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ABSTRACT

Agricultural waste represents a significant source of various bio-products
that can help mitigate environmental pollution and greenhouse gas
emissions, while also reducing our reliance on fossil resources. This study
focuses on the production of high-value biosorbents derived from pistachio
hard skin (PHS). The biomass of PHS was utilized as a precursor for the
development of different biosorbents through three distinct activation
methods: solvent extraction, chemical activation with phosphoric acid, and
pyrolysis processes. The produced biosorbents were characterized using
X-ray diffraction (XRD), Fouriertransfom infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDS) analyses. Depending on the activation methods
employed, the adsorption capacities of the biosorbents for the Methyl
Orange (MO) dye component varied from approximately 100 to 700 mg/g.
Notably, the maximum adsorption capacity was achieved after the pyrolysis
process. Furthermmore, isotherm studies indicated that the Sips and
Langmuir isotherm models provided a relatively better fit for the
experimental data, with R? values of 0.999 and 0.983, respectively.
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1. Introduction

Plant waste refers to the organic materials discarded during agricultural and industrial processes, including leaves,
stems, roots, and other by-products. It is estimated that approximately 1.3 billion tons of plant waste are generated
annually worldwide. This total encompasses waste from crops, forestry, and food processing [1, 2, 3].

The largest contributors to plant waste are agriculture (particularly from cereal crops), horticulture, and the food
processing industries. A significant portion of this waste ends up in landfills, contributing to methane emissions, a
potent greenhouse gas [4,5]. However, agricultural wastes also have various important applications across different
industries. For instance: Plant waste can be converted into bioenergy through processes such as anaerobic digestion
or combustion, providing a renewable energy source [6]. Composting plant waste enriches the soil, improves soil
structure, and promotes healthy plant growth by returning essential nutrients to the earth [7]. Certain plant wastes
contain compounds that can be extracted for use in pharmaceuticals and nutraceuticals [8].

Given the rapid growth of industries in recent years and the large volume of wastewater produced, the use of
various wastewater treatment processes has garnered significant attention from researchers [9]. The adsorption of
different pollutants using adsorbents made from organic and inorganic materials [10] is one of the essential processes
for removing contaminants and treating industrial and domestic wastewater. In this context, various adsorbents have
been developed by researchers and utilized for the removal of different colored substances from contaminated water.
These adsorbents are derived from a variety of precursors, including different types of organic polymers, mineral
materials, agricultural waste, and others [11, 12]. The production of various biosorbents from different plant wastes
for the removal of various contaminants has been reported in the literature [13-18]. For example, the adsorption
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performance of Pinus brutia cone powder was demonstrated for the removal of Basic Fuchsin dye from aqueous
solutions [13]. The used raw materials were modified through calcination and chemical activation with phosphoric
acid, reporting a maximum dye removal efficiency exceeding 95% under acidic conditions.

Cinnamon bark waste was utilized for the adsorption of Pb?*, Cd**, and Cu*" ions from contaminated water,
achieving adsorption capacities of 12.3, 3.1, and 2.22 mg/g, respectively. The best-fitted isotherm for the adsorption
of Pb?* by the cinnamon bark waste was the Langmuir model, while the Freundlich model was more suitable for Cd**
and Cu®' ions [14]. The production of cost-effective adsorbents with high adsorption efficiency for pollutants is a
crucial option in the treatment of industrial wastewater. Utilizing agricultural and food waste as precursors for these
adsorbents can significantly reduce production costs. However, adsorbents derived from plant waste typically exhibit
low adsorption efficiency. To improve this low adsorption performance, activation using various methods is necessary.
Nonetheless, these activation processes can increase the overall cost of the adsorbents. Therefore, it is essential to
evaluate the impact of different activation processes on adsorption efficiency and to compare the adsorbents produced
through various activation methods.

In this study, the biomass of pistachio hard skin (PHS) was employed as the precursor for biosorbent production
and it was used for the adsorption of a model dye contaminant of Methyl Orange from contaminated water.
Additionally, the effects of various physical and chemical activation methods on the adsorption capacity of the
produced biosorbent were examined and the produced biosorbents with different activation methods were compared.

2. Expriemnetal

2.1. Materials and measurements
The pistachio hard skin (PHS) was sourced from farms in Damghan (Semnan, Iran) from 10 to 15-year-old trees.

The raw PHS, with a moisture content of approximately 10%, was dried in an oven at 100°C for 10 h, reducing the
moisture content to below 3%. Subsequently, it was crushed and ground using a knife grinder to achieve particle sizes
of less than 2 mm. Phosphoric acid, with a purity of approximately 85%, was purchased from Sigma-Aldrich. Ethanol
(96%) was obtained from Ghatran Shimi (Iran), and nitrogen gas, with a purity exceeding 99.5%, was sourced from
Sabalan Co. (Iran).

Fourier Transform Infrared (FTIR) spectroscopy with a Unicam 4600 FTIR spectrometer (Mattson, USA) was used
for studding the organic structures and functional groups in the different produced biosorbents with scanning wave
numbers from 400 to 4000 cm™'. The morphology and shape of the particles on the surface of the produced biosorbents
were examined using a Field-Emission Scanning Electron Microscope (FE-SEM) (TESCAN BRNO-MIRA3 LUM).
The crystalline phases of the synthesized biosorbents were determined by X-ray diffraction analyses (XRD) with a
D8-advanced instrument (BRUKER AXS, Karlsruhe, Germany) using Cu-Ko X-ray as a radiation source,
(wavelength L = 1.541874 °A) in a 26 range of 5°-70°. The gravimetric method has been used to determine the
moisture content of samples in which the sample weighed prior to and after drying in an oven at 120°C for 24 h.

2.2.Production of biosorbent

Soxhlet extraction was employed to separate the extractable components from the raw PHS. In this process,a 15 g
sample of PHS powder was placed in a thimble, and extraction was conducted using 250 mL of 96% ethanol in a
Soxhlet extractor (ASEMANLAB, Iran) for 24 h. After the extraction process, the remaining sawdust was dried in an
oven at 80 °C for 12 h. In chemical activation process, for relatively better characteristics of the produced biosorbent,
the impregnation ration of 2.5 was selected [19, 20], in which, about 10 g of the remaining powder from the extraction
was mixed with a 100 ml phosphoric acid solution (H3PO4, 25% w/v) at 30 °C for 24 h in an Erlenmeyer flask under
magnetic agitation. The powder was then separated by filtration and neutralized by washing with distilled water.
Finally, it was dehydrated in an oven at 105 °C for 10 h. The final step in the production of the biosorbent is pyrolysis.
In this process, an electrical furnace (8 cm inner diameter, 15 cm length, 500 W, and heating rate of about 50 °C/min)
capable of reaching temperatures up to 700 °C (+5 °C) was used in fixed bed mode. Approximately 30 g of feedstock
were charged into the furnace in a closed system, with a constant nitrogen flow rate of 3 cm?®/s and maintained at a
constant temperature of 500 °C for 2 h. After the reaction, the system was allowed to cool for 3 h. Subsequently, the
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nitrogen gas flow was cut off, the furnace was opened, and the residual biochar was collected in a closed vessel. The
percents of weight reduction after solvent extraction, chemical activation, and pyrolysis are about 6%, 0%, and 70%.

2.3. Adsorption experiments

For the batch adsorption experiments, approximately 0.01 g of the biosorbent was added to 200 mL of the stock
solution at the desired concentration. The system was mixed at 200 rpm using a heater stirrer for 1 hour at a constant
temperature of 25°C. At the end of the experiment, the system was separated by filtration through filter paper, and the
concentration of the remaining solution was determined using a UV/Vis spectrophotometer. The adsorption capacities
q: (mg/g) of the biosorbents were calculated using the following equation [21]:

g =Dy xy M

In this equation, C; and Cr are the initial and final concentrations of dye component (mg/L) in the reminded solution,
m is the mass of used biosorbent (g), and V is the volume of solution (L). In this work, the effect of pH variations on
the adsorption efficiency of the synthesized adsorbents was not investigated, and no substances were used to control

the pH of the system. However, during the adsorption experiments, the pH of the system was measured, which ranged
from 6 to 7.

3. Results and discussion
3.1.SEM analysis

The SEM images of the produced biosorbents after solvent extraction, phosphoric acid chemical activation, and
pyrolysis are depicted in Figure 1. As shown, the produced biosorbent is a porous material with pores on its surface
ranging in size from 500 nm to 20 um. Moreover, the EDS analysis indicates the presence of carbon (C), oxygen (O),
phosphorus (P), and silicon (Si) elements on the surface of the particles.
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Figure 1. SEM images and EDS analysis of the produced biosorbent by chemical activation of PHS and pyrolyzed in 500 °C.
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3.2. FTIR analysis

Figure 2 shows the FTIR spectra of PHS before and after solvent extraction, and after pyrolysis process. As
expected, all the samples are primarily composed of lignin, cellulose, and hemicellulose which were exhibited the
following main characteristic peaks: The broad band at approximately 3600 cm™! is associated with hydroxyl groups
(OH) in the cellulose structure as well as N-H bonds in amines [22, 23]. Furthermore, the bands in about 3000 cm!
correspond to C-H bonds of methyl and methylene groups in hydrocarbons [24]. The bands in the range of 2400 to
2500 cm™! are attributed to C=0 bonds in carbonyls, carbon dioxide and so on. Moreover, C=0, O-C-O, and C=C of
carbonyl, ether, and aromatic groups in hemicellulose and lignins are likely responsible for the peaks observed at
approximately 1200 cm™! [25, 26], the peaks around 1700 cm™ may be related to C=C skeletal bands in aromatics or
the stretching or bending of C=C groups in lignins [25]. Finally, the bands at 700 cm™! are attributed to Si-O-Si bending
vibrations or carbon halides [24]. Based on the results reported in Figure 2, after the pyrolysis process the
concentration of O-H groups decreased significantly for all the studied samples. This reduction may be attributed to
the significant decrease in water, alcohols, phenols, and other O-H containing components during the pyrolysis
process. The vibration peaks at approximately 2400 cm™ is attributed to C=0 bonds in CO2 molecules or carbonyls.
The intensity of these peaks increased significantly after the pyrolysis process. The essential oils and the main parts
of extractable components may be removed during extraction and pyrolysis processes, therefore the adsorption
capacity of the samples increased. With the enhanced adsorption capacity of biosorbents, CO. molecules may be
adsorbed more effectively on the surface of the particles and lead to higher intensity of the related peaks. The
functional groups present on the surface of produced biosorbent can significantly influence the adsorption process of
MO dye. For example, Hydroxyl groups can form hydrogen bonds with the nitro (-NO:) and sulfonate (—SOs") groups
of the MO molecule. Carbonyl groups can act as electron acceptors and interact with the electrophilic groups present
in methyl orange. These groups may form stable double bonds with the dye, enhancing the stability of the adsorption
process and positively influencing the adsorption capacity. Furthermore, benzene rings can interact with MO through
van der Waals forces and n-m stacking interactions. These interactions may enhance the adsorption capacity of the
adsorbent.
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Figure 2. FTIR spectra of the produced biosorbents by various activation methods.

3.3. XRD analysis

XRD patterns of the pyrolyzed PHS and pyrolyzed PHS after phosphoric acid chemical activation are reported in
Figure 3. As depicted in this figure, the broad band at about 24° and 43° with no any sharp peak show the presence
of carbon amorphous phase in the produced biosorbents [27, 28]. However, for chemical activated sample, a relatively
sharp peak at about 33° can reveal the presence of phosphorus atoms in the sample structure.
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Figure 3. XRD patterns of the produced biosorbents with and without chemical activation.

3.4. The effects of activation method on the adsorption capacity of methyl orange
Activation of the produced biosorbents is very important process. Because, during the activation process the specific

surface of particles increased as well as increasing the adsorption capacity of biosorbents [29]. Solvent extraction,
chemical activation with phosphoric acid, and the pyrolysis are different methods, which were used in this work for
activation of the produced biosorbents. The adsorption capacity of produced biosorbents by using different activation
methods were reported in Figure 4. Because of very low-capacity values (in comparison to others), and introducing
some painting and oily components into the system, the adsorption capacity of raw sawdust is not reported here. For
all the studied dye concentrations, the adsorption capacity of PHS after the solvent extraction process is below 90
mg/g. After chemical activation with phosphoric acid, the adsorption sites on the surface of sample increased and
therefore the adsorption capacity of the PHS particles increased several times and reached to about 600 mg/g in higher
dye concentrations. Finally, the adsorption capacity of PHS sample reaching its maximum value of about 720 mg/g
after the pyrolysis process.

Solvent extraction process led to extract the relatively all extractable components, such as essential oils, lipids, and
so on. Therefore, the empty sites were performed on the surface of particles after drying and they may increase the
adsorption surface of samples. Phosphoric acid chemical activation modifies the textural properties and surface
characteristics of the biosorbent, resulting in a higher adsorption capacity [30]. Phosphoric acid acts as a dehydrating
agent, promoting the formation of porous structures. It helps in creating a network of micropores and mesopores,
which increases the surface area of the produced biosorbent. Chemical activation can introduce or modify various
functional groups on the carbon surface, such as hydroxyl (-OH), carbonyl (C=0), and phosphate groups (POs). These
groups can enhance the adsorption capacity by providing additional active sites for interaction with adsorbates. Finally,
as mentioned in the literature [31, 32], the pyrolysis process under a neutral atmosphere leads to higher specific
surfaces and the higher adsorption capacities were achieved. Therefore, the highest adsorption capacity of biosorbent
is shown after the pyrolysis process.
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~ H 15 ppm
g 400
g 200

0

After solvent Chemical After pyrolysis
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Activation method
Figure 4. The adsorption capacities of the different produced biosorbents from different activation methods.
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3.5. The effects of dose of biosorbent on the adsorption capacity of methyl orange
The adsorption capacities of biosorbents for the adsorption of MO dye contaminant, at a solution concentration of

20 ppm, were reported in Figure 5 in various doses of the used adsorbent. As can be seen, except for the biosorbent
after chemical activation and at 0.01 g dose of biosorbent, by increasing the biosorbent dosage from 0.01 gto 0.1 g in
the 100 ml of stoke solution the adsorption capacity of the biosorbent decreased continuously. For example, for the
pyrolyzed biosorbent by increasing the dose of biosorbent the adsorption capacity decreased from 1350 to 160 mg/g.
However, at biosorbent dosages greater than 0.05 g, the adsorption capacity remained relatively constant. At higher
dosages of biosorbent, oversaturation or coverage of active sites occurs and it causes to reduce the availability of
binding sites for dye contaminants. Relatively, similar results have been reported in the literature for the adsorption
of ciprofloxacin and methylene blue [33, 34].
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Figure 5. The adsorption capacities of the biosorbents in the various doses of samples.

3.6. The effects of solution concentration on the adsorption capacity of methyl orange
The effect of the initial concentration of the dye component on the adsorption capacity of the various produced

biosorbents is illustrated in Figure 6. In this figure, the solution concentration ranges from 5 to 50 ppm, with a constant
biosorbent dose of 0.2 g/L at neutral pH. As the concentration of the dye component increased from 5 to 15 ppm, the
adsorption capacity of the produced biosorbents increased significantly. However, at solution concentrations
exceeding 15 ppm, no substantial increase in adsorption capacities was observed. This phenomenon occurs because,
as the initial dye concentration rises, the driving force for mass transfer increases, promoting the biosorption of methyl
orange (MO). However, beyond an initial concentration of 15 ppm, the saturation of active sites on the surface of the
biosorbent takes place, leading to stabilization in the amount of dye removed [35, 36].
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Figure 6. The adsorption capacities of the produced biosorbents in the various concentrations of solution.

3.7. Adsorption isotherm

The adsorption mechanisms, adsorbent—adsorbate interactions, surface properties, and adsorption capacity of the
produced biosorbents were investigated using isotherm studies based on three models: Langmuir, Freundlich, and
Sips. The details of the studied kinetic models are provided in the literature [21]. Table 1 summarizes the estimated
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constants and statistical parameters obtained from these three selected isotherm models. The comparison of the
reported R? values reveals a strong agreement between the calculated values and the experimental results, with R?
values exceeding 0.95. However, among all the studied samples, the Sips isotherm model, which includes three
adjustable parameters, demonstrates the best fit to the experimental data (R* > 0.99). The Sips isotherm model
combines the key characteristics of both the Freundlich and Langmuir isotherms, making it suitable for scenarios
where both neighboring interactions and heterogeneous adsorption are present. A comparison between the Freundlich
and Langmuir isotherm models indicates that the Langmuir model provides a better fit for the experimental data, as
evidenced by R? values closer to one. Therefore, the monolayer adsorption model governs the adsorption of methyl
orange dye molecules on the surfaces of biosorbents produced from pistachio hard skin (PHS) using three different
activation methods. For the Sips model, values of m less than 1 indicate that physical adsorption predominates over
chemical adsorption. Additionally, values around 0.13 for this parameter suggest heterogeneity in the adsorption sites,
indicating that adsorption occurs in a nonlinear manner with a gradual increase in slope.

Table 1. The isotherm parameters for the different used models.

After solvent extraction After chemical activation After pyrolysis
K No m R? K No m R? K No m R?
Langmuir 0.045 158.9 - 0.98 0.05 892.9 0.98 0.05 1089.0 - 0.98
Freundlich 14.18 - 1.89 0.98 90.90 - 1.98 0.97 108.8 - 1.97 0.97
Sips 2.0x10% 1053 0.13 0.99  13x10% 608.7 0.13 099 3.2x10% 7384 0.14 0.99

4. Conclusions

The production of biosorbents from the hard skin of pistachios (Pistachios Hub) and the effects of various
activation methods on the adsorption capacity of the resulting biosorbents were investigated. This study utilized three
activation methods: solvent extraction, chemical activation with phosphoric acid, and pyrolysis. According to the
reported results, the produced biosorbents demonstrated a significant ability to absorb methyl orange (MO) from
contaminated water. The adsorption capacity of the samples increased significantly following chemical activation;
however, the maximum adsorption capacity was achieved after the pyrolysis process. Additionally, a biosorbent
dosage of 0.01 g in 100 ml of stock solution was found to be the optimal amount, yielding the highest adsorption
capacity. Based on the reported results, the synthesized biosorbents, particularly those produced through the pyrolysis
process; demonstrate good potential for the adsorption of MO. A comparison between the produced biosorbents from
the PHS precursor was reported in Table 2. However, the conditions in real wastewater are much more complex. This
is primarily due to the presence of a wide range of chemicals with vastly different properties. Various types of cationic,
anionic, and azo dyes, along with auxiliary substances used in processes such as soaps, oils, and residual surfactants
like emulsifiers, are present in actual wastewater, significantly affecting each other's adsorption capabilities. Although
this study did not conduct adsorption processes on real wastewater, it is recommended that future work utilize the
synthesized adsorbents for the removal of pollutants from real wastewater.

Table 2. Comparison between the produced biosorbents from the PHS precursor.

Precursor Adsorbed contaminant Activation method (max (mg/g) Ref.
PHS Nickel (II) Chemical activation 19.37 [37]
PHS Nitrate Pyrolysis 211.6 [38]
PHS Methylene Blue Chemical Activation with ZnCl, 321 [39]
Iodine Pyrolysis 1276
PHS Toluene Alkylation & Pyrolysis 169.9 [40]
Ethyl Acetate 96.7
PHS Methyl Paraben Pyrolysis 55.5 [41]
PHS Methyl Orange Solvent Extraction, Chemical Activation, 1350 This work
Pyrolysis
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