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Electrochemical Detection of Phenol Removal by Using a
Biosorbent Originated Factory Solid Waste

Gulsah Congur*™" and Ulkiiye Dudu Giil*!**

Abstract: Biosorption is a preferable method for phenol
(PNL) removal from water sources using a cheap and eco-
friendly biomass. The combination of the biosorption
technique with practical, affordable, sensitive, and selec-
tive monitoring tools gives a new perspective to environ-
mental monitoring applications. Herein, as the first time,
the monitoring of PNL biosorption performed using a

factory waste was done by pencil graphite electrodes
(PGEs) and cyclic voltammetry (CV) technique. The
monitoring of the biosorption process was completed with
reproducible and reliable results in just 40s. The bio-
sorption was achieved in different water samples and the
presence of different phenolic compounds.
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1 Introduction

Phenol (PNL) is a chemical found naturally and as a
result of human and industrial activities. With increasing
environmental pollution in the last century, water resour-
ces are contaminated with phenolic compounds, and the
carcinogenic and toxic factors related to the PNL con-
tamination in the environmental resources are gradually
increasing [1,2]. PNL easily pollutes water resources since
its solubility in water is high. Discharging of industrial
wastes without any treatment rapidly contaminates water
sources with phenolic compounds. In addition, it can stay
in the soil for 2-5 days and in water for more than 9 days,
and its high concentrations can stay much longer in air
and soil.

Sustainability gains importance in today‘s world where
environmental pollution is tremendously increasing and
water resources are decreasing. Therefore, the removal of
PNL from water sources with sustainable solutions and
the monitoring of the removal with sensitive, accurate,
reliable and inexpensive tools is an urgent need.

Adsorbents are frequently used in the removal of PNL
and its derivatives from water sources. The most used
adsorbent is activated carbon, which has a very large
surface area due to its porous structure [3,4]. However,
more economical adsorbents need to be investigated.

In the results of the recent studies, it has been shown
that various types of dried biological materials can be
successfully used for PNL adsorption [5-7]. The adsorp-
tion using such biological materials is defined as “bio-
sorption”, and the adsorbents used for this purpose are
defined as “biosorbents”. In the removal of PNL from
liquid media, biological treatment is more widely used
compared to other treatment systems for several reasons
such as being cheap and easily applicable [8].

Previous PNL removal studies were carried out using
the High-Performance Liquid Chromatography (HPLC)
method [9] which was a time-consuming and also energy-
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consuming technique compared to the sensor systems
[10].

Electrochemical sensor technologies are widely ap-
plied to the environmental monitoring areas [11-16].
They provide to fabricate easy-to-use, eco-friendly and
affordable monitoring systems that can detect the target
molecule in a shorter time than conventional techniques
such as HPLC, gas chromatography (GC), mass spectrom-
etry, etc [17]. An electrochemical system is generally
comprised of a working electrode, a reference electrode,
and a counter electrode. Although there are many types
of working electrodes, pencil graphite electrodes (PGEs)
have single-use, cheap and labor-friendly structures and
they allow designing sensitive and selective monitoring
platforms due to their robust graphite form [18-22].

There are some reports in the literature whose topics
are to combine biosorption/bioremediation principles and
electrochemical detection strategies. As an example, Cao
etal. reported a Cu’"—Cu'/biochar material for the
detection of nitrite in water using an electrochemical
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detection route [23]. They used a waste eggshell mem-
brane called biochar and adsorbed Cu*" ions from waste-
water using the biochar. Then, they applied pyrolysis to
convert Cu** to Cu™ ions into the biochar. They modified
the glassy carbon electrode (GCE) using the biochar and
used this modified electrode for voltammetric detection of
nitrite in mineral water, tap water, and sausage. GCE was
required to apply cleaning and polishing steps for each
electrochemical measurement due to GCE is not a
disposable electrode. The prepared biochar was sonicated
and then it could be modified at the surface of GCE. All
these experimental steps resulted in the development of a
biosensor system whose preparation is time consuming
and labor-intensive.

A biomass-modified carbon paste electrode (CPE)
was reported by Estrada- Aldrete and coworkers [24].
Spent coffee grounds (SCG) were used as the biomass
and were chemically pretreated to activate carboxyl
groups of the biomass. This biomass was mixed with
graphite powder and this mixture was used for the
preparation of CPE. Then, Pb’* and Cd?* ions were
determined by using this modified electrode and differ-
ential pulse voltammetry (DPV) technique. It should be
pointed out that the preparation of CPE required grinding
and filling steps which were done by using extra chemical
agents. Furthermore, it is hard to obtain the same quality
and same structure at CPE for each filling, it heavily
depends on the hand skill of the laboratory worker. The
same disadvantages could be observed for the application
of the electrochemical sensor system reported by Njanja
et al. [25]. They developed an amperometric sensor for
monitoring methylene blue (MB) biosorption performed
by using coffee husks and corn cobs. They prepared the
biosorbent modified CPE and performed square wave
voltammetry (SWV) measurements for the detection of
MB.

Florido et al. [26] performed the biosorption of Cu(II)
ions using grape stalk wastes and analyzed the biosorption
process by designing a flow injection system. They used
flow-through tubular electrodes which were selective for
Cu(II) ions and monitored the biosorption by potentiom-
etry. They performed fixed-bed column experiments and
experimental and predicted curves were obtained. The
grape wastes were dried by applying 110°C. Although the
flow injection system allowed designing on-line measure-
ment system, the preparation of the electrodes and
implementation of the system required to use of extra
chemical agents that increased the cost of the procedure
and environmental burden.

To our present knowledge, there is no report in the
literature for the application of disposable PGEs for
monitoring of the biosorption process. This study aims (i)
to perform PNL removal by using a biosorbent made by a
factory waste and (ii) to determine PNL removal by a
single-use voltammetric sensor. This is the first paper
showing the application of a PGE-based voltammetric
sensor to detect PNL removal by the biosorption process.
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2 Material and Methods
2.1 Apparatus

IVIUM Compactstat.e with IVIUM Release 4.951 soft-
ware package (The Netherlands) was used as the
potentiostat to perform all electrochemical measurements.
PGE was used as the working electrode in a three-
electrode system (electrochemical cell). PGE was com-
prised of a graphite lead (Tombow, Japan) and a pencil
(Rotring, Germany) holded a metallic wire. The graphite
leads were obtained from local markets. 14mm of graphite
lead was immersed into the solution for each electro-
chemical measurement. Other components of the electro-
chemical cell were a reference electrode (Ag/AgCl/3M
KCl, BAS, Model RE-5B, W. Lafayette, USA) and a
counter electrode as platinum wire.

2.2 Chemicals

PNL, 2,4-dichlorophenoxyacetic acid (2,4-D), and dimeth-
yl sulfoxide (DMSO) were purchased from Sigma-Al-
drich. Diclofenac sodium (DFC) and paracetamol (PRL)
were purchased from the local drugstore. The stock
solutions of PNL and 2,4-D were prepared as 1000 ug/mL
in ultrapure water and in DMSO, respectively. The
diluted solutions of PNL, 2,4-D, PRL, and DFC were
prepared in ultrapure water (pH 1.00).

Other chemicals were obtained from Sigma-Aldrich
and they were in analytical grade.

2.3 Preparation of the Biosorbent

The solid organic waste content used in the study consists
of the pulp released after the lemon juice used during
production in the factory is taken. This solid organic waste
was used as a biosorbent in PNL removal experiments
after drying. Solid organic waste from the Factory
Production Facility (Figure S1a) was washed at least twice
with pure water, dried at room temperature for 24 hours
(Figure S1b), and then dried in an oven at 60°C overnight
(Figure S1c). After the room dried wastes are pulverized
in mortar, they are stored in a refrigerator at +4°C.
During the biosorption experiments, the biosorbent
obtained by drying from solid waste was passed through
150 pym porous sieves in order to use equal particle size
[27].

2.4 Biosorption Studies

Various parameters for determining the optimal condi-
tions for maximum PNL biosorption (pH (1.00-5.00);
PNL concentration (5-100 ug/mL); temperature (5, 25
and 50°C) and time (0-24 hours) effect experiments were
examined with 1 g/ adsorbent dosage. Biosorption ex-
periments were carried out in liquid environments con-
taining a certain amount of PNL with a temperature and
speed-controlled shaker stand. Then, samples of 10 milli-
liters were taken at specified time intervals and centri-
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fuged at 10000 rpm for 5 minutes. The resulting super-
natant was used for PNL determination. At each
optimization step, the control experiments were done at
the same experimental conditions for the biosorption of
PNL but without adding PNL. The PNL control experi-
ments were done at the same experimental conditions
with the biosorption but without adding the biosorbent.
The PNL biosorption rate (B%) was calculated from
Equations (1) and (2);

Biosorption rate (B%) = (C,—C;)/C, x 100 1)

m = Cofcf/Xm (2)

qm: the uptake of PNL by unit mass of biosorbent at any
time (mg/g), C,: initial PNL concentration (mg/L), Cg;
final PNL concentration at any time (mg/L), X,: the
sorbent concentration (g/L).

For real sample analysis, pH values of drinking water
and tap water samples were adjusted as pH=1.00. Waste-
water sample was obtained from the landfill leachate pool
of a solid waste management facility in Canakkale
province (40°1029”"N 26°32'37"E) and 100 times diluted
with the ultrapure water (pH 1.00).

2.5 Biosorption Isotherms and Kinetics

The common biosorption isotherm models such as
Langmuir and Freundlich were examined in the current
paper. The Equations of (3) and (4) were used for this
reason.

Langmuir Isotherm Equation :

Ce/qe = (1/qm)ce + 1/I<Lqm
Freundlich Isotherm Equation :
In(q.) = In(Ky) +1/n In(C,)

®)

4)

Jn: the maximum capacity of adsorption (mg/g), Ki:
Langmuir isotherm constant (L/mg), Ky Freundlich
isotherm constant (L/mg).

The most used kinetic models such as pseudo-first and
second-order models were used to investigate the suitable
kinetic model for biosorption studies. The equations of
(5) and (6) were used.

Pseudo-first-order kinetic model equation :
log (q.-q,) = —k1/2.303 t + log q.

Pseudo-second-order kinetic model equation :

t/q. =1/kq.” +1/q..t

®)

(6)

ge: The adsorption capacity (q..: The theoretical adsorp-
tion capacity; (ey,: The experimental adsorption ca-
pacity), k;: rate constant of pseudo-first-order kinetic
model, k,: rate constant of pseudo-second-order kinetic
model.
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2.6 Electrochemical Measurements

Cyclic voltammetry (CV) measurements were performed
during all studies. 1 mL of the sample obtained after the
biosorption process was transferred into an electrochem-
ical cell containing 1 mL 50 mM phosphate buffer solution
(PBS; pH7.40). The potential range was between
+0.50 V to +1.20 V with the scan rate as 50 mVs™ for all
CV measurements. Before the biosorption process, the
oxidation signal of PNL was measured at +1.020V,
+0.690 V, and +0.680 V at pH 1.00, 3.00, and 5.00,
respectively. After the biosorption process, the oxidation
signal of PNL was measured at +1.030 V, +0.800 V, and
+0.800 V at pH=1.00, 3.00, and 5.00, respectively.

2.7 FTIR and SEM Analyzes

In order to investigate the changes on the surface of
biosorbent after PNL biosorption, Fourier Transform
Infrared Spectroscopy (FTIR), Scanning Electron Micro-
scope (SEM), and Energy-dispersive X-ray spectroscopy
(EDX) analyzes were done with Agilent Technologies
Cary 630 FTIR spectrophotometer and Leo 440 Com-
puter Controlled Digital System, respectively. For all
SEM and FTIR measurements, 1g/L. biosorbent and
15 yg/mL. PNL were used. The biosorption process was
done at pH 1.00 and 25°C for 360 min. Then the samples
were filtered, washed with distilled water, and allowed to
dry overnight. The dried biosorbents (before and after
biosorption) were powdered (blended with dry spectro-
scopic grade powders) and, then pressed into small disks
for FTIR measurements. Samples were scanned at the
scan range of 400-4000 cm'. SEM analyzes were per-
formed at magnifications ranging from 500x to 5000x and
the acceleration potential was 10 kV.

3 Results and Discussion

3.1 The Effect of pH and Shaking onto the Biosorption
Process

The effects of pH and shaking were examined at pH 1.00,
3.00, and 5.00 in the presence of 50 ug/mL PNL for
24 hours (Figure 1 and Figure S2). The average PNL
signals and the estimated B% values were given in
Table S1. Maximum PNL removal could be obtained at
pH 1.00 and shaking conditions (Figure 2A, a to b and
Figure S2A, b to c¢) as 53.07%. Further studies were
performed at pH 1.00 and shaking conditions.

3.2 The Effect of PNL Concentration onto the
Biosorption Process

The effect of PNL concentration upon the biosorption
process was examined at the concentration level of PNL
ranging from 5 to 100 ug/mL (Figure S3). Before the
biosorption process, the average PNL oxidation signal
was measured as 1.26 (Figure S3A, a) and 3.16 pA (Fig-
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Fig. 1. Histograms representing the average PNL signals (n=3)
obtained before (a) and after (b) the biosorption process
performed at shaking (A) or static (B) conditions and different
pH values ranging from 1.00 to 5.00. (Initial PNL concentration:
50 pg/mL; T: 25°C, Contact time: 24 h).
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Fig. 2. Histograms representing the average removal% values of
PNL obtained after 15 (a), 30 (b), 45 (¢), 60 (d), 90 (e), 120 (f),
240 (g), 360 (h), 480 (i) min and 24 h (j) biosorption. Inset is the
voltammograms representing biosorbent control (a), PNL oxida-
tion signal before (b) and after (c¢) 360 min biosorption. (Initial
PNL concentration: 15 ug/mL; pH=1.00, T: 25°C).

Removal% of PNL

ure S3A, b) with the relative standard deviation values %
(RSD%) as 13.70% and 7.00% at 5 and 10 yg/mL
concentration level of PNL, respectively. No PNL signal
was observed after the biosorption of 5 and 10 pg/mL
PNL which meant that the removal of PNL was success-
fully achieved at the low concentration level of PNL. B%
values were calculated as 88.77 %, 64.68%, 66.94 %,
50.70 %, 51.28 % and 47.94 % at 15, 20, 25, 50, 75 and
100 pg/mL concentration level of PNL, respectively. As it
can be seen, the PNL oxidation signal increased during
the concentration of PNL increased and no saturation
could be observed at the PNL signal. Therefore, the
lowest concentration level of PNL allowed the monitoring
of the PNL signal after the biosorption process was
chosen and 15 pg/mL PNL was used for further studies.
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3.3 The Effect of Temperature onto the Biosorption
Process

To examine the effect of temperature on PNL removal by
waste biosorbent, the experiments were performed at 5,
25, and 50°C (Figure S4). Before the biosorption at 5, 25,
and 50°C (Figure S4A, a to c), the average PNL signals
were found to be 7.27, 5.22, and 6.98 pA with the RSD%
values as 3.06 %, 13.57 %, and 10.81 %, respectively (n=
3). After the biosorption at 5, 25, and 50°C (Figure S4B a’
to ¢’), B% values were estimated as 56.39 %, 88.77 %, and
75.28 %, respectively. 25°C was chosen as optimum for
the biosorption due to the highest removal of PNL could
be observed at this temperature level.

3.4 The Effect of Contact Time onto the Biosorption
Process

The biosorption process was performed during different
contact times from 15 min to 24 h in order to investigate
the effect of contact time upon the sensor response.
Figure 2 represents the average B % values obtained using
different contact times. The average B% value increased
till 360 min contact time (Figure 2h) and almost no change
at the average B% value was observed at higher contact
time. The average PNL signals were measured as 4.53 and
0.52 uA (RSD% values as 6.90% and 8.10%, n=3)
before and after 360 min biosorption, respectively. PNL
removal was calculated as 88.42 % (Figure 2, inset, b to c)
after 360 min biosorption, and next studies were done
during this contact time.

Sihem et al. [28] reported that the adsorbent obtained
from the local cereal by-products removed 70 % of PNL
by 2hours maximally. Before investigating the PNL
removal performance of the waste solid material they
applied a pretreatment process for preparing adsorbent
(calcined at 600°C), which was both energy and time
consuming, and reached 70 % PNL removal performance.
In the current study, the bio-based solid waste was used
directly (without any pre-treatment process) and achieved
82.42 % PNL removal rate.

3.5 Electrochemical Investigation of the Biosorption in
Real Samples

In order to show the applicability of the sensor system
into real sample analysis, the biosorption process was
performed into tap water, drinking water, and wastewater
samples under optimum conditions, then the biosorption
process was monitored by the voltammetric sensor system
(Figures 3, S5). The average PNL signals and the B%
values were calculated as 74.46 %, 73.58 %, and 72.06 % in
drinking water, tap water, and wastewater samples.
Although a small decrease at the B% value was observed
in the real samples, these results showed that the
biosorption process of PNL could be successfully moni-
tored by using the voltammetric sensor.
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Fig. 3. The average PNL signals obtained before (a) and after (b)
the biosorption in the presence of ultrapure water (A), drinking
water (B), tap water (C) and wastewater (D) (n=3).

The effect of the presence of other phenolic com-
pounds on the biosorption process was tested by using the
developed voltammetric sensor system (Figure 4). For this
purpose, the biosorption of PNL was performed in the
presence of the mixture of 15 pg/mL: 15 pg/mL PNL:PRL,
PNL:2,4-D, and PNL:DFC. There were oxidation signals
coming from 15 pg/mL PRL and 15 ug/mL DFC measured
at +0.66 V (Figure S6-a) and +0.83V (Figure S6-c),
respectively and 2,4-D did not give any oxidation signal
(Figure S6-b). The oxidation signals of PRL and DFC did
not overlap with the PNL signal (Figure S7). Therefore,
decreases at the PNL signal obtained before/after the
biosorption process were evaluated in the presence of the
interference factors. The B% values were calculated as
82.27 %, 82.01 %, 80.28 % and 87.12 % in the presence of
15 ug/mL. PNL or 15pg/mL:15pg/mL PNL:PRL,
PNL:24-D, and PNL:DFC, respectively (Table S3). It
could be concluded that the presence of the interference
factors did not affect the biosorption process and the
electrochemical monitoring of the PNL biosorption by
using disposable PGEs.

Current / pJA

Fig. 4. The average PNL signals obtained before (a) and after (b)
the biosorption process occurred in the presence of 15 ug/mL
PNL (A) or 15 pug/mL:15 pg/mL PNL:PRL (B), PNL:2,4-D (C)
and PNL:DFC (D) (n=3).
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Within the scope of the present manuscript, an
innovative electrochemical approach was introduced into
the biosorption area for the first time. This electro-
chemical system has crucial properties such as being an
eco-friendly, time-saver, practical, and having the on-line
measurement capability that makes it preferable to the
other analytical tools. The usage of factory waste for the
biosorption process allowed to design of sustainable and
recyclable monitoring systems. The PNL removal was
achieved at room temperature without any chemical
treatment that required minimum investment cost for
future scale-up studies. The use of PGE for the monitor-
ing of the PNL removal provided to fabricate a practical,
cheap, and accessible detection platform. It should be
emphasized that the use of PGE did not require any
electrochemical or chemical pretreatment or activation
step, it was bought from the local market and used for
electrochemical measurements by just dipping the meas-
urement solution. Moreover, each electrochemical meas-
urement was completed in just 40s by using the CV
technique. All experiments were performed at 15 pg/mL
concentration level of PNL which was quite higher than
the one reported by the European Union as acceptable
PNL concentration level in drinking water [29]. In
addition to all advantages said above, reproducible sensor
response was obtained by using single-use PGE-based
electrochemical sensor system which is the another crucial
property for the development of a (bio)sensor system.

Although there have been numerous reports in the
state-of-art about PNL removal by the biosorption
process [30-34], there is no report in the literature about
the integration of disposable electrochemical sensor
systems into the biosorption area. It is expected that this
study will lead to the design of novel detection routes for
PNL biomonitoring into contaminated water samples.
Since environmental pollution has been increasing day-
by-day and phenolic compounds have been a big part of
the pollutants, there are a tremendous number of reports
for electrochemical detection of PNL and phenolic
compounds [35-41]. This study will bring a new perspec-
tive into the electrochemical biomonitoring area whose
applications are focused on the recognition of PNL or
phenolic compounds.

3.6 Biosorption Isotherms

Biosorption isotherms were calculated with a biosorbent
which was the most efficient biosorbent and given in
Table 1. The correlation values of Langmuir and Freund-
lich isotherms were calculated as 0.975 and 0.977 for the
biosorption of PNL on waste biosorbent, respectively.
Similarly the PNL removal efficiencies of wastes-Rice mill
residue (RM), Wheat mill reside (WM), Dall mill residue
(DM), and the Banana peels (BM) were investigated and
the PNL biosorption was suitable with the Freundlich
isotherm model for all solid wastes and the maximum
PNL removal capacity was found to be 6.189 mg/g [42].
Due to the highest correlation value, the Freundlich
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Table 1. Langmuir and Freundlich constants for PNL biosorption by waste biosorbent (q,,: the maximum capacity of adsorption; K, : Langmuir

isotherm constant; K;: Freundlich isotherm constant).

Langmuir Freundlich
G max KL Rz KF 1/m I{2
mg/g) (L/mg) (L/mg)

Waste biosorbent 9.52 1.06 0.975 36.198 0.964 0.977

isotherm model is suited with the biosorption of PNL on
the biosorbent (Table 1). This result showed that the PNL
biosorption onto waste biosorbent was a heterogeneous
process [43].

3.7 Biosorption Kinetics

The correlation of the pseudo-first-order model was 0.962
and the experimental q. ., (33.70 mg/g) value was not
near the calculated q., (13.97 mg/g). For the pseudo-
second-order model, the correlation was higher than the
correlation for the pseudo-first-order 0.977 and the
experimental g, (33.70 mg/g) and calculated q. (33.33 mg/
g) values were very close, so the PNL biosorption on the
waste biosorbent was suitable with the pseudo-second-
order kinetic model (Table 2). Recently, Kumar et al. [44]
showed that the adsorption of PNL compounds by waste
fruit shell originated adsorbent was compatible with the
pseudo-second-order kinetic model. The results of the
kinetic model calculations of the current paper were fitted
with the recent literature results.

3.8 FTIR Analysis

In order to have more information about the PNL
biosorption properties of waste biosorbent, the PNL
treated and untreated biosorbent samples were analyzed
with FTIR and the FTIR spectra of waste biosorbent
before and after biosorption were given in Figure S8-a
and b, respectively. When the FTIR spectra of biosorbent
before (Figure S8a) and after (Figure S8b) biosorption of
PNL were examined, after PNL treatment the new peak
at 889.89 cm™' appeared. Khaskheli et al. [45] stated that
the new peak formation at FTIR spectra of lemon peel
after metal adsorption is revealed to oxygen metal bond.
Also recently, Zhuang et al. [46] the band observed at
896 cm™! in the spectrum of biomass indicated the C—-O—C
stretching due to the cellulose. The major differentiation
of FTIR spectra of PNL unloaded (Figure S8a) and
loaded (Figure S8b) biosorbent occurred between 1000
and 1200 cm™ regions. The peak at 1012.51 cm™ shifted

to 1016.16 cm™ and the new peak formations were
observed at 1101.34 and 1147.97 cm™. In general, the
characteristic peaks of phenols appeared at the region
between 1000 and 1200 cm™ in FTIR analysis [47]. The
significant and major shifts were assumed as indicative of
the interaction between PNL and the functional groups of
the biosorbent surface. Previously, Arslanoglu et al. [48]
reported that the peaks at 1000-1200 cm ' region related
to the characteristic cellulose peaks in the FTIR spectra
of lemon peel. According to this information, the shift of
the peak at 1012.5 to 1016.16 observed in the FTIR
spectrum of the biosorbent after PNL treatment indicates
that some groups in the cellulose interact with PNL.
Khaskheli et al. [45] used orange peel (structurally similar
to lemon peel) as a biosorbent, stated that the peak
shifting from 101121 cm™ to 1016 cm™ in the FTIR
spectrum after biosorption indicates C—O bonding. Re-
cently, Zhuang et al. [46] reported that the FTIR band at
1160 cm ™' represents the C—O-C stretching of cellulose
found on the surface of biomass. The peak observed at
1437.29 shifted to 1441.74 cm-1 after PNL biosorption.
The peak at 1440 assigned (C—C) aromatic (conjugated
with C=C) related with phenolic compounds [49]. Berezin
etal. [50] reported that the FTIR band at 1630 cm™
related to the vibrations of C=C bonds of the conjugated
carbon rings. In addition to this, the peak at 1650 cm™
observed in the FTIR spectrum of lemon peel indicates
the C—O stretching vibration of carboxylic acids related to
the carboxyl groups of cellulose [50]. In the FTIR results
of this study, the peak at 1611.03 cm™' of PNL unloaded
biosorbent shifted to 1628.23 cm™ of PNL loaded bio-
sorbent (Figure S8). The change at FTIR bands may cause
by the interactions between PNL and the functional
groups at the surface of the biosorbent due to the present
carbon rings on the surface. The peak appeared at
1611.03 cm™! shifted to 1628.23 cm™' after PNL sorption,
indicated the involvement of v (C=C) Phenolic acid
formation in the biosorption process [49]. The bands at
the 2800-3000 cm™' region indicated the stretching of
C—H bonds in the saturated carbon rings of polysacchar-
ides [50]. According to the results of FTIR analysis, the

Table 2. Kinetic parameters for the biosorption of PNL onto waste biosorbent (q...: The theoretical adsorption capacity; qe.,: The experimental
adsorption capacity; k,: rate constant of the pseudo-first-order kinetic model, k,: rate constant of the pseudo-second-order kinetic model).

Pseudo-first-order model
qeca qe exp kl

Pseudo-second-order model
RZ qeca qe exp k2 RZ

Waste biosorbent 13.97 33.70 0.6909x 1073

0.962 33.33 33.70 1424.44 0.976
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major difference at FTIR peaks was observed at 2800—
3000 cm™ region (Figure S8). When all the previously
mentioned literature information and the FTIR results
obtained from this study are examined; During biosorp-
tion, the phenomenon that PNL interacts with the
C—O—-C functional groups in the cellulose part of the
lemon peel forming the biosorbent has been confirmed.

3.9 SEM and EDX Analyzes

Before and after PNL biosorption analyzes, biosorbent
characterization was performed by SEM technique (Fig-
ure 5) [51-54]. In Figure 5-A, the porous structure of the
biosorbent was seen in the images obtained from all
magnifications. This porous structure may be attributed to
the organic structure of the biosorbent [55]. After PNL
biosorption (Figure 5-B), the angular and recessed-pro-
truding structure of the biosorbent turned into more
fibrous and soft lines. The elemental concentrations of
oxygen and carbon atoms obtained by EDX analysis were
represented in Table 3. Weight% of carbon atom de-

ELECTROANALYSIS

creased after PNL adsorption while weight % of oxygen
atom increased after PNL adsorption. SEM and EDX
results confirmed the FTIR results and showed carbon
and oxygen atoms had a role in the biosorption process.
All results showed that PNL removal can be successfully
performed by using the waste biosorbent.

4 Conclusion

Herein, an electrochemical sensor system for monitoring
the PNL removal was reported for the first time in the
literature. First, the PNL removal was done by using a
factory waste biosorbent, then the electrochemical detec-
tion of the PNL from the samples obtained before/after
the biosorption process was performed. The changes at
the oxidation signal of PNL were evaluated for the
evaluation of the biosorption. Effective binding of the
PNL molecules on the biosorbent was monitored using
SEM and FTIR techniques. PGE based design of the
voltammetric sensor system provided to fabricate a low
cost, practical, time saver, and eco-friendly analytical tool,

Fig. 5. SEM images of the biosorbent before (A) and after (B) biosorption performed in the presence of 15 pg/mL PNL during 360 min
at pH=1.00 and 25°C. Magnifications of SEM analyzes are 500x (a), 2000x (b) and 5000x (c). The acceleration potential is 10 kV.

Table 3. The elemental composition (%) of carbon and oxygen atoms of the biosorbent obtained before and after the biosorption process at
optimal conditions (PNL Concentration: 15 pg/mL; contact time: 360 min.; pH: 1.00 and temperature: 25 °C).

Biosorbent Carbon Oxygen Total

(Wt.%) (at.%) (wt.%) (at.%) (Wt.%) (at.%)
Before biosorption 53.22 60.25 46.78 39.75 100 100
After biosorption 47.38 54.53 52.62 45.47 100 100
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and the PNL removal was performed with a minimum
environmental burden as well as the development of the
monitoring system. This study will lead to fabricate new
miniaturized detection platforms that have a great
capacity for online measurements without the necessity of
the application of complex experimental procedures.
Also, this study has a big potential for being an origin for
the development of novel electrochemical (bio)sensor
platforms that will aim to monitor different types of
environmental pollutants.
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