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Lignocellulosic biochar has become a research hotspot recently due to its versatility in several applications for
environmental remediation. It is a sustainable material, which has been proven to offer high performance in
applications such as effluent treatment (through the adsorption of organic and inorganic compounds), CO2
capture, air cleaning or silage agent. Typically, a chemical activation is applied to biochars after the
thermochemical process, to increase the porosity of this solid in terms of active surface area as well as pore
size and distribution, to improve its performance as adsorbent. Activation with KOH has been proved to achieve
well developed pore structure and active functional groups on the biochar surface. Excellent adsorption results
for the removal of different pollutants have been reported with biochars produced by the mentioned method.
Focusing on a potential scale and industrialization of the lignocellulosic biochar production process, the
combination of the thermochemical and chemical activation processes in one step could be interesting in terms
of simplicity and time saving. In this work, activated biochars were prepared using a lignocellulosic agricultural
waste (apple pruning) as precursor and KOH as a chemical activator, by two different processes: a single and
a two-step route, to compare the properties of the biochars generated by both processes. The obtained materials
were characterized in terms of proximal analysis, active surface area, pore size and pore distribution.
Furthermore, adsorption capacity ABCs was tested and compared.

1. Introduction

The use of heavy metals and synthetic dyes in several industrial activities and its harmful consequences for the
environment and human health has been the focus on numerous research efforts with the aim of finding effective
solutions for the remediation of wastewater (Sun and Wang, 2023). Lignocellulosic biochar, a carbon-rich
substrate obtained by thermochemical conversion of lignocellulosic biomass, has positioned high as adsorbent
for the treatment of water effluents due to its advantages, such as world-wide availability, low cost, large specific
surface area, well-distributed pores, and strong interaction between the functional groups (Gallego-Ramirez et
al., 2022). Research in the field of biochar is progressing non-stop in the last decade, covering aspects such as
the used raw material, experimental processing conditions (heating rate, temperature, pressure), biochar
physical-chemical properties, or its applications. Extensive review works have been published summarizing the
influence of the type of substrate and processing technology on the yield and performance of the obtained
biochars (Liu et al., 2023). Focusing on biochar’s adsorption properties, its surface and pore accessibility are
enhanced by physical or chemical activation. The latter is more efficient than physical one reaching larger
surface areas and a more developed porous structure in a faster process with lower activation temperatures
(Hui and Zaini, 2015). Usually, chemical activation is performed in a double-step route, the substrate is firstly
submitted to a pyrolysis process and the generated biochar is then impregnated with a chemical product and
then submitted again to a second thermochemical step for its activation (Oginni et al., 2019). The applied
chemical agent significantly influences the characteristics of the resulting activated carbon.
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Activation with KOH has been proved to achieve well developed pore structure and active functional groups on
the biochar surface (LU et al., 2022) Excellent adsorption results for the removal of different pollutants have
been reported with biochars produced by pyrolysis followed by KOH activation, in a two-step process (Jedynak
and Charmas, 2023). In this route, the pre-carbonization makes the biochar more susceptible to chemical
reaction with KOH, which leads to larger specific surface area and the formation of a higher degree of mesopores
and micropores. Nevertheless, yields associated to the two-step route are typically low (around 12-20%) so,
following the current research interest oriented to advance in the upscale of experiments from laboratory
conditions to industrial ones, it is of great significance to increase the competitiveness of the biochar production
process (Chen et al., 2022). That means to design an efficient route for biochar production at industrial scale,
in terms of product yield, time, energy and chemicals consumptions (Luo et al., 2022). The one step process
consists of the impregnation of the precursor with the chemical product and the application of a subsequent
thermochemical process to the impregnated carbon source. The use of a one-step technology combining the
thermochemical and chemical activation treatments in one step process could be interesting in terms of
simplicity and time saving. Therefore, in this work, apple pruning (a lignocellulosic waste) as precursor and KOH
as chemical activator were used for the obtaining of activated biochar by a single and a two-step routes. The
resulting carbonaceous materials (activated apple pruning biochar-1step, APBC-1S and two-step, APBC-2S)
were characterised and its performance as adsorbents of an organic dye (methylene blue) from an aqueous
stream was compared with the aim of evaluating the impact of the biochar obtaining route.

2. Materials and methods

Apple tree pruning (AP) provided from local suppliers was the selected lignocellulosic biomass substrate for this
work. Proximate and ultimate analysis of the raw material as well as of the obtained biochar samples was done
following the standards and equipment indicated in a previous publication (Antxustegi et al., 2022). The
microscopic structure and morphology of the samples were examined by Scanning Electron Microscopy (SEM)
using a JEOL JSM-7000F microscope. The available functional groups on each material surface were analysed
by Attenuated Total Reflection-Fourier Transformed Infrared Spectroscopy (ATR-FTIR) using a Perking Elmer
Spectrum Two Spectrometer equipped with a Universal Attenuated Total Reflectance accessory provided with
an internal reflection diamond crystal. The spectra were collected in the 4000-600 cm™* range with 4 cm™?
resolution and 20 scans per spectrum in transmission mode. The textural properties (specific surface area,
micropore volume and average pore width) of carbon materials were determined by gas adsorption/desorption
experiments. Nitrogen isotherms (-196 °C) were collected in a Micrometrics ASAP 2010 after outgassing the
sample under vacuum at 150 °C overnight. Adsorption-desorption and pore size distribution curves were
obtained applying the non-local density functional theory (NLDFT).

2.1 One and two-step routes definition

Pyrolysis and activation procedures for the two-step route were done following a previously optimized
experimental route (Antxustegi et al., 2022). Experimental conditions of the one-step route were: AP was
impregnated with the activation agent (KOH) in a 1/3 wt. ratio. Then, they were introduced to the tubular furnace
under N2 atmosphere (20L/min continuous flow), at a heating rate of 20K/min up to 900°C, reaction time at
900°C: 2 h. Samples were subsequently washed using the same method and the 2 step samples (Antxustegi et
al., 2022).

2.2 Adsorption experiments

Adsorption tests were carried following an optimized experimental procedure (Martelo et al., 2022).

3. Results

Table 1 presents the results in terms of proximate and ultimate analyses of samples. O/C indexes for APBC-1S
and APBC-2S were 0.17 and 0.33. O/C index is typically calculated as an indirect measurement of aromaticity
because the sample’s carbon percentage increases as the thermochemical treatment goes by due to
dehydration and depolymerization reactions as well as volatilization, eventually leading to the formation of H
and O depleted aromatic C structures (Wang et al., 2013). Thus, the one-step route leaded to biochar samples
with higher percentages of carbon, as the total thermochemical treatment was considerable shorter than the
one of the 2-step route. The proportion of aromatic rings increases with temperature and residence time at the
highest temperature. In fact, the longer residence times of the pyrolysis process the higher carbon percentage
as char in the samples at the same heating temperature. Furthermore, H is also lost during condensation of
aromatic structures at high temperatures so, H/C index values probably indicates both an increasing number of
aromatic rings and an increasingly condensed nature of the aromatic rings (Wiedemeier et al., 2015).



219

Table 1: Proximate and ultimate analysis, (dry basis, wt. %) of apple tree pruning (AP) and the obtained
activated bio-chars from one (APBC-1S) and two-step (APBC-2S) routes.

Parameter AP APBC-1S APBC-2S
Fixed carbon (%) 14.86 - -
Proximate analysis Volatile matter (%) 79.69 - -

(wt.%) Inorganic matter (%) 5.45 - -
Moisture (%) 8.68 - -
C (%) 45.04 85.05 74.87
Ultimate analysis H (%) 5.71 - -
(Wt.%, ash free) N (%) 0.73 0.40 -
S (%) 0.72 0.11 0.48
O* (%) 42.35 14.44 24.65

* O was calculated by difference.
3.1 Characterization of adsorbents

Morphology of activated biochar samples was analysed by scanning electron microscopy (SEM) and the
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Figure 1: SEM images of APBC-1S (a, b) and APBC-2S (c, d).

The morphology of both samples’ surfaces is different, with smaller pore sizes and a rougher surface texture in
APBC-2S sample, in which some of the AP original structure of irregular polyhedral cells was patrtially conserved.
On the contrary, APBC-1S sample presented a flat surface with no texture, maybe related to the more explosive
treatment performed in the simultaneous pyrolysis and chemical activation.

The Attenuated Total Reflection-Fourier Transformed Infrared Spectroscopy (ATR-FTIR) spectra of AP biomass
(Figure 2) revealed transmittance bands of functional group characteristics of lignocellulosic materials,
including cellulose, hemicellulose, and lignin. Thus, the most prominent peaks in the spectrum were originated
from —OH stretching vibration (3350 cm™") and C-O (primary alcohols), C=C and C-O-C stretching symmetric
stretching vibrations (1042 cm™"). The peak at 1421 cm is attributed to the skeletal vibration of the aromatic
ring in lignin carbon, and peaks at 1234 and 1108 cm™ corresponded to C-O stretching vibration and the
aromatic C—H stretching in guaiacyl units of lignin. In addition, the heterogeneity of functional groups and,
consequently, of components on the surface of the material was demonstrated by the high number of sharp
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peaks between 1100-1800 cm? (Kundu et al., 2023). Some of the peaks around 1600 cm' (aromatic C=C
stretching in lignin), 1450 cm™ (C-H deformation in lignin and carbohydrates), 1230 cm (C-O stretching in
lignin), 1040 cm (C-O stretching of carboxylic, ester and ether groups in cellulose and hemicelluloses), clearly
visible in AP spectra, could be found in APBC-2S one but not so much in APBC-1S spectra, evidencing
differences in the abundancy of chemical groups of both biochars (Siipola et al., 2018).
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Figure 2: ATR-FTIR spectra of apple pruning (AP), APBC-1S and APBC-2S samples.

As for textural properties of APBC-1S and APBC-2S, the porosity and surface properties are presented in Table
2, while N2 adsorption-desorption curves at -196 °C and pore size distribution curves are shown in Figure 3.

Table 2: Porosity and surface properties (Dubinin-Radushkevich).

Sample  Specific surface Micropore volume Average pore width
(m?/g) (cm®/g) (nm)

APBC-1S 1,297.2 0.569 1.753

APBC-2S 1,176.5 0.503 1.716

APBC-1S sample presented 1.1 times higher specific surface and micropore volume than APBC-2S one, as
well as higher average pore width. Both APBC-1S and APBC-2S curves met the type | adsorption isotherm, with
a pronounced rise at low relative pressure p/po, indicating micropore filling, followed by a stabilization (Muttakin
et al., 2018). Moreover, the presence of a little hysteresis loop indicated the presence of mesopores. APBC-2S
sample showed its main porosity in the micropore region (maximum at 0.61 nm), but some important peaks in
the range of mesopores appeared (10-14 nm), followed by residual meso-porosity until 50 nm. The cumulative
pore volume of APBC-2S sample was close to 0,5 cm3/g). Some differences can be observed in the APCB-1S
sample; even if its main porosity is located as well in the micropore region (maximum at 0.65 nm), relevant
peaks can be seen from 12 to 40 nm (maximum at 12 nm) indicating higher percentage in the mesopore region.
This fact could have a relevant influence, as it enhances the availability of the micropores than, in the case of
APBC-2S were partially inaccessible.
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Adsorption/desorption isotherm (N3, 77.3 K)
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Figure 3: N2 adsorption-desorption isotherms at -196 °C for APBC-1S (left-up) and APBC-2S (right-up) and
calculated (NDFT) pore size distribution curves for APBC-1S (left-down) and APBC-2S (right-down).

3.2 Adsorption results

The performance of both biochars as adsorbents of methylene blue (MB) was measured. This cationic water-
soluble dye is extensively used in textiles, plastic, paper, pharmaceuticals, and cosmetics industries (Ashem et
al., 2020). Figure 4 shows the results of the adsorption of MB by APBC-1S and APBC-2S samples.
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Figure 4: MB adsorption results for APBC-1S and APBC-2S samples.

The biochar obtained by the 1-step procedure reached the best performance, achieving nearly 100% (96%) of
MB removal in 4 h, while the adsorbent processed in 2 steps needed 8 h to achieve the same MB removal rate.
Thus, the simultaneous use of thermochemical and activation processes enhanced better MB adsorption
performance related mainly with the increase of the availability of accessible porosity due to higher pore volume
in the mesopore region and the enhancing of accessibility to micropores. The adsorption capacity of both
adsorbents was similar (around 6 mg MB adsorbed / g biochar, BC). A complete removal of MB from the original
solution was reached by both materials. As the selected initial concentration of the MB solution (35 mg/L) was
the one typically found in the dyes industry, that supports the successful performance of both adsorbents at
actual conditions.
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4. Conclusions

Activated biochars were prepared by two different methods. It was found that the chemical and physical
characteristics of the activated carbons obtained varied depending on the conditions of the applied
thermochemical and activation processes, influencing the surface area development, pore size distributions and
surface chemistry. The biochar prepared in one step (APBC-1S) showed a slightly higher surface area and
wider pore size distribution with higher levels of mesoporosity, which improved accessibility of the dye to the
available surface area of the adsorbent. This can be seen at the dye adsorption experiments, with removal
percentages close to 96% in four hours for APBC-1S, and a complete removal of MB from a solution with a
concentration in the range of actual ones of the dyes industry. Furthermore, this opens an opportunity to produce
adsorbents by a simultaneous thermochemical and chemical activation processes in one step with no loss of
adsorption properties that would be beneficial in terms of time saving and simplicity towards an industrialization
of the process.
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