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Carbons are sustainable and highly abundant materials with prospects of taking over the currently used
metallic or inorganic materials, whose widespread employment entail questionable obstacles due to their
scarcity and difficult extraction. Carbon materials are physicochemically stable, as well as having other
interesting properties such as electrochemical conductivity, as a result of their simple yet efficient structure.
Creating composites with these materials can promote even further their employment in a variety of
applications. This is especially interesting when these other materials are also environmentally sustainable,
such as, for instance, lignin. Even though it is currently considered industrial waste, lignin has many
interesting properties, like high aromaticity and redox-active moieties. Combining these two green materials a
compound with enhanced properties can be obtained, interesting for energy storage applications, as the non-
faradaic nature of carbon combines with the faradaic nature of the redox moieties of lignin. Ultrasonic forces
(US) were employed for the surface deposition of both industrially available Kraft lignin (KL) and organosolv
lignin extracted on a laboratory scale (OL). The commercially available active carbon (AC) was chemically
treated to observe the influence of the deposition efficacy and morphological variations. Moreover, the
influence of the lignin type was also studied. These materials were characterized by Fourier Transformed
Infrared Spectroscopy (FTIR), Atomic Force Microscopy (AFM), Dynamic Light Scattering (DLS), and
Thermogravimetric Analysis (TGA). These methods were effective for the verification of both the chemical
modification of the carbon and the deposition of lignin, being able also to determine differences in these
phenomena depending on the surface of the carbon and lignin type employed.

1. Introduction

Carbon materials have exceeding versatility for numerous applications. They have plausible potential to
substitute the currently used materials like metals and petroleum-derived compounds, whose scarcity and lack
of sustainability provoke the urge for their replacement. Furthermore, large quantities of carbons can be
produced sustainably and at low cost, since they can be successors of wastes and naturally abundant
materials like lignocellulosic ones (Thomas et al., 2021).

The wide spectrum of applications covered by carbon materials ranges from photochemical catalysts for solar
energy conversion to chemical energy (Lin et al., 2023). In addition, it can be employed for CO2 reduction and
water splitting (Sohail et al., 2022), contaminant removal and water purification (Hu et al., 2022),
electrochemical sensing platform (Umapathi et al., 2022) or electrochemical energy storage like batteries and
supercapacitors (Sultanov et al., 2023).

The morphology and porosity of carbonaceous materials are key factors that greatly influence their
applicability and performance (Akbari Beni et al., 2020). One type of carbon that has been gaining attention
due to its porosity and high surface area is activated carbon. They are highly tuneable, with both physical and
chemical modification procedures to approach the properties desired for each targeted application (Yan et al.,
2023). One of the most common maodifications is the activation of the carbon surface through nitric acid
(HNO3). This way, oxygen-containing groups are introduced in the porous surface, along with other nitrogen
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functional groups, the last ones in smaller amounts. This functionalization with N and O has been reported to
show the best results for electrochemical applications (Ternero-Hidalgo et al., 2016). Moreover, the creation of
more active sites also enables further modification of the surface of the carbon, for example, by adding redox-
active molecules.

The addition of redox-active molecules is especially interesting when enhanced electrochemical properties are
desired since both faradaic and non-faradaic processes take part. Carbon materials are usually non-faradaic,
but with the addition of redox-active molecules, the obtained material can combine both properties and
enhance the final efficiency.

An interesting molecule with redox-active moieties is lignin. It is, moreover, considered to be a key compound
for the obtention of more environmentally friendly products, due to its high abundance in nature, easy
obtaining, and complex structure and properties. It is the second most abundant polymer found in nature, after
cellulose, as it is one of the main components of all lignocellulosic materials. It is highly aromatic and complex,
with high heterogeneity. Depending on the extraction method, raw material, and other environmental factors,
physicochemical properties differ. Kraft lignin is the most abundant lignin found, due to the widely employed
method in paper and pulp industries. Adversely, organosolv lignin is the lignin type considered the most
environmentally sustainable, since all lignocellulosic components are targeted as products, and a multiproduct
biorefinery process is designed for that (Schutyser et al., 2018).

Therefore, by combining these two materials a compound with synergized properties can be obtained, with
enhanced properties able to substitute more advanced materials. Since the products used are sustainable, it
is also important to design a sustainable process for compound obtaining, without the use of harsh reactions
and energetically demanding processes. Ultrasound (US) irradiation is widely employed in sustainable
processes. Its irradiation is based on acoustic cavitation, and correctly irradiated liquids can create bubbles
that will then expand and collapse with each other, inducing the formation of radicals and the fulfilment of the
reaction at lower energetic inputs and shorter periods than in conventional procedures (Suslick et al., 1999).
This study presents the physicochemical and morphological study of the compounds synthesized, based on
commercial active carbon and lignin-derived from both industrial waste and lab-scale biorefinery processes.
Moreover, the study of the active carbon treatment was carried out to determine its efficacy in the subsequent
lignin deposition. It was concluded that the carbon treatment was successful in enhancing the lignin particles
deposited on the surface and that a more functionalized lignin, with a smaller molecular weight, was desirable
for its optimal yield.

2. Materials and Methods
2.1 Materials

KL was precipitated from the kraft liquor and OL was extracted from Eucalyptus sp. chips, both provided by
Papelera Zikufaga (Hernani, Gipuzkoa) and characterized in a previous work (lzaguirre et al., 2022).
Granulated active carbon (AC) (7440-44-0, Panreac) was purchased. AC was treated with nitric acid (HNO3)
(65%, 7697-37-2, Panreac). Lignin was deposited with an acetone solution (67-64-1, technical, Scharlab), a
0.22 ym nylon filter was used for the obtention of the solid, and hydrochloric acid (HCI) (37%, 7647-01-0,
Panreac) and sodium hydroxide (NaOH) (1310-73-2, Panreac) were used for the titrant solution preparation
for the DLS.

Table 1: Physicochemical properties of the Kraft lignin (KL) and Organosolv lignin (OL) used in this work
(Izaguirre et al., 2022)

KL oL
Mw (g/mol) 3167 5800
PI 291 4.44
Aliphatic OH content (mmol/L) 0.43 1.44
Phenolic OH content (mmol/L) 1.62 1.30
S (%) 51.0 54.88
G (%) 44.90 42.33
H (%) 4.11 2.80
Tso (°C) 430 370

To (°C) 129 140
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2.2 Treatment of active carbon (TAC)

Granulated active carbon was milled and added to concentrated HNOs. The solution was then heated in a
bath oil at 80 °C and stirred at 200 rpm for 2 h. The solution was filtered with a 0.22 ym nylon filter and
washed with DI water until neutral pH. The product was dried at 60 °C overnight.

2.3 Deposition of lignin into the surface of the carbon

Kraft lignin and organosolv lignin were deposited onto the untreated and treated active carbon (AC and TAC)
following the procedure described elsewhere (Zhou et al., 2019). For that, 200 mg of lignin and 20 mg of
carbon were added to a 40 mL acetone/H20 solution (7:3 v/v) and immersed in an ultrasonic bath for 15
minutes. The solution was centrifuged at 8000 rpm for 15 minutes. The solid was washed with 40 mL of the
same solvent mixture, sonicated for 15 minutes, and centrifuged in the same conditions. The solid was dried
at 60 °C overnight. Thus 4 composites were obtained AC-KL , AC-OL, TAC-KL AND TAC-OL

2.4 FTIR

FTIR spectra were recorded with the Spectrum Two Spectrometer by Perkin Elmer to observe the chemical
modifications of active carbon and verify the deposition of lignin on the surface of the material. The
wavenumber range was set from 4000 to 600 cm-?, with a resolution of 4 cm™ and 24 scans.

2.5DLS

A ZetaSizer Ultra (Malvern Panalytical) equipped with a He-Ne laser source (=633 nm) and a scattering angle
of 173° was used for the particle size and Z potential characterization. Samples were dispersed in 0.5 wt%
concentration in deionized water. To obtain a homogeneous dispersion the samples were stirred overnight
and immersed in an ultrasound bath for 30 min (Gupta et al., 2015). The samples were measured in a variety
of pH-s, from 2 to 10, adjusting the pH with an automatic titrator and using solutions of 0.5M HCI, 0.1M HCI,
and 0.5M NaOH as titrants.

2.6 AFM

AFM images of the sample surfaces were recorded in tapping mode, using a Nanoscope llla scanning probe
microscope (Multimode TM Digital instruments) and a cantilever/silicon probe, generating an integrated force.
The cantilever's length was 125 um, and the tip radius was 5-10 nm. 0.035 %wt. aqueous dispersions were
prepared, and indirect ultrasonication was applied. A drop of the sample solution was deposited in the holder
and analyzed when dried.

2.7TGA

Thermogravimetric analyses were performed using a TGA/DSC3+ by Mettler-Toledo. Analyses of the thermal
behavior of the samples from RT to 1000 °C, with a heating rate of 10 °C/min were carried out under inert
conditions (Liu et al., 2019).

3. Results
3.1 FTIR

FTIR spectra were recorded for the verification of the HNO3s treatment of active carbon and the deposition of
the lignins on the surfaces of the carbons. Figure 1 shows the spectra of active carbon (AC) and HNOs-treated
active carbon (TAC), as well as the composites obtained (AC-KL, AC-OL, TAC-KL, and TAC-OL) and the
lignins (KL and OL). From the spectra, an increased intensity can be observed from AC to TAC in the bands at
1700 and 1100 cm?, wavelengths attributed to C=0 stretching and C-N stretching respectively, verifying the
oxidation reaction and functionalization of the carbon surface with O and N. The characteristic bands of the
lignins (KL and OL) and both carbons (AC and TAC), as well as their combination of bands at AC-KL, AC-OL,
TAC-KL, and TAC-OL, corroborate that the treatment of the carbon enhances the deposition of further
molecules, in this case, lignin, since the characteristic bands attributed to lignin are more intense in TAC-KL
and TAC-OL than in AC-KL and AC-OL: O-H stretching band at 3400 cm™, C=0 stretching at 1700 cm™,
COO- stretching at 1620 cm™, and C-O-C stretching at 1200 cm*(Ren et al., 2013; Suktha et al., 2015; Zhou
et al., 2019).
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Figure 1. FTIR spectra of AC, TAC, AC-KL, AC-OL, TAC-KL, TAC-OL, KL, and OL

3.2 Particle size and Z potential

Z potential (mV) and Particle size (nm) of the samples were recorded. 0.5 %wt. dispersions were prepared,
and pH was varied from 2 to 10. Values were recorded at every pH interval. Z potential is related to the
surface charge of the molecules. The higher the ZP value a molecule has (both positive and negative) the
more stable it is. Moreover, pH also affects particle size. Depending on the medium of the solvent (acidic or
basic), the functional groups of the particle's surface may or may not interact with the solvent or ion within,
creating bigger or smaller particle suspensions. Z potential values higher than 30 mV (or lower than -30 mV)
are considered to show incipient stability (shown in blue in Figure 2). Values higher than 40 mV are
considered to have good stability (shown in green in Figure 2). From the results obtained, higher pH values
enhance the stability of the particles, and when the pH value reaches 2, the ZP values of all sample decrease
to almost 0 mV, and particles precipitate. AC particles are the most unstable, having a low ZP in all the pH
range. When reacted with HNOs (TAC) stability improves considerably, probably due to the addition of
functional groups that interact with H20 molecules. However, the particle size also increases drastically. This
might be due to the interactions that happen between the functional groups of TAC between them and with the
medium. Carbon particles stabilize even further with the deposition of lignin, especially with OL. Apart from
being the most stable, AC-OL and TAC-OL were the smallest in size, followed by AC-KL and TAC-KL, which
were slightly bigger. Finally, TAC particles were the biggest ones at high pHs (due to intermolecular
interactions created with the solvent) but decreased to around 1000 nm when precipitated at pH 2.
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Figure 2. Z Potential and Particle size of the samples, in a pH range of 2 to 10
3.3 AFM

To understand the morphological properties of the samples, AFM microscopy experiments were carried out.
Images of 500x500 nm were obtained and shown in Figure 3. Differences in the surfaces of the samples can
be observed along with the modifications on the surface due to the treatment and lignin deposition. AC already
had a porous surface, where lignin particles deposited after the treatment with US forces. With the HNO3
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treatment, however, a variation on the surface could also be observed, where the porous structure maintained
with considerably smaller-sized pores and an increment in the roughness. These surface properties and the
higher functionalization, enabled a further deposition of the lignins, verified by the AFM the higher quantity of
lignin particles in TAC molecule surfaces. In terms of the difference between KL and OL, KL seems to be more
efficient, since a rougher surface seems to be obtained. This probably is related to the fact that KL molecules
are smaller in size and weight, and are more functionalized with OH groups than organosolv lignin, which has
a much milder extraction procedure and therefore, bigger molecules are obtained, hindering their ability to
deposit on the pores and react with the active sites.

AC-KL AC-OL

Figure 3. AFM images of AC, AC-KL, AC-OL, TAC, TAC-KL, and TAC-OL
3.4TGA

Thermogravimetric analyses (TGA) were carried out from room temperature to 1000 °C. Similar trends could
be observed, being AC-KL the only exception. A drop around 400 °C is visible, T which corresponds to the
main degradation temperature of lignin. Therefore, it can be concluded that the sample contained KL residue
since this drop is significantly less prominent in other samples. Even though the incorporation of lignin is
verified by FTIR, there are no effects on the degradation of the composites, since there is no drop around 300-
400 °C, the usual T in which lignin gets degraded. This probably is due to the low amount of lignin constituting
the overall material. Samples showed high thermal stability, maintaining more than half of their total weight
even at 1000 °C, a common characteristic of carbon materials that are not negatively affected by the
modification procedures carried out.
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Figure 4. TG curves of samples from RT to 1000 °C
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4. Conclusions

Treatment of active carbon was successful for its surface activation. More functional groups were present after
the reaction with HNOs, and enhanced deposition of lignin could be observed after the US treatment. These
treatments (reaction with HNOs and US irradiation) were effective for obtaining stable particles at neutral and
basic pH, and relatively small particle sizes, attractive properties for their employment in energy storage
applications or as adsorbents. Moreover, rough and more porous surfaces were obtained both when the AC
was turned into TAC and lignins were deposited in AC and TAC.
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