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ARTICLE INFO ABSTRACT

This study investigates the synthesis, characterization, and efficiency of activated biochars derived from second-
generation biomasses—specifically hazelnut shells and rice husks—for remediating water contaminated with
herbicides, including atrazine and terbuthylazine. These biomasses, recognized as agricultural wastes from high-
yield crops, undergo a 2-step processing method: initial slow pyrolysis at 700 °C, followed by physical activation
using steam at 850 °C. The resulting biochars, both in their natural and activated forms, were characterized using
various analytical techniques, including elemental analysis, ash content determination, nitrogen physisorption,
Fourier-transform infrared spectroscopy, and programmed temperature desorption. The adsorption capacity of
the biochars was initially evaluated using trichloroethylene as a model molecule to simulate the adsorption
mechanism of triazine herbicides. After determining the maximum adsorption capacity of the pollutant, ad-
sorption tests for atrazine and terbuthylazine were conducted. The biochars adsorbed up to 93% of the 2 pol-
lutants in the tests. These findings highlight the potential of activated biochars derived from second-generation
waste biomass as an effective and sustainable alternative to conventional commercial activated carbons for

Keywords:

Hazelnut shells biochars
Rice husk biochars
Activated biochar pyrolysis
Herbicides adsorption
Atrazine adsorption
Terbuthylazine adsorption
Waste biomasses

Biomass valorization

purifying herbicide-contaminated water.

1. Introduction

Since the early 20th century, the industrial synthesis of ammonia
has significantly increased the availability of synthetic fertilizers in
agriculture. Simultaneously, the development and use of synthetic
pesticides have surged over the past century, with global average pes-
ticide consumption now reaching 1.58kg per hectare per year [1].
Europe ranks third in pesticide consumption, using 505,000 tonnes in
2021, behind Asia (980,000 tonnes per year) and the Americas (1.12
million tonnes per year) [2]. The extensive use of pesticides increases
the risk of their leaching into the soil after application, potentially
contaminating groundwater and surface water bodies such as rivers and
lakes.

Most pesticides in wastewater are organic, chemically stable, and
non-biodegradable compounds. These substances are difficult to re-
move using conventional water and sewage treatment methods such as
coagulation, filtration, or biological treatments. One effective solution
for removing both organic and inorganic pollutants is adsorption. This
method is favored for its high efficiency and the wide range of available
sorbents, including activated carbons, zeolites, clay materials, and
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naturally derived sorbents [3]. Activated carbon is one of the most ef-
fective sorbents used in environmental protection. Its sorption capacity
is primarily evaluated based on the analysis of its porous structure—-
including specific surface area, pore volume (micro-, meso-, and mac-
ropores), pore size, and distribution—as well as the chemical nature of
its surface, particularly the presence of acidic and basic oxygen func-
tional groups [4].

Since pesticide adsorption onto activated carbon is the most widely
used method for water purification, a key aspect is the production of
activated carbon itself. Today, there is a growing focus on more sus-
tainable alternatives, such as agricultural by-products and residual
waste. These by-products, primarily composed of shells, kernels, seeds,
hulls, and husks, are commonly used as animal feed or as material for
combustion and co-generation of energy [5]. Despite their potential
applications, a significant portion of these by-products is discarded in
disposal sites, posing an environmental challenge. These biomasses are
valuable sources of cellulosic material, primarily composed of cellulose,
hemicellulose, and lignin, with varying amounts of inorganic com-
pounds depending on the original agricultural product. Such biomasses
serve as promising raw materials for the development of activated
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Fig. 1. FT-IR spectra of synthesized biochars, AH (a), H (b), AR (c), R (d) and the commercial activated carbon (e). FT-IR, Fourier-transform infrared spectroscopy.

biochars. In this study, rice husks and hazelnut shells, both second-
generation biomasses. were selected as second-generation biomasses.
Chemically, both are lignocellulosic materials composed of varying
proportions of lignin, cellulose, and hemicellulose. Those 2 biomasses
are of great availability in Italy. In fact, Italy stands as the seconds
largest rice producer in the European Union [6], with China leading the
world with 28% of the global production [7]; moreover, Italy is

regarded as the second largest hazelnut producer in the world, right
behind Turkey [8].

Among various pesticide classes, herbicides are crucial for weed
management in agricultural crop areas. Among various pesticide
classes, herbicides play a crucial role in weed management in agri-
cultural crop areas. Atrazine, also known as 6-Chloro-N2-ethyl-N*
(propan-2-yl)-1,3,5-triazine-2,4-diamine, is a selective triazine
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herbicide with root action, commonly used in pre- and post-emergence
applications for crops such as corn, soy, and sugarcane. However, due
to its persistence in water and the environmental risks it poses, atrazine
has been banned in the EU since 2004 [9]. Terbuthylazine (TBA),
chemically known as 2-N-tert-butyl-6-chloro-4-N-ethyl-1,3,5-triazine-
2,4-diamine, replaced atrazine in the EU following its ban. Like atra-
zine, TBA is a systemic, root-absorbing herbicide used in pre- and post-
emergence applications for soy and maize cultivation. Its persistence in
the environment is primarily due to its low water solubility (33 mg/L at
25 °C) and its long half-life, which ranges from 79 to 203 days de-
pending on various factors [10]. TBA has a half-life which varies from
76 to 331 days, depending on the matrix and light conditions [11].
Atrazine and terbuthylazine, despite being both a selective herbicide,
are also a dangerous threat to aquatic fauna and flora, interfering with
their survival, growth and reproduction [12,13]. Another problem re-
lated to the use of these 2 herbicides is their degradation products,
which can be even more persistent and dangerous than the herbicide
itself.

Both herbicides pose a potential threat to the water reserve of the
European Union with illegal levels of TBA and atrazine have been de-
tected in the hydrographic basins of rivers Adda and Oglio [14] as well
as along the river Po [15] and various locations across Europe [16,17].
Moreover, even many years after the ban, dangerous concentrations of
atrazine can be found in illegal concentrations underwater, soil and
surface water [18]. This huge mass of contaminated water must be
purified, and various methods are being developed. For example,
atrazine and TBA can be treated and removed from the water with a
TiO,-based photocatalytic oxidation [19], or UV and UV/H,0, photo-
degradation [20], biodegradation [21] or the adsorption of the pesti-
cides on the activated carbon [22]. The last is considered the most
promising method since it combines low operational and production
cost, great availability on the planet and the ability to treat a larger
quantity of water in comparison to the other mentioned methods. The
adsorption of activated carbon shows a high removal efficiency and the
absence of byproducts. The diffusion of these adsorbents is primarily
related to their superior characteristics in terms of superficial area,
porosity, functional groups, and superficial activities [23].

The main objective of this study was to develop activated biochars
derived from waste biomasses and evaluate their adsorption properties
for herbicides commonly found in wastewater. The activated carbons
were produced through the pyrolysis of rice husks and hazelnut shells,
followed by the physical activation of the resulting biochars. Pyrolysis
is considered one of the most promising techniques for the thermal
valorization of waste biomass and has become a focal point of extensive
research within the scientific community. The unique aspect of this
thermal process is its ability to produce a diverse range of products
across all 3 phases (solid, liquid, and gas) from a single biomass source.
The effectiveness of the biochars in herbicide removal was assessed in
batch tests, using trichloroethylene as a model molecule and atrazine
and TBA as target herbicides.

2. Methods and materials

Atrazine and terbuthylazine are of analytical grade (> 99.9%) and
are acquired from Sigma-Aldrich. Methanol, Dichloromethane,
Trichloroethylene, 1,2 Dichloroethane, Sodium Sulfate (Na,SO,), and
Sodium Chloride (NaCl) are 99% pure and acquired from Sigma-
Aldrich.

Hazelnut shells from cultivar Tonda Gentile Romana were kindly
supplied by Fattoria Lucciano Soc. Agr. S.s., Civita Castellana, Viterbo,
Italy. Rice husks were kindly supplied from Riseria delle Abbadesse,
Grumolo delle Abbadesse, Vicenza, Italy.

A high-surface commercial activated carbon supplied by Acque
Veronesi S.P.A. was used as a reference.

Next Energy 7 (2025) 100291
2.1. Pyrolysis and activation

The biomasses chosen for this work are Rice husk and Hazelnut
shells. The Hazelnut shells were selected to have a mesh between 7 and
10, while the Rice husks were used as they are.

The pyrolysis was performed in a laboratory-scale prototype rig
(Carbolite custom model EVT 12/450B), consisting of a vertical tubular
oven in which a fixed-bed quartz tube can be inserted (Fig. 1). The
temperature of the oven was controlled by a temperature controller
Eurotherm 3508P1. Inside the quartz tube, usually 50 g of biomass was
inserted, and the pyrolysis was conducted in a flow of N, of 100 mL/
min for 30 min, with a target temperature of 700 °C and a temperature
ramp of 5°C/min.

After the pyrolysis, the biochars were activated in a prototype lab-
scale activation plant. A small quantity of biochar, usually between 3
and 8 g, was inserted into a quartz tube. The biochar is brought to a
temperature of 850 °C at a rate of 10 °C/min in the presence of a 50 vol
% steam/N, mixture with a total gas flow of 100 mL/min. These con-
ditions are maintained for 90 min. The hazelnut shells biochar is in-
dicated as H, the physical activated hazelnut biochar as AH, the rice
husk biochar as R and the physical activated rice husk biochar as AR.

2.2. Characterization of the biochars

The elemental composition of the samples is determined with the
help of UNICUBE organic elemental analyser. Carbon is measured as
CO,, and hydrogen is measured as H>O. The oxygen content can be
calculated by difference according to Eq. (1).

0% = 100 - (C% + H% + N% + S% + ash%)

Equation 1. Determination of oxygen.

The ash content of the activated carbons was determined using the
standard American Society for Testing and Materials D3174-00 method.
The percentage of ash presented within each sample was determined by
Eq. (2):

%ash = [(A-B)/C] X 100

Equation 2. Determination of ash percentage.

where:

A is the mass of the crucible with the ash, expressed in grams.

B is the mass of the crucible, expressed in grams.

C is the mass of the sample under analysis, expressed in grams.

The physisorption analyses were performed at —196 °C using the
Tristar II Plus Micromeritics. The sample (=0.04 g) was placed under
vacuum using a vacuum degasser system of Micromeritics (VacPrep
061) at 0.15 mbar and previously treated at 200 °C for 2h to eliminate
moisture or any other contaminants that may be absorbed. The iso-
therm resulted from this adsorption and desorption were fitted ac-
cording to the Langmuir or Brunauer-Emmett-Teller adsorption model.

The FTIR spectroscopy analysis were performed using the KBr tablet
methodology with the tablets subjected to a pressure of 10 t/cm [2] and
then analysed using a Perkin Elmer Precisely Spectrum IR spectrometer
with a resolution of 4 cm ™' and an average of 256 scans.

The TPD (Temperature Programmed Desorption) measures were
executed with the sample (150 mg) loaded into a fixed-bed, U-shaped
quartz reactor inserted into an oven linked to a temperature pro-
grammer. The temperature was heated to 1000 °C with a heating rate of
10 °C/min (Eurotherm mod.8080) in helium flow. The effluent gases
were monitored by a Gow-Mac thermal conductivity detector (TCD).

The elemental composition and chemical activation of the samples
were evaluated using X-ray photoelectron spectroscopy (XPS) with a
PHI Genesis instrument from Physical Electronics (Chanhassen, MN,
USA), equipped with a monochromatic Al Ka X-ray source. To com-
pensate for charge build-up during X-ray irradiation, a dual-mode
charge compensation was used. The binding energy was calibrated
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Table 1

Elemental composition and ash content
Sample N [%] C [%] H [%] S [%] 0 [%] Ash [%] N + O [%]
H 0.31 86.07 2.25 0.12 9.43 1.78 9.74
R 0.44 50.91 1.23 0.22 2.36 44.48 2.80
AH 0.21 88.98 0.98 0.12 9.22 0.49 9.41
AR 0.17 38.63 0.44 0.12 4.01 56.63 4.18
Commercial 0.37 87.11 0.69 0.49 1.34 10.0 1.71

based on the C 1s peak at 284.6 eV.
2.3. Adsorption test

2.3.1. Trichloroethylene adsorption test

Around 50 mg of activated carbon, previously washed for 48h in
distilled H,O, were filtered and inserted into a vial with 1 mL of a
previously prepared solution of 25,000 ppm of trichloroethylene in
methanol and 4 mL of distilled water. The vials were inserted into a
tilting plate at 180 rpm and analysed after 30, 60, 120, 180, 360, and
1440 min. For the analyses, 2 mL of the solution was withdrawn from
the vial using a syringe, filtered, and poured into an assay tube. Then,
internal standard (1,2-dichloroethane), 7.2 mL of dichloromethane, and
300 mg of NaCl were added. The tube was mixed for 15s on the vortex
and for 3 min in the spin cycle at 6000 rpm. Using a syringe, the organic
phase was withdrawn from the tube, and 300 mg of Na,SO, was added.
The analyses were performed with a gas chromatograph (Agilent
7820 A) equipped with an Agilent HP-5 column and an flame ionization
detector.

2.3.2. Atrazine and terbuthylazine adsorption test

Around 50 mg of activated carbon, previously washed for 48h in
distilled H,O, were filtered and inserted into a 100 mL flask. Then,
3.1 mL of a previously prepared 1000 ppm solution of atrazine and
terbuthylazine in methanol and 27,9 mL of milliQ water were added.
The flask was inserted in a batch-type reactor to simulate a water de-
puration plant for 60 min at 25 °C. Samples were taken every 5 min. The
analyses were conducted using an Agilent Technologies 1260 Infinity II
High-performance liquid chromatography equipped with a C18 Column
and VW detector.

3. Results and discussion
3.1. Preliminary characterization of the biochars

In this study, the activated carbons were produced through the
pyrolysis of rice husks and hazelnut shells, followed by the subsequent
physical activation of the biochars. According to previous studies, the
main factors regulating the adsorption of atrazine and terbuthylazine
onto the activated biochar include the starting biomass [24], the tem-
perature, the pyrolysis type [25] and the adsorption mechanism [26].
The adsorption capacity of activated carbon depends on several factors,
including its pore structure, surface area, surface chemistry, and the
specific properties of the molecules being adsorbed, such as their size,
structure, and polarity [27]. Pyrolysis temperature is the primary factor
influencing the properties of biochar [28]. It is important to note that
biochars produced at high temperatures typically have low O/C and H/
C ratios, are predominantly composed of aromatic carbon, and exhibit a
large surface area and high microporosity [29]. To further enhance the
porosity and surface properties of biochars, an activation process is
required. Two common activation methods are chemical activation and
physical activation. Chemical activation involves the use of a chemical
activating agent, such as zinc chloride (ZnCl,), potassium hydroxide
(KOH), or phosphoric acid (H;PO,). Due to the hazardous nature of
these activating agents, a washing step is necessary to remove the im-
pregnating agent [30]. The other method, physical activation, is

considered more sustainable as it only requires electricity (which can be
sourced from renewable energy) and steam or CO, as the activating
agent. This process involves exposing the biochar to a controlled gas
stream at temperatures between 700 and 950 °C. Common activating
gases include CO,, aqueous steam, or a mixture of the 2. Notably, a
controlled steam flow has higher oxidizing power, greater reactivity
with biochar, and is more efficient at increasing the biochar's surface
area than CO, [31]. The combination of high temperature and steam
exposure opens closed pores on the biochar surface, leading to in-
creased surface area and porosity [32]. The key parameters for physical
activation are the time of exposure and temperature—higher values
result in greater increases in surface area and porosity [33]. The bio-
chars, in both their natural and activated states, were characterized
using various techniques such as elemental analysis and ash content,
nitrogen physisorption, FTIR spectroscopy, TPD and XPS. These tech-
niques were employed to study the physical-chemical, morphological,
and structural properties of the different activated biochars, along with
a commercial activated carbon, which served as a reference.

The first measurements were elemental analyses, as reported in
Table 1.

Samples AH and H exhibit a very high carbon content, as they ori-
ginate from lignocellulosic biomass with a high lignin content [34].
Such biomass typically facilitates the formation of activated biochars
with high carbon content and a more homogeneous and orderly
structure [35]. On the other hand, AR and R-activated biochars are
characterized by a much lower carbon content since this char derives
from lignocellulosic biomass with a high content of inorganic com-
pounds, primarily composed of silica [36]. This data is confirmed by the
ash content present within these samples, which reaches a value of
about 57%, much higher than those observed for other carbon sub-
strates. These results are consistent with the literature data since husks
are typically composed of 70% organic compounds and 30% inorganic
compounds such as silica [37], while the shells are made of around
40-50% lignin, with hemicellulose and cellulose percentages ranging
between 13% and 32% and 16-27%, respectively with a small part of
inorganic compounds [38,39].

As for the nitrogen physisorption analyses (Table 2), the commercial
activated carbon, derived from mineral sources and physically acti-
vated, exhibits the highest surface area among all the samples analysed.
AH is the second position for adsorption capacity while showing the
highest contribution of microporous surface area. It is noteworthy that
AR shows a lower surface area compared to AH, with only a slight

Table 2
Nitrogen physisorption analyses
Samples Seer SLangmuir Viot Vicro Vimeso
(m?/ (m?/g) (em®/ (em®/ (em®/
8) 8) g) g)
H 313 465 0.19 0.10 0.09
R 200 324 0.07 0.06 0.01
AH 637 1009 0.40 0.21 0.19
AR 357 609 0.28 0.10 0.18
Commercial 899 1400 0.57 0.17 0.40

Sper — BET surface area; Spangmuir = Langmuir surface area; Vi, = total pore
volume; Vo = total micropore volume; Ve, = total mesopore volume.
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increase in value compared to R. This difference can be explained by
the high percentage of silica present in the rice husk sample, which
remains unaltered by the activation treatment. In fact, the activating
agent primarily interacts with the carbon atoms in the precursor, oxi-
dizing them to CO and CO,, thereby leading to the formation of pores
[40], explaining the higher superficial area of the AH biochar compared
to the AR one [41]. Indeed, there is a significant increase in the mi-
cropore area in AR compared to the non-activated rice husk biochar
(R). This might be attributed to the steam activation. The presence of
the CO originated from the oxidation of the carbon atom of the pre-
cursor can improve the surface area of biochar due to corrosion re-
sulting in the improved microporous structure and increased pore vo-
lume [42]. This increase in the micropore surface area can partially
justify the difference in adsorption capacity between the AR and the H
biochar. Those results are comparable to the previous works found in
literature, where the biochar investigated possesses a similar chemical
composition [43] and superficial properties [44].

The curves resulting from the analysis of both the activated biochars
(AH and AR) and the commercial activated carbon can be classified as
hybrids between type I and type IV isotherms. These curves are in-
dicative of materials characterized by the coexistence of micropores
and mesopores. For low relative pressure values, there is a rapid and
pronounced increase in the volume of gas adsorbed on the solid surface,
typical of type I isotherms that characterize microporous systems. For
higher partial pressures, the formation of hysteresis can be observed, a
characteristic feature of type IV isotherms that characterize mesoporous
systems. All the images of the physisorption curves can be found in the
Supplementary Files.

On the other hand, the isotherms derived from non-activated bio-
chars from rice husk and hazelnut shells (H and R) can be classified as
type I isotherms, also known as Langmuir isotherms. These curves are
typical of microporous materials, wherein rapid nitrogen adsorption on
the surface occurs for low values of relative pressures, followed by a
plateau phase where adsorption remains practically constant [45].

To investigate the nature of the functional groups, FTIR and TPD
measurements were performed. As for FTIR analyses, the spectrum
derived from the analysis of the AH, H, AR, AR biochars and the
commercial activated carbon are shown in Fig. 1:

The spectra of the 2 hazelnut-derived biochars present many signals
in common. The first one is located at 3427 cm ™! and 3396 cm ~ ! and is
related to the stretching of -OH groups, probably derived from the
presence those functional groups on the surface of the biochar. The 2
medium intensity bands located in the region between 2800 and
2900 cm ™! are attributed to the asymmetric (2926 em™ 1) and sym-
metrical (2850 cm™ 1) stretching vibration of the C-H bond of the CH,
group associated with aliphatic hydrocarbons. The signal detected in
both spectra at 1590 cm ™! is reasonably associated with the C=C
stretching vibration of aromatic systems [46]. The peak at 1403 and
1401 cm ™ is related to the C-H bending of an alkane group, indicating
the presence of this type of functional group on the surface. The band
centered at 1037, and 1097 cm ! is associated with the stretching vi-
bration of the C-O bond, while the 805 and 815 cm ™! bands are related
to the stretching stretch of C-H present in aromatic systems [47]. The
sharp peak at 1636 cm ~ ! can be attributed to the stretching vibration of
C=0O0 present in ketones, aldehydes, lactones or the carboxyl group and
is the only signal that is characteristic of the AH biochar. The AR
Fourier-transform infrared spectroscopy (FT-IR) spectrum shows 2 main
differences in comparison with the AH biochar. The first is the attri-
bution of the signal at 796 cm ™ which can also be attributed to the
vibration of the Si-OH bond, typical of silica-based materials. The other
is the presence of a peak in the fingerprint region at around 450 cm ™%,
commonly associated with the stretching of the Si-O-Si bond of the SiO,
present in this sample [48]. The FT-IR spectrum of the R biochar shows
some peaks presented in the H spectra in the area between 4000 and
2000 cm ™~ '. After the 2000 cm ™~ ?, some differences started to emerge.
First is the presence of a strong peak at 1636 cm™', which can be
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attributed to the stretching vibration of C=0 present in ketones and
aldehydes, while the 1384 cm ™! band is related to the C-H bending of
an alkane group, indicating the presence of this type of functional
groups on the surface of the activated biochar. The band centered at
1090 cm ~ ! can be associated with the stretching vibration of the C-O
bond. The bands detected at 799 and 456 cm ! are visible only in the
rice husk derived sample as they are associated respectively with the
vibration of the Si-OH bond and with stretching of the Si-O-Si bond of
SiO, present in this sample [49].

Looking at the commercial sample (d), the first signal considered is
the stretching of the O-H bond of the OH groups located at 3434 cm™*,
probably originating from the hydroxyl groups present in the sample.
The pair of peaks located respectively at 2850 and 2919 cm ™! can in-
stead be attributed to the symmetrical and asymmetrical stretching of
the C-H bonds of the terminal alkane groups located on the surface of
the activated carbon. The strong peak at 1633 cm ™' stretching vibra-
tion of C=0 present in ketones, aldehydes, lactones or the carboxyl
group, while the signal detected at 1573 cm-1 originated from the
stretching of C=C bonds of the aromatic compound presented on the
commercial activated carbon. The peak at 1385 cm ™! is related to the
C-H bending of an alkane group, indicating the presence of this type of
functional group on the surface of the activated carbon. The broad
signal located at about 1085 cm ™! can be attributed to the stretching of
the C-O bond of the primary alcoholic groups of the activated carbon,
while the peak detected at 805 cm ™! originated from the bending of the
C-H bonds of poly-substituted alkenes.

TPD analysis has become a widespread technique for determining
the oxygen-based functional groups present on the surface of carbo-
naceous materials [50]. In this type of analysis, the functional groups
are thermally decomposed by releasing CO, CO,, and H»O at different
temperatures depending on the thermal stability of the group being
considered [51].

As for TPD analyses (Fig. 2), in the profile of the commercial sample,
wide asymmetric bands are centered between 800 and 1000 °C, attri-
butable to carbonyl and quinone groups, respectively, as well as bands
in the range of 200-400 °C, reasonably due to the release of CO, from
carboxyl groups and lactones. Broad peaks above 600 °C have been
attributed to the release of CO and/or CO, from coal or other residues
derived from the type of initial treatment the coal underwent and the
porous structure.

In the TPD profiles of AH and H samples, there is a band at tem-
peratures between 100 and 400 °C, associated with the CO, released by
the decomposition of the carboxyl groups, and an additional band in the
region between 600 and 800 °C, associated with the desorption of CO
due to the thermal decomposition of ethers and phenols. Additionally,
only for the AH sample, an additional band at over 800 °C is observed,
associated with the generation of CO due to the thermal decomposition
of quinones.

As for the AR and the R samples, both TPD profiles show a weak
band in the region of 200-400 °C, indicating the presence of carboxyl
groups, revealed by the release of CO, detected by the analysis. The
other notable band shared by the 2 biochars is the one located at 600
°C, which can be attributed to the desorption of CO by the phenolic
group on the surface of the biochar. The AR-activated biochar presents
a signal at around 950 °C, too, probably originating from the release of
CO from the quinone groups located on the activated carbon. The low
intensity of the signal of these 2 samples can be attributed to the pre-
sence of ash on the activated carbon.

The results obtained from the elemental analysis, FT-IR, and TPD
suggest that the different biochars examined have different surface
functional groups due to the nature of the different biomasses from
which they are obtained.

To better understand the properties of the commercial activated
carbon and the AH biochar, they were characterized using XPS. This
technique allows us to understand the nature and quantity of the
functional groups present on the surface of the activated carbon. Figs. 3
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Fig. 3. Cls XPS analysis of the AH biochar. XPS = X-ray photoelectron spec-
troscopy.

and 4 show the XPS data collected for those 2 activated carbons.

For the analysis of the Cls XPS recorded on the AH-activated bio-
char, 4 singlets and 1 doublet were used. The analysis suggests a high
graphitized phase due to the excellent agreement of the asymmetric
component used to reproduce with the instrument signal, with the C=C
peak centered at 284.5 eV with the experimental data and the presence
of loss structure centered 291,2 eV due to plasmon interaction (sw-it*
interaction). The component centered at 289.4 eV indicates the pre-
sence of C=0 groups. The presence of traces of K in the sample is
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Fig. 4. Cls XPS analysis of the commercial activated carbon. XPS = X-ray
photoelectron spectroscopy.

indicated by the K 2p doublet peak with components centered at around
292.8 eV (K 2p3/2) and 295.8 eV (K 2p1/2).

For the analysis of the C1s XPS recorded on the commercial sample,
2 singlets were used. The analysis suggests a high graphitized phase due
to the excellent agreement of the asymmetric component used to re-
produce the C=C peak centered at 284.5 eV with the experimental data
and the presence of loss structure centered at 291.1 eV due to plasmon
interaction (s-5t* interaction).

3.2. Adsorption tests

The use of biochar derived from the pyrolysis of second-generation
biomasses for the removal of atrazine and TBA is a relatively new and
effective method for wastewater purification worldwide. Moreover, this
process can be adapted to utilize biomass available near the con-
tamination site, helping manage waste biomasses within the local
country or region. For safety and cost reasons, trichloroethylene, a
model molecule, was initially used, as it closely replicates the adsorp-
tion mechanism of triazine herbicides. Trichloroethylene has a water-
octanol partition coefficient similar to that of atrazine and TBA, in-
dicating a potential risk of bioaccumulation. Additionally, all 3 com-
pounds have low solubility in water [52-54]. Moreover, this molecule
shares similarities in the adsorption mechanism onto activated carbon,
which is primarily influenced by the carbon content, the presence of
C=C bonds on the activated biochar surface, as well as the biochar's
high surface area and specific porosity. For herbicides, the interaction
occurs between the m-electrons of the C=C bonds on the activated
biochar surface and the sn-electrons in the aromatic heterocyclic rings of
the herbicides [55] while the trichloroethylene has C=C its double
bonds interacting with the m-electrons on the surface of the biochar
[56].

Fig. 5 shows the different interactions between the herbicides and
the activated biochar surface.

These tests allowed us to determine the adsorption capacity of ac-
tivated carbon, which can be defined as its ability to attract, capture,
and retain gas or liquid molecules on the surface through the process of
adsorption. As illustrated in Fig. 6, considering the biochars and acti-
vated biochars obtained from wastes, AH exhibits the highest adsorp-
tion capacity, with approximately 405 mg of pollutant adsorbed per
milligram of activated biochar. AR follows as the second-best performer
within the group, boasting an adsorption capacity that can reach
around 329 mg/g. Conversely, the 2 non-activated biochars, R and H,
demonstrate the lowest adsorption capacities, estimated at
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Fig. 5. Possible n-w interactions between the herbicides and the activated biochar.
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Fig. 6. Kinetics of trichloroethylene adsorption over 24 h on steam-activated
hazelnut shells biochar (AH), hazelnut shells biochar (H), steam-activated rice
husk biochar (AR), and rice husk biochar (R).

approximately 290 and 252 mg/g, respectively.

As evident from the graph in Fig. 6, the data obtained during the
adsorption tests vary significantly from biochar to biochar in terms of
adsorption capacity. Considering that the superficial area and the por-
osity are the most important parameter that influences the adsorption
of the trichloroethylene onto the activated biochar, the primary dis-
parities lie between the values reported for non-activated and activated
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biochar, as well as between the 2 different types of biochar derived
from hazelnut shells and rice husk. These differences indicate that the
performance of the biochars is strongly influenced by the activation
process and the type of biomass used for pyrolysis. The starting biomass
and the activation process are fundamental parameters that sig-
nificantly determine the performance, chemical-physical, structural,
and morphological properties of an activated carbon [57]. During the
activation, the combination of high temperature and steam exposure
opens closed pores on the biochar surface, leading to increased surface
area and porosity, and the characterizations confirm that [58]. As seen
by the test, the activated ones perform better than the non-activated
ones.

The AH-activated biochar emerged as the best option. It was tested
to determine the adsorption of atrazine and terbuthylazine, with the
commercial activated carbon used as a comparison.

The starting concentration for the 2 herbicides in these tests is
100 ppm. According to the literature, the concentration of the 2 triazine
molecules in ground and surface water rarely exceeds the 2.0-ppm
value and is commonly assessed around 0.1 ppm. Additionally, the
United States Environmental Protection Agency’s (USEPA) Drinking
Water Levels of Comparison (DWLOC), which represents the maximum
concentrations in drinking water that, when considered together with
dietary exposure, do not exceed a level of concern, range from 12.5 to
68 ppm for intermediate (seasonal) or chronic (annual) exposure [59].
Based on these assumptions, this starting concentration is considered
adequate to replicate a year of water treatment in a depuration plant.
Fig. 7 illustrates the variation of the concentration of the triazinic
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Fig. 7. Variation of the concentration of atrazine (left) and terbuthylazine (TBA, right) in the aqueous solution over 60 min onto commercial activated carbon, steam-

activated hazelnut shells biochar (AH).



F. Apolloni, F. Menegazzo, C. Bittencourt et al.

herbicides atrazine and terbuthylazine obtained from the tests con-
ducted for the commercial activated carbon and the AH hazelnut shell
activated biochar. The data is presented in terms of ppm of atrazine and
terbuthylazine adsorbed by the carbonaceous system over one hour of
reaction time.

As denoted in the curves, the AH biochar shows a similar behavior
to the commercial activated carbon regarding the adsorption of those 2
triazinic herbicides. For the adsorption of atrazine, the commercial
sample can adsorb up to 100% of the total concentration in 35 min,
while the AH biochar is able to purify the water from 92% of the her-
bicides in 60 min. In the case of terbuthylazine, the commercial acti-
vated carbon can adsorb up to 99% of the TBA in 1 h, while AH biochar
can adsorb up to 93% of this triazinic herbicide at the same time. The
AH biochar presents a comparable adsorption capacity for atrazine and
terbuthylazine with respect to commercial activated carbon. The cal-
culated adsorption capacity is of 5,92mg/g for the atrazine and
5,51 mg/mg for the TBA considering the commercial activated carbon,
while the adsorption capacity for the AH biochars is attesting around
5,47 mg/g and 5,44 mg/g. This efficiency in water purification from
these herbicides can be explained in 2 ways: the interaction between
the pollutant and the surface of the activated carbon and the presence
of micropores in the carbonaceous system. Literature suggests that the
dominant mechanism for the adsorption of atrazine involves m—m dis-
persive interactions between the graphene layers of the adsorbent and
the heterocyclic ring of atrazine [60]. The AH biochar presents the
highest carbon content (approximately 89%) among the group of acti-
vated carbons investigated, explaining the comparable adsorption ca-
pacity for the triazinic herbicides with the commercial activated
carbon. The presence of those delocalized m-electrons of the graphene
layer, which are responsible for the formation of the interaction be-
tween the herbicides and the surface of the activated carbon, is strictly
correlated to the carbon content of the activated biochar [61]. Re-
garding the micropores, it is reported in the literature that the volume
of micropores with widths corresponding to about 1.5 times the dia-
meter of the target pollutant controlled the adsorption capacity of the
activated carbon [62]. In this specific case, the secondary micropores,
the ones with a diameter between 0.8 and 2nm, are the ones that
regulate the adsorption of the atrazine [63]. Other factors that might be
considered are the external mass transfer, which is accounted to be the
slowest step of the adsorption onto the activated carbon [64] and that
the atrazine adsorption process is controlled by intraparticle diffusion
with a reasonable contribution from boundary layer diffusion, with the
intraparticle diffusion into small micropores which is also found to be
another limiting step of the process. However, considering the char-
acterization performed, given that the diameter of the atrazine and the
terbuthylazine is 1 nm and that the pore distribution consists of bigger
pores are present in great numbers on the surface of the activated
biochar, the comparable adsorption capacity of the AH biochar with the
commercial one, which also shows similar properties can be reasonably
justified.

Those results are in line with the literature analysed [65,66], while
the work highlights how to transform a widely available biomass,
considering that the world hazelnut production is around 1.2 million
tons per year [67], which results in various tons of shells available, into
an added-value product such as an activated biochar. The production of
the biochars permits a new purpose for those wastes, and the perfor-
mance, comparable with the commercial activated carbons, opens a
new perspective on the possibility of deploying those activated biochars
into the wastewater treatment industry.

4. Conclusions

This study aimed to evaluate the efficiency of activated biochars
derived from agricultural waste biomass, specifically hazelnut shells
and rice husks, in the removal of triazinic herbicides—atrazine and
terbuthylazine—from contaminated water. The production of these
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activated biochars involved slow pyrolysis at 700 °C followed by phy-
sical activation at 850 °C. These findings highlight the significant po-
tential of utilizing activated biochars as effective adsorbents for herbi-
cide remediation in wastewater treatment applications. Among the
biochars tested, the hazelnut shell-derived activated biochar (AH) ex-
hibited the highest adsorption capacities for both atrazine and ter-
buthylazine, demonstrating performance comparable to that of com-
mercial activated carbon. The adsorption mechanisms identified
suggest that the high carbon content of the AH biochar, along with its
developed microporous structure, facilitates strong interactions with
the targeted herbicides. Specifically, the n—nt dispersive interactions
between the aromatic structures of the biochar and the heterocyclic
rings of the triazine compounds were found to play a crucial role in
enhancing adsorption efficiency. Furthermore, the presence of sec-
ondary micropores, which align with the dimensions of the herbicide
molecules, supports the notion that pore structure is a critical factor
influencing adsorption dynamics. This is particularly noteworthy given
the increasing regulatory pressures regarding the environmental im-
pacts of synthetic herbicides and the need for sustainable, cost-effective
remediation strategies.

Therefore, activated biochar produced from agricultural by-pro-
ducts can be considered for wastewater treatment systems as a viable
alternative to conventional activated carbon. The utilization of such
biochars aligns with the principles of the circular economy, promoting
waste valorization and resource efficiency. By transforming abundant
agricultural residues into high-value adsorbents, this approach not only
addresses pollution but also contributes to sustainable agricultural
practices. Future research should focus on scaling up the production of
activated biochars and evaluating their long-term performance in real-
world wastewater treatment scenarios. Additionally, investigations into
the regeneration and reusability of these biochars could further en-
hance their feasibility as a sustainable solution for herbicide con-
tamination. Future perspective might include the use of these new
characterized and optimized biochars towards other similar pesticides.
Moreover, this work could be the base for the valorization of other
waste biomasses. Moreover, on the analytic side, further studies into the
adsorption of those 2 herbicides onto the developed activate biochar
could provide more information about the adsorption process. Overall,
the findings of this study 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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