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Abstract

The biochars obtained by pyrolyzing tomato stems at temperatures of 400, 500, 600, and
700 °C were characterized, and their ability to absorb anionic (Direct Orange 26, DO26) and
cationic (Rhodamine B, RhB) dyes from aqueous solutions was investigated. The effects of
solution pH and ionic strength were studied. It was found that the adsorption process of
both dyes was pH-dependent, but no effect of ionic strength was observed. The kinetics of
dye adsorption on biochars were well described by the pseudo-second-order model. The
equilibrium adsorption data were analyzed using the Freundlich, Langmuir, and Temkin
isotherms. All three equations described dye adsorption on biochars quite well, although
a slightly better fit was observed for the Freundlich model. The maximum adsorption
capacities of BCs ranged from 54.44 mg/g (BC400) to 108.1 mg/g (BC700) for DO26 and
from 4.483 mg/g (BC700) to 8.887 mg/g (BC400) for RhB. The study reveals that biochars
derived from tomato stems can be used as efficient, low-cost adsorbents for the removal of
anionic and cationic dyes from water.

Keywords: adsorption; biochar; tomato stems; Direct Orange 26; Rhodamine B

1. Introduction

Water contamination caused by synthetic dyes is a growing environmental issue
worldwide. Dyes are extensively used in the textile, paper, plastic, and food industries, and
a considerable portion of these compounds is discharged into aquatic ecosystems without
adequate treatment. Due to their complex aromatic structures, dyes are generally resistant
to biodegradation, photolysis, and oxidation, resulting in their long-term persistence in
water bodies [1]. Among these dyes, Rhodamine B (RhB) and Direct Orange 26 (DO26) are
particularly problematic. RhB, a cationic xanthene dye, is toxic, mutagenic, and capable
of bioaccumulation, whereas DO26, an anionic azo dye, exhibits strong color stability
but potential carcinogenicity. Even in minimal concentrations, both dyes diminish light
penetration, impede photosynthesis, and disrupt aquatic ecosystems [2].

Traditional wastewater treatment methods, such as coagulation, flocculation, mem-
brane filtration, and advanced oxidation processes, are often limited by high operational
costs, complex maintenance, and incomplete dye degradation. In contrast, adsorption has
been recognized as one of the most economical and effective techniques for dye removal
due to its simplicity, the reusability of materials, and high pollutant removal efficiency [3].
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The search for sustainable, low-cost adsorbents derived from natural or waste materials
has therefore become a key area of environmental research.

Biochar is a carbon-rich, porous material obtained through the thermochemical conver-
sion (typically pyrolysis) of biomass under limited oxygen conditions and has emerged as a
promising adsorbent for the remediation of contaminated water and soil [4-6]. Its physico-
chemical characteristics—such as specific surface area, pore structure, surface functionality,
and aromaticity—depend strongly on the feedstock composition and pyrolysis parame-
ters (temperature, heating rate, and residence time). The presence of abundant oxygen-
containing functional groups (-COOH, -OH, -C=0) enables electrostatic interactions,
hydrogen bonding, and 7— electron donor—acceptor interactions with dye molecules [1].
Consequently, biochars produced from a variety of agricultural and forestry residues—such
as rice husks, corn stalks, sugarcane bagasse, sawdust, and fruit peels—have shown remark-
able performance in removing both cationic and anionic dyes from aqueous solutions [7].

The use of biomass residues for biochar production offers multiple environmental and
economic benefits. It transforms low-value agricultural by-products into functional materi-
als, reduces waste management problems, and supports circular economy principles [8].
Moreover, biochar production contributes to carbon sequestration, thereby mitigating
greenhouse gas emissions and promoting climate sustainability [9]. When compared with
conventional activated carbon, biochar offers lower production costs, renewability, and the
potential for surface modification to enhance its adsorption capacity [10]. These attributes
make biochar a promising alternative adsorbent for applications involving large-scale
wastewater treatment [11]. Review studies have further highlighted biochar as an eco-
friendly and economical adsorbent for the removal of toxic cationic and anionic dyes from
aqueous environments [3,12].

Tomato (Solanum lycopersicum) cultivation generates substantial quantities of agricul-
tural residues, including stems and leaves, which are often discarded or incinerated after
harvest, leading to environmental pollution and the loss of valuable organic carbon. Based
on the research conducted by Drecher and co-workers [13], it has been found that the
vegetative residues of tomato plants contain a wide range of biologically active compounds.
Tomato stems are rich in lignocellulosic components (cellulose, hemicellulose, and lignin),
making them a suitable precursor for producing biochar [14]. Previous studies have ex-
plored the valorization of tomato stem biomass for materials engineering, for example, as
biochar fillers in biodegradable composites [15,16] and, more recently, as adsorbents for
inorganic ions or anionic dyes such as Direct Orange 46 [2]. However, studies combining
both cationic and anionic dye removal using biochar derived specifically from tomato stems
remain limited.

The main aim of this study is to valorize tomato stem waste through its conversion
into biochar and to evaluate its potential as a sustainable and cost-effective adsorbent for
removing dyes from aqueous solutions. To this end, biochar derived from tomato stems
was produced and characterized, and its adsorption performance toward a cationic dye
(Rhodamine B) and an anionic dye (Direct Orange 26) was systematically investigated.
The effects of initial dye concentration, solution pH, and ionic strength were assessed, and
adsorption kinetics and equilibrium isotherms were analyzed to elucidate the underlying
adsorption mechanisms.

2. Materials and Methods
2.1. Reagents and Materials

The Rhodamine B (RhB) cationic dye (>95%) was received from Sigma-Aldrich
(Darmstadt, Germany), while the Direct Orange 26 (DO26) anionic azo dye was obtained
from Boruta-Zachem SA (Bydgoszcz, Poland). The most important information about both
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dyes is listed in Table 1. The other high-purity chemicals and reagents were purchased
from Chempur (Piekary Slaskie, Poland) or Avantor Performance Materials Poland SA
(Gliwice, Poland).

Table 1. Properties of Direct Orange 26 and Rhodamine B dyes.

Direct Orange 26 Rhodamine B
CAS Number 3626-36-6 81-88-9
A max 492 nm 552 nm
Color Index 29,150 45,170
Molar weight 756.67 g/mol 479.02 g/mol
Formula C33H22N6Na20982 C28H31C1N203

I COCH
NH 0 0 HN
Structure O N ‘
\ / .
DO O, ey e
NaO,S SO,Na cr
H,C KCH3

TPSA * 262 A? 52.8 A2

* Topological polar surface area.

2.2. Preparation and Characterization of the Biochars
2.2.1. Analysis of the Chemical Composition of Tomato Stems

Tomato stems used for biochar production were obtained from greenhouse cultivation
at horticultural farms in west-central Poland. The chemical composition of tomato stem
biomass (dry matter) was determined in accordance with the standards of the Technical
Association of the Pulp and Paper Industry (TAPPI). The following components were
analyzed: (I) cellulose, determined by the Seifert method using an acetylacetone-dioxane
mixture [17]; (II) holocellulose, determined using sodium chlorite (TAPPI T 9 wd-75);
(III) pentosans by Tollens” method using phloroglucinol (TAPPI—T 233 cm-84); (IV) lignin
with concentrated sulfuric acid (TAPPI T 222 om-06); (V) substances that are soluble in
organic solvents according to Soxhlet (TAPPI—T 204 cm-07); (VI) ash (TAPPI—T 211 cm-
86) and (VII) the theoretical hemicellulose content, calculated as the difference between
holocellulose and cellulose.

2.2.2. Carbonization

Tomato stems were cleaned and then dried until they reached a constant weight at
a temperature of 105 °C. The raw material was then ground to a particle size of less than
20 mm using an SM100 mill (Retsch GmbH, Haan, Germany) to ensure process uniformity
and effective heat transfer within the material. The stems were subsequently subjected
to carbonization in a muffle furnace (Czylok, Jastrzebie-Zdréj, Poland) in an oxygen-free
atmosphere with controlled process parameters. Carbonization was carried out at 400 °C,
500 °C, 600 °C, and 700 °C, with a heating rate of 3 °C min~! and a 1 h dwell time at the
target temperature. After carbonization, the yield was expressed as the mass of the final
product. The percent yield was then calculated based on Equation (1):

Yield = £4.100% (1)
wp

where wg—biochar weight (g) and wa—dry biomass weight (g).
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2.2.3. Characterization of Obtained Biochars

The biochar’s surface morphology was characterized using scanning electron mi-
croscopy (SEM) coupled with energy-dispersive spectroscopy (EDS) (Zeiss EVO 10, Carl
Zeiss Microscopy GmbH, Jena, Germany). The biochar samples were placed on stubs
covered with carbon tape and then sputter-coated with a thin layer of gold using a Quorum
Q150R Plus Coater (Quorum Technologies Ltd., Laughton, UK).

The quantitative determination of oxygen-containing acidic and basic surface groups
of the biochars was performed using the Boehm titration method [18]. Biochar samples
(0.25 £ 0.01 g) were weighed on an analytical balance and placed individually in 250 mL
Erlenmeyer flasks. Each sample was treated with 25 mL of one of the following solutions:
0.1 mol/L NaOH, 0.1 mol/L NaHCO3, 0.05 mol/L Nay;COs, or 0.1 mol/L HCI. The suspen-
sions were shaken for 24 h at approximately 180 rpm and subsequently filtered. The filtrates
were titrated using 0.1 mol/L HCI (for basic groups) or 0.1 mol/L NaOH (for acidic groups)
with Tashiro’s indicator. All measurements were carried out in triplicate. The amount of
surface functional groups (Ax, mmol/g) was calculated using the following equation:

Ay = (VO ]:]/I;)”ZZ\B )
where Vj and Vp are the volumes of HCI or NaOH solution used for the titration of the
blank and the biochar sample, respectively; n; is the concentration of the titrant (mol/L);
and Njp is the mass of the biochar sample (g),

The iodine number, used to evaluate the adsorption capacity of the selected biochar
samples, was determined by the redox titration method in accordance with the ASTM
D4607-14 standard [19]. The iodine value (I) was calculated using the following equation:

[ (M= V)i 12692

7 )

where V(__the volume of Na,S,03 solution used in the blank (cm?3); V,—the volume of
Na,S,0;5 solution used in the actual determination (cm?); cijo—titer of NayS,03 (mol/dm?);
Mp—mass of biochar (g); and 126.92—the mass of 0.5 moles of iodine (g).

To determine the point of zero charge (pHp,c) of the materials, a series of 0.01 mol/L
NaCl solutions was prepared and adjusted to the required initial pH (between 2 and
12) by adding small quantities of 0.01 mol/L HCI or NaOH. Then, 50 mg of adsorbent
was added to each of the prepared 20 mL solutions and shaken for 24 h. The solutions
were then filtered, and their final pH was measured. The pHy, value was determined
graphically as the crossing point of the experimental line with the x-axis of the graph of
APH (pHﬁnal - pHinitial) versus pHinitial‘

The ash content of the biochars was determined following a modified ASTM D2866
procedure. Approximately 1.0 &+ 0.1 g of pre-dried biochar sample was accurately weighed
and placed in a crucible, which was then introduced into a cold muffle furnace. The
temperature was gradually increased to 500 °C over 30 min and held constant for 30 to
50 min. Then, the temperature was increased to 650 & 25 °C and held for 90 min. After
combustion, the crucible was taken out of the furnace, allowed to cool to room temperature
in a desiccator, and weighed. The ash content (A) was calculated using Equation (4):
ny

2 =0 1009 4)
mp —mp

A=

where mp—mass of the empty crucible (g); m;—mass of the crucible with sample (g); and
mp—mass of the crucible with residue (g).
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An elemental analysis of biochars was performed using a Vario EL Cube apparatus
(Elementar Analysensysteme, Langenselbold, Germany) working in CHNS mode. The
oxygen content (O wt.%) was estimated from the difference as follows: 0% =100% — (XC%
+ H% + N% + S%).

Thermogravimetric analysis (TGA) was performed using an STA 449 F5 Jupiter-QMS
thermal analysis test stand (NETZSCH Group, Burlington, MA, USA) to characterize the
surface chemistry of biochars. The sample (15 & 1 mg) was heated from 25 °C to 950 °C at
a rate of 10 °C/min, with a helium flow rate of 25 cm? /min.

The nitrogen adsorption/desorption isotherm, measured at 77 K using an ASAP 2020
adsorption analyzer (Micromeritics Instrument Corp., Norcross, GA, USA), was employed
to evaluate the porous structure parameters of the biochar. The biochar sample was
degassed at 300 °C for 24 h prior to isotherm acquisition.

2.3. Batch Adsorption Studies

The adsorption capacities of biochars were evaluated for two dyes: the cationic dye
Rhodamine B (RhB) and the anionic dye Direct Orange 26 (DO26). Equilibrium studies
(adsorption isotherms), adsorption kinetics, and the effects of solution pH and ionic strength
were investigated. All of these experiments were carried out at a temperature of 23 °C in
glass Erlenmeyer flasks. These flasks contained 20 mL of dye solutions of the appropriate
concentration, as well as 20 mg of individual biochars. Such prepared mixtures were
agitated on a laboratory shaker at a constant speed of 200 rpm. After an appropriate time,
the dye solutions were filtered and determined spectrophotometrically. The amounts of
dye adsorbed onto the biocarbon at equilibrium (ge) and after time ¢ (g;) were calculated
using the following formulas:

go = =W ®)
PR it} 14 ©

where C is the initial concentration of DO26 or RhB (umol/L), C; is the dye concentration
measured at time ¢ (umol/L), C is the concentration of the dye at equilibrium (umol/L), m
is the mass of the biochar sample (0.02 g), and V is the volume of the solution (0.02 L).

The percentage of removal was calculated based on the following relationship:

Removal(%) = (Go=C) x 100 (7)
Co

Adsorption isotherms were studied for different initial dye concentrations, ranging
from 5 to 30 pmol/L for RhB and from 20 to 70 umol/L for DO26, respectively. Kinetic
experiments and studies on the effects of pH and ionic strength were carried out using a
constant initial RhB and DO26 concentration of 20 pumol/L (adsorbent dose = 1 g/L). These
studies were conducted at the original pH of the solutions (~4.7 for RhB and ~6.6 for DO26).
However, there are some exceptions. In studies about the effect of pH on adsorption, dye
solutions (20 umol/L) were adjusted to the desired pH in the range of 2.5-10.0. This was
achieved using small amounts of 0.01 mol/L HCl and NaOH. When studying the effect of
ionic strength on adsorption, an appropriate amount of NaCl was added to 20 mL of the
20 umol/L dye solution, resulting in final salt concentrations of 0.1, 0.5, 1.0, and 2.0 mol /L.
All the above adsorption experiments were performed in duplicate, and the averaged
results were used for further calculations.
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For the description of adsorption kinetics, two of the most popular kinetic models
were employed: the pseudo-first-order (PFO) and pseudo-second-order (PSO) models. The
linear forms of these models are represented by the following equations [20]:

k
log(qe — 1) =log e — 552t (8)

t_1 1
g kaga  ge
where k; (1/min) and k; (g/pmol-min) are the PFO and the PSO adsorption rate

©)

constants, respectively.

The adsorption rate constants (k; and k;) and the equilibrium adsorption capacity (ge)
values for both kinetic models were calculated from the slopes and intercepts of log(ge — gt)
vs. t for PFO and t/q; vs. t for PSO, respectively.

The Weber-Morris kinetic model [20,21] is expressed by the following formula:

gt = kit"® + G (10)

where ki—intraparticle diffusion rate constant (umol/ g-min’0'5 ) and Cj—constant of the
Weber-Morris equation.

For the description of the experimental adsorption isotherms, the Freundlich, Lang-
muir, and Temkin isotherm models were used [22]:

ge = KpCo/™ (11)
QmKLCe
_ 12
qe 1+ K.C, (12)
RT
Je = b—ln(ATCe) (13)
T
After conversion to linear form, these formulas are as follows:
1
Ing, = InKg + HlnCe (14)
Ce 1 1
= - C+— 15
e dm ¢ QmKL ( )
RT RT
ge = —InAr+ | — |InC, (16)
br br

where K is the Freundlich isotherm constant giving the relative adsorption capacity of
the adsorbent ((umol/g)-(L/ umol)!/™), n is the Freundlich constant, gm is the Langmuir’s
maximum adsorption capacity (umol/g), K, is the Langmuir constant (L/pumol), At (L/g)
and bt (J/mol) are the Temkin isotherm constants, T is the temperature (K), and R is the
gas constant (8.314 J/mol-K).

The constant isotherms were determined based on the slope and intercept obtained
for the linear plots of Inge vs. InCe (Freundlich), Ce/ge vs. Ce (Langmuir), and ge
vs. InCe (Temkin).

To assess the fit of the model to the experimental data, the determination coefficients
(R?), chi-square (x?), and root mean squared error (RMSE) were used. A higher R? (closer
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to 1) as well as lower values of x> and RMSE indicate a better fit of the model. These
parameters were calculated as follows:

2

Z?:l <qe(cal) - qe(exp))

R? = - (17)

Z?:l (qe(cal) - qe(exp)) + 2?:1 (qe(cal) - qe(exp)>2

2
2 n (qf(exp) - qe(cal))
* Zi:l Je(cal)

(18)

Tn 2
RMSE = \/nZi—l (Qe(exp) - qe(Cal)) 19)

where fe(exp) and fe(can) are the adsorption capacities (umol/g) obtained experimentally
and calculated from the kinetic or isotherm model, respectively.

The dye concentrations in the solutions used in all adsorption experiments were deter-
mined spectrophotometrically using a Varian Cary 3E series spectrophotometer (Palo Alto,
CA, USA). Absorbance was measured at analytical wavelengths of 492 nm (DO26) and
552 nm (RhB), which correspond to the absorption maxima of the respective dyes. The
calibration curve for the determination of DO26 was linear (R? = 0.999) within the tested
concentration range of 5-60 umol/L and was described by the equation y = 0.0195x + 0.0186.
The correlation of the RhB absorbances versus concentration (1-25 umol/L) was described
by the equation y = 0.0946x + 0.0154, with a coefficient of determination equal to 0.998.

3. Results and Discussion
3.1. Properties of the Obtained Tomato Stem-Derived Biochars (BCs-(400-700))

The chemical composition analysis of tomato stems revealed that the material con-
tained 39.42% cellulose, 17.47% lignin, 19.30% pentosans, 69.95% holocellulose, 30.53%
hemicellulose, 13.40% ash, and 10.60% extractives. In comparison, Tiryaki et al. [14] re-
ported the content of the main components in tomato stems as 27.03% cellulose, 16.01%
lignin, 21.08% hemicellulose, 10.65% ash, and 21.65% unidentified substances. Differences
in chemical composition may result from varying environmental conditions, including soil
type, fertilization practices, mineral content in the substrate, and climatic factors during
the growing season. The higher ash content observed in this study (13.40% compared to
10.65%) may indicate a greater accumulation of mineral substances in plant tissues, which
is characteristic of biomass derived from soils rich in mineral salts or from intensively
fertilized cultivation sites.

When compared with woody biomass (softwood and hardwood) (Table 2), tomato
stems show a similar cellulose content (around 40%) but a significantly higher ash content,
reflecting the greater accumulation of mineral components typical of herbaceous plants. In
relation to other lignocellulosic materials, such as wheat straw and Miscanthus giganteus,
tomato stems exhibit comparable cellulose and lignin contents but a notably higher ash
level. In contrast, rice husks are characterized by an exceptionally high mineral content
(approximately 18.7%), mainly due to the presence of large amounts of silica in their
structure. In summary, the obtained results confirm that tomato stems possess a chemical
composition similar to other lignocellulosic materials and can be considered a promising
feedstock for thermochemical conversion processes, including biochar production.
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Table 2. Chemical composition of selected lignocellulosic materials.

Cellulose Hemicellulose Lignin Ash Ref.
Material

(wt.%)

Tomato stems 39.42 30.53 17.47 13.40 this study
Softwood 4045 25-30 25-30 0.2-1.0 [23,24]
Hardwood 40-50 25-35 20-25 0.5-2.0 [23,25]
Miscanthus giganteus 45.12 29.30 22.21 2.63 [26]
Wheat straw 37.80 28.20 19.80 3.70 [27]
Rice husks 36.50 23.50 19.30 18.70 [28]

Conducted analyses showed that the yield of tomato stem carbonization decreased
with increasing process temperature. At 400 °C, the yield was 38.6%, while at 500 °C, it
declined to 37.9%. Raising the temperature to 600 °C resulted in a further decrease in yield
to 35.9%, and at 700 °C, the yield reached 34.1%. The obtained results indicate that higher
process temperatures intensify biomass thermolysis reactions, leading to a reduction in the
amount of biochar produced.

The elemental composition of the biochar was determined using two instrumental
techniques: SEM-EDS and CHNS elemental analysis. SEM-EDS reflects the elemental
composition of the surface layer of the material, while CHNS analysis determines its total
mass composition.

SEM images of the obtained biochars show morphological differences resulting from
the carbonization process temperature. Figure 1 shows representative SEM images of
biochars produced at two different temperatures. A visual comparison indicates that
higher-temperature thermal treatment results in smaller biocarbon particles. For BC400,
particles larger than 15 um are visible, whereas for BC700, particles smaller than 8 pm
dominate. These values are approximate and are used only to illustrate the qualitative
morphological trends observed, and they do not constitute a quantitative analysis of

particle size.

Figure 1. The SEM images of biochar samples: (a) BC400 and (b) BC700 (magnification 8000x).

An SEM-EDS analysis was performed to characterize the surface chemistry of biochars.
The determined percentage content of elements is presented in Table 3. As can be seen,
the C and O contents decrease with increasing temperature, whereas the contents of K,
Cl, Ca, P, and S increase. This behavior can be attributed to mass loss during pyrolysis,
accompanied by the release of volatile organic compounds and gases, leading to a relative
enrichment of inorganic elements on the biochar surface.
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Table 3. Surface chemical composition of biochars determined by the SEM-EDS method.
Chemical Composition (wt.%)

Sample -

C (0) K Cl Ca P S Si Mg Na
BC400 83.1 12.6 2.6 0.2 0.6 0.3 0.1 0.1 0.2 0.2
BC500 81.1 11.7 4.6 0.4 0.8 0.5 0.2 0.1 0.2 0.2
BC600 79.9 12.8 4.1 0.4 1.3 0.5 0.2 0.2 0.2 0.2
BC700 77.2 11.4 7.6 1.0 1.2 0.7 0.3 0.2 0.3 0.2

The results of the elemental analysis are listed in Table 4. As the pyrolysis temperature
increases from 400 to 700 °C, the percentage content of carbon, nitrogen, and sulfur also
increases. At the same time, the oxygen content gradually decreases. This trend, along
with the proportions of the individual elements observed, is consistent with the results
obtained in other studies [16,29]. For instance, biochar produced at 500 °C for 4 hin a N;
atmosphere was found to consist of C 61.93%, H 2.38%, N 2.21%, and O 33.48% [16].

Table 4. Elemental analysis of tomato stem-derived biochars.

Elemental Analysis (wt.%)

Sample

C H N S o*
BC400 58.2 29 2.7 2.2 34.0
BC500 60.2 2.5 3.2 3.5 30.7
BC600 61.8 22 3.5 4.0 28.5
BC700 65.9 1.9 3.9 49 23.4

* Calculated value.

Thermogravimetric analysis (TG) of the biochars was performed over a temperature
range of 35 to 950 °C. As the TG curves were similar for all the samples tested, the results are
presented in tabular form (Table 5). The mass losses observed in the 35-200 °C temperature
range, amounting to approximately 7.5% for all samples, are primarily due to the removal of
moisture and weakly bound volatile components. Relatively small mass losses (3.74—4.94%)
were observed in the range of 200400 °C, indicating that the majority of the organic
components of the raw material, particularly cellulose and hemicellulose, were removed
during the pyrolysis of tomato stems [30]. Significant weight loss at high temperatures
(600-950 °C) is due to further changes in the carbon structure and the presence of mineral
fractions in biochar. The high ash content in the tested samples (Table 6) suggests the
involvement of processes occurring in the inorganic phase, which may affect the TG
analysis in this temperature range. Total mass losses in the 35-950 °C range decreased with
increasing biochar production temperature, from 32.57% for BC400 to 29.06% for BC700.
This phenomenon can be attributed to the increasing proportion of the inorganic fraction
and to greater transformation of organic material during pyrolysis. Biochars obtained
from tomato stems show relatively large mass losses above 600 °C, which is due to their
chemical composition. The high ash content (nearly 30% for BC700) and the presence
of mineral fractions cause these materials, despite prior thermal treatment, to undergo
further significant changes at high temperatures. Similar behavior has been observed in
other studies, in which large mass losses at high temperatures were attributed to reactions
occurring in the mineral fraction of biochar [31,32]. The presence of this fraction is a
consequence of the significant proportion of mineral components in the raw material,
amounting to 13.4% (Table 2).
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Table 5. Mass loss of biochars obtained from tomato stems determined by thermogravimetric analysis.

Mass Loss (%)

Sample

35-200 °C 200-400 °C 400-600 °C 600-800 °C 800-950 °C 35-950 °C
BC400 7.68 4.90 7.13 8.22 4.64 32.57
BC500 7.60 494 6.33 8.03 425 31.15
BC600 7.56 478 6.30 7.63 4.44 30.71
BC700 7.54 3.74 6.09 7.64 4.05 29.06

Table 6. Surface characteristics of tomato stem-derived biochars.
Samole Iodine Number  Total Acidic Groups Total Basic Groups Ash Content Point of Zero
P [mg/gl (mmol/g) (mmol/g) (wt.%) Charge (pHp,c)

BC400 100 0.269 2.83 23.84 7.65
BC500 105 0.275 3.06 25.05 8.05
BC600 135 0.349 3.89 27.97 8.30
BC700 160 0.385 4.05 29.88 8.65

The results of the Boehm titration (Table 6) indicated a higher concentration of basic
functional groups in all biochars (400-700). As the pyrolysis temperature increased, the
alkalinity of the biochar surface (total basic groups and pHp,c) also increased. Similar
findings were reported by Amer et al. [33]. They found that the pH of tomato stem biochars
prepared at 250 °C, 400 °C, and 600 °C were 6.58, 8.38, and 9.23, respectively.

In the case of ash content, one can observe that for increasing temperatures of pyrolysis,
it first increases from 400 °C to 600 °C, and then at 700 °C, it decreases.

The iodine number determines the adsorbent’s ability to adsorb iodine, directly indi-
cating the textural properties (pore structure, surface area) of the adsorbent. As can be seen,
the iodine number increases in the order BC400 < BC500 < BC600 < BC700. This means that
BC400 has the lowest specific surface area, while BC700 has the highest. Leng et al. [34]
analyzed the effect of pyrolysis temperature on the surface area and porosity of biochar in
a review paper. They found that a higher pyrolysis temperature improves porosity and
increases the specific surface area of biochars, confirming the results obtained in this study.

The iodine number cannot be directly converted into a specific surface area, but
literature data indicate an approximate ratio between the iodine number and specific
surface area. Spencer et al. [35] tested various lower-rank Australian coals as precursors for
the production of activated carbons. Coals with iodine numbers of 100, 110, and 120 mg/g
had specific surface areas of 2.5, 3.6, and 4.0 m?2/ g, respectively. Based on these results, we
can expect the specific surface area of our biochars, with iodine numbers ranging from 100
to 160 mg/g, to be relatively small. For this reason, nitrogen adsorption—desorption studies
were performed only for the BC400 and BC700 biochars, which were prepared under two
different temperature conditions. The N, adsorption-desorption isotherms for BC400 and
BC700 are presented in Figure 2.

The specific surface areas (Spgt) of the biochars were calculated using the Brunauer—
Emmett-Teller equation. It was found that the BET surface areas were very low, with
values of 2.760 m? /g for BC400 and 4.484 m? /g for BC700. This finding is consistent with
the literature, which reports that the BET surface area of tomato stem-derived biochar
produced at 500 °C for 4 h in a N, atmosphere was 2.048 m?/g [16]. Nitrogen isotherms
are therefore consistent with the iodine number and confirm the general trend: an increase
in biochar surface area with increasing pyrolysis temperature.
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Figure 2. Nitrogen adsorption—desorption isotherm of the BC400 and BC700 samples at 77 K.

The total pore volume and micro- and mesopore volumes were calculated based on
the nitrogen isotherm and found to be 0.00444 cm®/g, 0.00123 cm®/g, and 0.00321 cm®/g
for BC400 and 0.00714 cm?/g, 0.00216 cm® /g, and 0.00498 cm3 /g for BC700, respectively.

3.2. Adsorption Study
3.2.1. Effect of Solution Chemistry

The physicochemical properties of the solution may affect, among other things, the
ionization of both the adsorbate and the adsorbent, and thus the overall effectiveness of
the adsorption process. Therefore, the effects of pH and ionic strength on the adsorption
of both dyes onto biochars derived from tomato stems were evaluated. In this study, the
effect of pH was investigated at various pH values (ranging from 2.5 to 10), and the results
are presented in Figure 3.

50
D026 RhB
® \M“
X 30 - \’._‘/‘.
©
>
£
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——BC400 ——BC500 «—@—BC400 =@ BC500
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Figure 3. Effect of solution pH on the adsorption of dyes on tomato stem-derived biochars.

The adsorption of DO26 dye remained relatively constant within the pH range of 2.5
to approximately 8.0, after which it decreased sharply, reaching its minimum value in the
most alkaline environment at pH 10. Similar results were reported for the adsorption of
DO26 onto rice husk [36] and various natural mineral materials [37,38]. This trend was
observed in all four biochars, although differences in their adsorption capacities were quite
evident. In an acidic environment (pH = 2.5), DO26 was most effectively adsorbed on
BC700, with approximately 75% of the dye being removed. This was followed by BC600
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(65%), BC500 (54%), and then BC400 (46%), which was the least effective. Increasing the
pH of the solution to 10 decreased the adsorption capacities of BC700, BC600, BC500, and
BC400 by 29.9%, 26.4%, 18.7%, and 22.3%, respectively.

RhB was also adsorbed most effectively in an acidic environment (pH 2.5). As the pH
of the solution increased to around 4-5, adsorption decreased and then stabilized; further
increases in the pH of the solution did not cause any additional changes. A similar phe-
nomenon was observed for all four biochars, although their adsorption capacities towards
RhB were opposite to those observed for DO26. RhB adsorption was most efficient on
BC400 (43%) and least efficient on BC700 (21%). When the pH of the solution increased
from 2.5 to 10, a decrease in adsorption efficiency was observed, though this was less
evident. Similar findings were also reported for the adsorption of RhB on various natu-
ral minerals, including raw and modified halloysites [39], zeolite and chalcedonite [40],
activated carbons [41-43], and biochars [44,45].

In the case of adsorbents, their porous structure and surface chemistry play a crucial
role in the adsorption process. The physicochemical properties of the biochars tested are
discussed in detail in Section 3.1. The specific surface area of the biochars increased with
pyrolysis temperature, reaching its maximum value (4.4835 m?/g) at 700 °C (BC700). The
increase in the surface area of biochars corresponds to an increase in DO26 adsorption
efficiency (BC400 < BC500 < BC600 < BC700). This suggests that DO26 adsorption depends
on the porous structure (i.e., the specific surface area) of biochar. However, given the
relatively low surface areas of these adsorbents (a maximum of ~4.5 m?/g), it seems that
their textural properties play a secondary role in practice. The results obtained for RhB
also demonstrate that the textural properties of the biochars studied cannot explain their
behavior towards cationic dyes. Therefore, it seems that the adsorption of both dyes is
more dependent on their surface chemistry than on their porous structure. As shown in
Table 6, the alkaline character of the biochar surface increases with increasing pyrolysis
temperature, with respective pHyp,. values of 7.65, 8.05, 8.30, and 8.65 for BC400, BC500,
BC600, and BC700.

In the case of the anionic dye DO26, a positive correlation was observed between
biochar alkalinity and dye adsorption. Similar results were reported for the adsorption
of other anionic dyes [46]. Faria et al. [46] reported that the presence of acidic surface
functional groups reduces the adsorption of anionic dyes. These groups attract electrons,
thereby reducing the electron density on the surface of activated carbon and decreasing its
affinity for anions. Furthermore, repulsive electrostatic interactions between the anionic
dyes and the negatively charged adsorbent surface may enhance this effect.

When it comes to cationic dye adsorption, it’s reasonable to expect that these dyes
will adsorb onto adsorbents with acidic characteristics. The presence of a greater number
of dissociated surface oxygen groups (e.g., carboxyl groups) should promote the uptake
of positively charged dyes from water due to the formation of attractive electrostatic
interactions between the adsorbate and the adsorbent. Indeed, an analysis of the adsorption
capacities of individual biochars as a function of their acid-base properties reveals exactly
such a relationship. RhB adsorption was found to be greatest on BC400, the adsorbent
with the lowest alkaline character, and lowest on BC700, the most alkaline adsorbent.
This suggests that the adsorption of RhB onto tomato stem biochars is primarily due to
electrostatic interactions. However, the relationship between adsorption capacity and pH,
as observed in Figure 3, negates this conclusion.

Adsorption of dyes is a complex process that can occur through various mechanisms,
including electrostatic attraction, —m interactions between the basal planes of the biochar
and the aromatic rings of the dyes, hydrophobic interactions, van der Waals forces, and hy-
drogen bonding [47]. In the case of DO26 adsorption, electrostatic interactions appear to be
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the dominant adsorption mechanism. The anionic dye molecule is preferentially adsorbed
in an acidic environment at a pH below the pHp,c, where the surface of the adsorbent
is positively charged. The high adsorption efficiency observed under these conditions is
therefore the result of attractive electrostatic interactions between the adsorbate and the
adsorbent. In an alkaline environment (above pHy,c), negative charges accumulate on the
surface of the adsorbent. The significant decrease in DO26 adsorption efficiency observed
under these conditions is therefore the result of repulsive electrostatic interactions between
the negatively charged dye molecule and the negatively charged surface of the adsorbent.
The adsorption behavior of both dyes (Figure 3) suggests different mechanisms for their
adsorption onto biochars. If electrostatic attraction were the dominant mechanism of RhB
adsorption on biochars, it would occur most preferably in an alkaline environment due
to electrostatic attraction between the negatively charged adsorbent surface (pH > pHypc)
and the cationic dye molecule. However, the obtained relationship (Figure 3) shows the
opposite trend. RhB adsorption was most efficient at pH 2.5 and least efficient at pH
10, indicating that electrostatic adsorbate-adsorbent interactions play a secondary role in
adsorption. In this case, m—m and hydrophobic interactions, as well as hydrogen bonding,
play a dominant role in the adsorption mechanism.

The findings are in agreement with the observations of other authors who have studied
the adsorption of RhB on various biochars [43—45].

The effect of ionic strength on dye adsorption onto biochars was also investigated.
Studies were conducted at various NaCl concentrations (0.1, 0.5, 1.0, and 2.0 mol/L), and
the results are presented in Figure 4.

100 50
D026 mBC400 mBC500 m BC600 W BC700 RhB mBC400 mBC500 = BC600 mBC700

80 A 40 -
260 - 30
S g
[e] [e]
g 40 - g 20

20 10

0 A 0

0 0.1 0.5 1 2 0 0.1 0.5 1 2

NaCl (mol/L) NaCl (mol/L)

Figure 4. Effect of ionic strength on the adsorption of DO26 and RhB on biochars.

As can be seen, the adsorption efficiency remained constant with increasing inorganic
salt concentration in the solution, and the slight fluctuations observed in the plots are
likely due to measurement errors instead of actual changes in the adsorption process itself.
Therefore, it can be concluded that the adsorption of both dyes onto biochar derived from
tomato stems is independent of the ionic strength of the solution. Similar observations
were reported previously for the adsorption of DO26 on natural mineral adsorbents [37,38]
and the adsorption of RhB on false cypress biomass [48].

3.2.2. Adsorption Kinetics

Adsorption kinetics of DO26 and RhB on tomato stem-derived biochars were investi-
gated at an initial dye concentration of 20 pmol/L and an adsorbent dose of 1 g/L. The
results are presented in Figure 5.
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Figure 5. Adsorption kinetics of DO26 and RhB dyes on tomato stem-derived biochars (lines show

the fit of the PSO model). Experimental conditions: dye initial concentration = 20 pmol/L, adsorbent
dosage =1 g/L, pH = original (~6.6 for DO26 and ~4.7 for RhB), temperature =23 °C.

Adsorption equilibrium was achieved after approximately 20-40 min. However, it was

difficult to observe the differences between the individual biochars and the dyes. Therefore,

to thoroughly analyze the results, the two most popular kinetic models were employed to
describe them: the pseudo-first-order (PFO) and pseudo-second-order (PSO) models. The
results from the kinetic experiment are shown in Table 7.

Table 7. Kinetic modeling data for the adsorption of the DO26 and RhB dyes on biochars obtained

from tomato stems.

Biochar
Farameter BC400 BC500 BC600 BC700
DO26
Ge(exp) (HMoOL/g) 14.359 21.538 25.744 28.718
pseudo-first-order
k1 (1/min) 0.0875 0.0497 0.0737 0.0797
Ge(caly 1 (Hmol/g) 13.508 7.485 9.109 8.816
R? 0.869 0.891 0.915 0.901
x> 9.251 8.927 7.298 8.221
RMSE 11.25 10.67 9.261 10.02
pseudo-second-order
k> (g/umol-min) 0.0182 0.02275 0.02985 0.0421
fe(cal) 2 (Hmol/g) 14.837 21.882 26.042 28.902
R? 0.999 0.998 0.999 0.999
X 0.189 0.498 0.168 0.022
RMSE 0.383 0.794 0.563 0.250
RhB
Ge(exp) (HMOL/g) 14.001 9.767 6.596 5.116
pseudo-first-order
kq (1/min) 0.0509 0.0476 0.051 0.0594
Ge(cal) 1 (Hmol/g) 7.050 5.181 9.368 5.778
R? 0.879 0.948 0.960 0.923
x> 10.21 7.251 6.110 8.201
RMSE 12.231 8.621 7.125 8.992

pseudo-second-order
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Table 7. Cont.
Biochar

P t

arameter BC400 BC500 BC600 BC700
k> (g/ pmol-min) 0.0251 0.0244 0.0174 0.0117
Je(can) 2 (LMol /g) 14.184 10.07 7.037 5.787
R? 0.998 0.999 0.999 0.999
)(2 0.267 0.653 0.370 0.361
RMSE 0.456 0.516 0.303 0.230

subscript | comes from pseudo-first-order model; subscript , comes from pseudo-second-order model.

Significantly higher R? values were obtained for the PSO model, as well as lower chi?
and RMSE values. These results prove that the adsorption of both dyes onto tomato stem
biochar follows the pseudo-second-order model. DO26 was adsorbed most slowly on BC400
(kp = 0.0182 g/umol-min) and most quickly on BC700 (kp = 0.0421 g/pmol-min). Therefore,
the adsorption rate increased with the adsorption capacity and alkalinity of individual
biochars. The adsorption rate from aqueous solutions is also affected by the porous structure
of the adsorbent. In general, the rate of adsorbate molecule uptake increases with an
increase in the number (volume) of mesopores in their structure. This is because mesopores
serve as a transport pathway through which adsorbate molecules enter the micropores,
where the adsorption process occurs. As discussed in Section 3.1, the mesopore volume of
the BC400 and BC7000 biochars was 0.00321 cm?®/g and 0.00498 cm?/ g, respectively.

Zhu et al. [49] studied the effect of thermal treatment of pinewood-derived biochar
in the air/nitrogen atmosphere on its porosity. Similar studies on the effect of pyrolysis
temperature (600-800 °C) in an air-containing atmosphere on the textural properties of
the biochars obtained were published by Li and collaborators [50]. The authors of both
studies [49,50] reported that pyrolysis temperature significantly improved the porosity of
the biochar, particularly enhancing the development of mesopores. Since the mesopore
volume of biochars increases with pyrolysis temperature, one might expect the mesopore
volume in these biochars to increase in the order BC400 to BC700, suggesting a positive
correlation between mesopore volume and adsorption rate.

Given the low value of mesopore volume of the biochars, the influence of porosity on
the kinetics of these materials is likely to be minimal. This is especially true given that the
adsorption rate of RhB increases in the opposite order (BC700 < BC600 < BC500 < BC400).
These observations demonstrate that the textural properties of the biochars cannot explain
their behavior towards anionic (DO26) and cationic (RhB) dyes. The adsorption rate of these
dyes depends on the surface chemistry of the biochars and increases (DO26) or decreases
(RhB) with increasing their alkaline character.

Although the PSO model accurately describes the adsorption of both dyes on biochars,
it does not provide information about the adsorption process itself—its mechanism and the
stage that limits the overall rate. Adsorption is a multi-stage process consisting of (1) diffu-
sion of the adsorbate through the boundary layer, (2) diffusion of adsorbate molecules in the
pores of the adsorbent, and (3) surface reaction between the adsorbate and adsorbent [20].
The last stage happens almost immediately, so the adsorption rate is determined by its
slowest stage—film diffusion or interparticle (pore) diffusion.

The Weber-Morris kinetic model [20,21] may help solve this problem. Based on the g;
versus %3 plot, this model identifies the stage of adsorption that determines the overall
process rate. There are four possible situations: (1) the plot of g; = f(1*) is linear; (2) the
plot is not a straight line; (3) the plot passes through the origin; and (4) the plot does not
pass through the origin. Depending on the situation, this means that (1) the adsorption
rate is controlled by one step only—either film diffusion or pore diffusion; (2) adsorption is
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more complex, and both stages control the adsorption rate; (3) intraparticle diffusion is the
primary rate-limiting step in adsorption; and (4) pore diffusion plays a secondary role, and
the adsorption rate is controlled by film diffusion.

Figure 6 shows the Weber—Morris kinetics for DO26 and RhB. The kinetic curves are
broken and do not start at the origin. This suggests that the adsorption of both dyes onto
tomato stem-derived biochars is a complex process, where the adsorption rate is affected
by both film diffusion and pore diffusion. However, film diffusion is the rate-limiting step
that controls the overall adsorption process.
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Figure 6. The Weber—Morris diffusion model plots for the adsorption of DO26 and RhB on tomato
stem-derived biochars.
3.2.3. Adsorption Isotherm
Figure 7 shows the adsorption isotherms of both dyes on the tested biochars.
100 20 BC400
D026 © BC400 RhB °
30 | © BC500 o - ®BO00
~® 15 - BC600
pos BC600 I %
= ’ o5 .- @ BC700
260 o &  ®BC700 » . .
o pid -7 [e) s ————
£ % d €104 ® o
540 g @ = e -7
o ’1‘ ’,.’ -0 o ’I - -
, g --@ - -0
4 o o -
» K 54/ % .-
20 4 ,, - 14 _,_—."—
ll'/' _ e 1/ -
,,’/’¢’ / g &
0 T T 0 = T T
0 20 40 60 0 10 20 30
C, (umol/L) C. (umol/L)

Figure 7. Adsorption isotherms of DO26 and RhB dyes on tomato stem-derived biochars (lines show
the fit of the Freundlich model). Experimental conditions: dye initial concentration = 20-70 pmol /L
for DO2620 and 5-30 pmol/L for RhB umol/L, adsorbent dosage = 1 g/L, pH = original (~6.6 for
DO26 and ~4.7 for RhB), temperature = 23 °C.

The Freundlich, Langmuir, and Temkin isotherm models were used to describe the
experimental data [22], and the results are presented in Table 8.
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Table 8. Adsorption isotherm parameters for the adsorption of DO26 and RhB on tomato stem-
derived biochars.

Biochar
Parameter BC400 BC500 BC600 BC700
DO26
Freundlich
Kg ((umol/g)-(L/umol)'/™) 2.724 4.717 7.646 8.633
1/n 0.660 0.689 0.612 0.643
R? 0.995 0.997 0.994 0.992
P 0.034 0.076 0.114 0.232
RMSE 0.402 0.733 0.824 1.292
Langmuir
gm (nmol/g) 71.94 116.3 126.6 142.8
Ky (L/umol) 0.019 0.021 0.037 0.038
R? 0.991 0.971 0.990 0.981
x> 0.079 0.166 0.193 0.371
RMSE 0.581 1.081 1.273 1.902
Temkin
bt (kJ/mol) 0.158 0.096 0.094 0.080
At (L/g) 0.186 0.231 0.335 0.361
R? 0.951 0.977 0.941 0.963
x> 0.274 0.672 0.664 1.017
RMSE 0.669 1.228 1.529 2.130
RhB
Freundlich
Kg ((nmol/g)-(L/ pmol)!/n) 6.273 3.901 1.637 0.653
1/n 0.316 0.329 0.487 0.701
R2 0.996 0.995 0.997 0.991
X2 0.024 0.018 0.100 0.045
RMSE 0.222 0.165 0.093 0.180
Langmuir
gm (nmol/g) 18.55 12.90 10.98 9.360
Ky (L/umol) 0.290 0.215 0.092 0.038
R2 0.990 0.991 0.977 0.983
X2 0.483 0.230 0.081 0.152
RMSE 0.783 0.456 0.263 0.205
Temkin
bt (kJ/mol) 0.708 0.967 1.004 1.055
At (L/g) 4.568 2.882 0.866 0.440
R? 0.986 0.982 0.976 0.983
X2 0.087 0.043 0.074 0.165
RMSE 0.261 0.213 0.138 0.201

Analyzing the R?, x?, and RMSE values obtained for individual isotherms reveals
that all three models generally describe the adsorption of dyes onto biochars quite well.
However, slightly higher R? values and lower x> and RMSE values were obtained for the
Freundlich model.

To confirm the Freundlich equation as the best fit, a mass balance method was used [51].
According to the assumptions of this method, the following relationship should be satisfied
for a constant solution volume:

Co=C.+Cs (20)
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where Cj is the initial adsorbate concentration, C, is the concentration of adsorbate re-
maining in the solution after equilibrium is reached, and C3 is the concentration of
adsorbate adsorbed onto the surface of the adsorbent. Taking into account the mass
balance in Freundlich’s equation and performing a further transformation yields the
following relationships:

Lf/m clV/nyc,—Cy=0 (21)
m 1
Co— <VKFCen) =Ce (22)

These equations enable the determination of the value of Ce. The C, values obtained
in this way, after substitution into Equation (5), allow for the calculation of the value of
ge cAL- The plot of ge caL Versus the experimental values of ge (7. gxp) is shown in Figure 8.
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Figure 8. Linear regression plots of the experimental (4. pxp) and predicted adsorption capacity
(ge caL) calculated using the Freundlich model.

The results show a strong correlation between the experimental and calculated data for
all biochars, confirming that the adsorption of both dyes follows the Freundlich isotherm
model. It can therefore be concluded that the Freundlich model provides a better description
of the multilayer adsorption of DO26 and RhB by the biochars, indicating interactions
between the dye molecules and the heterogeneous nature of the adsorbent’s surface.

Analyzing the constants shown in Table §, it can be concluded that DO26 was adsorbed
most preferably on BC700 and least efficiently on BC400. For RhB, however, the opposite
order can be observed. As discussed in Section 3.2.1, the adsorption of both dyes was more
dependent on the biochar surface chemistry than on its textural properties. Adsorption of
the anionic dye increased, and adsorption of the cationic dye decreased with increasing
alkalinity of the adsorbent surface. Isothermal studies were conducted at the original pH of
the RhB (~4.7) and DO26 (~6.6) solutions. The dominant mechanism of DO26 adsorption
was therefore electrostatic interactions, whereas for RhB, it was a combination of - and
hydrophobic interactions, as well as H-bonding.

For a complete evaluation of the potential of tomato stem biochars, their adsorption
capacities for the tested adsorbates should be compared with those of other materials
described in the literature. Tables 9 and 10 present such a comparison for DO26 and RhB,
respectively. For standardization, all adsorption capacities were converted and presented
as milligrams per gram of adsorbent. As can be seen in Table 8, biochars obtained from
tomato stems are characterized by a very good (better than most adsorbents described in the
literature) ability to remove DO26. The adsorption capacities of biochars from tomato stems
toward RhB are slightly lower but still satisfactory (Table 9). Their adsorption capacities
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are better than those obtained for biochar derived from Pongamia glabra seed cover [52] or
biochar from groundnut husk [43], comparable to mineral adsorbents, and significantly
weaker than those reported for activated carbons and other biochars. This demonstrates that
tomato stem-derived biochars are a promising and cost-effective adsorbent for removing
anionic and cationic dyes from water.

Table 9. Adsorption isotherm parameters for the adsorption of DO26 and RhB on tomato
stem-derived biochars.

Adsorbent Adsorption Capacity (mg/g) Ref.
BC400 54.44 this study
BC500 87.98 this study
BC600 95.78 this study
BC700 108.1 this study
hard coal 13.80 [38]
lignite 15.10 [38]
peat 17.70 [38]
rice husk 19.96 [36]
Lignin—-ZnO composite 45.01 [53]
HCl-modified rice husk 46.98 [43]
raw halloysite 49.13 [37]
Ficus nano zero-valent 98.04 [54]
copper

H,SO4-treated halloysite 290.6 [37]

Table 10. Adsorption isotherm parameters for the adsorption of DO26 and RhB on tomato stem-
derived biochars.

Adsorbent Adsorption Capacity (mg/g) Ref.
BC400 8.887 this study
BC500 6.018 this study
BC600 5.258 this study
BC700 4.483 this study
biochar from Pongamia 0.683 [52]
glabra waste

biochar from groundnut

husk 2.379 [44]
ultrasound-treated

halloysite 4010 31
activated carbon from stalk 5300 [55]
corn

H,S0,-treated halloysite 6.290 [39]
biomass of false cypress 6.830 [48]
zeolite 6.964 [40]
Fe-N biochar 12.41 [56]
Spartina alterniflora biochar 28.14 [43]
biochar from tapioca peel 33.10 [57]
waste

activated tire pyrolysis

char (AC110) 3352 [41]
activated tire pyrolysis

char (AC150) 63.94 [41]
Samanea saman waste pods 101.0 [42]
carbon

modlfled pine nut shell 110.7 58]
biochar

biochar from cotton straw 117.8 [45]
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4. Conclusions

This study demonstrated the effectiveness of biochars obtained through the pyrolysis
of tomato stems at various temperatures (400-700 °C) in removing anionic (Direct Orange
26) and cationic (Rhodamine B) dyes from aqueous solutions. The BCs (400-700) were char-
acterized using, inter alia, scanning electron microscopy (SEM) with energy-dispersive X-
ray analysis (EDX), thermogravimetry (TG), Boehm titration, and Ny adsorption-desorption
isotherm analysis. The characterization of BCs and the adsorption studies revealed that the
process is mainly governed by the surface chemistry of biochars rather than their textural
properties. The adsorption of anionic dyes increased, while that of cationic dyes decreased,
as the alkalinity of the adsorbent surface increased. The ability of BCs to adsorb DO26 is
due to electrostatic attraction, while the adsorption of RhB was rather a result of 7—mt and
hydrophobic interactions and hydrogen bonding. Adsorption of both dyes was found to
be pH-dependent, but no effect of ionic strength was observed. Kinetic analysis revealed
that the pseudo-second-order model best describes the adsorption process, indicating that
film diffusion was the rate-limiting step. The Freundlich model provided the best fit for the
equilibrium data, indicating multilayer adsorption of the dyes on a heterogeneous surface
of BCs. The maximum adsorption capacities of BCs range from 54.44 to 108.1 mg/g for
DO26 and from 4.483 to 8.887 mg/g for RhB. Adsorption capacities increased for DO26
and decreased for RhB as the pyrolysis temperature and alkalinity of the biochar surfaces
increased. Overall, tomato stem-derived biochars demonstrated promising potential as
cost-effective adsorbents for removing anionic and cationic dyes from water.
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