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HIGHLIGHTS GRAPHICAL ABSTRACT

e CO, -—activated biochars from agri-
waste were synthesized.

e Properties were modulated by pyrolysis
and acid washing.

e High atrazine removal, comparable to
commercial carbon.

e Acid washing had no effect on pesticide
adsorption.

o Waste-derived biochars for eco-friendly
water remediation.

ARTICLE INFO ABSTRACT
Keywords: This study investigates the properties of CO-activated biochars derived from second-generation agricultural
Pyrolysis waste, specifically pistachio hulls and walnut shells. The biochars were prepared using varying pyrolysis tem-

Water treatment peratures of 500 °C and 750 °G, followed by physical activation with CO5 at 850 °C and, in some cases, acid

i?:;lzci:j: washing. A range of characterization techniques were used to assess the effects of biomass type, pyrolysis
Sorption temperature, and acid-washing on the biochars’ properties. This comprehensive analysis provided insights into

the surface chemistry and structural characteristics of biochars. The results demonstrate the significant versatility
of pyrolysis in modulating the properties of the resultant biochars. Sorption experiments with atrazine showed
high removal efficiencies (94-95 %), comparable to commercial active carbon. Notably, the acid washing
treatment did not affect pesticide sorption. These findings indicate the potential of using waste-derived biochars
as high-performance sorbents for sustainable water remediation and circular economy initiatives.
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1. Introduction

Transforming agricultural residues into high-value biochar is an eco-
friendly method for waste management and resource re-utilization,
supporting sustainability goals and circular economy. Crop waste is
often generated in large quantities as by-products of food production
and processing. Traditionally, these residues are left to decompose,
incinerate, or used in low-value applications, contributing to greenhouse
gas emissions, soil acidification, eutrophication, and atmospheric
contamination. By upcycling these residues into biochar by pyrolysis
processes (Lu & Gu, 2022), it can harness their potential as alternative
renewable energy sources, soil amendments, and sorbents for water
purification (Singh & Verma, 2024; Tan et al., 2015). Upcycling pro-
motes the efficient use of available resources, allowing valorization of
waste that would otherwise have little to no market value, and mini-
mizing the need for new raw materials. This could create new revenue
streams and business opportunities, enhancing the overall economic
viability of agricultural industries, while promoting and supporting the
transition from a linear to a circular economy (Huang et al., 2021).
Pyrolysis is one of the most used thermo-chemical processes for biomass
degradation involving the thermolysis of organic materials at much
lower temperatures than gasification and combustion (Wang et al.,
2017). Pyrolysis conditions strongly influence the distribution and
properties of the final products (Handiso et al., 2024; Rambhatla et al.,
2025). The choice of feedstock is also a critical factor, influencing not
only the yield but also the physical and chemical properties of the
resulting biochar. The large-scale cultivation of pistachios and walnuts
generates a significant quantity of waste, such as their shells, which
often lack high value uses and are thus ideal candidates for upcycling
into biochar. The annual global production is over 3 million tons of
walnuts and 1.1 million tons of pistachios, with a continuous demand
increase. Utilizing locally available agricultural by-products can also
reduce transportation costs and environmental impact, further
enhancing the overall sustainability of the process. For walnuts, the shell
represents 30 to 40 % of the total walnut weight (Halysh et al., 2018;
Korkut, 2011), while for pistachios, the shell typically comprises about
50 % of the total nut weight (Colnik et al., 2024; Hosseinzaei et al., 2022;
Paczkowski & Gawdzik, 2024). After the pyrolysis process, the biochar
surface area is usually low, limiting its sorption capacity. Various
modification techniques can be applied to improve its performance, such
as physical activation or chemical ones using acids (H3PO4, H2SO4,
HNO3), bases (NaOH, KOH), or salts (K2COs, ZnCly) (Huang et al.,
2021). Other novel activations have been used, like microwave radia-
tion, plasma modification, impregnation with metal oxides. Physical
activation typically involves steam, HyO2, Oz, NHgs, or CO, treatment.
Activation with CO5 (Kim et al., 2019) gives an overall benefit by
reducing greenhouse gas emissions at a low cost while reducing the
usage of chemicals and increasing the formation of the microporous
structure, surface area, and oxygen-containing functional groups.
Moreover, acid washing (Gao et al., 2021) is a common post-pyrolysis
treatment to remove inorganic impurities, ash content, and unblocking
pores, thereby modifying the surface characteristics of the biochar.
Biochar has garnered increasing attention in water treatment applica-
tions (Kokab et al., 2021). Atrazine (6-Chloro-N2-ethyl-N4- (propan-2-
yD-1,3,5-triazine-2,4-diamine, CgH14CIN5) or ATZ, one of the most
extensively used herbicides in the world, is a notorious contaminant due
to its persistence in aquatic environments and potential health impacts,
including endocrine disruption and cancer risks (Deng et al., 2024;
Khoshnood, 2024; Singh et al., 2018; Song et al., 2014). Despite regu-
latory restrictions in many regions, ATZ continues to be detected in
surface water and groundwater at concentrations exceeding permissible
limits. In fact, it is characterized by being highly persistent in soil and
water, due to its long half-life, pKa (1.7), and water solubility (33 mg/L
25 °C). Raising concerns about its impact underscores the importance of
effective removal methods to prevent adverse health outcomes in
humans and wildlife. Many countries have established maximum
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allowable concentrations for drinking water, typically ranging from 0.1
to 3 pg/L. The need to meet these stringent standards drives the demand
for efficient water treatment technologies capable of reducing levels to
safe limits. Conventional water treatment methods are often insufficient
for removing small traces of micropollutants like pesticides, pharma-
ceutical traces, heavy metals, and other “emerging pollutants”, leading
to the research of alternative technologies (Tillvitz do Nascimento et al.,
2022). Biochar offers several advantages over traditional sorbents used
in water treatment, including cost-effectiveness, environmental benefits,
and adaptability (Zhi et al., 2023). While active carbon is widely used
for its high sorption capacity (Dong et al., 2024), its production is energy
intensive. It has higher overall costs, considering operation, mainte-
nance, transportation, and regeneration costs. Biochar’s versatility and
lower cost make it an attractive alternative, especially for applications
where high performance is required at a lower cost (Wang et al., 2020).
The production cost of biochar varies widely, depending on the type of
feedstock and pyrolysis conditions, but can be significantly lower than
that of activated carbon. Indeed, biochar production can be a less
energy-intensive process, both in terms of production and management,
and it uses low-cost or valueless agricultural waste. Furthermore, using
feedstocks such as agricultural waste also reduces transportation costs.
(Zhang, et al., 2022). Despite its promising potential, biochar applica-
tion in water treatment faces several challenges, such as variability in
feedstock materials and production processes can result in in-
consistencies in biochar properties. Standardizing production methods,
to ensure quality control, is essential for ensuring reliable performance
and real application outcomes. The primary goal of this work is to
produce and characterize activated biochars derived from agricultural
residues, demonstrating the possibility of modulating their final prop-
erties. Walnut (WS) and pistachio shells (PS) were selected as the
feedstocks, second-generation biomass supporting the principles of a
circular economy and the concept of upcycling. The biochars were
produced through slow pyrolysis of the biomasses at two different
temperatures, physically activated with CO,. The activated biochars
were employed as a sorbent for water purification, focusing on the
removal of ATZ. The sorption capacities of the biochars were evaluated
and compared with those of a commercial active carbon. Additionally,
the study compares the sorption capabilities of acid-washed and non-
washed biochars to assess the impact of post-production treatments on
their effectiveness.

2. Materials and methods
2.1. Materials

The reagents used in this work were:

Atrazine (>99,9% analytical grade, Sigma-Aldrich); Hydrochloric
acid (Sigma-Aldrich, puriss. p.a., ACS reagent, fuming, >37 %); A
commercial active carbon supplied by Acque Veronesi S.P.A. PS and WS
were bought in local markets in Venice (Italy).

2.2. Activated biochars synthesis

After consumption, PS and WS were grounded, sieved (1.2—2.8
mm), and dried at 110 °C in an oven for 24 h. The laboratory-scale
prototype pyrolysis reactor (Carbolite custom model EVT 12/450B)
consists of a horizontal furnace with a quartz tube reactor (Longo et al.,
2022). The pyrolysis process (for approximately 30-40 g of biomass)
was conducted under Nj flow (100 mL/min). A constant heating rate
was set at 10 °C/min for and a resident time of 60 min The pyrolysis
temperature was set at 500 or 750 °C. Post-pyrolysis, the biochar was
subjected to a physical activation process, using CO; flow (100 mL/min)
at 850 °C for 90 min (Longo et al., 2023). Some biochars were washed
for 1 h under sonication with HCI (1 g of biochar with 20 mL HCI 1 M)
and washed until pH = 7. The nomenclature of the biochars is reported
in Table 1.
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Table 1

Biochars nomenclature.
Biomass PyrolysisTemperature (°C) Acid washing Abbreviation
Walnut shell 750 no WSB7(nw)
Walnut shell 750 yes WSB7(w)
Walnut shell 500 no WSB5(nw)
Walnut shell 500 yes WSB5(w)
Pistachio shell 750 no PIB7(nw)
Pistachio shell 750 yes PIB7(w)
Pistachio shell 500 no PIB5(nw)
Pistachio shell 500 yes PIB5(w)

2.3. Characterization

The Elemental analyses were conducted in duplicate using the
UNICUBE elemental analyzer. The samples (2 mg) were previously
thermally treated at 110 °C to remove residual moisture. FT-IR analyses
were carried out using a PerkinElmer Spectrum One spectrometer and
the traditional KBr pellet method. Spectra were recorded in the wave-
length range of 400-4000 cm ™! at a resolution of 4 cm™! and 32 scans.
The results were analyzed using Spectrum One Software. TPD were
performed using a lab-made equipment. The quartz reactor was charged
with 50 mg of sample and heated to 1000 °C, with a heating rate of
10 °C/min under a helium flow (40 mL/min). Decomposition gases were
recorded with a thermal conductivity detector (Gow-Mac 24-550 TCD
instrument). The pH of the activated biochar sample was measured ac-
cording to the Standard Test Method for pH of Activated Carbon ASTM D
3838. PZC was determined using the method of pH drift (Gatabi et al.,
2015). Ny physisorption was analyzed using the MicroActive Tristar II
Plus Micromeritics. The samples (100 mg) were degassed at 200 °C
under vacuum for 2 h before measurement. The N, apparent surface area
(Sper) was calculated using the BET (Brunauer, Emmet, and Teller)
equation within the (0.1 — 0.3) relative pressure (p/po) range. The total
pore volume (Vror) and pore size distribution were obtained by using
the t-plot theory, at a relative pressure of 0.90 to the liquid volume of the
adsorbate. SEM was carried out using a FE-SEM LEO 1525 ZEISS (Jena,
DE), equipped with the SE2 and InLens detectors, with an acceleration
potential voltage of 15 keV. Samples were deposited on the conductive
carbon adhesive tape and metalized by sputtering with chromium (8
nm). XPS analyses were performed with a PHI Genesis instrument from
Physical Electronics (Chanhassen, MN, USA), equipped with a mono-
chromatic Al Ka X-ray source. To compensate for charge build-up during
X-ray irradiation, a dual-mode charge compensation was used. The
binding energy was calibrated based on the C 1 s peak at 284.6 eV.

2.4. Atrazine sorption test

The sorption capacity of the activated biochar for removing ATZ
from water was determined through column adsorption tests. 2.5 g of
sample, previously washed for 48 h in distilled water, was inserted into a
50 mL column. Then, 3.1 mL of a 150 ppm solution of atrazine in Milli-Q
water was added on top, passed through the column, and analyzed. This
process was repeated for ten cycles, each experiment was conducted in
duplicate (Apolloni et al., 2025).

3. Results and discussion

While upcycling agricultural residues into biochar presents
numerous benefits, several challenges must be addressed to realize its
potential fully. First, not only can feedstock differences vary biochar
properties, but environmental factors can also modulate the physico-
chemical characteristics produced from the same feedstock, leading to
inconsistencies in performance. As for the production, it involves several
critical steps that play a crucial role in determining the final properties
of the biochar. Pyrolysis conditions, including temperature, residence
time, and heating rate, influence biochar’s physical structure, surface
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chemistry, and sorption capacity (Janu et al., 2021; Muzyka et al.,
2023). Moreover, acid washing is a common post-pyrolysis treatment
used to enhance the properties of biochar. It involves treating the bio-
char with an acid solution to remove inorganic impurities, unblocking
pores and modifying the surface characteristics of the biochar. The
removal of inorganic impurities also minimizes potential interference
with adsorption sites, thereby enhancing the biochar’s overall sorption
capacity and affinity for certain contaminants through mechanisms such
as ion exchange or electrostatic attraction. This can lead to improved
performance in water treatment applications where a high degree of
contaminant removal is required (Hu et al., 2022; Uba Zango et al.,
2024). Therefore, due to their versatility, it is crucial to investigate the
properties of the final biochars to assess the most suitable treatment for
the upcycling of a particular waste. At the same time, it is important to
select which properties should primarily be checked when investigating
a biochar. In this work, a series of analytical techniques were employed
to determine physicochemical and structural characteristics, investi-
gating the influence of different starting biomasses and synthesis con-
ditions on the final properties of the biochars. The techniques included
elemental analysis, Fourier Transform Infrared Spectroscopy (FTIR),
programmed temperature desorption (TPD), pH and the point of zero
charge (PZC), nitrogen physisorption, Scanning Electron Microscope
(SEM), and X-ray photoelectron spectroscopy (XPS) to understand their
properties comprehensively. The discussion aims to correlate the influ-
ence of the starting biomass feedstock and synthesis conditions, and how
these factors influence the final properties of the materials. Moreover, it
aims to define what techniques are more useful, less expensive, and
could be used as a routine characterization when dealing with new
active carbons. A comparative analysis was also conducted between the
synthesized biochars and a commercial activated carbon used as a
reference.

First, elemental analyses were used to determine the elemental
composition of the biochars, allowing the quantification of carbon,
hydrogen, nitrogen, and sulfur (Table 2). The three major key compo-
nents in both biomasses are cellulose, hemicellulose, and lignin,
distributed in the cell wall, and other minor non-structural elements,
such as ash content, volatiles, extractives (fats, resin, pigments, etc.),
and metals (Ca, K, Mg, Fe, Cu, etc.). Even though biomass chemical
composition might differ slightly due to climatic conditions and culti-
vation geographic area, WS contain a larger content of lignin (35—55
%) and cellulose (25 — 35 %) than hemicellulose (20 — 30 %), as stated in
the physicochemical characterization performed by Nair et al.(2023)
with similar results reported by Fordos et al.(2023). PS contain a major
quantity of cellulose (30-55 %) and hemicellulose (20-30 %) than lignin
(10-30 %) (Saracoglu & Coruh, 2024). PIB and WSB biochars exhibit a
high content of carbon in the range of 90 — 97 %, and after the acid-wash
treatment, the carbon content even increases, with WSB7 acid-washed
(w) being the highest (98 %). Commercial carbon is also rich in car-
bon content (87 %), even if lower than the synthesized biochars. On the
contrary, biochars synthesized in this work have a very low amount of S
with respect to the commercial sample. To collect information about the
structure and composition of the biochar’s surface and identify func-
tional groups present, the FT-IR technique was used (Fig. 1a). The first
signal that can be observed is a broad peak in the 3200-3600 cm ! range
attributed to O—H stretching vibrations of hydroxyl groups, which can
be related to the presence of moisture within the biochar’s surface or

Table 2

Elemental composition.
Sample N [%] C [%] H [%] S [%]
Commercial carbon  0.44 +£0.02 87.12+0.03  0.70 £ 0.01 0.51 +0.01
WSB7 (nw) 0.31 £ 0.02 91.31 £ 0.03 0.91 £+ 0.01 0.14 £ 0.01
WSB7 (w) 0.30 £+ 0.02 97.74 £+ 0.03 1.04 £ 0.01 0.04 £+ 0.01
PIB7 (nw) 0.23 £ 0.02 89.92 + 0.03 1.32 £ 0.01 0.05 £ 0.01
PIB7 (w) 0.24 £ 0.02 93.50 + 0.03 0.70 £ 0.01 0
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Fig. 1. FT-IR spectra of non-washed (section a) and acid-washed (section b) biochars.

hydroxyl groups of phenols, alcohol, or carboxyl. Two weak and low-
intensity peaks at 2927 and 2856 cm ! can be attributed to the sym-
metrical and asymmetrical stretching vibrations of C—H bonds in
aliphatic carbons (residues of lignin, cellulose, or organic compounds
non-completely carbonized during activation). This indicates that the
samples are almost completely carbonized after the COs-activation
process at high temperatures, eliminating most of the residual ligno-
cellulosic content, or other organic compounds such as aliphatic bonds
often seen in the stretching of -CHy and —~CHg3 groups. A weak peak at
1640 cm ™! can be interpreted as an overlap between C=O0 stretching
and C—=C stretching vibrations, typically found in the range 1650-1750
and 1550-1650 cm ' respectively (Ozpinar et al., 2022). The former,
C=O0 stretching vibrations indicate the presence of oxygen-containing
groups such as carboxylic acids, ketones, aldehydes, quinones, or es-
ters commonly present on the surface of activated biochar, most likely
due to partial oxidation. The latter, C=C stretching vibrations, are
characteristics of the aromatic rings formed during the carbonization
process. In PIB biochars’ spectra, this band is less prominent than in
WSB, indicating a lower content of oxygen-containing functional
groups. The narrow peak at 1384 cm ! can be attributed to C—H
bending in aliphatic carbons, chains remaining after activation, indi-
cating the presence of this type of functional group on the surface. No
visible peak around 1260 cm?, typically attributed to C—O stretching
vibrations (1000-1300 cm ™), suggests the absence of carboxylic acids
and alcohol functional groups in all samples. The CO2 activation can
cause the reduction of some of these groups while potentially creating
new functionalities. Finally, the peak at 836 cm™! can be attributed to
the out-of-plane bending vibrations of C—H bonds typical of aromatic
rings, (Fu et al., 2010). WSB spectrums show a relatively higher peak
intensity than PIB spectra. The FTIR spectra of the biochars are very
similar to the spectrum of the commercial carbon (see supplementary
materials, Fig. S1). After acid-wash treatment (Fig. 1b), most signals
disappear from both WSB and PIB biochars, indicating little to no
presence of functional groups remaining in the surface structure. Only
the broader band observed at 3490 cm’l, associated with the O—H
stretching vibrations of hydroxyl groups, is more pronounced after the
acid wash, in both biochars. The two low-intensity peaks at 2927 and
2856 cm ™!, associated with C—H stretching vibrations, and the peak at
1384 cm™! are visible only in the WSB7 spectrum, suggesting a low
aliphatic carbon content in the other activated biochars. A wide medium
intensity peak at 1640 cm™!, more visible for walnut shell samples, was
retained after acid-washing, reasonably indicating the presence of

aromatic rings formed during the carbonization process. The presence of
the peak at 836 cm™, supports the presence of aromatic rings or con-
jugated systems on these biochars after the acid-wash treatment. The
comparison between walnut shell and pistachio shell biochar indicates
that both feedstocks follow similar trends in response to pyrolysis tem-
perature. However, walnut shell biochar tends to exhibit slightly
stronger aromatic features at comparable temperatures. The differences
can be primarily attributed to variations in their lignocellulosic content.
Moreover, the acid-wash treatment significantly alters the biochar’s
surface chemistry, evidencing the absence of functional groups.

The TPD data for biochars allows us to further understand their
surface chemistry and their thermal stability. TPD analysis is a widely
utilized technique for detecting surface oxygen-containing functional
groups on the surface of carbonaceous materials. Functional groups in
the analysis undergo thermal decomposition into CO, CO», and H»0 at
different temperatures depending on the thermal stability of the specific
functional group being analyzed. Fig. 2 shows the TPD results before (a)
and after (b) the acid-wash treatment. Non-washed WSB biochars pre-
sent a similar profile. First, a low-intensity peak with a gradual increase
in the 100—400 °C range, called the low-temperature region, can be
attributed to HoO and CO; desorption peaks of less stable carboxylic
acids, anhydrides, or lactone functional groups. WSB7 exhibits a nar-
rower and sharper peak around 150 °C, indicating a higher content of
more stable surface oxygen groups compared to WSB5 Non-washed PIB
samples present a gradual intensity increase but no pronounced peak in
this region; this suggests that oxygen-containing groups in PS biochar
are less abundant or less thermally stable compared to those in WSB, in
agreement with what was found by FTIR. A sharp and narrow peak
around 650 °C, attributed to CO desorption typically from phenols or
quinones functional groups, is present in both WSB samples. In WSB?7, it
is at a slightly higher temperature and intensity compared to WSB5, as
stated before, this suggests the presence of more stable oxygen func-
tional groups, which decompose at higher temperatures. PIB biochar
samples do not present peaks in this range; nonetheless, there is an in-
crease in intensity that reflects the release of gases from less stable
oxygenated groups. However, it is not as pronounced, suggesting that
the oxygen-containing groups in PIB biochars are less abundant or less
thermally stable compared to those in WSB biochars, confirming that the
chemical composition plays a crucial role in the thermal stability and
types of oxygenated groups present on the biochar surface. Higher and
wider peaks around 800-900 °C, typically considered high-temperature
peaks, are attributed to CO desorption, and less volatile organic
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Fig. 2. He-TPD profiles of non-washed (section a) and acid-washed (section b) biochars.

compounds, highly stable aromatic carbon structures, or more stable
oxygen-containing functionalities, such as carbonyl groups and qui-
nones. WSB7 and WSB5 exhibit peaks around 900 °C, with WSB7 dis-
playing a broader peak of relatively higher intensity, suggesting a more
stable aromatic carbon structure or complex oxygenated compounds
compared to WSB5. This difference indicates the impact of pyrolysis
temperature on biochar surface functional groups. PIB biochars also
present a signal in this range, but at slightly lower temperatures and
intensity compared to WSB biochars. After the acid washing, TPD pro-
files are similar across all samples. The analyses show the effects on the
thermal stability, indicating that the acid-washed activated biochar
likely removed impurities and some labile and weaker oxygenated
groups, leaving mostly stable oxygenated functional groups and aro-
matic structures, as previously highlighted in the FT-IR analyses. This is
confirmed by the shift of the decomposition peaks to higher tempera-
tures, enhancing the thermal stability of the remaining structure.
Nonetheless, we can observe a gradual signal intensity increase around
700 °C and more pronounced at 800 °C, indicative of less stable
oxygenated functional groups attributable to CO desorption. The TPD
data clearly show that both pyrolysis temperature and biomass type
significantly influence the thermal stability and surface chemistry of
biochars. Higher pyrolysis temperatures result in more stable biochars
with well-defined desorption peaks at higher temperatures, indicating
the presence of stable aromatic and oxygenated structures. WS biochars
show greater thermal stability than PS biochar, likely due to the dif-
ferences in lignin content, which contributes to a more robust and
complex carbon framework. In fact, the higher lignin content of WS,
provides a more thermally stable carbon skeleton which is essential for
withstanding the high-temperature activation process and facilitating
the development of a robust microporous structure. The acid-wash

treatment effectively enhances the thermal stability of WS and PS bio-
chars by removing labile oxygenated functional groups and impurities; it
may also expose or alter the remaining functional groups, making them
more prone to decomposition at the measured temperatures. This is
evidenced by the shift of decomposition peaks to higher temperatures
and the increased prominence, particularly in the WS biochars, which
exhibit a more stable carbon structure post-wash. These components do
not fully decompose at lower pyrolysis temperatures, leaving behind
more reactive sites. The TPD curve of the commercial carbon (see sup-
plementary materials, Fig. S2) shows a gradual increase in signal in-
tensity as the temperature rises, with a peak around 800 °C, which
suggests the release of stable oxygen-containing groups, likely carbox-
ylic acids, lactones, or phenols. The high temperature required for the
desorption indicates that these groups are relatively stable and strongly
bound to the biochar’s surface. From Table 3, reporting XPS results, it is
evident that the washing process effectively eliminated excess oxygen

Table 3
XPS composition of the main elements present on the surface of biochars.
Sample C [0} Si Cl Na Ca Mn K
(%) (%) (%) (%) (%) (%) (%) (%)
WSB7 95.8 3.9 - 0.3 - - - —
(nw)
WSB7 (w) 93 7 - - - - - -
WSB5 97 3 — - - — - -
(nw)
WSB5 (w) 95.6 4 0.2 0.2 — — — —
PIB7 (nw) 94.8 3.6 - 0.3 1 0.3 -
PIB7 (w) 97.3 2.5 - 0.2 - - -
PIB5 (nw) 73.4 14.0 — 2.6 6 - 1 3

PIB5 (w) 89.7 7.7 2.5 0.1 - - -
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and reduced the level of contamination. This is illustrated by the absence
of the K 2p doublet and the diminished relative intensity of the peak
centered at 290 eV, which is associated with the formation of C—O
bonds found in ester and carbonate chemical groups within the PIB5
sample post-washing (Fig. 3 and see supplementary materials, Fig. S3
and Fig.S4). The apparent discrepancy between elemental analysis and
XPS results suggest an oxygen rich surface and a carbon- rich bulk..Th
pH measurement since it provides insight into the acidity or alkalinity
and is directly related to the functional groups present on the surface.
Indeed, functional groups such as carboxylic, phenolic, hydroxylic, and
amino groups are commonly found on the surface of biochars and
depend on biomass characteristics or pyrolysis temperature. The pH
determination is useful to predict how the biochar will interact with its
environment, such as its potential to neutralize acidic or basic contam-
inants. At lower pH or in acidic conditions, the biochar is protonated or
is another fundamental method for characterizing the surface chemistry
of activated biochars has a positive charge; on the contrary, in basic
conditions, the biochar’s surface is negatively charged. The obtained pH
values (Table 4) offer insights into how the washing step affects the
chemical characteristics of the resulting biochars. Both WSB and PIB
show a high pH value, around 10, typical of activated carbons. As ex-
pected, all samples show a significant drop in pH after acid washing,
from strong alkaline (pH ~ 10) to acidic (pH ~ 3-4). This is due to the
removal of alkaline minerals (like carbonates) and the exposure of acidic
surface functional groups, such as carboxyl, hydroxyls, and phenols.
After washing, both WSB samples have slightly lower pH than PIB bio-
chars, suggesting that acid washing has a more pronounced effect on
removing basic components from WSB samples, leaving behind some
acidic functionalities. This indicates a different mineral and organic
composition of PIB compared to WSB, possibly with less basic content or
more inherent acidic components. For example, PS contain a higher
amount of calcium. Like the pH value, the PZC is a critical parameter in
understanding biochar’s surface chemistry, as it represents the pH at
which the surface of the biochar carries no net charge. For instance, if
the solution pH is above the pHy,, the surface is likely to be negatively
charged, enhancing the adsorption of cationic contaminants.
Conversely, if the pH is below the pHyy,c, the surface may carry a positive
charge, favoring anionic adsorption. pHp,. values (Table 4) are very
similar across all samples, showing no drastic variation with pHp,c
values around 7,9—8,4. This means that both biochars maintain a
neutral to slightly basic pH at their pHp,. values, suggesting that py-
rolysis temperature does not significantly affect the PZC values. pHp,c
values are also very similar to the value of the commercial carbon, which
is 8.2. The decrease in pHp,. values of all biochars after acid-wash
treatment is consistent with the expected outcome of this step, which
typically alters the surface characteristics of biochars by removing
inorganic minerals and ash content.
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Table 4

pH, pHp,., and N, physisorption results (where Sggr: BET surface area, Spanc-
muir: Langmuir surface area, Vror: total pore volume, Vicro: total micropore
volume, and Vyeso: total mesopore volume).

Sample pH PHpzc SpET Stanemur  VToT Vmicro Vineso
m*  (m%g) (em®/  (em®  (em%/
8) g) g) g)
WSB7 10.1 8.2+ 545 717 £ 6 0.3 0.2 0.1
(nw) + 0.1 0.2 +6
WSB7 3.5+ 6.7 + 535 719+ 7 0.3 0.2 0.1
(w) 0.1 0.2 +5
WSB5 10.2 8.2+ 608 806 £ 6 0.3 0.2 0.1
(nw) + 0.1 0.2 +7
WSB5 3.4+ 6.8 + 570 785+ 9 0.3 0.2 0.1
(w) 0.1 0.2 +5
PIB7 10.0 7.9+ 581 784 + 10 0.3 0.2 0.1
(nw) + 0.1 0.2 +6
PIB7 4.5 + 6.8 £ 519 701 +£7 0.3 0.2 0.1
w) 0.1 0.2 +5
PIB5 10.0 8.4 + 557 749 + 12 0.3 0.2 0.1
(nw) + 0.1 0.2 +7
PIBS 4.7 + 7.1+ 593 799 £ 11 0.3 0.2 0.1
w) 0.1 0.2 +8

Nitrogen physisorption analyses on the biochars (Fig. 4 and Table 4)
were conducted to assess their surface properties, such as specific sur-
face area, total pore volume, and pore size distribution. Adsorption-
desorption isotherms of non-washed PIB and WSB biochars (Fig. 4a)
exhibit a similar sigmoidal shape, characteristic of both Type 1 and Type
IV isotherms according to IUPAC classification. At low relative pressures
(p/p° < 0.1), they show steep initial nitrogen adsorption that suggests
the presence of micropores, characteristic of Type I isotherms. At p/p°
higher than 0.4, the nitrogen adsorption increases continuously and
exhibits a hysteresis loop, which indicates a significant presence of
mesopores in each sample. The combination of these two features points
to a mixed micro-mesoporous structure in the biochars, where both
micropores and mesopores significantly contribute to the overall surface
area and sorption capacity. WSB5 shows a relatively higher sorption
capacity than WSB7, suggesting that WSB5 could retain more of its
initial structure, allowing the development of mesopores, which may not
be as pronounced for WSB7, even though higher pyrolysis temperatures
usually promote greater carbonization, driving off more volatiles and
resulting in a more developed porous carbon structure and enhancing
microporosity. The slightly lower surface area of WSB7 compared to
WSBS5, can be attributed to the thermal stability of the walnut shell’s
lignin, which may have led to pore rearrangement or shrinkage rather
than the expected increase in porosity. On the contrary, PIB5 shows a
relatively lower sorption capacity than PIB7, which could suggest that
this is due to the inherent composition of the biomasses, including a
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Fig. 3. The XPS spectra for the PIB5 sample were recorded both before and after acid washing. The spectrum obtained prior to washing indicates the presence of

potassium, which is no longer detectable after the washing process.
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different lignocellulosic structure that responds differently to pyrolysis
temperature. PIB and WSB biochars exhibit a similar BET and Langmuir
surface area of around 500 — 600 m2/g and 700-800 m?/g, respectively.
Adsorption-desorption isotherms of WSB and PIB acid-washed samples
still show (Fig. 4b) a hybrid isotherm between Type I and Type IV.
However, washed samples pyrolyzed at 750 °C exhibit a relatively lower
sorption capacity across the relative pressure range compared to their
counterparts pyrolyzed at 500 °C, suggesting that a higher pyrolysis
temperature (750 °C) in combination with acid-washing may favor the
development of a pore structure more suitable for N sorption, partic-
ularly in mesoporous regions. WSB5 (washed) exhibited no significant
change in sorption capacity, likely due to the retention of its initial
structure after acid-washing, indicating that the treatment has a mini-
mal impact on the superficial area and porosity. PIB7 (non-washed), as
we saw before, showed a higher sorption capacity than PIB5 since the
latter could retain more volatiles and inorganic matter due to lower
pyrolysis temperature which can obstruct pores leading to a lower
adsorption capacity, which is then increased after acid-washed this
suggests the removal of more impurities, ash that could be decreasing
pore accessibility and surface area. This improvement after acid-wash is
less visible in the PIB7 sample since the acid-washing process can
sometimes lead to the collapse or alteration of microporous structures,

especially in highly carbonized biochars like PIB7 that may disrupt the
delicate micropore structure, reducing the overall accessible surface
area, also it could remove or damage the superficial carbon matrix,
leading to a reduction in pore volume and surface area, which directly
impacts adsorption capacity.

The higher pyrolysis temperature typically leads to greater micro-
porosity and a higher surface area due to increased carbonization and
removal of volatiles, which could suggest why PIB7 initially shows
higher adsorption capacity than PIB5. Since acid-wash treatment is used
to remove impurities that can block pores, this step could have a sig-
nificant impact on higher-temperature pyrolyzed samples. Acid-wash
treatment primarily influences the removal of surface impurities and
minor or less stable structures on the surface, including functional
groups, as analyzed with FT-IR and TPD results. Therefore, in both PIB
and WBS biochar, BET and Langmuir show a slight change, suggesting
that the acid-washing process has a relatively low impact on the overall
surface area and surface structure. Total pore volume also presents
minimal differences, suggesting similar pore structures and sorption
potential. Commercial carbon shows the highest BET and Langmuir
surface area (896 m?/g and 1286 m?/g, respectively), and total pore
volume greater than PIB and WSB biochars (0.5 cm®/g, 0.2 cm®/g, 0.4
cm3/g). The effect of pyrolysis temperature on PIB and WSB biochars



F. Menegazzo et al.

can impact the chemical composition, carbon stability, and pore acces-
sibility formed at different temperatures. At lower temperatures, the
carbonization process is less intense, resulting in a more amorphous
structure with a higher proportion of volatile compounds and less
thermal degradation of the biomass. This condition often leads to the
formation of micropores as volatiles are gradually released. Higher en-
ergy input also tends to enhance the development of micropores as more
volatiles are driven off, leaving behind a porous carbon skeleton. The
result is typically a stable microporous structure with higher surface
area and volume, as the high temperature facilitates the creation of
clean, well-defined micropores. Nonetheless, pyrolysis conditions do not
drastically impact the resulting surface area and pore volume.

PIB and WSB samples, regardless of the pyrolysis temperature and
acid-washing, exhibit similar total micropore volumes of 0.2 cm®/g,
suggesting that the acid-washing does not significantly affect the total
micropore volume. However, acid-washing affects micropore and mes-
opore volumes differently depending on temperature, with lower tem-
peratures showing more significant changes due to structural instability
or unblocking effects. The curves display the pore size distribution
curves obtained from BJH analysis for non-washed (Fig. 4, section ¢) and
washed (Fig. 4, section d) samples. What was highlighted in the
adsorption—desorption profiles is reflected in the pore distribution
curves, which show a porous structure consistent with what has been
previously discussed. The analyzed biochars (non washed and washed)
all show a similar hysteresis loop attributable to a type IV profile. The
adsorption branch is a composite of Types I and II, the more pronounced
uptake at low p/p0 being associated with the filling of micropores. H4
loops are often found with aggregated crystals of zeolites, some meso-
porous zeolites, and micro-mesoporous carbons as in this specific case.
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Based on these results, the PIB and WSB biochars show promise for
sorption applications, such as water treatment, air filtration, or soil
remediation. Their comparable surface areas and stable pore volumes,
combined with the minor variations in micropore volumes, indicate that
both biochars are effective sorbents. Their inherent feedstock properties,
including the pyrolysis temperature, are key factors in determining their
suitability for different applications, suggesting that these biochars can
be utilized effectively for a range of environmental and industrial
processes.

From a morphological point of view, as highlighted by SEM micro-
graphs (Fig. 5), some differences were observed between the PS and WS
biochars, both before and after acid washing. All samples exhibited a
fragmented and heterogeneous structure, which is consistent with pre-
vious studies (Phuong et al., 2015), The original structure is still partially
visible, containing various types of pores, such as holes, pits, and cav-
ities, resulting from the activation procedure, as demonstrated by the Ny
adsorption-desorption isotherms (Figs. 5a and ¢). WSB7(nw) displayed
a sponge-like structure composed of deep cavities and holes with a
diameter in the micron range (< 7 pm). In comparison, PIB7(nw)
showed a similar corrugated structure with many defects but presented
smaller pores (< 1 pm). This sponge-like structure of the biochars is a
key factor in adsorption as it can minimize the diffusive resistance for
mass transport of the water on the biochar’s surface. The SEM images
also show that the biochar structure is largely preserved after acid
washing for both samples (Figs. 5b and d). However, they did show a
flatter morphology with some superficial macro-sized cavities and pores.
This is likely due to the partial removal of impurities, as previously
discussed in relation to the Ny physisorption results. Nevertheless, it can
be assumed that most of the superficial pores are in the micro and meso

Fig. 5. SEM images at different magnifications of a) WSB7(nw), b) WSB7(w), ¢) PIB7(nw), and d) PIB7(w).
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size range, as demonstrated by the N physisorption results, even though
they are not visible in the SEM images due to the magnification limi-
tations (Longo et al., 2023). Overall, despite differences in the shape and
size of the pores, the biochars possess internal cavities, pores, and
channels that contribute to their sorption properties.

The performances of the synthesized biochars were evaluated for the
sorption of ATZ to determine their practical utility in water treatment
(Fig. 6). Tests were conducted starting from 100 ppm of ATZ, which is
under very stressed parameters. In fact, as mentioned in the introduc-
tion, the maximum allowable concentrations for drinking water typi-
cally range from 0.1 to 3 pug/L. In contrast, the concentration in ground
and surface water rarely exceeds the 2,0 ppm value and is commonly
assessed around 0,1 ppm. Both PS and WS biochars exhibited high ef-
ficiencies after 10 cycles, achieving removal percentages in the range of
87-89 %. After 16 cycles, their performance improved, exhibiting a
higher removal efficiency and achieving ATZ removal ranging from 94
to 95 %. Such values are similar to the performance of the commercial
sample, which ranges from 97 % to 100 % of ATZ removal after 10
cycles. Calculated sorption capacities of biochars and commercial car-
bon are 0,18 mg/g. The effect of acid washing was found not to affect
pesticide sorption, as the sorption of non-washed samples falls within
the experimental error range, closely matching that of the corresponding
washed activated biochars. The results showed the potential of both
biochars to be a suitable option for removing ATZ and an alternative for
longer-term performance applications due to their efficiency over time
under such stressed conditions. PIB and WSB biochars present a high
carbon content, which increased after being acid-washed. The delo-
calized n-electrons in the graphene layer are strongly correlated with the
carbon content, which facilitates the n-t interaction between biochar
and the atrazine, due to its hydrophobic nature, increasing the adsorp-
tion capacity. The molecular properties of ATZ, a weak base with a pKa
of 1.68, render it neutral at the pH of the experiments, thus minimizing
the influence of the biochar’s surface charge on its adsorption. This
supports the conclusion that the high adsorption efficiency is driven by
n-n electron-donor-acceptor interactions between the ATZ and the
graphitic surface of the biochar. Another important consideration is the
presence of micropores in the biochars since the diameter of the ATZ
molecule is 1 nm; hence, they can diffuse inside the micropores, with a
diameter between 0,8 and 2 nm, which are the ones that regulate the
sorption (Pelekani & Snoeyink, 2000). A qualitative analysis of this data
suggests that the most important characteristic is the high surface area.
In fact, samples with different characteristics in terms of functional
groups, PZC or pH (ranging from 3.4 to 10.2) have a very similar
sorption capacity. At the same time, commercial carbon, with its highest
surface area, performs slightly better. To summarize, this study reports
the production of activated biochars from agricultural waste, specif-
ically walnut and pistachio shells. The process involved a two-step
process: slow pyrolysis at 500 and 750 °C, followed by physical acti-
vation using CO5 at 850 °C. This methodological approach effectively
maximized the surface area and porosity of the biochars, thereby
enhancing their sorption characteristics. These results highlight the
significant potential of activated biochars as effective sorbents for her-
bicide remediation in wastewater treatment. The biochars demonstrated
high adsorption capacities for ATZ, with performance comparable to
that of commercial activated carbon. This is particularly relevant
considering increasing regulatory pressures regarding the environ-
mental impacts of synthetic herbicides and the need for sustainable,
cost-effective remediation strategies. The effect of acid washing was
found not to affect pesticide adsorption, unlike metal adsorption (Har-
abi, et. al, 2024; Chen, J.P. & Wu, S., 2004). Furthermore, WS possess a
dense and robust structure that contributes to the formation of biochar
with high mechanical strength, advantageous for applications requiring
repeated use or where the biochar must endure physical stress, and limit
the risk of leaching. Future research should focus on scaling up the
production of biochars and assessing their long-term performance in
real-world wastewater treatment scenarios. Additionally, investigations
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Fig. 6. Variation of the concentration of atrazine in the aqueous solution of
washed biochars.

into the regeneration and reusability of these biochars could further
enhance their feasibility as a sustainable solution for herbicide
contamination. By converting abundant agricultural residues into high-
value sorbents, this approach addresses pollution while contributing to
sustainable agricultural practices.

4. Conclusions

This study evaluated the efficiency of activated biochars from agri-
cultural waste, specifically walnut and pistachio shells, in removing the
herbicide atrazine from contaminated water. These biochars, thanks to
their surface area and dense network of small pores, could be effective at
sorbing also other organic molecules with a suitable size, such as other
pesticides and herbicides, pharmaceuticals and personal care products,
industrial and aromatic pollutants, organic dyes. Surface area appears to
be the most important parameter for sorption performance. The research
aligns with the principles of the circular economy, promoting waste
valorization and resource efficiency. Overall, the findings provide a
compelling case for the adoption of activated biochars in the ongoing
efforts to mitigate the environmental impacts of agricultural chemicals.
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