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Abstract: This study investigates the potential of biochars derived from agricultural waste
biomass for the removal of heavy metal ions from aqueous solutions. Biochars were pro-
duced via slow pyrolysis at 793 K using almond shells (AS), walnut shells (WS), pistachio
shells (PS), and rice husks (RH) as feedstocks. The physicochemical properties and ad-
sorption performance of the resulting materials were evaluated with respect to Cd(l),
Mn(II), Co(II), Ni(II), Zn(II), total Iron (Fetot), total Arsenic (Asiot), and total Chromium
(Crtot) in model solutions. Surface morphology, porosity, and surface chemistry of the
biochars were characterized by scanning electron microscopy (SEM), nitrogen adsorption at
77 K (for specific surface area and pore structure), Fourier-transform infrared spectroscopy
(FTIR), and determination of the point of zero charge (pHp,c). Based on their textural
properties, biochars derived from WS, PS, and AS were classified as predominantly mi-
croporous, while RH-derived biochar exhibited mesoporous characteristics. The highest
Brunauer-Emmett-Teller (Sggr) surface area was recorded for PS biochar, while RH biochar
showed the lowest. The pistachio shell biochar exhibited the highest specific surface area
(440 m? /g), while the rice husk biochar was predominantly mesoporous. Batch adsorption
experiments were conducted at 25 °C, with an adsorbent dose of 3 g/L and a contact time of
24 h. The experiments in multicomponent systems revealed removal efficiencies exceeding
87% for all tested metals, with maximum values reaching 99.9% for Cd(II) and 97.5% for
Feiot. The study highlights strong correlations between physicochemical properties and
sorption performance, demonstrating the suitability of these biochars as low-cost sorbents
for complex water treatment applications.

Keywords: biochars; adsorption; heavy metals removal

1. Introduction

Heavy metal pollution is a major global environmental concern due to the non-
biodegradable nature of these elements, their persistence in soils and natural waters for
decades, and the challenges and costs associated with their removal from contaminated
environments. Based on their toxicological effects on human health, heavy metals are
commonly categorized into three groups [1]: highly toxic metals such as cadmium, arsenic,
mercury, lead, and chromium [2]; metals with harmful but less severe effects including
cobalt, nickel, molybdenum, copper, and zinc; and elements with relatively low toxicity
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such as barium, vanadium, manganese, aluminum, and strontium. While elements such
as iron, manganese, and zinc are essential for metabolic functions, their accumulation at
elevated levels can disrupt biological systems and pose serious health risks, including
organ dysfunction and oxidative stress.

Several of these elements—including cobalt (Co), copper (Cu), chromium (Cr),
iron (Fe), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), and zinc
(Zn)—are essential trace elements required for the proper functioning of living organ-
isms [2]. However, more than 90% of their environmental presence is attributed to anthro-
pogenic sources and industrial development [3]. These metals can enter the human body
via ingestion, inhalation, or dermal contact, potentially leading to serious health issues.

For instance, elevated cadmium exposure can cause skeletal deformities, cognitive
impairment in children, severe back pain, and the onset of “itai-itai” disease [4,5]. Arsenic
has been linked to cardiovascular and peripheral vascular diseases, developmental abnor-
malities, neurological and neurobehavioral disorders, diabetes, hearing loss, hematological
conditions (e.g., anemia, leukopenia, eosinophilia), and various forms of cancer [2]. Man-
ganese toxicity can lead to symptoms resembling Parkinson’s disease, “manganese rickets,”
and respiratory illnesses such as pulmonary embolism, pneumonia, and bronchitis [6].
Nickel exposure is associated with joint degeneration, spinal cord paralysis, pulmonary
fibrosis, and cardiovascular and renal dysfunctions [7,8]. Among the most serious conse-
quences of heavy metal accumulation in the human body is their carcinogenic potential,
which may trigger malignant tumor formation in various organs [2,4,6-8].

Numerous regulatory frameworks governing air, water, and soil quality have been
developed to limit environmental contamination and its harmful effects on ecosystems.
The concentration limits for the investigated elements are not uniform and depend on
their toxicological profiles and regulatory context. The reference concentration limits
for selected metal ions investigated in this study correspond to the parametric values
established in the European Union Drinking Water Directive (Directive (EU) 2020/2184).
For cadmium (Cd), chromium (Cr), and nickel (Ni), the directive sets binding maximum
allowable concentrations of 5 ug/L, 50 pug/L, and 20 pg/L, respectively, due to their
toxicological relevance. In contrast, iron (Fe) is listed as an indicator parameter, with a
reference value of 200 pg/L, reflecting its impact on the organoleptic properties of drinking
water rather than direct health effects. These regulatory thresholds provide a scientifically
grounded framework for assessing the environmental and public health significance of
the experimental results. For other metals included in this study, such as manganese (Mn),
zinc (Zn), cobalt (Co), and arsenic (As), the European Union Drinking Water Directive
(2020/2184) does not specify binding parametric values. In such cases, internationally
recognized guidelines, particularly those issued by the World Health Organization, are
often used as reference. For example, the WHO 2017 recommends a provisional guideline
value of 10 pug/L for arsenic in drinking water, due to its well-documented toxicity and
carcinogenic potential.

Conventional treatment methods—such as chemical precipitation, ion exchange, mem-
brane separation, flotation, and electrocoagulation—have been extensively applied for
heavy metal removal from wastewater [9]. However, these methods often suffer from
limitations such as long treatment times, incomplete contaminant removal, high costs
for equipment and reagents, and the generation of toxic sludge that requires further
treatment [10]. In recent years, adsorption has gained attention as an effective and promis-
ing alternative for the removal of heavy metal ions from aqueous media. The main con-
straint to large-scale implementation lies in the high commercial cost of available adsorbents
and the challenge of their regeneration for repeated use.
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Another pressing environmental issue is the generation and accumulation of vast
quantities of waste, which calls for the urgent development of sustainable strategies for
waste management. One of the sectors known for substantial waste production is agri-
culture. Agricultural waste is typically burned, landfilled, or incorporated into soil to
improve its structure; however, these practices are often inefficient and, in some cases,
restricted by environmental regulations. Due to their high carbon content, biomass wastes
are increasingly being converted through pyrolysis—a thermochemical process carried out
in an oxygen-deficient atmosphere. Pyrolysis yields high-energy gases (both condensable
and non-condensable) suitable for fuel or chemical feedstocks, and a solid fraction (char)
that can be used as a soil amendment, adsorbent, catalyst, or further upgraded to activated
carbon (AC) through physical or chemical activation [11,12].

Thanks to their wide availability and low economic value, biomass wastes are regarded
as sustainable, eco-friendly, and cost-effective feedstocks for the production of valuable
pyrolyzed materials.

Low-cost adsorbents derived from agro-biological wastes—such as kola nut shells,
sugarcane bagasse, potato peels, rice husk ash, lentil shells, sargassum spp., hazelnut
shells, coconut, almond, walnut, and peanut shells—have been successfully used to purify
aqueous solutions contaminated with a variety of pollutants [10,13-15]. Some of these
materials have even been evaluated for the simultaneous removal of multiple heavy metal
ions. The properties and efficiency of these bio-based adsorbents vary depending on factors
such as geographic origin, plant species, and processing conditions, all of which influence
their morphology, porosity, and chemical composition.

The aim of this study is to produce and characterize biochars derived from selected
agricultural waste materials—namely almond shells (AS), walnut shells (WS), pistachio
shells (PS), and rice husks (RH)—and to systematically evaluate their performance in the
adsorption of multiple heavy metal ions from complex aqueous solutions. By employ-
ing a comparative approach, the study seeks to elucidate the relationship between the
physicochemical properties of the biochars—including surface morphology, pore structure,
surface chemistry, and surface charge—and their adsorption efficiency and selectivity to-
ward Cd(II), Mn(II), Co(II), Ni(I), Zn(II), total iron (Fey), total arsenic (Asiot), and total
chromium (Cryot). The biochars were produced via slow pyrolysis and characterized using
scanning electron microscopy, nitrogen adsorption measurements, FTIR spectroscopy, and
determination of the point of zero charge. Batch adsorption experiments were conducted
in multicomponent aqueous systems under environmentally relevant conditions and opti-
mized pH values, allowing for a realistic assessment of sorbent performance. The scientific
contribution of this work is rooted in its direct comparison of four biomass-derived sor-
bents, tested under identical conditions for the simultaneous removal of both cationic
and anionic species—a relatively rare approach in the current literature. Unlike studies
focusing on single-metal systems, this research addresses the complexity of real wastewater
and provides new insights into the interdependence between material characteristics and
adsorption behavior. The results establish clear correlations between porosity, surface
functionality, and electrostatic properties, and the removal efficiency for individual ions,
offering a solid foundation for the design of optimized, low-cost sorbents for sustainable
water treatment applications.

2. Materials and Methods
2.1. Adsorbents

The agro-biological wastes used in this study included almond shells (AS), pistachio
shells (PS), walnut shells (WS), and rice husks (RH). Most of the samples were collected
from agricultural plantations located in the Thracian Plain, Bulgaria. Prior to pyrolysis,
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the raw materials were washed with distilled water, air-dried at room temperature for
24 h, ground using a high-speed ball mill, and sieved to obtain particles smaller than
2 mm. The pyrolysis was carried out in an electric muffle furnace (model LM 312.11,
MLM Elektro, Bad Frankenhausen, Germany) under a nitrogen atmosphere. Nitrogen gas
(purity: 99.9 vol.%) was continuously supplied at a constant flow rate to ensure an inert
environment. The temperature program involved a heating rate of 15 K/min up to 793 K,
followed by an isothermal period of 1 h at the final temperature. The resulting biochars were
sieved, and the particle size fraction between 63 and 250 um was selected for subsequent
adsorption experiments.

In order to investigate the surface morphology of biochars, scanning electron mi-
croscopy was applied using a high vacuum SEMoscope IEM11 (Inovenso, Istanbul, Turkey).

The porous structure characterization was carried out by measuring nitrogen ad-
sorption isotherms at 77 K on an automatic apparatus Surfer (Thermo Fisher Scientific,
Waltham, MA, USA. The specific surface area of biochars was determined by using N;
adsorption data in the range of relative pressures 0.05-0.28 (for isotherms of type IV) or
in a range of relative pressures determined by the criteria of Rouquerol (for isotherms
of type I) and the linear form of BET equation [16,17]. The total pore volume, known as
volume of Gurvich, Vg5, was determined based on the volume of adsorbate, recorded on
the desorption branch of the adsorption isotherm at a relative pressure P;/P, = 0.95. The
micropore volume (Viicro) was calculated by using the Dubinin-Radushkevich equation
up to Pi/P, < 0.16 [18], while mesopore volume (Vmeso) Was calculated as the difference
between Vg5 and Vyjcro- The mean (rp) and maximal (max) pore radii were computed
by different calculation procedures, i.e., Horvart-Kawazoe (HK, for microporous) and
Barrett-Joyner-Halenda (BJH, for mesoporous) [18].

FTIR spectroscopy in the range 4000-400 cm~! was applied using a Nicolet iS
50 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) to obtain information
about surface functional groups of the samples under consideration.

2.2. Adsorbates

All chemicals used were of analytical grade (>99% purity) and sourced from certified
suppliers. Single-element standard solutions containing Cd(II), Mn(II), Co(Il), Ni(Il), Zn(II),
Fe(III), As(V), and Cr(VI) in concentration of 1000 mg/L, were prepared by dissolving
a certain amount of the corresponding salts (chlorides or nitrates) in ultrapure water.
The multicomponent aqueous solutions prepared for the adsorption study were with a
dominant concentration of Cd(Il) and Fe(Ill) ions, i.e., 5 and 7 mg/L, respectively, and
with a lower concentration of Cr(VI), Mn(II), Co(II), Ni(I), Zn(II), As(V), i.e., 50, 100, 5, 50,
500, 10 pg/L, respectively. The content of the heavy metal ions in the solutions before and
after adsorption was analyzed using a mass spectrometer, ICP MS model ICAP Q (Thermo
Fisher Scientific, Waltham, MA, USA), according to BDS EN ISO 17294-2: 2016 [19].

2.3. Adsorption Study

The values of pHp;. of the adsorbents were determined by mixing 250 mg biochar
with 10 mL freshly boiled and cooled ultrapure water as described in [20]. The mixture was
stirred by a magnetic stirrer for 48 h at room temperature. The pH values of the solutions
measured by pH-meter model Inolab pH 7110 (WTW, Weilheim, Germany) after 48 h were
considered as the pHyp. values of the biochars.

The adsorption experiments were carried out at various pH (2.5-8.5), aforementioned
concentrations of considered heavy metals in the multicomponent solution, temperature of
25 °C, adsorbent dose of 3 g/L, and the contact time of 24 h (the established equilibrium
state). The selected pH range (2.5-8.5) was chosen based on published solubility data to
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avoid hydrolysis and precipitation of metal hydroxides. The various pH values of the
solutions were adjusted by adding either 0.1 M HCl or 0.1 M NaOH to the initial solutions.
The adsorption was performed in an iodine flask of 200 cm?, containing 100 cm? of the
solution under examination and the required amount of adsorbent, placed into a water
bath, (Memmert WB22 Schwabach, Germany), and equipped with a shaking system (Mem-
mert WB22 (Schwabach, Germany). The temperature was maintained with an accuracy of
£0.5 °C. To prevent precipitation, all adsorption experiments were conducted at pH val-
ues below 9, where metal ion speciation remained predominantly soluble and stable in
aqueous media.

The removal of heavy metal ions by the adsorbents, expressed in %, and the amount of
ions adsorbed per unit weight of adsorbents at the equilibrium state (adsorption capacity),
in mg/g, were calculated using the following equations:

CO _Cg

% removal of ions = C
0

% 100 (1)

m

Qe ()

where Cy (mg/L) is the initial concentration of the metal ion in solution, C, (mg/L) is the
equilibrium concentration after adsorption, V (L) is the volume of the solution, and m (g) is
the mass of the adsorbent used. The removal efficiency (%) was calculated by Formula (1),
and the adsorption capacity at equilibrium, Q, (mg/g), was calculated by Formula (2).

Each adsorption experiment was conducted in two independent replicates to ensure
reproducibility. The obtained results were highly consistent across repetitions, and the
mean values are presented herein.

3. Results
3.1. Adsorbents Characterization

The surface morphology of biochars from RH, WS, AS, and PS is represented in SEM
images (Figure 1). Almond shell biochar (Figure 1A) possesses a three-dimensionally
ordered porous structure with macropores of about 24 pm, acting as transport arteries to
micro- and mesopores [21]. A similar macroporous structure is observed for PS biochar
(Figure 1C), but with macropore sizes up to 20 um. Walnut biochar (Figure 1B) shows an
irregular and inhomogeneous surface with poor macropore distribution. The morphology
of rice husk biochar (Figure 1D) reflects the skeletal structure of the precursor [22,23].

Nitrogen adsorption isotherms at 77 K (Figure 2) show that AS, WS, and PS biochars
exhibit a steep rise at low relative pressures, a sharp knee around P;/P, ~ 0.01, and
nearly horizontal behavior at medium to high relative pressures, indicating predominantly
microporous structures. RH-BC (Figure 2D), in contrast, shows a type IV isotherm and H-3
hysteresis loop (according to IUPAC classification), indicating a mesoporous and biporous
structure. Such hysteresis is typical of toroidal pores, bottle-shaped pores with narrow
necks, or wedge-shaped pores [22,23].

Textural characteristics calculated via various methods are presented in Table 1. PS-BC
shows the highest surface area (440 m?/ g), while RH-BC has the lowest (SggT = 149 m?/ g).
More than 77% of the pore volume in AS, WS, and PS biochars is attributed to micropores,
whereas RH-BC is predominantly mesoporous (Vmezo = 77%).

The surface chemistry of the biochars was studied via FTIR (Figure 3). Raw and py-
rolyzed samples exhibit absorption bands in the 3420-3450 cm ™! region, attributed to O-H
stretching in alcoholic, phenolic, and carboxyl groups [24]. Peaks near 2925 and 2860 cm ™!
correspond to symmetric and asymmetric C-H stretching [13]. The 1740-1700 cm~! bands
relate to non-ionic carboxyl groups (-COOH, -COOCH3), indicating carboxylic acids or
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esters [25]. Aromatic skeletal vibrations and C=C stretching appear between 1620 and
1422 ecm ™1, and C-O vibrations are found between 1320 and 1210 cm ! [26].

100[um]

HV

15.0[KV]

SP=16.0 WD=6.9

x500 100[um]

Figure 1. SEM images of biochars from (A)—almond shells, (B)—walnut shells, (C)—pistachio shells,
and (D)—rice husks.
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Figure 2. Adsorption-desorption isotherms of biochars from (A)—almond shells, (B)—walnut shells,
(C)—pistachio shells, and (D)—rice husks.
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Table 1. Textural characteristics of biochars from almond shells (AS-BC), walnut shells (WS-BC),
pistachio shells (PS-BC), and rice husks (RH-BC).

Calculation Biochars
Parameters
Procedure AS-BC WS-BC PS-BC RH-BC
Vogs, cm?/g 0.1948 0.1605 0.1932 0.2365
BET C 4828 629 2509 486
Sger, m?/g 404 332 440 149
R 0.9997 0.9998 0.9999 0.9999
rp, NM 0.29 1.90 0.29 5.40
HK or BJH P, TN 0.29 1.30 0.30 410
Vmicro, cm®/g 0.1619 0.1243 0.1672 0.0544
DR Vinezo, cm®/g 0.0329 0.0362 0.0258 0.1821
V micro, % 83.0 774 86.5 23.0
Vmezo, % 17.0 226 13.5 77.0

BET—Brunauer-Emmett-Taylor, HK—Horvart-Kawazoe (for microporous), BITH—Barrett-Joyner-Halenda (for
mesoporous), DR—Dubinin—Radushkevich.

60 40
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Figure 3. FTIR spectra of raw (A) and pyrolyzed (B) agrobiological wastes: 1—almond shells, 2—rice
husks, 3—pistachio shells, and 4—walnut shells.

Post-pyrolysis spectra (Figure 3B) show reduced or vanished C-H bands
(2920-2860 cm~!) and generally decreased intensity in other regions, consistent with
thermal degradation of cellulose, hemicellulose, and lignin [24]. RH-BC shows strong Si-O
bands at 1096, 793, and 470 cm ™!, corresponding to Si-O and O-Si-O vibrations [27].

3.2. pHpzc and Surface Charge

The pHp,c values of biochars (Table 2) indicate that in the studied pH range
(2.5-8.5), most surfaces remain positively charged. WS-BC becomes negatively charged
above pH 6.0, and AS-BC above pH 8.0.

Table 2. The values of pHp, of the studied adsorbents.

Adsorbents PHpzc
RH-BC 9.630
PC-BC 8.710
AS-BC 8.083

WS-BC 6.036
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3.3. Adsorption Efficiency and Capacity

The effect of pH on metal adsorption was evaluated in the range 2.5-8.5 (to avoid
metal precipitation above pH 9). Adsorption trends for AS-BC are shown in Figure 4. At
pH 2.5, Mn and Cd adsorption is suppressed, while Cr, As, and Zn are efficiently removed
(>80%). As pH increases, the removal of Fe, Mn(II), Co(Il), Ni(II), and Cd(Il) improves.

pH25 pH34 mpH6.0 ®mpHS.S

100

[©]
[
L

% removal
)

N
(=]
L

S
(=]
L

20

Crior Mn(I)  Fe,,, Co(Il) Ni(Il) Zn(Il)

T 1

Astot Cd(II)

Figure 4. The effect of pH on the adsorption of heavy metal ions onto almond shells biochar at 25 °C,
3 g/L adsorbent dose, and 24 h contact time in model solutions.

Zn(II) speciation [28] indicates that Zn?* dominates up to pH 7, while precipitation
begins at pH 8.5. At pH 6.5, Cr(VI) species become prevalent [29], supporting strong
electrostatic attraction between CrO,2~ and the positively charged adsorbent. For AS-BC,
pH 6.0 is optimal for multicomponent removal (except Zn, As, and Cr).

WS-BC (Figure 5) shows increased adsorption with rising pH, except for As. Acidic
conditions favor anionic adsorption via electrostatic attraction. WS-BC performs well at
pH 6.0 for all metals except As.

pH2.5 ~pH34 mpH6.0 mpHS.S

—

(=]

(=]
1

% removal
N o]
(=) (=)
1 1
N
3

N
S
=

Crioe Mn(Il)  Fey,, Co(I) Ni(Il) Zn(I)  Aster Cd(Il)

Figure 5. The pH influence on the heavy metal ions adsorption by walnut shells biochar at 25 °C,
3 g/L adsorbent dose, and 24 h contact time in model solutions.
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PS-BC (Figure 6) shows reduced As and Co adsorption with rising pH. Zn(II) removal
drops at pH 8.5 due to PS-BC’s surface charge and Zn(OH)* formation. Optimal metal
removal occurs at pH 6.0, excluding As.

pH?2.5 pH34 ®=mpH6.0 ®mpHSS

t r

Cror Mn(I)  Fe,,, Co(Il) Ni(Il) Zn(Il)  Astor Cd(IT)

% removal
o =
(=) (=)

L 1
N

(o))
(=]
L

S
S
L

Figure 6. The effect of pH on the heavy metal ions adsorption onto biochar from pistachio shells at
25 °C, 3 g/L adsorbent dose, and 24 h contact time in model solutions.

RH-BC (Figure 7) shows reduced Mn and Cd adsorption in acidic media, with in-
creased removal of most metals as pH rises. As and Cr show exceptions. Optimal RH-BC
performance is seen at pH 6.0.

pH2.5 pH34 wmpH6.0 mpHS.S

100 -

N H

Crr Mn(I)  Fe,,, Co(Il) Ni(Il) Zn(Il)  Astor Cd(IT)

o0
(=]
S

% removal

(o))
(=]
AN

N
S
1

Figure 7. The effect of pH on the heavy metal ions adsorption onto biochar from rice husks at 25 °C,
3 g/L adsorbent dose, and 24 h contact time in model solutions.

Adsorption efficiency comparisons reveal peak removals for the following: As at
pH 2.5 (87.35%, PS-BC); Cd at pH 3.4 (99.90%, AS-BC); Cr at pH 6 (98.35%, WS-BC); Mn
at pH 6 (98.52%, AS-BC); Fe at pH 6 (97.47%, AS-BC); Co at pH 8.5 (99.29%, AS-BC); Ni at
pH 8.5 (94.41%, RH-BC); Zn at pH 8.5 (97.73%, RH-BC). Clearly, the overall removal efficien-
cies range from 87.4% to 99.9%, depending on adsorbent and pH. Literature comparisons
show lower performance in other studies (e.g., Niazi et al. [30]; Lima et al. [31]).
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Adsorption capacity trends reveal the highest Q. values for Feiy, followed by
Cd(II). Among the adsorbents, WS-BC, AS-BC, and RH-BC exhibit comparable Feiot
adsorption capacities, which increase slightly with pH: Q. = 2.17 £ 0.01 mg/g at
pH 2.0, Qe =2.18 £ 0.02mg/g at pH 3.4, Q. = 229 + 0.07 mg/g at pH 6.0; and
Qe =2.39 £0.04 mg/g at pH 8.5. PS-BC shows similar Fety adsorption below pH 6.0
but a drop at pH 8.5. For Cd(Il), all adsorbents perform well between pH 3.4 and 8.5
(Qe = 1.75 £ 0.05 mg/g). Maximum capacities and optimal pH values are in Table 3.

Table 3. Maximum adsorption capacities of target metals.

Ions Adsorbent Qe, mg/g pH Medium

Criot RH-BC 0.018 2.5
Mn(II) WS-BC 0.053 8.5

Fetot WS-BC 2.419 8.5
Co(II) WS-BC 0.002 8.5
Ni(II) RH-BC 0.021 3.4
Zn(IT) RH-BC 0.164 3.4
Astot PS-BC 0.003 25
Cd(I) WS-BC 1.820 34

Note: The adsorption capacities (Q., mg/g) represent experimentally determined equilibrium values obtained
under optimized pH conditions for each ion. These values are not derived from isotherm model fitting. Due
to differences in initial concentrations and ion-specific solution behavior, these values should not be used for
direct comparison across metals. Meaningful comparisons are limited to evaluating the performance of different
sorbents for a given metal.

4. Discussion

The surface characteristics and pore structures of the resulting biochars are closely
related to the physicochemical nature of the original biomass. Almond, walnut, and pista-
chio shells, being dense lignocellulosic materials, exhibit varying degrees of rigidity, lignin
content, and cellular compactness, which directly influence their pyrolytic behavior and the
development of porous carbon frameworks. In general, a higher lignin content and greater
mechanical integrity tend to promote the formation of thermally stable biochars with well-
developed micro- and mesoporosity. The presence of inherent mineral elements such as
calcium, potassium, and magnesium may further assist in pore generation through catalytic
effects during pyrolysis. Among the studied materials, PS-derived biochar exhibited the
highest specific surface area and the most pronounced microporosity. These characteristics
are instrumental in enhancing the adsorption performance, particularly under competitive
multicomponent conditions. The structural properties of the pistachio shell precursor,
including its relatively high lignin content and mechanical integrity, likely contributed to
the formation of stable and highly porous carbonaceous structures during pyrolysis. While
these findings suggest that pistachio shell biomass may offer advantageous properties for
producing high-performance porous biochars, further comparative studies are needed to
confirm and better understand the underlying mechanisms. The microporosity observed in
AS, WS, and PS biochars aligns with the steep initial rise in nitrogen isotherms. RH-BC’s
distinct mesoporosity and H-3 hysteresis loop reflect its silica content and unique pore
geometry [22,23]. Although RH-derived biochar showed the lowest specific surface area
among the tested materials, it demonstrated notable adsorption efficiency for Ni(II) and
Zn(I). This behavior may be explained by its mesoporous nature and the high silica content
of rice husks, which could facilitate the diffusion and retention of larger hydrated metal
ions. The presence of silica may also influence surface charge distribution and ion-exchange
interactions, further contributing to the adsorption process. The highly porous structure of
AS and PS biochars, particularly PS-BC, likely accounts for their superior surface areas and
higher adsorption efficiencies.
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FTIR spectra confirm the progressive degradation of organic functional groups during
pyrolysis [24], reducing the number of polar sites but increasing carbonaceous structure,
beneficial for hydrophobic interactions and 7—t bonding. RH-BC’s unique silica peaks [27]
further differentiate it chemically from the other biochars.

pHpzc values provide insight into the electrostatic interactions governing adsorption.
Below pHp,c, the adsorbent surface is protonated, favoring the adsorption of anionic
species (e.g., Cr(VI), As(V)). This explains why the As removal peaks at low pH. In contrast,
cationic species like Fe(IlI), Ni(II), and Cd(II) are better adsorbed at higher pH levels due to
decreased competition with H* and favorable electrostatic interactions.

The pH-dependent adsorption behavior reflects the combined influence of metal ion
speciation and the surface charge properties of the biochars. The optimal adsorption
pH for most ions was 6.0, indicating a favorable balance between surface charge and
metal speciation. At lower pH values, the biochar surfaces are protonated, favoring the
adsorption of anionic species such as Cr(VI) and As(V) through electrostatic attraction. In
contrast, the removal efficiency for cationic metals, including Mn(II), Co(II), and Ni(Il),
improves with increasing pH, due to the progressive deprotonation of surface functional
groups and reduced competition from protons for binding sites. This trend is also evident
in the case of Cd(II), whose adsorption at pH 3.4 aligns with its prevalent ionic form
and minimal precipitation. Likewise, the adsorption of Fe(IlI) and Mn(II) increases with
rising pH as a result of diminished proton interference. These adsorption trends are in
line with the expected aqueous speciation of the studied metal ions. Under acidic to
neutral pH conditions, Cr(VI) exists mainly as HCrO4~ and CrO42~, while As(V) is present
predominantly as HyAsO4~ and HAsO,4?~. These anionic species interact favorably with
the positively charged biochar surfaces at lower pH, which explains the enhanced removal
of Cr(VI) and As(V) in acidic media. In contrast, Cd(II), Mn(II), Co(II), Ni(II), and Fe(III)
remain in solution as hydrated cations at lower pH, with adsorption improving at higher
pH due to surface deprotonation and reduced competition from H* ions. However, for
Fe(Ill) and to some extent for Mn(II), hydrolysis becomes significant above pH 6.5-7,
leading to the formation of soluble complexes such as Fe(OH),* and Fe(OH)3Y, or even
precipitation of Fe(OH)s(s). Similar effects may occur for other cations at elevated pH levels.
To avoid the confounding influence of precipitation, the experimental pH range was limited
to 2.5-8.5. Adsorption behavior above this threshold was not evaluated, as precipitation
could dominate and obscure the interpretation of true adsorption mechanisms.

Comparison with literature (e.g., Niazi et al. [30]; Lima et al. [31]; others [32-34])
shows that the biochars produced here outperformed several conventional biomass-derived
adsorbents, particularly under multicomponent conditions. Notably, the AS-BC biochar
showed high performance across multiple ions, and WS-BC excelled at Fe and Cd
removal. Although the reported equilibrium adsorption capacities (Qe) may seem modest,
this is a direct consequence of the experimental design, which employed environmentally
relevant, low initial concentrations of metal ions in multicomponent aqueous systems. As
defined by the equation 2, adsorption capacity is inherently dependent on the starting
concentration. Lower Q. values under such realistic conditions are expected and reflect
the practical performance of the biochars. It is important to note that Q. values presented
for different metal ions are not directly comparable to one another, as they are influenced
by distinct initial concentrations, ionic properties, complexation behavior in solution, and
varying degrees of sorbent surface saturation. The values are therefore interpreted in the
context of intra-metal comparisons among biochars tested under identical conditions. This
approach allows for a valid assessment of sorbent performance while avoiding misleading
cross-metal generalizations. Importantly, the high removal efficiencies achieved—even in
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the presence of competitive ions—underscore the applicability of these sustainable sorbents
for complex water treatment scenarios.

The high adsorption capacity observed, especially for Cd and Fe ions, also reflects
the competitive nature of multielement adsorption. However, the relatively high adsorp-
tion capacities observed for Cd(Il) and total iron (Fey) may be attributed not only to
their higher initial concentrations in the multicomponent solution but also to their distinct
physicochemical characteristics. Cd(II), with its small hydrated radius and divalent na-
ture, demonstrates a strong affinity toward negatively charged adsorption sites. In the
case of Feyt, present predominantly as Fe(Ill), the enhanced adsorption is likely due to
the high binding affinity of trivalent iron ions to oxygen-containing functional groups
such as hydroxyl and carboxyl moieties, particularly at moderately acidic to near-neutral
pH values.

While some studies report reduced capacity under similar adsorption conditions [34],
the biochars investigated here retained high removal efficiencies, highlighting their promise
for real-world wastewater treatment. The presence of multiple metal ions in solution in-
troduces competitive adsorption dynamics, where species with higher binding affinities
or greater concentrations may dominate sorption sites. The observed selectivity patterns
suggest a complex interplay between ion properties—such as charge density, ionic radius,
and hydration energy—and the physicochemical characteristics of the biochar surface.
Understanding these interactions is crucial for predicting sorbent behavior in real wastew-
ater systems. This outcome is particularly notable given the use of low, environmentally
relevant contaminant concentrations, which naturally limit Q. values but offer a realistic
assessment of practical sorbent performance. It should also be noted that the maximum
monolayer adsorption capacity (Qmax) was not determined, as the study was based on
adsorption data collected at a single equilibrium concentration for each metal ion. As a
result, it is not possible to assess whether adsorption occurred near saturation or within
the initial linear region of the isotherm. In cases with higher initial metal concentrations,
the elevated Q. values may reflect more extensive surface coverage rather than stronger
sorbent-sorbate interactions.

5. Conclusions

This study provides a comparative analysis of biochars derived from AS, WS, PS, and
RH, synthesized via slow pyrolysis at 793 K. The materials exhibited distinct physicochemi-
cal properties shaped by the composition and structure of the respective feedstocks. AS-BC,
WS-BC, and PS-BC showed relatively high specific surface areas, with PS-BC reaching a
maximum of 440 m?/g. These values are attributed to the lignin-rich and mechanically
dense nature of the nutshell precursors. Morphological observations revealed that AS-BC
and PS-BC developed well-organized macroporous networks, whereas WS-BC displayed a
more irregular structure with limited pore connectivity. RH-BC retained the characteristic
framework of the original biomass and exhibited a predominantly mesoporous texture.
Textural analysis confirmed that AS-BC, WS-BC, and PS-BC were predominantly micro-
porous, with over 77% of their total pore volume in the micropore range—a key factor
in their enhanced adsorption performance. In contrast, RH-BC demonstrated a type IV
isotherm with an H3 hysteresis loop, indicative of mesoporosity arising from its silica-rich
composition and broader pore size distribution.

The adsorption behavior of the biochars toward Cd(II), Mn(II), Co(II), Ni(II), Zn(II),
Fetot, Astot, and Crior in multicomponent aqueous systems was strongly influenced by both
the solution pH and the structural characteristics of the sorbents. Removal efficiencies
ranged from 87.4% to 99.9%. Among the materials tested, WS-BC showed the highest
affinity for Fei,; and Cd(II), along with effective removal of Mn(II) and Co(II). PS-BC
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also demonstrated strong adsorption potential across multiple metal ions, reflecting the
influence of its high surface area and microporous architecture.

The study highlights the key influence of feedstock composition, particularly lignin
content, structural rigidity, and mineral profile, on biochar porosity and adsorption ef-
ficiency. The results of this study align closely with the core principles of the circular
economy by demonstrating the successful valorization of agricultural waste materials—
traditionally underutilized residues—into functional sorbents for environmental reme-
diation. The biochars produced not only offer a low-cost and renewable alternative to
conventional adsorbents, but also hold potential for reuse or regeneration, contributing to
resource efficiency and waste minimization. This closed-loop approach supports the devel-
opment of sustainable water treatment strategies within the broader framework of circular
economy thinking.
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