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Abstract: Biochar, a carbon material obtained by pyrolysis of biomasses, is increasingly applied in
environmental remediation and sensing thanks to its functional properties, cost-effectiveness and
eco-friendliness. The adsorption capacity of biochar, strictly dependent on its specific surface area,
heteroatom doping and surface functional groups, is crucial for these applications. Here, biochar
produced at low temperature (350 ◦C) from a marine microalga (Nannochloropsis sp.) is proposed as an
efficient adsorbent of lead (II) ions in aqueous solution; this production strategy promotes the natural
self-doping of biochar without requiring harsh conditions. The kinetics and thermodynamics of the
adsorption process, as well as the effect of pH, ionic strength and dissolved organic matter on the
adsorption efficiency were systematically assessed. The microalgae-derived biochar shows superior
adsorption performances compared to a nutshell-derived one (used as a reference of lignocellulosic
feedstocks) under all the tested conditions. The microalgae-derived biochar was finally used to
decorate screen-printed carbon electrodes to improve the electroanalytical performances towards the
voltammetric detection of lead (II) ions. A two-fold increase in sensitivity was obtained compared
to the unmodified electrode thanks to the enhanced electron transfer and adsorption properties
provided by biochar. These results highlight the potentialities of microalgae-derived biochar for
environmental and sensing applications.

Keywords: pyrolysis; biochar; toxic elements; remediation; adsorption; electrochemical sensor;
voltammetry; lead; microalgae

1. Introduction

Biochar (BC), a carbon-rich solid obtained from the thermal treatment of biomass
feedstocks, is increasingly being studied as an alternative sustainable biomaterial for
several industrial applications [1–4]. Notably, BC is widely used for soil amendment and
the immobilization of contaminants thanks to its favorable physicochemical properties
(e.g., mechanical and thermal stability, high reactive surface area [4–6]), low cost, and
eco-friendliness. More recently, BC has also found application in other different innovative
technologies, such as for electrochemical devices [1,7] and catalytic platforms [8,9].

A crucial feature of BC for environmental remediation and sensing applications is
its adsorption capacity, which is related to: (i) the high surface reactive area (mainly de-
rived from its porous structure), which ensures high adsorption rates, (ii) the presence
of heteroatoms (e.g., P, N, Ca) which induces defects in the carbon structure and favors
ion insertion, and (iii) the occurrence of surface functional groups which can act as active
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sites (e.g., C=C aromatic bonds which create cation–π interactions for adsorption of toxic
metals) [10–12]. These properties are strongly affected by two key factors: the nature of the
biomass feedstock (which reflects the physicochemical properties of the final product [11])
and the pyrolysis process [4,13,14]. The investigation of pyrolysis conditions and the selec-
tion of raw materials presenting advantageous properties (e.g., presence of heteroatoms and
high concentration of lipids) are therefore crucial to improve the adsorption performances
of BC. High temperature pyrolysis (800–1000 ◦C) is often preferred when producing BC
for environmental and electrochemical applications, since it produces BC characterized
by high electrical conductivity and specific surface area. Activating agents (e.g., KOH,
H3PO4) are also often added to biomass feedstocks to further induce porosity and sur-
face functionalization of BC (partially lost at high temperatures due to the graphitization
of the material [15]). Despite the high adsorption efficiencies of the produced BC, such
harsh pyrolysis conditions negatively affect BC yield and its natural self-doping (which
reflects the raw material chemical composition [11]). Moreover, the use of additives and
high-temperature pyrolysis strongly reduce the sustainability of BC production.

Self-doped biomass feedstocks subjected to low-temperature pyrolysis (<400 ◦C)
can instead represent a novel class of highly performing and greener materials (requiring
limited or absent use of chemicals and energy) leading to high production yields of naturally
functionalized BC with improved adsorptive properties [16,17]. Accordingly, the use of
microalgae as a source of BC is increasingly supported in research due to their fast grow,
high carbon fixing efficiency, high lipidic content and low required amount of land for
growth [18–20]. Moreover, recent reports highlighted that microalgae-derived biochar
is rich in carbonyl and other oxygen containing functional groups, as well as abundant
self-doping in N and P heteroatoms [14,21,22]. Despite these beneficial features, microalgae-
derived BC produced at low temperature is still not deeply studied as adsorbent and
sensing material for the removal and detection of toxic heavy metals in water [23,24].

In light of these considerations, here we tested the adsorption performances of two dif-
ferent biochar materials, obtained from a marine microalga (Nannochloropsis sp.) and from
an agricultural lignocellulosic biomass (nutshells), towards lead (II) ions to elucidate how
the physicochemical properties derived from the different feedstocks (presented in a pre-
vious study [14]) affect the adsorption process. Lead (Pb) is selected as a model target
element in this work because of its importance for environmental monitoring and health
assessment, owing to its high toxicity (with different adverse effects on humans [25,26] and
the biota [27]) and its widespread presence in water by natural processes (e.g., weathering
of Pb-bearing minerals [28,29]) and anthropic activities [29,30]. The adsorption process
was systematically evaluated regarding kinetic and thermodynamic features to reconstruct
its mechanism. The effect of water chemistry (pH, ionic strength and dissolved organic
matter–DOM) on this process was assessed as well, paving the way for the application
of produced BC for pollution remediation [31]. Finally, the microalgae-derived BC was
preliminary tested in view of its combined electrochemical and adsorption properties for
a sensing application: a Differential Pulse Adsorptive Stripping Voltammetry (DPAdSV)
method was applied to determine lead (II) ions using screen-printed carbon electrodes
(SPEs) modified with microalgae-derived BC particles with the aim of improving the
sensitivity of the method.

2. Materials and Methods
2.1. Reagents, Materials and Solutions

All the solutions, where not differently stated, were prepared using ultrapure water
obtained with a Sartorius (Göttingen, Germany) Arium mini (18.8 MΩcm resistivity).
HNO3 solutions were obtained from dilution of 65% wt. sub-boiling distilled HNO3 using a
Milestone (Shelton, CT, USA) DuoPUR system [32], while the NaOH solution was prepared
by diluting commercial 50% NaOH solution (Carlo Erba, Milan, Italy). Lead (II) nitrate
was purchased from Sigma Aldrich (St. Louis, MI, USA) and used to prepare adsorption
solutions. Sodium nitrate and humic acid (HA), used for adsorption experiments, were



Chemosensors 2022, 10, 168 3 of 14

purchased from Sigma-Aldrich respectively. Sodium acetate (Carlo Erba), acetic acid (Fluka,
Everett, WA, USA, >99.8%), potassium nitrate (Carlo Erba, analytical grade) and potassium
ferricyanide (Carlo Erba) were used for electrochemical measurements. Pb and Rh standard
solutions for ICP-MS analysis were obtained by dilution of Merck (Darmstadt, Germany)
Trace cert single standard solutions. All the adsorption experiments were performed in
low-density polyethylene (LDPE) bottles thoroughly cleaned and decontaminated by a
procedure involving prolonged washing with a detergent solution (4 mL/L Nalgene L900)
and then with a 2% wt. HNO3 solution (see details in [33,34]). Containers used for ICP-MS
analysis were washed following the same protocol.

2.2. Biochar Production

BC materials were obtained by a slow pyrolysis process at 350 ◦C (10 ◦C/min).
Lyophilized microalgae samples were obtained from Archimede Ricerche S.r.l. (Cam-
porosso, Imperia, Italy), while nutshells were obtained from commercial walnuts and
manually ground. Pyrolysis was performed for all the samples (around 10 g for each
batch) in a cylindrical quartz reactor (internal diameter 65 mm) heated by an external
tubular electric furnace under continuous N2 flux (flow rate 0.5 L/min). More details on
the pyrolysis process are reported elsewhere [14].

After pyrolysis, biochar batches were cooled under nitrogen, ground using a Fritsch
(Germany) Pulverisette 0 agate ball mill, washed in ultrapure water for 24 h under contin-
uous stirring by an orbital shaker (50 mg in 50 mL of ultrapure water), and the resulting
suspension using 0.45 µm pore cellulose filters to recover BC. The latter was then dried for
16 h at 80 ◦C on a hot plate. In the following sections, the obtained microalgae-derived
biochar and nutshell-derived biochar will be named as MBC and NBC, respectively.

2.3. Pb Adsorption Experiments

The effect of different factors on Pb adsorption were evaluated (i.e., Pb concentration,
equilibration time, pH, and conductivity values) to comprehensively reconstruct the inter-
action mechanisms and the role of water chemistry in regulating the adsorption process.
Operatively, 100 mg of biochar were transferred into LDPE bottles and 50 mL of solutions
containing different concentrations of Pb (final biochar concentration 2 g/L, comparable
to previous reports [35–38]). The solutions were thoroughly mixed and then left in an
orbital shaker at 150 rpm for the time required to reach equilibrium. Solutions were then
filtered through 0.45 µm pore cellulose filters, diluted with ultrapure water, acidified with
ultrapure HNO3 (final concentration of 2% in weight), and finally analyzed by means of a
Thermo-Scientific (Waltham, MA, USA) Icap Q ICP-MS to determine residual Pb concentra-
tion in solution. Rhodium (1 µg/L) was spiked in all the diluted samples as an internal
standard. For all the extraction processes both MBC and NBC were tested. A blank solution
containing Pb without BC was analyzed as a control to quantify possible deposition and
adsorption of Pb on the container walls.

2.3.1. Adsorption Kinetics and Isotherms

Kinetic tests were performed using a 5 µmol/L Pb solution in ultrapure water. So-
lutions were analyzed after filtration at different fixed times (0.5, 1, 2, 4, 8, 18, 24, and
48 h, respectively).

After the ICP-MS quantification of Pb, its adsorption capacity (Q) was calculated as
follows (Equation (1)):

Q = (C0 − C1) × V/M (1)

where C0 and C1 are the initial (corrected by blank values) and the residual concentration
in solution; M (g) is the amount of biochar; and V (mL) is the volume of the solution.

The pseudo first-order and pseudo second-order equation were then tested to describe
the kinetic process of adsorption. They are depicted in Equations (2) and (3), respectively:

ln(Qe − Qt) = ln Qe − k1t (2)
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t/Qt = 1/k2Qe
2 + t/Qe (3)

where and Qe (µmol/g) Qt (µmol/g) are the adsorption capacity value at equilibrium and
at specific time t (min); k1 (1/min) and k2 (g/µmol × min) are the rate constants for pseudo
first-order and the pseudo second-order, respectively [39].

Adsorption isotherm tests were performed to understand the adsorption capacity of
biochar materials and model the equilibrium conditions, using Pb concentrations ranging
from 0.25 µmol/L to 25 µmol/L. The solutions were equilibrated for 24 h (see Section 3.1),
and then filtered and analyzed. Langmuir and Freundlich models were then tested to
describe the adsorption process (Equations (4) and (5), respectively):

Ce/Qe = 1/(KL × Qm) + Ce/Qm (4)

lnQe = lnKF + 1/n × lnCe (5)

where Qm (µmol/g) is the maximum adsorption capacity, Qe (µmol/g) is the adsorption
capacity at equilibrium and Ce is the residual concentration in solution. KL (l/µmol)
is the Langmuir constant, and KF (µmol/g) × (µmol/l)1/n and 1/n are the Freundlich
constants [40].

2.3.2. Adsorption Experiments at Varying Water Chemistry

After the understanding of physicochemical adsorption process in ultrapure water,
the role of water chemistry in determining Pb adsorption was assessed. pH, ionic strength,
and DOM concentration were evaluated: an equilibration time of 24 h was employed (see
Section 3.1) and 5 µmol/L of Pb was added to all the batches. A 32 design of experiment
(DoE) was applied to study the effect of the pH (adjusted by adding 0.1 M HNO3 and
NaOH solutions) and ionic strength (varied using different concentration of NaNO3) on
the adsorption process. Table 1 shows the operative conditions adopted for the nine
experiments performed.

Table 1. Levels of parameters used in the 32 full factorial design.

Factor Low Level (−1) Intermediate Level (0) High Level (+1)

pH 3.0 5.5 8.0
NaNO3 1 mmol/L 10 mmol/L 100 mmol/L

Finally, the effect of dissolved organic matter was assessed in solutions (at pH 5.5,
with 10 mmol/L of dissolved NaNO3) adding 1 and 10 mg/L of humic acids in batches.
Moreover, as a further test of adsorption performances in and environmental sample,
a lake water sample was spiked with 1 mg/L of Pb, and this solution was treated as
previously mentioned (water physicochemical features and major ions are reported in
Supplementary Material, Table S1; details on lake water sampling and analysis can be
found elsewhere [28,41].

In this case, the adsorption efficiency (%) was calculated after the ICP-MS analysis of
Pb (Equation (6)):

E(%) = (C0 − Ce)/C0 × 100 (6)

where E is the efficiency, C0 is the initial concentration (corrected after the analysis of blank
values), and Ce residual the concentration in the adsorption batches at equilibrium.

2.3.3. Biochar Physicochemical Characterization

The morphology of biochar was investigated using a Philips® (Amsterdam, The Nether-
lands) field emission gun-scanning electron microscope (FEG-SEM), with a 20 keV beam
under high-vacuum atmosphere. SEM–energy dispersive X-ray (SEM–EDX) elemental
analysis was performed to observe the elemental composition of biochar and potential
Pb adsorption.
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Fourier-transformed infrared spectroscopy (FT-IR) was performed to analyze surface
groups and possible changes after adsorption of Pb. Before FT-IR analysis, biochar samples
were grounded with an agate ball mill. The analysis was then performed in attenuated
total reflection (ATR) mode using a diamond-ATR Thermo Scientific Nicolet iS 10 FTIR
Spectrometer and thirty-two scans for each sample were performed in the 4000–650 cm−1

spectral window. Spectral data were then smoothed using Savitzky–Golay filter (with a
window of 30 points) and normalized (from 0 to 1) on the maximum absorbance peak.

2.4. Electroanalytical Application
2.4.1. Modification of the Screen-Printed Electrodes (SPEs) with MBC

The screen-printed electrodes (SPEs) DRC-C11L Dropsens (Metrohm, Herisau,
Switzerland) were used in this work: working (4 mm diameter) and counter electrodes are
made of carbon, whereas the reference electrode is composed of Ag/AgCl. The microalgae-
derived biochar powder was dispersed in ethanol (BC concentration = 30 g/L) and soni-
cated for 30 min to partially break down BC into to micro- and nano-sized particles: ethanol
was selected as dispersing agent as it guarantees a highly homogenous dispersion of the
biochar [42]. Then, one microliter of the so-obtained suspension was drop-casted onto the
working electrode and then left to dry in air. This deposited volume was selected after
a preliminary optimization to completely cover the working electrode surface with BC,
while leaving the other electrodes unaltered (volumes greater than 1 µL may lead to the
partial or total coverage of the reference and counter electrodes). Finally, the modified-SPE
was gently rinsed with ultrapure water to remove biochar particles loosely adhered to the
carbon electrode surface. A schematic representation of the entire process is depicted in
Figure 1.
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Figure 1. Sketch representation of the steps involved in the modification of the screen-printed
electrode with biochar.

An Amel 4330 electroanalytical instrument (Amel srl, Milano, Italy) was used for all
electrochemical experiments. The instrument was interfaced to a Windows-based personal
computer via VApeak software. Full data analysis (peak finding, peak height and fitting)
was performed by using Origin 2018 software (OriginLab, Northampton, MA, USA). All
electrochemical measurements were carried out by filling the voltammetric cell with 7 mL
of solution, eventually degassed under a flow of N2. The agitation of the solution was
ensured by a vertical mechanical stirrer.

2.4.2. SPE Electrochemical Characterization

The electrochemical characterization of BC-modified and bare SPEs was carried
out by means of cyclic voltammetry measurements of a 5 mM potassium ferricyanide
(K3[Fe(CN)6]) and 100 mM KNO3 solution. Voltammograms were recorded by performing
linear potential scans at different speeds ranging from 25 to 4000 mV/s. Further details
on the parameters used are shown in Table 2. The obtained data were treated to estimate
the electron transfer rate constant (k0) for bare and modified electrodes. The well-known
kinetic dimensionless parameter Ψ = k0[DnvF/(RT)]−1/2 [43] and its empirical determina-
tion according to Lavagnini et al. [44] Ψ = (−0.6288 + 0.0021∆Epn)/(1 − 0.017∆Epn) were
used to estimate k0. In these equations:

• v = linear scan speed (mV s−1)
• F (Faraday constant) = 96,485 C mol−1

• D (diffusion coefficient) = 7.6 × 10−6 cm2 s−1
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• R (gas constant) = 8.314 J K−1 mol−1

• T (temperature) = 298.15 K
• ∆Ep = peak-to-peak separation (mV)
• n = number of transferred electrons (n = 1)

Table 2. Conditions used for cyclic voltammetry measurements.

Scan
Speeds
(mV/s)

Starting
Potential

(mV)

Switching
Potential

(mV)

Step
Potential

(mV)

Step Time
(ms)

Gas Purging
Time

(s)

Stirring
(rpm)

25 800 −500 5 200 300 300
50 800 −500 5 100 300 300
100 800 −500 5 50 300 300
200 800 −500 5 25 300 300

1000 800 −500 25 25 300 300
2000 800 −500 25 12.5 300 300
4000 800 −500 25 6.25 300 300

2.4.3. Voltammetric Lead Determination

A Differential Pulse Adsorptive Stripping Voltammetry (DPAdSV) method (adapted
from Oliveira et al. [31]) was used involving multiple steps for the electrochemical Pb
determination in aqueous solution. The procedure was performed using the same electro-
chemical equipment described in the previous section and can be summarized as follows:

1. Pb2+ preconcentration: the SPE is placed in a cell containing a 0.10 M sodium acetate
solution (pH 7.0) and a known Pb concentration under open circuit conditions for
10 min.

2. Pb2+ reduction: the SPE is removed from the solution, washed lightly with ultrapure
water, and transferred to the voltammetric cell which contains a 0.10 M sodium acetate
solution (pH 3.6). A negative potential of –1100 mV is applied for 120 s during this
stage to reduce the adsorbed lead ions.

3. Stripping voltammetry analysis: the SPE is submitted to differential pulse voltam-
metry (DPV) sweeps from −1100 mV to −300 mV using the following experimental
conditions: pulse width of 100 mV, pulse duration time of 25 ms, and a scan rate of
5 mV s−1.

3. Results and Discussion
3.1. Kinetics and Equilibrium: Adsorption Mechanisms

Adsorption isotherms and kinetics were tested in ultrapure water containing Pb
solutions to elucidate the main adsorption mechanisms of the different biochar materials.
The observation of the experimental data (Figure 2) shows a fast adsorption in the first
phase of interaction (below 2 h), followed by a lower adsorption rate reaching equilibrium
after 24 h, when almost 2 µmol/g (about the 98% of Pb previously in solution) is adsorbed
onto both MBC and NBC. This behavior is well in line with the assumption of a pseudo
second-order model, meaning that the rate-limiting step is the chemical adsorption step
due to surface interactions [45]. Pseudo second order, in fact, better describes the kinetics
(Table S2), in accordance with other studies applying biochar from different feedstocks for
Pb adsorption [35,40,46]. Finally, SEM-EDX analyses showed the homogeneous presence of
Pb on BC surface. However, the low Pb concentration close to the limit of detection of the
technique (observed Pb content < 0.4% wt.) made its quantification poorly accurate.
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Considering the kinetics of the adsorption process, equilibrium modeling was per-
formed with an experimental time of 24 h under continuous shaking. The results of
these tests are depicted in Figure 3. Both the biochar samples present a similar behavior
in the equilibrium models, with the Langmuir equation slightly better fitting with the
data than the Freundlich equation, considering R2 values (Table S2). This is in accor-
dance with previous literature testing Pb adsorption on biochar and biochar-modified
materials [24,35,38,40]. Importantly, MBC showed a much higher adsorption capacity
than nutshell-derived biochar, with a Qmax value modeled from the Langmuir function of
33.9 µmol/g against 11.1 µmol/g for NBC (Figure 3).
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The kinetics and equilibrium behavior of the biochar obtained from the two feedstocks,
as well as their surface functional groups as characterized by the ATR spectra (Figure S1)
provide some insights on the adsorption process. The most likely Pb adsorption process of
NBC is cationic-π interaction, similarly to other reports in literature showing pseudo-second
order kinetics and Langmuir isotherm [47,48]. NBC sample showed also few changes in
the IR bands after adsorption: the aromatic C=C peak at 1590 cm−1 reduced in height,
while the peaks at 1310 cm−1 (C-O stretching of aromatic esters [49]) and at 1225 cm−1

(phenolic -OH stretching [50]) changed their shapes, further confirming the contribution
of aromatic functional groups in the adsorption process [40,51]. MBC, instead, is more
prone to adsorb Pb through complexation and co-precipitation processes. The different
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reshaping of the peak shoulder at 1100 cm−1 (indicating abundant inorganic material)
before and after adsorption and the higher concentration of alkaline earth metals in this
biochar (already observed in a previous study [14]) further support the formation of Pb
precipitates, similarly to other microalgae-derived biochar [24]. Moreover, these processes
are already invoked to explain Pb adsorption with similar kinetics and equilibrium behavior
on other biochar materials [24,38,52].

3.2. Effect of Water Chemistry on Adsorption Efficiency

After the preliminary observation of interaction mechanisms and adsorption rates,
the role of water chemistry and Pb speciation in water was investigated for a broader
application of biochar in adsorption processes.

The adsorption efficiencies of MBC and NBC were evaluated at different pH and ionic
strength values according to the 32 full factorial design described in Table 1 (see Figure 4).
As a general comment, both biochar materials provided adsorption efficiencies above 90%
under all the tested conditions, with MBC showing superior removal performances to those
of NBC. This evidence clearly demonstrates the robustness and effectiveness of the Pb
removal process on MBC and NBC.
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concentrations (on the y axis in log scale) according to the 32 full factorial design described in Table 1.

Data were fitted with a second-order polynomial surface including an intercept,
two linear terms, two quadratic terms, and an interaction term. Tables S3 and S4 summarize
the regression coefficients and the statistical significance of the investigated parameters:
the R-squared values of 0.916 and 0.983 for NBC and MBC, respectively, demonstrate
the goodness of fit of the multivariate model. The fitted intercept, which refers to the
adsorption efficiency in the central point of the design (i.e., pH = 5.5 and 10 µM NaNO3) is
slightly higher for MBC compared to NBC (98.4% and 97.2%, respectively), further confirms
the superiority of the microalgae-derived biochar. Concerning the other parameters only
the linear and quadratic terms of pH results statistically significant at the 95% confidence
level whereas all the terms related to the ionic strength and the interaction between pH
and NaNO3 concentration resulted not statistically significant: changes in pH slightly
influence the absorption of Pb on biochar in a non-linear way, almost independently of
the ionic strength of the solution. Both biochar materials showed the lowest adsorption
performances at low pH, where H+ easily act as a competitor for reactive sites [53]. Pb
adsorption is instead poorly affected by increasing ionic strength for MBC (similar adsorp-
tion capacities are observed at 100 mmol/l NaNO3), indicating that the natural self-doping
of MBC is likely to enhance the adsorption processes with respect to NBC. Moreover, the
dissolution of ashes in MBC are possibly enhancing co-precipitation on its surface also at
higher pH [24,54].



Chemosensors 2022, 10, 168 9 of 14

Finally, the effect on Pb adsorption of a natural ligand (humic acid) and of a natural
lake water were tested. Generally, a slightly better, although barely significant, adsorption
efficiency was confirmed for MBC compared to NBC (Table 3). The presence of humic acid,
organic matter (Chemical Oxygen Demand value of 18 mg/L, Table S1), and dissolved ions
(such as NO3

−, Ca2+, Mg2+ and SO4
2−, Table S1) in lake water does not affect the adsorption

efficiency for both materials. Such evidence indicates that the adsorption process is highly
robust and free from significant interferences.

Table 3. Adsorption efficiencies of the two biochar materials at varying HA concentrations and in
lake water spiked sample.

Pb Containing Solution MBC Efficiency (%) NBC Efficiency (%)

Ultrapure water 97.5 ± 0.8 98.6 ± 2.3
1 mg/L HA 98.0 ± 0.8 96.3 ± 2.0

10 mg/L HA 97.7 ± 1.0 92.4 ± 5.0
Lake water 99.0 ± 1.4 97.5 ± 3.0

3.3. Electroanalytical Application

Having proven the superior adsorption properties of MBC, we decided to assess the
exploitation of this material to improve the electroanalytical performances of commercial
carbon screen-printed electrodes (SPEs) towards lead (II) ions detection via DPAdSV.

SPEs were modified by simply drop-casting 1 µL of a 30 g L−1 ethanolic biochar
suspension onto the carbon working electrode (see details in the Materials and Methods
section). A comparison of the surface morphology of bare and BC-modified SPE is de-
picted in Figure 5. BC particles, ranging in size from hundreds of nanometers to tens of
micrometers, are abundantly present on the electrode surface after the deposition procedure
(Figure 5b), demonstrating the effectiveness of the latter. The covering is not homogeneous,
as BC particles tend to agglomerate in suspension. This process is due to different fac-
tors: hydrophobic interactions, the binding of lignin functional groups (carboxylic and
phenolic) and the reduction in surface charge [55,56]. Finally, most MBC particles exhibit a
widespread macro-porosity which possibly contributes to increase the specific surface area
and consequently, its surface adsorption and electrochemical features.
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Cyclic voltammetry experiments were performed to evaluate the suitability of the
biochar-based platforms to be utilized as electrochemical sensors: the MBC is expected to
be beneficial in terms of electron transfer kinetic owing to its natural self-doping [14]. The
well-known redox couple ferricyanide/ferrocyanide (Fe(CN)6

3−/Fe(CN)6
4−) was chosen

to investigate the kinetics the electron transfer process at the SPE (Figure 6).
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Figure 6a displays the cyclic voltammograms obtained using a 50 mV s−1 scan rate
and provides a quick comparison among the investigated electrodes. The peak-to-peak sep-
aration (∆Ep) is clearly different when considering SPE-MBC and SPE. In more detail, the
∆Ep obtained for the BC-modified electrode is much lower than that of SPE (∆Ep = 240 mV
and 405 mV, respectively); this evidence indicates a significant improvement of the elec-
tron kinetics at the electrode surface when decorating the SPE with BC. Then, the cyclic
voltammetry measurements performed using different scan rates (Figure 6b) were ex-
ploited to estimate the standard heterogeneous kinetic rate constant k0 (see Section 2.4.2
for details on the calculation). The latter is a measure of the reversibility of the electron
transfer. The modified BC electrode shows a k0 more than twice that of the bare electrode,
k0

SPE = 4.3 × 10−4 cm s−1 and k0
SPE-MBC = 9.5 × 10−4 cm s−1; this finding further confirms

the beneficial effect in terms of electron transfer rate provided by introducing BC on the
SPE. Preliminary experiments were carried out also by depositing biochar suspension
having concentrations lower than 30 g L−1 (i.e., 1 and 10 g L−1), but no beneficial effect on
the electrochemical performances was observed, which was most likely due to the limited
amount of BC deposited on the SPE.

In view of these results, we decided to test these electrodes by means of DPAdSV
towards lead (II) ion determination exploiting the improvements in terms of surface area,
electron transfer kinetic and lead adsorption achieved by using MBC.

To take advantage of MBC adsorption properties, a 10 min pre-concentration step was
carried out in a 0.10 M acetate solution at pH 7.0 without applying any external voltage
and using different lead (II) ions contents (ranging from 0.24 µM to 3.84 µM). The adsorbed
lead is then electrochemically reduced at −1100 mV before a scan in anodic direction is
performed: the faradic process observed at ~700 mV refers to the Pb/Pb2+ oxidation process.
Figure 7a displays the DPV profiles obtained for the re-oxidation of lead (II) ions previously
adsorbed at the BC-modified SPE surface. DPV oxidation peaks are located at potentials
ranging from −698 to −730 mV, but no specific trend related to the Pb concentration was
found: these random shifts are most likely due to the normal fluctuation observed for
screen-printed electrodes, owing to the presence of a pseudo-reference electrode [57,58].
As expected, the height of the peak increases proportionally with the concentration of the
Pb in solution.



Chemosensors 2022, 10, 168 11 of 14

Chemosensors 2022, 10, x FOR PEER REVIEW 11 of 15 
 

 

In view of these results, we decided to test these electrodes by means of DPAdSV 
towards lead (II) ion determination exploiting the improvements in terms of surface area, 
electron transfer kinetic and lead adsorption achieved by using MBC. 

To take advantage of MBC adsorption properties, a 10 min pre-concentration step 
was carried out in a 0.10 M acetate solution at pH 7.0 without applying any external volt-
age and using different lead (II) ions contents (ranging from 0.24 µM to 3.84 µM). The 
adsorbed lead is then electrochemically reduced at −1100 mV before a scan in anodic di-
rection is performed: the faradic process observed at ~700 mV refers to the Pb/Pb2+ oxida-
tion process. Figure 7a displays the DPV profiles obtained for the re-oxidation of lead (II) 
ions previously adsorbed at the BC-modified SPE surface. DPV oxidation peaks are lo-
cated at potentials ranging from −698 to −730 mV, but no specific trend related to the Pb 
concentration was found: these random shifts are most likely due to the normal fluctua-
tion observed for screen-printed electrodes, owing to the presence of a pseudo-reference 
electrode [57,58]. As expected, the height of the peak increases proportionally with the 
concentration of the Pb in solution. 

 
Figure 7. (a) Voltammograms (subtracted from the baseline) obtained after the adsorption of in-
creasing amount of Pb2+ on SPE-MBC. (b) Fitting of the peak height values obtained for SPE and 
SPE-MBC with the Langmuir equation. 

Figure 7b displays the relationship between the current peak height and the concen-
tration of Pb in the solution for both SPE and SPE-MBC. This relationship seems not to be 
linear over the entire investigated range for both the electrodes: a good linearity was ob-
served only up to 1 µM concentration (R2 = 0.994 and 0.998 for SPE and SPE-MBC) with 
the sensitivity of SPE-MBC approximately twice that of the bare SPE (1.06 µA µM−1 and 
0.54 µA µM−1, respectively) within this range, demonstrating an important contribution 
of MBC in increasing the sensitivity of the analytical method. The repeatability was as-
sessed by comparing sensitivities obtained after three replicated analyses using the same 
SPE-MBC electrode: a relative standard deviation of 5.5% was found. The reproducibility 
(using SPE-MBC electrodes produced in different batches) was evaluated in the same way: 
a relative standard deviation of 8.0% was found. The non-linear signal–concentration cor-
relation can be easily explained by the adsorption mechanism used in this electroanalyti-
cal strategy to preconcentrate lead (II) ions: the data fit very well (R2 = 0.993 and 0.996 for 
SPE-MBC and SPE) with a Langmuir isotherm model (see Figure 7b), which is consistent 
with the results reported in the previous section regarding Pb removal in aqueous solu-
tion. Table 4 summarizes the estimated Langmuir parameters. 

The KL values, which measure the magnitude of the adsorbate-electrode surface in-
teraction, suggest that BC-modified electrodes provide only a slightly stronger affinity 
between lead ions (II) and the electrode surface: the similar K values may be explained by 
the analogous surface carbon chemistry of SPE and SPE-MBC and the incomplete BC cov-
erage of the SPE. 

Figure 7. (a) Voltammograms (subtracted from the baseline) obtained after the adsorption of increas-
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Figure 7b displays the relationship between the current peak height and the concen-
tration of Pb in the solution for both SPE and SPE-MBC. This relationship seems not to
be linear over the entire investigated range for both the electrodes: a good linearity was
observed only up to 1 µM concentration (R2 = 0.994 and 0.998 for SPE and SPE-MBC) with
the sensitivity of SPE-MBC approximately twice that of the bare SPE (1.06 µA µM−1 and
0.54 µA µM−1, respectively) within this range, demonstrating an important contribution of
MBC in increasing the sensitivity of the analytical method. The repeatability was assessed
by comparing sensitivities obtained after three replicated analyses using the same SPE-MBC
electrode: a relative standard deviation of 5.5% was found. The reproducibility (using SPE-
MBC electrodes produced in different batches) was evaluated in the same way: a relative
standard deviation of 8.0% was found. The non-linear signal–concentration correlation can
be easily explained by the adsorption mechanism used in this electroanalytical strategy
to preconcentrate lead (II) ions: the data fit very well (R2 = 0.993 and 0.996 for SPE-MBC
and SPE) with a Langmuir isotherm model (see Figure 7b), which is consistent with the
results reported in the previous section regarding Pb removal in aqueous solution. Table 4
summarizes the estimated Langmuir parameters.

Table 4. Langmuir parameters obtained by fitting DPAdSV data reported in Figure 7b.

Electrode Qm (µmol g−1) KL R2

SPE-MBC 8.2 ± 1.9 0.12 ± 0.04 0.993
SPE 5.5 ± 1.3 0.09 ± 0.03 0.996

The KL values, which measure the magnitude of the adsorbate-electrode surface
interaction, suggest that BC-modified electrodes provide only a slightly stronger affinity
between lead ions (II) and the electrode surface: the similar K values may be explained
by the analogous surface carbon chemistry of SPE and SPE-MBC and the incomplete BC
coverage of the SPE.

Conversely, a marked difference was observed when comparing the adsorption capac-
ity (Qm). A much higher Qm was found for the BC-modified SPE thanks to the contribution
provided by the biomass-derived material deposited on the electrode surface.

4. Conclusions

In this paper, we systematically evaluated the adsorption of lead (II) ions on biochar
obtained from the low temperature pyrolysis of microalgae and nutshells. The kinetic
and thermodynamic of the process were comprehensively elucidated for both materials,
evidencing the superiority of the microalgae-derived system in adsorbing Pb under model
conditions. The investigation of the role of water chemistry and Pb speciation on the
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adsorption process was carried out: the adsorption efficiency for both MBC and NBC is
slightly affected only by the change in pH whereas other parameters such as the presence
of dissolved ions and organic matter apparently have no effect on the process proving
the robustness of the process. Importantly, whatever the experimental conditions, MBC
shows superior performance to NBC, possibly due to the natural self-doping of the former,
which offers a much higher degree of surface functionalization (granted by the chemical
composition of the biomass feedstock and the low-temperature pyrolysis). Having proven
the superiority of MBC in adsorbing lead (II) ions, a preliminary study was carried out
to assess the suitability of this material as a modifier to improve the electroanalytical of
screen-printed carbon electrodes towards the detection of lead (II) ions via DPAdSV. The
decoration with MBC particles was proven to double the sensitivity of the SPE towards
Pb determination thanks to enhanced adsorption and electron transfer properties, provid-
ing the proof of concept for the use of this material for sensing applications. Moreover,
the material proved affordable robustness and selectivity during the adsorption process,
further prompting its applicability to natural water samples. Further studies are indeed
necessary to produce electrochemical sensors with competitive performances compared to
the existing literature.

In summary, the present study highlights the potentialities of biochar produced by the
low-temperature pyrolysis of microalgae feedstocks in water remediation and electroana-
lytical applications, fostering its use in future research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10050168/s1, Figure S1: IR spectra; Table S1: Lake
water chemical composition; Table S2: Fitted kinetic and thermodynamic data for the adsorption
process under model conditions; Table S3: Surface fitting of data obtained for Pb adsorption on NBC;
Table S4: Surface fitting of data obtained for Pb adsorption on MBC.
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