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Abstract

The incineration of plastics and biomass is an efficient alternative to reduce the amount
of solid waste and is also beneficial for energy production. Soot is one of the main byproducts
generated during solid waste incineration, and so far, it has been treated as a pollutant.
However, soot is an interesting nanostructured material displaying high specific surface area
and chemical reactivity. In this work, soot produced by incomplete burning of plastic materials
was combined with polymer nanofibers resulting in a multifunctional membrane explored for
pollutant adsorption, sensing of organic pollutants, and in the electrogeneration of hydrogen
peroxide. Specifically, soot was immobilized onto polyamide 6 nanofibrous membranes (NFM)
produced by solution blow spinning following two different approaches: pre-synthesis and
post-synthesis modification, and then the effect of soot chemical activation with NaOH was
investigated. The adsorption tests showed that the chemical activation was essential to increase
efficiency by improving its hydrophilicity and generation of adsorption sites. The experimental
and calculated batch adsorption efficiency towards methylene blue was 94.33 mg/g and 37.71
mg/g, respectively. The adsorption efficiency in the fixed bed was 8.00 mg/g. The functional
NFMs maintained their efficiency for at least ten adsorption cycles, increasing their economic
viability. Furthermore, the NFMs were applied as flexible and free-standing electrodes for
detecting methylene blue with a limit of detection of 2.4 nmol/L. The average per-electrode
cost was estimated to be US$0.04. Finally, the NFM also demonstrated the ability to generate
H>Oz in situ. Altogether, these results suggest that the immobilization of soot onto nanofibrous
membranes is an efficient strategy for developing multifunctional and sustainable materials

towards environmental applications.

Keywords: sustainability, adsorption, sensor, hydrogen peroxide generation, soot, nanofibers.
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1. Introduction

Multifunctional platforms have gained significant attention in recent years due to their
versatility and ability to perform multiple tasks simultaneously (Yuan et al., 2020). In
particular, multifunctional platforms that can remove and sense pollutants from water are
important in a scenario of population growth combined with higher levels of consumption of
natural resources have compromised global sustainability (Wang et al., 2022). Consequently,
there is a need to develop novel technologies based on abundant, cheap, and sustainable
resources (Neolaka et al., 2023b; Quina et al., 2018). Soot (Du and Li, 2019) is an example of
such a resource, which production process is characterized by the incomplete burning of
materials as fuels (Long et al., 2013). Soot is considered to be toxic mainly because it can be
related to the development of cancer and cardiovascular disease, and thus, it is important to its
collection at the source of production (Kirrane et al., 2019). Despite these problems, these
materials have tunable and interesting characteristics for developing new technologies. In
addition, the incineration of materials is the most efficient way of reducing inorganic waste,
allowing energy recovery (Yao et al., 2019). The creation of technologies involving carbon is
in accordance with the objectives of reducing the effects of global warming (Yao et al., 2019).

Soot is characterized by being rich in organic carbon in a complex mixture of different
organic compounds, such as polycyclic aromatics hydrocarbons (PAHs), among others, which
tend to agglomerate (Saini et al., 2021). This interaction is influenced by several parameters,
including particle size, molecular weight, vapor pressure, and the solvent (Long et al., 2013;
Michelsen, 2017; Saini et al., 2021). The physical and chemical properties of soot depend on
the raw material and the carbonization conditions that will influence its purity, chemical
structure, and molecular conformation (Michelsen, 2017; Pahalagedara et al., 2012), which in
turn will affect characteristics such as hydrophilicity/hydrophobicity (Shen et al., 2016) and
thermal and electric conductivity (Byamba-Ochir et al., 2016). Furthermore, these
characteristics can be manipulated to achieve specific characteristics for applications in
electronics (Wan et al., 2020), supercapacitors (Wang et al., 2021), batteries (L. Li etal., 2021),
health (Wan et al., 2020), and water treatment (Ali et al., 2019). Among these applications,
purification and detection of pollutants in water are contemporaneously necessary. The
availability of drinking water has decreased due to the increase in demand and pollution. Soot
is used in water treatment through oil and water separation, adsorption (Kumar Sahoo et al.,
2020) process, filtration (Trubetskaya et al., 2019), catalysis (Zhang et al., 2015), and sensing
(Sabri et al., 2018) of pollutants. Adsorption process is particularly interesting to remove
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resistant organic pollutants due to its easy operation, versatility, low energy consumption and
low cost (Neolaka et al., 2023a). In this process, the high surface area is a desired characteristic.
Often these applications are carried out with pure soot (Kumar Sahoo et al., 2020). Thus, the
immobilization of soot in nanofibers is an interesting, but yet little-explored alternative (Saini
etal., 2021).

Among nanofibrous carriers, solution blow spun nanofibrous membranes with porous
structures have exhibited significant potential owing to their large surface area, inter-fiber
porosity, small fiber diameters and suitable mechanical strength. These properties ensure
enhanced nanomaterial loading, recycling, and reusability. With this perspective in mind, our
work demonstrates the utilization of soot as an effective modifier for nanofibrous membranes,
leading to the development of cost-effective multifunctional composite materials. Specifically,
polyamide 6 (PA6) nanofibers produced by solution blow spinning (SBS) technique were
modified with soot using two low-cost and scalable approaches: pre- and post-modification.
The modified nanofibers were then chemically activated with NaOH, enabling their
multifunctional application in adsorption and sensing of organic molecules as well as in situ
generation of hydrogen peroxide (H20.), as illustrated in Scheme 1. Notably, the
multifunctional behavior of soot-functionalized nanofibrous membranes has received limited
attention in the literature, making our study a significant contribution to the field. Furthermore,
the use of soot obtained from burning polystyrene for the intended environmental applications

represents a novel and promising approach with distinct advantages.
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Scheme 1: Schematic illustration of the production of a) NFMs made of PA6 and Soot, b)
chemical activation and c) applications in (i) adsorption, (ii) sensing of organic pollutant, and
(iii) hydrogen peroxide electrogeneration.

2. Experimental

Polyamide 6 (PA6) was purchased from Sigma Aldrich. Formic acid and acetone were
acquired from Synth Chemical (Brazil). Dichloromethane and NaOH were purchased from
LSChemicals (Brazil) and Chemical Moderna (Brazil), respectively. The methylene blue (MB)

was purchased from NEON (Brazil). All the chemicals were used as received.

The soot was produced by burning polystyrene waste, which was originally employed
as polystyrene foams to protect household appliances. The soot was collected by an aluminum
plate. The physicochemical characterization of soot is shown in Supplementary Material (Fig.
S1).
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2.1 Preparation of PA6 NFMs by SBS method

First, a solution of PA6 (25% wi/v) in formic acid/dichloromethane (3:2, v/v) was
produced under stirring for 3 h at room temperature (25 °C). The homogeneous solution was
transferred to a 20 mL glass syringe to start the nanofiber production process using the SBS
apparatus. This apparatus consists of an ejector pump (model NE-300, SyringerPump), a source
of compressed air, a concentric nozzle system and a rotating rod collector. The PA6 nanofiber
membrane was obtained using an ejection rate of 5 mL/h, air pressure of 2 bar (200 kPa), a
collector rotation speed of 180 rpm, and a working distance of 30 cm. Nanofibers were
produced at room temperature (25 £ 3 °C) in a relative humidity of 35 + 5 %. After synthesis,
the PA6 membranes were kept in an oven at 50 °C overnight to ensure the evaporation of

residual solvents(Alvarenga et al., 2023; Alvarenga and Correa, 2021).

2.2 Preparation of PA6 NFMs modified with soot

The soot produced by the combustion of polystyrene was used in the modification of
PA6 NFMs following two different approaches: pre-synthesis and post-synthesis modification.
The soot recovery rate was about 1.7% of the mass of the combusted polystyrene.

2.2.1 Pre-synthesis modification

In the pre-synthesis modification, 1% (0.025 g) and 3 % (0.075 g) of soot (in relation
to PAG) was first dispersed in formic acid along with the PAG pellets, and then dichloromethane
was added to the dispersion. The NFM/Soot1% (NFM/S1%) and NFM/So0t3% (NFM/S3%)
were prepared using the same parameters to produce neat PAG6 fibers.

2.2.2 Post-synthesis modification

The post-synthesis modification was carried out by the dip-coating technique. Firstly,
the freshly produced soot was dispersed in acetone by ultrasonic probe sonication (Branson
Digital Sonifier SFX 550, 550 W) with 30% amplitude for 15 min. Subsequently, the PA6
NFMs were dipped into approximately 14 mL of the soot suspension (3 mg/mL). Volumes
smaller than 14 mL did not provide complete coverage of the NFMs. Finally, the membranes

were kept in an oven at 50 °C overnight. This membrane was named NFM@S.

2.2.3 Chemical activation
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The modified NFMs were chemically activated by treatment with 1 mol/L NaOH
solution for 3 h. Then, the NFMs were washed with three baths of Milli-Q water and dried at
50 °C for 24 h. After activation, the membranes were called NFM/S1%-A, NFM/S3%-A, and
NFM@S-A. Table 1 summarizes the samples produced and their acronyms.

Table 1. Abbreviations of the samples produced.

Synthesis method PA6 NFMs modified with soot NFMs modified with soot and
activated with NaOH

NFM pre-modified (soot in PA6 NFM/S1% NFM/S1%-A

solution) NFM/S3% NEM/S3%-A

NFMs  post-modified (dip- NFM@S NFM@S-A

coating)

Abbreviation: NFMs = Nanofibrous membranes; PA6 = Polyamide 6

2.3 Characterization

The specific surface area, pore size and volume of soot were characterized by
Brunauer—-Emmett-Teller (BET) (Micrometrics ASAP-2020). The zeta potential and particle
size of soot in water solution were characterized by a Zetasizer Nano ZS (Malvern

Instruments).

The morphology of soot and NFMs were evaluated by Scanning Electron Microscopy
(SEM) (JEOL JSM-6510) and Field Emission Scanning Electron Microscopy (FE-SEM)
(JSM-6701F JEOL). Energy Dispersive X-Ray Spectroscopy (EDS) (JEOL JSM-6510) was

carried out to evaluate the chemical composition of soot and NFMs.

Fourier transform infrared (FTIR) spectra of NFMs and soot were collected in ATR
mode from 400 to 4000 cm™ using a Bruker Vertex 70 equipment with a total of 32 scans with
a resolution of 4 cm™. The X-ray diffraction (XRD) was performed with a Shimadzu XRD-
6000 diffractometer using 30 kV and 30 mA (Cu Ka radiation).

Thermogravimetric (TGA) analyses of NFMs were carried out using a Q500 TA
instrument. The samples were placed in platinum pans and analyzed under a mixture (40:60)
of nitrogen:air at a flow rate of 10 °C min* from room temperature up to 600 °C.

The tensile tests of NFMs were performed with a DMA Q800 equipment in tension

mode equipped with a thin film clamp. The NFMs with thickness of nearly 0.170 mm were cut
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into regular shapes measuring 6.14 mm wide, and 52 mm length and tensile tests were carried
out in uniaxial tension with ramp of 700 pm min™, preload force of 0.001 N and strain
amplitude of 0.1% at 29 °C.

Contact angle measurements of the NFMs and soot were performed with a goniometer
equipped with a Biolin Scientific Attention Theta Lite dripping 5 pL of ultrapure water on the
NFMs and the angle was calculated by the KSV CAM 2008 software (system CAM 101 model
KSV Instruments).

Point zero charge (PZC) was determined with NaCl solution (10 mL; 0.01 mol/L) with
pH values ranging from 1 to 12. The pH was adjusted using 0.1 mol/L NaOH and 0.1 mol/L
HCI solutions. Then, about 10 mg of NFM/S3%-A and NFM@S-A were immersed in each
solution with a different pH and stirred for 12 hours at 25°C. The pH solution was measured
after removing the NFMs. The PZC value was obtained by plotting the pH values versus the
initial pH (Neolaka et al., 2022).

2.4 Applications

2.4.1 Dye adsorption

Batch and fixed bed adsorption tests were performed to evaluate the adsorption capacity
and kinetics of the membranes. Methylene Blue (MB), a cationic dye widely employed in
textile industries, was chosen as the target molecule for this study due to its remarkable affinity
for adsorption onto solids, ease of monitoring, and the opportunity it provides for meaningful
comparisons with the extensive body of scientific literature available on this subject (Santoso
et al., 2020). The concentrations of the MB solutions were measured using a UV-vis
spectrophotometer (Shimadzu/UV-1900) collecting the absorbance values at 665, which
calibration curve is shown in Fig. S2. Batch adsorption tests were performed in a 25 mL MB
solution using a membrane mass ranging from 5 to 20 mg. Global and relative efficiency were
evaluated according to Eq. S1 and Eq. S2, respectively, as shown in Table S1. Kinetics tests
evaluate the rate of adsorption as a function of time and are important to quantify mass transfer.
The kinetic tests were performed by removing aliquots of the MB solution at regular intervals,
measuring their absorbance immediately, and returning the aliquot to the solution. The results
were evaluated according to the pseudo 1° order (Eg. S1 3 — physisorption predominant)
(Lagergren, 1898) and pseudo 2° order (Eq. S4 — chemisorption predominant) (Blanchard et
al., 1984) models.
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The isothermal tests were carried out by soaking 10 mg of the NFMs in 25 mL of MB
solution (5 to 200 ppm) for about 12 h. The results were evaluated according to Freundlich
(Eq. S5) (Freundlich, 1906) and Langmuir (Eq. S6 and Eq. S7) (Langmuir, 1918) isothermal
models. The equilibrium parameter Langmuir model as calculated with Eq. S7.

Fixed bed adsorption tests are important to evaluate the rate of adsorption in continuous
systems to design systems for real applications (Ye et al., 2019). Here the NFMs were
submitted to filtration tests with 10 mg/L solutions of MB varying the flow rates (1 mL/min).
Total and relative efficiency were calculated using Eq. S8 and Eq. S9, respectively. The results

were evaluated according to the Bohart Adams model (Eq. S10).

The reuse tests were carried out in a fixed bed using ~ 30 mg of NFMs. First, the NFMs
were subjected to 2 ml of MB solution (10 mg/L) at 1 ml/h followed by the passage of 2 ml of

commercial ethanol for desorption.

Theoretical details of the models employed here can be found elsewhere (Bohart and
Adams, 1920; Bonilla-Petriciolet et al., 2017; Chu, 2020; Lagergren, 1898; Langmuir, 1918;
Tran et al., 2017; Yuh-Shan, 1995). The equations are presented in the supplementary file.

2.4.2 Dye detection

The NFMs were used as sensing electrodes in electrical impedance measurements. The
nanofibers were cut in dimensions of 1 cm % 2 cm and used to evaluate MB solutions at
different concentrations, ranging from 10 nmol/L to 10 mmol/L. The electrical impedance
measurements were performed using a Solartron impedance analyzer (1260A), which data
were collected in the frequency range from 10 MHz to 1 Hz. Measurements were carried out
in triplicate by dropping 0.7 pL of MB solution onto the membrane and the electrical resistance
values extracted from the real part of impedance data were treated by multidimensional

projection techniques using the PEx-Sensors software (Paulovich et al., 2007).

2.4.3 H20; electro-generation

The electrochemical measurements of NFMs were conducted using linear sweep
voltammetry (LSV) and cyclic voltammetry (CV) using potentiostat/galvanostat (Metrohm
Autolab PGSTAT-128N). The membrane (exposed area of 20 cm?) was coupled to the bottom
of a one-compartment three-electrode cell (Barros et al., 2013) to act as a gas diffusion

electrode (GDE) (cathode or working electrode) and a platinized titanium was used as anode

10
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(or counter electrode), and Ag/AgCI (3 mol/L KCI) as the reference electrode. The LSV was
performed at a scan rate of 10 mV/s and potential interval of 0 to -2.0 V and the CV at a scan
rate of 50 mV/s and potential interval of -1to -1.2 V. The electrolyte used was 0.1 mol/L K>SO4
solution (pH ~near neutral without adjustment). To evaluate the feasibility of the membrane in
the H,O: electrogeneration, a current density of 25 mA/cm? was applied during 90 min
electrolysis (same system and electrolyte used in the electrochemical characterization). A
continuous flow of Oz was continuously injected into the electrolyte from the bottom of the
electrochemical cell at a flow rate of 50 mL/min during all measurements. All the experiments
were performed using 100 mL of 0.1 mol/L K2SO4 under mechanical stirring at 20 °C by using

a thermostatic bath.

The peroxymolybdate method was used to quantify the H2O, accumulated in the
system. Thus, 0.5 mL aliquots of the electrolyte were collected at different electrolysis times
and mixed with 4 mL of a solution of (NH4)sM07024 (2.4x10° mol/L) in H2SO4 (0.5 mol/L),
which allows the detection of the absorbance at 350 nm. A Shimadzu UV-1900 UV-Vis

spectrometer was used for the measurements (Forti et al., 2007).

2.5 Cost estimation

The production process of the NFMs was mapped for cost estimation according to life-
cycle cost analysis (Pryce et al., 2022). Energy and raw materials costs were used as input to
the analysis. Logistics, storage, infrastructure, equipment, and disposal costs were disregarded
in the cost analysis. The cost analysis is presented in the supplementary file (Figures S3 and
S4, and Tables S2 and S3).

3. Results and discussion

3.1 Characterization of NFMs modified with soot

The morphology of the NFMs was evaluated by SEM images, shown in Fig. 1 and Fig.
S5. The NFM/S3% and NFM@S images were taken at different magnifications to show the
morphological details of the soot after the pre- and post-synthesis immobilizations process. It
can be noted that different immobilization methods led to different soot morphologies. The
NFM/S3% (Fig. 1a) have regions where the soot can be seen as a veil, similar to that observed
in graphene structure (Kumar Sahoo et al., 2020). The NFM@S (Fig. 1b) shows a greater

11
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amount of soot agglomerated on the nanofiber’s surface, which appears to be entirely coated
by the soot. After the chemical activation, no significant morphological changes in NFM/S3%-
A (Fig. 1c) were observed. On the other hand, the NFM@S-A (Fig. 1d) after activation has a
more discontinuous surface, with some pores in the coating. In stability tests by immersion
under agitation and under water flow in a fixed bed, the NFMs remained stable without
releasing soot. The SEM image of the NFM/S1% reveals that the soot is not evident at the
surface of the nanofibers, which may indicate its presence in the fiber bulk (Fig. S6). Tensile
testing revealed that NFM@S exhibited higher tensile strength compared to other NFMs.
Nevertheless, this performance was influenced by the activation process. Notably, NFM/S3%
did not experience a reduction in tensile strength post-activation. A more detailed discussion
is addressed in the supplementary materials (Fig. S7 and Fig. S8). XRD analysis shows that
the soot remains amorphous in the nanofibers (Fig. S9). TGA analysis (Fig. S10) shown the
NFM/S1%, NFM/S3% and NFM@S have about 10%, 15% and 40% soot in their composition.

Contact angle measurements were performed to assess the interaction of NFMs with
water. NFM/S1% and NFM/S3% present similar contact angle behaviors, with an initial angle
of 123° (detail in Fig. 1a), which is decreased to 0° in 2 min. The NFM@S showed hydrophobic
behavior with a constant contact angle at 141° (Fig. 1b) (Singh et al., 2019). After activation
with NaOH, NFM/S3%-A exhibited an angle of 0° after 20 seconds (details in Fig. 1c). The
NFM@S-A presented a dubious behavior (Fig. 1d). There were regions where the contact angle
changed to 0° in about 20 seconds and there were tests where the angle stabilized around 70°.
The increase in the hydrophilicity of the NFMs may be due to the oxygenation of the soot,
improving its interaction with water (Alvarenga et al., 2023; Zhao et al., 2016). Specifically,
for the NFM@S-A, their dubious behavior may indicate that the chemical activation that acts

superficially on the soot agglomerates was not homogeneous throughout the NFM surface.

12
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Figure 1. SEM images of a) pre-modified NFM/S3%, b) post-modified NFM@S, c)
NFM/S3%-A activated, d) NFM@S-A activated and detail of the contact angles of the
respective NFMs.

The FTIR of the NFMs is shown in Fig S11. The presence of soot in NFMs was not so
evident by FTIR. After activation, it is possible to observe the appearance of a peak at 850 cm”
1 which is representative of anhydrides, suggesting that activation promotes soot oxidation
(Alvarenga et al., 2023; Zhao et al., 2016). The surface chemical properties of NFMs before
and after activation were investigated by XPS and are displayed in Table 3. NFMs/S3% showed
a higher oxygenation level, which is attributed to the oxygen present in the PA6 molecule,
since soot coverage is not complete, as seen in Fig. 1a and c. On the other hand, the NFMs@$S
presented a greater soot coating, which may explain a lower surface oxygenation level.
Chemical activation led to the surface oxygenation of both NFMs as expected (Byamba-Ochir
et al., 2016; Zhao et al., 2016).

Table 3. XPS NFMs analysis before and after chemical activation.

C% Cc=C C-C 0% total C-O Cc=0 0-C=0

13
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total

NFM/S3% 71.43 28.29 71.71 28.57 27.29 56.06 16.65
NFM/S3%-A 56.79 26.37 73.63 43.21 29.55 54.96 15.52
NFM@S 86.20 48.83 51.17 13.79 49.55 38.51 11.94
NFM@S-A 75.68 45.10 54.90 24.32 10.58 78.82 10.60

Raman analyzes were performed to compare the proportion of sp? (corresponding to G
band at 1580 cm™) and sp® (corresponding to D band at 1340 cm™) binding on the surface of
the NFMs. The NFM/S3% presents a higher proportion of sp2-hybridized carbon as observed
in Fig. 2a (Pahalagedara et al., 2012; Yan et al., 2019). After activation (Fig. 2b,c) a peak
intensity inversion between the G and D bands was observed, indicating a decrease in the
number of double bonds between carbons (Byamba-Ochir et al., 2016). This fact can be
explained by the soot oxidation during the chemical activation, as observed in other works
(Byamba-Ochir et al., 2016; Pahalagedara et al., 2012; Yan et al., 2019) and corroborated by
the XPS analysis. It was not possible to measure the NFM@S sample signal due to the high
degree of luminescence coming from PHASs on this surface. NFM@S-A showed a higher
proportion of sp2-hybridized carbon even after activation. This fact can be explained by the
high degree of soot crystallinity organized in layers forming a sphere, as observed in Fig. S1b
(He et al., 2021; Michelsen, 2017; Saini et al., 2021; Sirignano et al., 2016).
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Figure 2. Raman analysis of a) NFM/3%, b) NFM/3%-A and NFM@S-A.

3.3 Applications of NFMs

3.3.1 Adsorption and filtration studies using NFMs with soot
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The MB adsorption efficiencies of the NFMs were evaluated in batch and fixed bed.
Preliminary tests were performed with ~10 mg of NFMs in 25 mL of 10 mg/L MB solutions
for 12 hours. The activation increased the relative efficiency of adsorption from 0.63 (7.4 %)
and 1.74 mg/g (20.4%) to 6.83 (41.4%) and 13.92 mg/g (83.4%) for NFM/S1%-A and
NFM/S3%-A, respectively. NFM@S did not present adsorption capacity due to its
hydrophobic behavior. After activation, NFM@S-A showed an adsorption capacity of 8.53
mg/g (49.0%). This efficiency gain is attributed to the oxygenation of carbonic structures,
which can enhance the interaction with water and MB cationic dye (Alvarenga et al., 2023).

The adsorption kinetics of NFM/S3%-A and NFM@S-A were also evaluated. In Fig.
3a, all NFMs show rapid adsorption up to 100 min followed by a drop in the adsorption rate.
The best correlation with the pseudo 2° order model in both NFMs indicates that chemisorption
is the predominant factor in adsorption (Table S4). The adsorption kinetics influences the fixed

bed adsorption efficiency (Alvarenga et al., 2023; Alvarenga and Correa, 2021).

Fig. 3b and 3c shows the adsorption efficiencies of NFM/S3%-A and NFM@S-A at
different initial MB concentrations, respectively. Removal efficiency decreased with
increasing MB solution concentration due to depletion of adsorption sites. The maximum
experimental capacities of NFM/S3%-A and NFM@S-A were found to be 94.33 mg/g and
74.91 mg/g, respectively. However, isothermal tests revealed significant variation in relative
efficiencies. This phenomenon can be attributed to non-homogeneous activation resulting from
soot agglomeration and its inherent hydrophobic behavior. The maximum efficiencies
calculated for NFM/S3%-A and NFM@S-A were 37.71 mg/g and 36.38 mg/g, respectively.
Relative efficiency (qge) decreased at concentration above 200 mg/L, suggesting a stronger
interaction between MB molecules at high concentrations solutions rather than between MB
and adsorption sites (Bonilla-Petriciolet et al., 2017). Fig. 3d, Fig. 3e and Fig S12 illustrate the
values obtained from experimental tests. The higher relative efficiency of NFM/S3%-A
compared to NFM@S-A can be attributed to the increased exposure of adsorption sites,
resulting from reduced soot agglomeration (which would otherwise block the sites) and
enhanced hydrophilicity (Fig. 1). NFMs without chemical activation exhibited inferior
adsorption performance. For instance, NFM@S demonstrated negligible adsorption capacity
due to its hydrophobic nature, while NFM/S3% exhibited a relative efficiency of only 12.11
mg/g (g max: 12.17 mg/g). These performance discrepancies can be attributed to the changes
in hydrophilicity induced by NFM activation and soot oxidation, as supported by contact angle

and XPS analyses. Nevertheless, further research on improved dispersion and chemical
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activation methods for achieving a more homogeneous soot distribution is warranted to

enhance its pollutant adsorption performance.

Table S5 also compares the adsorption efficiencies of the NFMs developed here with
other works that employ soot as an adsorbent of MB. It is worth mentioning that pure PA6
NFMs do not present any adsorption capacity, corroborating that the soot contained onto the
NFMs is responsible for the membranes’ adsorption capability. Despite this, the mass of PA6
was not disregarded in the efficiency calculations, as it is important as a soot immobilization
matrix. In other works reported in the literature, soot was used immobilized on micrometric
surfaces (Nwafor et al., 2021; Pratap Singh and Vaish, 2020) or as a free material (Singh and
Vaish, 2020; Wang et al., 2008), which can lead to agglomeration and loss of efficiency. Our
results indicate that soot can be immobilized by the pre synthesis method on nano-sized
surfaces, increasing its exposed surface area and thus enhancing the adsorption efficiency.
Despite this, controlling soot agglomeration is still a challenge that, when overcome, can bring
greater gains in adsorption efficiency. In addition, the immobilization on the NFM’s surface
allowed the chemical activation in water to occur efficiently, which was not possible with
isolated soot due to its high hydrophobicity. Investigations in the chemical manipulation of

immobilized soot can also bring performance gains.

a) b0 )100
144
P el 80 { 80
12 -
—_ ;‘E‘ =
o 1 < 60 £ 60+
o | 4 e . g &
E > 7 5 s I
P £ a0 2 a0q
s} 6 w w
L] NFMW/S3%-A
4 " NFM@S-A 204 20
= = - Pssudo 1° order
2 — — - Pseudo 1° order
——— Pseudo 2° order
——— Pseudo 2° order 0 0
a T T T T T T T 25 50 100 150 10 25 50 100 150 200
0 00 200 300 400 800 G0 700 600 Initial concentration (mg/L) Initial concentration (mg/L)
Time (min)
100 100 1,04
d) = Qe e) = Qe . f}
Freundlich Freundlich
Langmuir Langmuir
80+ 80— 0,84
= L]
.
—_ _
O 60 " D604 " 0.6
2 - 2l :
[&]
- an" - L T | B
8 404 /J/——’, 8 40 - 0.4
I s "1 " ] . - ] 4 885mg
= L T . L . NFM/S3%-A ® 18,27 mg
w0 = 204" = - . 0.2 @ 2294mg
. e A 787mg
i ' NFM@S-A = 17,73 mg
. @ 24,02mg
0 T . T . T . T 0 T T T 0.0 : : : .
0 100 200 300 400 0 100 200 300 400 0 10 20 30 40
Ce (mg/L) Ce (mg/L) Volume (mL)

12 - 100 i) 100
9) 1] @ NEwsIWA - h) -®- NFMWS3%-A i) e
®  NFM@SA -m- NFM@S-A m — "o

e oH e 80

Final pH
Efficiency (%)

o 1 2 3 4 5 [ 7 8 9 0 " 12 4 6 8 10 12 NFM/S3%-A NFM@S-A
Initial pH pH Samples

16



419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451

Figure 3. a) Adsorption kinetics of NFM/S3%-A and NFM@S-A. Efficiency of b) NFM/S3%-
A and ¢) NFM@S-A at different initial concentrations of the MB solution. Adsorption
isotherms of d) NFM/S3%-A and e) NFM@S-A. f) fixed bed adsorption of NFMs, g) PZC, h)
adsorption efficiency of MB at different pH and i) adsorption of MO as interferent.

Fixed bed tests were performed with NFM@S-A and NFM/S3%-A to evaluate the
performance of membranes in continuous filtration systems, which results are shown in Fig.
3f. Larger NFM masses led to larger breakthrough volumes due to the increase in available
adsorption area. The pre-modified membranes performed better in the same way in the batch
adsorption tests. The NFM/S3%-A with masses of 8.85 mg, 18.27 mg, and 22.94 mg yielded
relative efficiencies of 2.90 mg/g, 4.14 mg/g, and 8.00 mg/g, respectively. The NFM@S-A
with masses of 7.87 mg, 17.73 mg, and 24.02 mg yielded relative efficiencies of 1.47 mg/g,
1.77 mg/g, and 2.15 mg/g, respectively. The drop in relative efficiency between batch
adsorption and fixed bed adsorption tests is explained by the shorter residence time of the
solution in the adsorption system (Alvarenga and Correa, 2021; Jiang et al., 2020; Zhao et al.,
2019). Besides, the decrease in efficiency of each NFMs in relation to the NFM mass decrease
is explained by the greater possibility of the solution finding preferential flow channels in
thinner NFMs.

The PZC value of NFM/S3%-A and NFM@S-A were identified in pH ranging 1 to 5
(Fig. 3g). This means that the adsorption of cations will be facilitated above this pH. To verify
the influence of pH on MB adsorption, 10 mg of NFMs were added to 25 mL of MB solution
(10mg/L) at different pH (2, 4, 6, 7, 8, 10 and 12) (Fig. 3h). As expected, solutions with a pH
below PZC (pH=5) presented low adsorption efficiency while solutions with higher pHs
increased efficiencies, reaching a maximum efficiency at pH 12 (Neolaka et al., 2021).

MO was employed to study the influence of anionic interferents (Fig. 31) (Neolaka et
al., 2018). Surprisingly, about 50% was removed by both NFMs. This fact is explained by the
n=n interaction between the MO dye molecule and the round soot rings or O-x interaction by
electrostatic interaction or H-bonding complexations (Fig. S13) (Karthikeyan et al., 2021).

To investigate the adsorption mechanism of MB onto NFMs, FTIR analyses were
conducted before and after adsorption (Fig. S14). The FTIR band intensity decrease at around
3500 and 3000 cm™ (O-H) and 1400 cm™ (C-O) suggesting the adsorption of MB through
electrostatic and intermolecular interactions (S. Li et al., 2021).

The conditioning of NFMs in commercial ethanol was also evaluated to enhance the

adsorption performance, as observed in our previous work (Alvarenga and Correa, 2021).
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NFM@S-A conditioned in ethanol increased the adsorption capacity from 2.13 mg/g to 3.86
mg/g. This conditioning promotes the adsorption of ethanol on porous carbon structures that
enhances the interaction with MB. On the other hand, the same behavior is not observed for

NFM/S3%-A, once in this case the soot is in graphene-like sheet forms.

Reuse tests of NFM/S3%-A and NFM@S-A were performed (Fig. 4), and in the case
of NFM/S3%-A, the adsorption capability dropped from 98% to nearly 39% in the 6th cycle
and remained stable until the 10th cycle. Desorption was around 70%. The NFM@S-A
maintained a performance of nearly 99% until the 10th cycle and the desorption tended to
increase. This situation may be related to the higher adsorption energy of NFM/S3%-A with
MB in relation to NFM@S-A, making its desorption difficult and thus impairing its
performance in reuse tests. Thus, lower adsorption energy of MB with NFM@S-A facilitates
desorption, releasing adsorption sites in subsequent cycles. Furthermore, the interaction of
ethanol with soot from NFM@S-A can adsorb on the surface of the porous carbon structure,
increasing the MB adsorption efficiency, as observed in our previous work (Alvarenga and
Correa, 2021). The same behavior was not observed for NFM/S3%-A due to the soot being in

the form of sheets like graphene, preventing the adsorption of ethanol.
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Figure 4. a) Reuse in of a) NFM/S3%-A and b) NFM@S-A with adsorption represented by

green bars and desorption by blue bars.

3.3.2 Detection of MB concentration by impedance spectroscopy analysis

The NFM@S-A were also used as flexible and free-standing electrodes in electrical
impedance spectroscopy measurements for the analyses of different concentrations of MB
solutions. NFM/S3% was not used in these tests due to their electrical insulating characteristic
due to the discontinuous presence of soot (Fig. 1a, ¢). The obtained experimental data were

treated using the Principal Component Analysis (PCA) (Ringnér, 2008), as shown in. Fig. 5a.
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Specifically, the PCA plot was obtained using the electrical resistance values collected over
the frequency range from 1 MHz to 10 Hz. The frequencies were selected using the Parallel
Components analysis, which indicates if the data obtained at a given frequency contributes to
the discrimination analysis (Andre et al., 2020). The results obtained with the parallel
Components analysis (Fig. S15a) show that the NFM@S-A electrode responds well at all
frequencies studied since the blue boxes obtained indicate the relevance of the data collected
in that particular frequency (Andre et al., 2020). Fig. S15b shows a photograph of the apparatus
used to fix the NFM during the impedance measurement.

The PCA graph (Fig. 5a) shows that the use of the NFM@S-A membrane was able to
differentiate samples of MB solutions with distinct concentrations. The PCA accounts for
99.85% (PC1 + PC2) of the variance, indicating a good correlation between the data (Facure
et al., 2017). It is worth noticing that the average values of the PC1 position in the obtained
PCA graph showed a linear relationship with each concentration of MB used (Fig. 5b). In Fig.
S16 there is also a linear variation of the measured resistance with the concentration of MB for
different frequencies. Thus, the positioning of each sample in relation to PC1 can be associated
mainly with the increase in electrical resistance measured from the increase in the

concentration of MB used.

The limit of detection (LOD) was calculated using the formula LOD = 3 /S, in which
o is the standard derivation of the measurement performed with the lowest concentration of
MB and S is the slope of the calibration curve in Fig. 5b (Mercante et al., 2021). The LOD was
calculated to be 2.4 nmol/L, indicating the high sensitivity of the system (Facure et al., 2017).
Table S6 shows the comparison of the analytical parameters for different sensing platforms
towards MB detection. The LOD obtained in this work is comparable to or even superior to
others reported in the literature, indicating the high sensitivity of the NFM@S-A towards MB.
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Figure 5. a) PC1 average value versus MB concentration and b) PCA plot for the electrical

resistance response.

3.3.3 Hydrogen peroxide electrogeneration

The in situ H2O2 generation is an attractive approach to producing this important
oxidant, which finds application in the synthesis and production of chemicals disinfection and
even for the removal of contaminants from water and wastewater by means of H>O»-based
advanced oxidation processes (Santos et al., 2022). In the literature, several carbon-based
materials have been studied to perform the oxygen reduction reaction via 2-electrons (2e-ORR)

mechanism on the cathode surface (Luo et al., 2020).

The NFM@S and NFM@S-A were used due to their electrical conductive
characteristics, which was not observed in the NFM/S3%. Firstly, the activated and non-
activated NFM membranes were electrochemically characterized by means of linear sweep
voltammetry (LSV) (Fig. 6a). As can be observed from LSV curves under Oz flow, the cathodic
current observed for the activated NFM is nearly twice that of the non-activated carbon, which
indicates an improved ORR activity for the activated NFM. Moreover, cyclic voltammetries
recorded at 50 mV/s in the potential range of -1.0 to 1.2 V vs Ag/AgCl showed that total
voltammetric charge of activated NFM is twice that of the non-activated NFM membrane,
which indicates that the electrochemical surface area increased after activation (Fig. 6b). This
corroborates with SEM images, once after activation the membrane presented expanded
porosity, which provides more actives sites for O adsorption and facilitates H.O>

electrogeneration at the surface of the cathode.
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To evaluate the efficiency of the membranes for H2O- electrogeneration, electrolysis
was conducted in 0.1 mol/L K2SO4 medium applying a 25 mA/cm during 90 min (Fig. 6¢). As
expected, the activated NFM membrane (hydrophilic) presented activity for H>O> generation,
where the maximum amount of ~25.5 mg/L of this oxidant was obtained. In contrast,
employing the non-activated NFM membrane (hydrophobic) the H2O. electrogeneration
attained values close to zero. These results corroborate with the electrochemical
characterization of the membranes. This behavior can be easily correlated to the greater
concentration of oxygen on the soot surface of activated NFM membrane, as observed by XPS
analysis (Table 3). The surface oxygenation of NFMs after activation also increases the
hydrophilic character of the soot, as previously observed by contact angle measurements (detail
in Fig. 1 b and d), which means that the changes on the surface chemistry, induced by the
activation of soot, contributes positively for the HO, production. Other studies in the literature
also shows this correlation, for example, the improvement of catalytic activity of commercial
carbon Printex L6 and Vulcan carbon XC72R towards 2e-ORR as a function of higher
concentrations of oxygenated groups and consequently increased hydrophilic character has
been previously reported (Assumpgéo et al., 2011).
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Figure 6. a) Linear sweep voltammetry, b) cyclic voltammetry and c) H2O generation of
NFM@S and NFM@S-A.

3.4 Performance analysis of the multifunctional membranes

An evaluation of nanofibers pre- and post-modified with soot is presented in Fig. 7. The
immobilization of soot onto the nanofibrous membrane using pre-synthesis and post-synthesis
methods has demonstrated suitability for various applications. However, important issues need
to be addressed in future research to improve this immobilization and facilitate the practical
applications of the membranes. For instance, the pre-synthesis method exhibited a
discontinuous distribution of soot across the nanofibers (Fig. 1a). Furthermore, the presence of
formic acid, which is necessary for PA6 solubilization, contributed to soot agglomeration due
to its chemical reducing action, posing a challenge to increasing its concentration. Therefore,
exploring the use of pre synthesis soot in nanofibers through solubilization in non-acidic

solvents is recommended.
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In contrast, the post-synthesis method results in soot agglomerates that completely
covered the membranes, thereby reducing the available interaction surface. However,
activation with NaOH increased the surface area and hydrophilicity of the membranes.
Nevertheless, the hydrophobic nature of the inner layers within the soot agglomerates hindered
their interaction with water in adsorption process. Conversely, the combination of a hydrophilic
surface and a hydrophobic and conductive interior in the soot agglomerates enable their use in
sensing and peroxide electrogeneration applications. In addition, the ease of production and the
low amount of chemicals employed is economically and environmentally advantageous
(Mariana et al., 2021). Hence, it is anticipated that further optimization of the soot and
nanofibers combination could yield superior results compared to those obtained in this study.
Besides, for future works it would be important to evaluate the NFMs performance varying the
conditions of temperature and other target molecules such as heavy metals and other organic
pollutants. Furthermore, studies involving soot dispersion in different solvents and solutions

are needed.
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Figure 7: Scheme of the morphology of soot pre and post modified NFMs before and after

chemical activation, adsorption mechanism and list of the best performing applications.

4. Conclusions

23



576
S77
578
579
580
581
582
583
584

585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608

A novel multifunctional nanofiber membrane produced by solution blow spinning and
modified with soot was developed and applied for the adsorption and sensing of cationic dye,
as well as in the electrogeneration of H202. The pre-synthesis method exhibited a notable
inclination to prevent soot agglomeration, which can be further enhanced through dispersion
in non-acid solvents. In contrast, the post synthesis method retained the agglomeration structure
of soot. The chemical activation employed in both methods led to an improvement in the
hydrophilicity of the soot. Furthermore, the immobilization of soot was found to be crucial for
the successful activation in NaOH solution, as direct dispersion of soot in the solution was
hindered by its high hydrophobicity.

The NFM/S3% pre-synthesis approach demonstrated higher effectiveness towards MB
adsorption due to its reduced degree of agglomeration. The relative efficiency of adsorption in
batch reached (experimentally) 94.33 mg/g and calculated from 37.71 mg/g, while in fixed bed
adsorption the efficiency reached 8 mg/g with 60% drop in the 10th cycle of reuse. On the other
hand, post-modified NFM showed adsorption efficiency in batch of (experimentally) 74.91
mg/g and calculated from 36.38 mg/g, while in fixed bed the efficiency reached 3.86 mg/g.
The discrepancy between the higher experimental efficiency and the calculated efficiency
arises from variability in the results, primarily attributed to the heterogeneous activation of the
soot surface resulting from its hydrophobic behavior and elevated levels of agglomeration.
Although the lower efficiency, the post-modified NFM showed good stability during cyclic
MB removal, which can be important to achieve real scale applications. The observed
efficiency level of up to 80% for MB removal in 10 mg/L solutions, along with significant
reuse capacity, suggests that these NFMs hold promise as potential candidates for reducing the
concentration of solutions containing organic pollutants. In addition, the ability to remove
cationic and anionic pollutants makes these NFMs candidates to clean up complex water
resources in terms of the presence of pollutants varieties. Furthermore, the post-modified
NFMs have also been successfully applied in electrodes for MB sensing using impedance
spectroscopy, yielding a limit of detection of 2.4 nmol/L. Finally, the dual characteristics
observed in the contact angle of post-modified and activated NFM were important to generate
hydrogen peroxides as a proof of concept. The synergistic combination of nanomaterials and
innovative design strategies holds the key to expanding the potential applications of
multifunctional nanofibrous membranes. This approach not only opens new avenues for
integrating filtration with other functionalities in membrane technology but also paves the way

for the development of next-generation membrane separation processes. Additionally, it

24



609
610
611

612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641

presents a promising opportunity to address the issue of reusing plastic waste residues
(resulting from incineration), thereby contributing to a more sustainable and environmentally

friendly solution.
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