97.45 % of the starting mass is lost in the air
atmosphere, while under pyrolytic conditions (N, atmosphere)
the corresponding mass loss was 71.97 %. In the case of the
experiment performed in air, the remaining residue consisted
of inorganic, mineral matter from the raw walnut shell powder,
while in the case of the experiment performed in N», carbon
was also present besides the above-mentioned inorganic
matter.

From Fig. Ic, the mass loss of biochar in the oxidative
atmosphere occurred in two stages: a slow mass loss of
15.40 % is visible up to 200 °C, due to the release of water,
above this temperature, a second, large step can be seen,
when almost all the carbon content was burnt to CO,. In
the case of the N, atmosphere (Fig. 1d), the biochar is gen-
erally stable in the whole temperature range with a weight
loss of only about 10.40 %. The small weight loss could
be resulting from the oxidative effect of the residual oxygen
content (~10 ppm) in the nitrogen gas and/or from the
intramolecular oxidation by oxygen-containing moieties in
the sample. Based on this result, the raw walnut shells can
be fully pyrolyzed at 600 °C.

3.1.2. X-ray diffraction analysis

XRD was used to determine the eventual crystalline structure
of the raw walnut shell and its biochar, as shown in Fig. 2. In
the case of the raw walnut shell, two peaks were detected at a
20 angle of around 18° and 22° assigned to a crystalline region
of cellulose (Gupta et al., 2019). For the biochar, also two
peaks are observed at 20 values of around 23° and 43°, corre-
sponding to (002) and (100) crystal planes of graphitic carbon
(Salih et al., 2017; Janu et al., 2021). In the case of WS-BC
(black curve in Fig. 2), the (002) diffraction peak located at
around 22-26° (20) represented the layer spacing and thickness
of the aromatic microcrystalline structure. The (100) diffrac-
tion peak at 42-45° (20) demonstrated that the microcrys-
talline structure changed from disorder to order under high-
temperature pyrolysis.

The dispersion peak was not detected in XRD patterns,
which demonstrated that the aliphatic chain in WS-BC was
completely split. The parameters of lattice structure such
as dyo» (inter-layer spacing), L. (crystallite height), and L, (-
crystallite diameter) were shown in Table 1. The value of dy, -
was 4.02, revealing that the inter-layer spacing of crystallite
decreased and lattice arrangement was more ordered in bio-
chars undergoing high-temperature pyrolysis. The values
of L. and L, were 0.07 and 0.144 nm, respectively. This could
be explained by the increase in the size of crystallite, which
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resulted in promoted graphite-like carbon structures in WS-
BC. During the pyrolysis process, the crystallinity of the wal-
nut shell reduces while its amorphous characteristics increase.

3.1.3. FTIR analysis

To determine the presence of various functional groups on the
WS biomass and its biochar, FT-IR spectroscopy was per-
formed on the samples. The FTIR spectrum was measured
in the range of 4000-400 cm~' with a resolution of 4 cm™"
and the co-addiction of 64 individual spectra, as shown in
Fig. 3. Major components of the WS biomass are hemicellu-
lose, cellulose, and lignin. Lignin, unlike cellulose, possesses
an olefinic carbon—carbon (-C—C-) double bond in cyclic as
well as side chains and is aromatic (Yang and Qiu, 2010).
For the walnut shell, FTIR measurement records the inten-
sive peaks at 3334 cm™' which corresponds to the vO-H
stretching vibration (e.g. alcohols, phenols, and carboxylic
acids); v,sCH, and v,CHj stretching vibrations (2925 cm™!)
and vCH, and vyCHj stretching vibrations (2850 cm™!) of
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Table 1 The microcrystalline parameters of X-ray diffraction of WS and WS-biochars.
Sample 20002(°) Dgoo(nm) Le(nm) L(nm) 20001(°) Bioo(°)
raw WS 21.4 4.02 0.144 35.2 =
WS-BC 233 3.7 0.19 43.4 8.5
2 3.1.4. Morphological study-SEM-EDX analysis
100 [ To examine the topography, morphology, and elemental com-
L position SEM-EDX images of WS biomass and its correspond-
3 ing biochar produced at 600 °C are shown in Fig. 4a, 4b, and
= 80 i 4c.
z I Fig. 4a shows that the surface of the walnut shell biomass is
E’ L 113 a completely fused structure with no visible pores at 10 and
g I i 100 pm resolutions. In Fig. 4b, the micrographs of the biochar
-‘E 80 i morphology show the presence of voids and more porosity on
2 L its surface compared to that of the raw material. Comparing
E ) the SEM surfaces of the WS biomass and its WS-BC showed
I 2850 —— Biochar that the morphology became more complex because of aggre-
70 b —— Biomass gation and alteration of mineral compounds. Furthermore,
3 due to the decomposition and volatilization of raw materials,
3334 P a noticeable number of pores of different sizes (1.147 to
PSPPI U SR S P P S 1.825 um) appeared in WS-BC, as seen in Fig. 4b, at the reso-
4000 3500 3000 2500 2000 1500 1000 500 lution of 10 pm. This confirms that the produced WS-BC has a
Wavenumber (cm™) larger surface area than the raw WS biomass. This can be
attributed to the fact that the heat treatment improves the por-
Fig. 3 Identification of surface functional groups by FTIR ous structure of biochar due to the loss of the volatile matter in

spectra of the bare and walnut shell biochar.

methylene and methyl groups in the lignin structure; vC = O
stretching vibration at 1730 cem ™! v, COO stretching vibration
at 1600 cm~'; vC-O (carboxylic and phenolic) and v,,C—O—C
(ester) stretching vibration at 1230 ecm™! and vC-O stretching
vibration of primary —OH groups 1029 cm~'. Lastly, the band
assigned to the —OH out-of-plane bending vibrations band is
located at 666 cm ™! (Yang and Qiu, 2010; Lin et al., 2021).

The FTIR spectrum of the prepared walnut shell biochar is
likewise shown in Fig. 3. All of the absorbance peaks corre-
sponding to any ‘O’ content became removed or highly
reduced after the pyrolysis processes applied at 600 °C for
2 h to the WS, due to the dehydration/dehydroxylation of
the raw materials with the formation of water, and the release
of light volatile matters. In the heating process. The BC spec-
trum reports that the alkane-related stretching vibrations
(2925 em ™! and 2850 cm "), and the yC—H out of plane vibra-
tions of C—H bonds attached to pillar atoms of C—C struc-
tures at 850 cm~!' became dominant, as well as vyC-H and
yC—C deformation vibrations of di- and tri-substituted aro-
matic structures stand out of the background in the 1500—
500 cm ™! region.

A general note is that the FTIR study of biochar was car-
ried out before mixing into the CPE and before it was modified
with a —0.5 V - +2.0 V oxidative polymerization of tyrosine.
Carbon-based electrodes can be easily oxidized with 0.0-2.0 V
oxidative CV scanning (Li et al., 2019). This implies that after
the fabrication of tyrosine not only a layer of p-Tyr but numer-
ous ~OH and —COOH groups were introduced onto the sur-
face of the electrode.

the walnut shell.

EDX analysis results are shown in Fig. 4c, where the results
are presented in the mass percentage of the samples. Qualita-
tive elemental composition analysis of raw walnut shell powder
and its biochar using energy dispersive spectroscopy is listed
in Table 2. According to Fig. 4c, carbon seemed to be the dom-
inant element (43, 87 %), followed by oxygen (57, 11 %), for
biomass and biochar, respectively. Traces of Ca (0.23,
0.94 %), and K (0.83 for the biomass), were also found in all
biochars, but in very small amounts. The obtained results
show that in the elemental composition of biochar a relatively
high carbon content and much lower oxygen content whereas
results for WS indicate that C (42.59 %) and O (56.97 %) while
the values for the WS-BC are C (87.13 %) and O (11.09 %).
Thus O/C ratio decreases from 1.34 to 0.13 with the pyrolysis
of the walnut shell, indicating that pyrolysis is a suitable pro-
cess for enriching carbon in biochar, due to dehydration-
carbonization reactions at high temperatures (Xu et al., 2017).

3.2. Electrochemical characterization of the modified electrodes

3.2.1. Fabrication of the p-Tyr-BC-CPE modified electrode

The poly-tyrosine film was electrochemically deposited on the
surface of BC-CPE using cyclic voltammetry from 2.0 mM L-
tyrosine monomer dissolved in 0.2 M PBS at pH 7.0 in an elec-
trochemical cell over the potential range of —0.6 V to 2.0 V at
a scan rate of 100 mV.s~! for 20 successive cycles (Zbair et al.,
2019). From Fig. 5, the first oxidation peak potential of the 1-
tyrosine monomer was observed at 1.01 V and the reduction
peak appeared at —0.26 V. On continuous scanning, the ano-
dic peak decreased gradually with the increase of the cycle
number, indicating that the electro-polymerization of tyrosine
was successful. The cathodic peak increased with the increase
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Table 2 Obtained elemental composition of walnut shell and its biochar at 600 °C.

25909 87.13 90.76

326 11.09 8.68
477 0.83 0.27
0
496 0.94 0.29
0

100.00  100.00

SEM images of the walnut shell: Biomass (a), and the Biochar (b) at 10 and 100 um resolution, EDX images of Biomass and

Samples Elemental Composition (%)

C N (0] K Ca O/C ratio
Walnut shell 42.59 0.21 56.97 - 0.23 1.337
Biochar 87.13 - 11.09 0.83 0.94 0.127
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in cycling time, indicating that the poly-tyrosine film was
growing on the modified electrode surface. After 20 cycles, a
blank-blue film could be observed on the surface of BC-
CPE, confirming the poly-tyrosine electrodeposition.

3.2.2. Electrochemical characterization of p-Tyr-BC-CPE

The electrochemical properties of the modified electrodes were
studied by CV and EIS using [Fe(CN)e]** as a redox probe.
Fig. 6a shows the CV responses of unmodified CPE and WS-
CPE, BC-CPE, p-Tyr-CPE, and p-Tyr-BC-CPE modified elec-
trodes in 1.0 mM [Fe(CN)¢] ¥ electrolyte solution containing
5.0 mM KClI at a potential scan rate = 100 mV.s~'. The bare
CPE is characterized by a reversible redox reaction with a AE
of 295 mV, indicating slow electron transfer on the CPE.

For the WS-CPE, the potential difference and the peak cur-
rent show no significant difference between this response and
that of CPE. This result is due to the poor conductivity of wal-
nut shell biomass. After its modification with pyrolyzed bio-
char, the charge transfer was ameliorated, leading to a AE of
228 mV and a current increase to 0.064 pA, possibly due to
the presence of the hydroxyl and carboxylic functional groups
in the biochar surface, providing a large active surface and
high adsorption capacity (Leftheriotis et al., 2007).

The p-Tyr-CPE showed significant improvement in redox
behavior and current intensities. The potential difference AE
observed is 95 mV. The intensity redox peaks are well defined
and their intensity increased to 0.233 pA. These results indicate
that the p-tyrosine film was successfully deposited on the elec-
trode surface and can effectively promote electron transfer on
the electrode surface (Wang et al., 2021).

1

The p-Tyr-BC-CPE showed a lower redox peak separation
of 57 mV and a current increase to 0.556 pA. This is due to the
synergetic effect between p-tyrosine film and biochar by
increasing the electroactive surface area and improving the
electrical properties of the electrode. It is important to note
that p-Tyr-BC-CPE has much better conductive characteristics
than p-Tyr-CPE and BC-CPE alone. This would indicate a
serious synergistic effect between p-Tyr film and the BC addi-
tive, however, one should keep in mind that the CV polariza-
tion between —0.5 V and + 2.0 V can cause oxidative stress for
the carbon materials, thus it cannot be excluded that the pyr-
olyzed biochar (with almost no O-content, due to IR report)
suffered oxidation as well, and this might have contributed
to the enhanced electro-activity of the p-Tyr-BC-CPE.

The electrochemically active surface area (A) of the elec-
trodes was estimated using the Randles-Sevcik Egs. (1)
(Loaiza et al., 2011):

I, = 2.69 x 10°.n*2.4AD"?v'2.C (1)

Where I, n, A, D, v, and C represent the peak current, the
number of electrons changed (n = 1), the electrochemical sur-
face area of the electrode, the diffusion coefficient (7.60 x 10
em?.s™Y), the scan rate, and the concentration of K5[Fe(CN)g],
respectively.

The electroactive surface areas for CPE, WS-CPE, BC-
CPE, p-Tyr-CPE and p-Tyr-BC-CPE were 0.033, 0.060,
0.091, 0.33, and 0.75 mm?, respectively. This shows that the
p-Tyr-BC-CPE (A = 0.75 mm?) had better electrochemical
reactivity and, as such, was provided for simultaneous detec-
tion of Cd**, Pb>*, Cu®>" and Hg**.
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electrodes in 1.0 mM [Fe(CN)g]*"* containing 0.5 mM KCI.

Electrochemical impedance spectroscopy (EIS) is applied to
investigate the charge transfer processes on the surfaces of dif-
ferent coated electrodes. The impedance responses of unmod-
ified and modified electrodes, measured at a 0.35 V bias
potential (open circuit potential (OCP)) and frequency range
from 107 to 105 Hz, were registered. EIS Nyquist plots for
bare CPE, and WS-CPE, BC-CPE, p-Tyr-CPE, and p-Tyr-
BC-CPE coated electrodes in 1.0 mM [Fe(CN)6]>"* containing
0.5 mM KCl, are represented in Fig. 6b. The resulting impe-

dance diagrams are composed of a semicircle part at the
high-frequency range, characterized by the parallel connection
of the charge transfer resistance (R.;) and double-layer capac-
itance (Cy)), while the linear part at low frequencies is related
to the Warburg-diffusion process (Xiong et al., 2021). The
Nyquist diagrams data were fitted by the standard Randle’s
equivalent circuit, having a chi-squared coefficient of 107,

The solution resistance (Ry) is determined by the conductivity
of the electrolyte (which is determined by its composition) and the
distance between the working electrode and the reference elec-
trode. Both are specific to the conditions of the measurement,
not to the tested system. The main parameters of the standard
Randle’s equivalent circuit affected by different coatings are the
charge-transfer resistance (R.) and double layer capacitance
(Cq) as shown in Table 3. The R, values of the bare CPE and
the WS-CPE, BC-CPE, p-Tyr-CPE, and p-Try-BC-CPE coated
electrodes, are tabulated in Table 3. The R value of the bare
CPE electrode was obtained to be 613.0 Q.cm’. The Ry, values
of WS-CPE and BC-CPE electrodes were lower, 511.7 Q.cm?
and 417.7 Q.cm?, respectively. The lower charge transfer resis-
tance of modified electrodes is most probably the result of the
increase of the effective surface area and the presence of surface
active functional groups in the biomass layer. A much more signif-
icant decrease of R was obtained for poly-tyrosine modified elec-
trodes: 309 Q.cm? for p-Tyr-CPE, and 158.8 Q.cm? for p-Tyr-BC-
CPE. This means of 50 % decrease in the case of p-Tyr-CPE com-
pared to bare CPE and a 62 % decrease in the case of p-Tyr-BC-
CPE compared to BC-CPE electrodes.

The R, decrease is related to the presence of p-Tyr-biochar
which could effectively accelerate the electron transfer, which
is consistent with the CV results. The double-layer capacitance
values characterize the interfacial properties of electrodes.
There was only a minor difference obtained between Cg4; of
bare CPE and WS-CPE electrodes, 4.9 pF.cm~2 and 5.3 pF.
cm™2, respectively, because of the similar surface condition
(Table 3). The BC-modified CPE electrode has increased Cgy
(19.1 pF.cm™2), which points out the presence of surface-
active functional groups in the porous BC-layer. A much lar-
ger increase in Cy is attained with p-Tyr-modified electrodes,
993 puF.cm™> for p-Tyr-CPE and 1817 pF.cm 2 for p-Tyr-
BC-CPE electrodes. This significant increase in the double
layer capacitance can be attributed to various reasons, includ-
ing the increase in the effective surface area and the presence of
surface active functional groups in the thick porous layers.

3.2.3. Effect of scan rate on the sensor efficiency

To determine the electrochemical mechanism of the Fe®™/
Fe** redox process on the prepared p-Tyr-BC-CPE, the
influence of scan rate variation was investigated. Fig. 7a shows

Table 3 Variation of the solution and polarization resistances in the Randles standard equivalent circuit for different sensor

platforms.

Sensor Platform Solution resistance (R;) [Q.cm?]

Polarization resistance (R.,) [Q.cm?]

Double-layer capacity (Qq)[nF.cm™]

Bare CPE 10.2 613.0
WS-CPE 10.2 511.7
BC-CPE 10.3 417.7
p-Tyr-CPE 11.4 309.0
p-Try-BC-CPE 6.5 158.8

4.88

5.31

19.15
992.8
1817.0
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(potentials are referred to SCE).

the CV measurements in 1.0 mM of [Fe(CN)¢*’* at sweep
rates ranging from 10 to 200 mV.s~'. The results show a linear
relationship between the redox peak currents and the square
root of the scan rate (v'/?), possibly indicating that the reaction
process was controlled by diffusion (Yang et al., 2014; Pamuk
et al., 2013). The relationship between the redox peak currents
and (v'?), the dependence between the redox peak currents
and the scan rate (v), and the relationship between the loga-
rithm of the redox peak currents and the logarithm of the scan
rates (log(v)) are all linear as shown by Fig. 7b, 7c, and 7d,
respectively.

Based on the literature review, when the slope of the loga-
rithm of peak current versus the logarithm of scan rate has a
value between 0.5 and 1.0, that means the detection mecha-
nism is diffusion/adsorption controlled. As shown in Fig. 7d,
the slope was 0.55 which is categorized as a mixed diffusion-
adsorption controlled mechanism (Wang et al., 2011).

4. Optimization of the experimental conditions

To optimize the sensitivity of p-Tyr-BC-CPE for simultaneous
detection of Cd**, Pb?>*, Cu®* and Hg> ", several experimen-

tal conditions such as supporting electrolytes, pH values, depo-
sition potentials, and deposition times, were investigated and
the analytical performance was compared.

4.1. Optimization of the supporting electrolyte

The supporting electrolyte has an important effect on the
simultaneous detection of heavy metals. The test medium of
HCI, phosphate, acetate, and Britton-Robinson buffer solu-
tion was measured in a solution containing 0.1 mM of Cd>™,
Pb>", Cu®" and Hg®>" (Fig. 8a). The best height responses
and well-defined peaks were obtained for all four target metal
ions in acetate buffer solution due to its high electronic con-
ductivity and good stability (Tesfaye et al., 2021). Thus, an
ABS (0.1 M) was selected as the best electrolyte in further
experiments.

4.2. Optimization of the electrolyte pH

Additionally, the influence of pH values on the voltammetric
response was also evaluated using ABS in a pH range from 3
to 6 (namely pH 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, or 6.0) as shown
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in Fig. 8b. The results indicated that the peaks currents for
Cd>", Pb?", Cu®" and Hg®" increased when the pH was
increased from 3 to 5 can be due to the competition between
metallic ions and protons to binding sites on the electrode sur-
face (Shivappa Adarakatti et al., 2017). The highest current
peak was obtained at pH 5.0, possibly because of the better
interaction between the modified electrode and target ions.
At a higher pH value (5.0-6.0), the current intensity decreased
due to the possibility of the formation of complexes between
the hydroxyl ions of the electrolyte and heavy metal ions.
Thus, a pH of 5.0 was chosen for further studies.

4.3. Optimization of the deposition potential

The influence of the deposition potential on the metals stripping
currents was investigated over the potential range from —1.4 to
—0.9 V. As shown in Fig. 8c, the stripping peak currents
increased when the deposition potential was decreased from
—0.9 to —1.1 V, where Pb reached its maximum stripping value,
while Cd and Cu peaked at —1.2 V, and Hg had its maximum at

—1.3 V. At more negative deposition potentials all the respective
stripping signals decreased. In other words, the —1.1 V potential
is optimal for Cd>" and Pb*>", whereas the —1.2 V potential is
optimal for Cu?>" and Hg®" but with some signal noise. This
result could be assigned to the competitive generation of hydro-
gen present in the electrolyte solution (de Oliveira et al., 2017).
Therefore, to minimize the effect of hydrogen generation,
—1.1 V was chosen as accumulation potential.

4.4. Optimization of the deposition time

The effect of deposition time was also studied in a range from
10 to 300 s (Fig. 8d). In the literature, the notion of saturation
of the working electrode remains relevant even for heavy met-
als (especially when the detection mechanism is controlled by
adsorption and diffusion processes) (Guo et al., 2017). The
peak currents increased with the accumulation time. The peak-
ing of the stripping signal in 150 s indicated that the electrode
surface reached its maximum loading capacity. Elongated
deposition time results in loss of stripping current intensities,
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which suggests that, during accumulation, there is an equilib-
rium between two reactions: the increase and the decrease of
the metal decorated electrode area. This phenomenon could
be explained through the porous structure of the electrode.
Firstly, the surface of the pores is covered with deposited metal
(increasing stripping signal), and then secondly the pores get
filled up, giving a flatter electrode surface (decreasing stripping
signal) (Guo et al., 2017). Therefore, the deposition time was
chosen as 150 s to obtain the optimal sensitivity for simultane-
ous detection of Cd*", Pb>™", Cu®>" and Hg>".

5. Characterization of the p-Tyr-BC-CPE electrode

5.1. Simultaneous detection of Cd’*, Pb>", Cu’™ and Hg>"

The p-Tyr-BC-CPE was applied for the simultaneous detection
of Cd**, Pb>", Cu®** and Hg?>" at different concentrations
using SWV. Under the optimized experimental conditions,
the stripping peak currents decrease simultaneously with the
concentration of target HMs changing from 1 to 1000 nmol/
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Table 4 Regression equations and the calibration curve
parameters.

Metals Conc. Range Regression Equation R?
(nM) Value
Cd(I)  1.0-75.0 I, = 0.7199 0.9992
[Cd>F] + 757.5484
100-1000 I, = 10.1329 0.9943
[Cd>F] + 189.5054
Pb(Il) 1.0-75.0 I, = 0.8398 0.9973
[Pb>"] + 793.4105
100-1000 I, = 11.3863 0.9819
[Pb>*] + 204.545
Cu(Ill) 5-75 I, = 0.6519 0.9616
[Cu®"] + 687.8306
100-1000 I, = 8.7154 0.9959
[Cu®"] + 159.8240
Hg(l) 5.0-75.0 I, = 0.4788 0.9597
[Hg*"] + 571.6376
100-1000 I, = 6.6023 0.9815

[Hg>*] + 168.3001

Table S Statistical properties of p-Tyr-BC-CPE.

Metal ions DL (nM) DQ (nM) RSD (%)
Cd(IT) 0.0861 0.2868 0.9896
Pb(II) 0.1754 0.5845 1.5949
Cu(II) 0.2463 0.8209 3.0943
Hg(II) 0.3834 1.2781 3.6931

L (Fig. 9a). Linear calibration curves were obtained in two lin-
ear dynamic ranges as indicated in Fig. 9b, and the regression
equations as shown in Table 4. The evaluation techniques for
the limit of detection (LOD) and the limit of quantification
(LOQ) are similar except for the acceptable values of the con-
stant numbers used in the determination using the standard
deviation (o) and linear range’s slope (S): LOD = 3.3 * ¢/
S, and LOQ = 10 * o / S. The calculated values of LOD,
LOQ, and the relative standard deviation (RSD), using the o
of the response (Yao et al., 2019), are listed in Table 5. The
method shows good repeatability of less than 2 % (n = 4).
Moreover, the calculated limits of detection were 0.086 nM

0.175 nM, 0.246 nM and 0.383 nM and the limit of quantifica-
tion to be 0.287 nM, 0.585 nM, 0.821 nM and 1.278 nM cor-
responding to Cd>", Pb>", Cu®" and Hg?* ions, respectively.

In addition, the comparison of the modified electrode devel-
oped in this work, with other different modified electrodes
from the literature, is listed in Table 6. This obtained result
confirmed the applicability of the p-Tyr-BC-CPE electrode
for the simultaneous detection of HMs ions.

5.2. Specificity, stability, and reproducibility of the p-Tyr-BC-
CPE sensor

One of the most important parameters for a valuable sensor is
selectivity. To evaluate the interference of some metal ions that
might be found in the environmental sample, the SWV tech-
nique was carried out under optimized conditions. Different
jons such as Co®", Fe*", Mg>", Mn>", Ni**, Zn*>" and
Ca®* with a concentration ratio of 100:1 were added to the
mixture of Cd>*, Pb?>*, Cu®* and Hg”. The obtained solu-
tion was investigated in ABS supporting electrolyte (0.1 M,
pH 5.5). The displayed results in Fig. 10a, show no significant
changes were observed in the stripping peak currents intensity
in the absence and presence of the interference ions. The
changes in peak currents, compared to the blank, are less than
5 %, as listed in Table 7, and hence this influence is negligible.
Thus, the modified electrode has high selectivity for simultane-
ous detection of the four target heavy metals.

The stability of the electrode prepared was also examined
for a solution comprising mixed of Pb>", Cd*>*, Cu®", and
Hg>" ions, by monitoring its current response every 10 days
for 2 months. The maximum reduction of the peak current val-
ues obtained were 1.61 %, 3.53 %, 5.52 %, and 2.39 %, respec-
tively, for these metal ions compared with their initial value, as
presented in Fig. 10b. All measurements of the electrode mod-
ified with p-Tyr-BC showed excellent stability over this period.

Furthermore, the reproducibility of the p-Tyr-BC-CPE was
tested by preparing 5 different modified electrodes and checked
under the same procedure based on RSD = 100 * ¢ / I;;, (Guo
et al., 2017). The current response by the 5 electrodes almost
overlapped with relative standard deviations (RSDs) of
1.97 %, 1.72 %, 4.56 %, and 4.45 % for Cd*", Pb>", Cu* "
and Hg?™, respectively, as shown in Fig. Ilc. These results
of RSDs less than 5 % indicate that the modified electrode
had excellent reproducibility.

Heavy metal ions can bind to amino acids due to their
electron-rich functional groups such as COO-, NH,, or

Table 6 Comparison of various modified electrodes with the p-Tyr-BC-CPE.

Modified Electrodes Methods Detection Limit (nM) References

Cd(I1) Pb(II) Cu(II) Hg(II)
poly-Tyrosine/Bi/GCE SWVSV 0.12 - - - (Lin et al., 2021)
pg-CsNy4 /CoMn,04-GCE SWASV 21 14 - - (Wang et al., 2021)
CPE-EDTA SWV - 2.33 - - (Laghlimi et al., 2021)
SPE/SWCNHs/BiF SWVSV 200 400 - - (Wong et al., 2020)
ND-BC-CTS/GCE SWVSV 470 530 - - (Han et al., 2020)
COFgrpp.1/3D-KSC DPSV 12.3 11.8 18.6 21.4 (Lu et al., 2019)
GA,/UiO-66-NH,-GCE DPSV 9.0 1.0 8.0 0.9 (Xiao et al., 2014)
p-Tyr-BC-CPE SWv 0.0861 0.1754 0.2463 0.3834 This work
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Interference of some metal ions in the determination of Cd(II), Pb(II), Cu(Il), and Hg(II) on p-Tyr-BC-CPE.

Changes in peak currents (%)

Metal Ions

cd(n Pb(II) Cu(Il) He(I)
Ca(IIT) 3.2206 4.6878 2.7096 3.1236
Co(II) 2.1207 4.3209 33121 4.9638
Fe(IT) 2.9663 4.3310 3.9321 2.2147
Mg(1l) 3.1470 4.2966 2.9036 1.1925
Mn(II) 4.0358 2.3609 0.3645 1.8759
Ni(II) 1.2552 32327 2.1252 1.7878
Zn(IT) 3.4955 3.3559 0.4749 1.0172

through chelating interactions between the aromatic ring and
the cation. Tyrosine is an exemplary amino acid that interacts
with heavy metal ions in monomer form, or as part of a pep-

tide or a protein. the p-Tyr membrane can promote the enrich-
ment of HM?* on the surface of the carbonaceous electrodes.
By complexation the surface of the electrode is enriched in
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Fig. 11  Square wave voltammograms of 0.1 mM Cd(II), Pb(II),

Cu(Il), and Hg(II) in 0.1 M ABS (pH 4.5) on the PCE, WS-CPE,
BC-CPE, p-Tyr-CPE, and p-Tyr-BC-CPE, (all potentials in
reference to the SCE).

heavy metals, and, by proximity, the ions can be sensed instan-
taneously. The effect of the biochar has two aspects: i) mor-
phological: the thermal modification of WS results in an
unorganized, porous structure. ii) chemical: the oxidation
applied in parallel with the heating results in oxygen- and/or
nitrogen-containing functional groups. These results validate
the good selectivity, stability, and reproducibility of the p-
Tyr-BC-CPE electrode hence the possibility for real trial anal-
ysis of the simultaneous determination of Cd**, Pb>*, Cu®*
and Hg?".

5.3. Performance of the p-Tyro-BC-CPE electrode in real
samples

To evaluate the applicability of the proposed electrode, the p-
Tyr-BC-CPE was applied to the determination of Cd>*, Pb>™,

Cu®** and Hg?" concentrations in real water and soil samples
by SWV under the optimal experimental conditions. A stan-
dard addition method was deployed at 4 concentrations to
obtain the analytical results in the 0.0-100.0 nM range
(Nguyen et al., 2021). The results are summarized in Table 8§,
indicating acceptable recovery values ranging from 96.4 to
107.9 %. These results suggest the applicability of the electrode
in the determination of HMs ions in real water and soil
samples.

6. Practical applications of the sensor platform

Square wave voltammetry was used to detect heavy metal ions
in a comparative response of various modified electrodes.
Fig. 11 exemplifies the SWV analytical characteristics of the
bare CPE, WS-CPE, BC-CPE, p-Tyr-CPE, and p-Tyr-BC-
CPE to detect the presence of 0.1 mM of Cd**, Pb>",
Cu?" and Hg?" in 0.1 M ABS with a potential range from
—1.1 V to 0.5 V. Four stripping peaks were obtained with
apparent current intensity, corresponding to the oxidation of
Cd**,Pb*", Cu?" and ngJr reduced on the surface of differ-
ent electrodes studied, indicating that the simultaneous deter-
mination of these heavy metal ions is feasible. The
comparison of these responses shows that the least intense
peaks were obtained with the bare CPE. Indeed, the carbon
paste is characterized by a less active surface due to the low
conductivity of graphite.

However, the addition of walnut shell powder increased the
sensitivity of the WS-CPE electrode. With the presence of bio-
char, even sharper stripping peaks could be obtained for Cd>™,
Pb>" Cu?"* and Hg?>", probably due to the enlarged elec-
troactive surface area and the better adsorption capacity of
BC-CPE (Leftheriotis et al., 2007). The carbon paste electrode
modified with tyrosine film showed a higher peak current
which indicates that the r-Tyrosine film can accumulate the
metal ions. This indicates the good electro-catalytic activity
of the electrode. For the p-Tyr-BC electrode, the clear and
high peak currents demonstrate that it combines the advan-
tages of tyrosine film and walnut shell biochar probably due
to the combination of enlarged electrochemical active surface
area, strong adsorption capability, and the specific complexing

Table 8 Recovery of p-Tyr-BC-CPE in water and soil samples from the Bouregrag river.

Metals Added (uM) Water Soil
Measured (LM) Recovery (%) Measured (LM) Recovery (%)
Cd(11) 0.0 0.00075 - - -
0.01 0.01079 107.9 0.00986 98.6
0.1 0.1007 100.7 0.0992 99.2
Pb(II) 0.0 0.00048 - 0.00126 -
0.01 0.01022 102.2 0.01048 104.8
0.1 0.1064 106.4 0.10149 101.5
Cu(Il) 0 0.00096 - 0.00244 -
0.01 0.00998 99.8 0.00964 96.4
0.1 0.0969 96.9 0.1017 101.7
Hg(II) 0.0 0.00028 - - -
0.01 0.01012 101.2 0.01064 106.4
0.1 0.1018 101.8 0.1048 104.8
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ability of the p-Tyr-WS-BC platform (Fig. 12). This result con-
firms that the tyrosine-biochar electrode has promising proper-
ties for the simultaneous determination of heavy metal ions.

The possible electrochemical mechanisms for the detection
of heavy metal ions can be defined in three phases. Metal ions
were firstly accumulated on the surface of the modified elec-
trode by adsorption, probably due to the binding by electro-
static attraction in the L-Tyr-BC platform. Subsequently, the
heavy metal ions were preconcentrated at the modified elec-
trode through an electrochemically reduced from a valence
state of (Fe>") to (Fe®) to enhance the mass transfer rate.
Finally, these HMs ions are dissociated and turned back into
the analytical solution and will be registered by the SWV tech-
nique [67].

These three phases of electrochemical mechanism can be
expressed as follows:

HMS(II)Solution + p'Tyr'BC'CPE Surface —> HMS(II)'p'Tyr_
BC-CPE Adsorption (Accumulation).

HMs(>*)-p-Tyr-BC-CPEpgsorption + 26" —HMs(®)-p-Tyr-
BC-CPEgy;face (Preconcentration/reduction).

HMS(O)'p'Tyr'BC'CPESurface' 2e__)I_Hv[s(zJr)Solution + p-
Tyr-BC-CPEgy;ace (Stripping/oxidation).

7. Conclusions

e The physicochemical characteristic results indicate that the
obtained WS-BC is having a porous structure with the presence
of hydroxyl functional groups that can be used as free positions
and constitute the target sites.

An innovative enhanced sensing platform based on the WS-BC, p-
Tyr-BC modified CPE platform was developed. The combination
of p-Tyr and WS-BC can deliver an excellent electrochemical plat-
form for the detection of heavy metal ions. Effectively, after the
fabrication of the tyrosine layer, the electrode performs well over
what one would expect from the simple combination of BC- and
p-Tyr modified CPE electrodes, therefore it is strongly assumed
that not only a layer of p-Tyr but many —-OH and ~-COOH groups
were introduced to the surface of the platform electrode.

The developed p-Tyr-WS-BC electrode was used to simultaneously
detect Cd**, Pb>", Cu®" and Hg? " ions in water and soil samples.
The limits of detection for Cd>", Pb>*, Cu®>** and Hg2+ are much
lower than the guideline values given by the world health organiza-
tion (WHO).
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