PEER-REVIEWED ARTICLE b | oresources.com

Effective Removal of Cationic Dyes from Aqueous
Solutions by Using Black Cumin (Nigella sativa) Seed
Pulp and Biochar
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Black cumin seed pulp (C), as well as biochar (CC) produced via pyrolysis
of black cumin seed pulp were used to remove methylene violet 2B (MV)
and basic yellow 28 (BY28) from aqueous solution. Adsorption isotherms
and kinetics were applied at 10, 25, and 35 °C. The adsorption of
methylene violet 2B and basic yellow 28 on the black cumin seed pulp and
biochar surface was exothermic; the heat of adsorption values were lower
than 0. The adsorption capacities of BY28-C, BY28-CC, MV-C, and MV-
CC were 212.8, 625, 164, and 909 mg g* at 25 °C, respectively. The
adsorption of black cumin seed pulp and biochar data were examined with
the Freundlich, Langmuir, Temkin, Dubinin-Radushkevich (D-R), and
Flory-Huggins (F-H) isotherm models. The kinetics of the adsorption were
fitted to the pseudo first-order and pseudo second order equations. The
pseudo second order equation gave a better fit than the pseudo first-order
equation.
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INTRODUCTION

Synthetic dyes are potential water pollutants that are widely used by the textile
industry; they cause problems because of their toxicity and their coloring (Han et al. 2015;
Singh et al. 2022). Adsorption is an effective way to remove dyes from wastewaters, and
activated carbon is widely used for this purpose. However, the activation process increases
the cost and energy consumption of the process. Chemical activation is widely used to
produce activated carbon from biomass. However, using chemicals for the activation
increases the cost of the process and causes hazardous effects to the environment (Choi et
al. 2019; Vigneshwaran et al. 2021). Therefore, using an adsorbent that is abundant in
nature, or a waste or a by-product of a process becomes important. Biochar is carbon-rich
material that is obtained via thermochemical conversion of biomass. Despite having low
adsorption capacities, biochar is a potential alternative to activated carbon in water
treatment due to its low cost and not using chemicals for the activation (Zazycki et al. 2018;
Choi et al. 2019). Agricultural byproducts that have low economic value and biochar
produced from those materials are good alternative adsorbents for the removal of dyes from
wastewater.
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Black cumin is used in the treatment of cancer, diabetes, asthma, and kidney
diseases due to the different active pharmaceutical components in its content. It is grown
in Southwest Asia and Eastern Mediterranean countries (Zent 2019; Yimer et al. 2019; Can
2020). In Turkey, black cumin is grown in provinces such as Mersin, Gaziantep, Isparta,
Burdur, Usak, and Bursa (Kosar and Ozel 2018; Can 2020). While black cumin seed
production in Turkey was 161 tons in 2012 (2299 decares), it increased to 3603 tons in
2019 (37085 decares). When considering the foreign trade data of black cumin, it can be
seen that 2647.5 tons of black cumin seed ($2.53 million) was imported in the same year,
equal to the export of 592.4 tons ($1.23 million) of black seed in 2019 (Can 2020). Black
cumin is used as a health supplement and condiment, as well as spice in the food industry,
and the pulp is used as a filler in the production of environmentally friendly polymer
composites (Yimer et al. 2019; Sismanoglu et al. 2022). It is used as feed in animal
nutrition in order to prevent environmental pollution and create added value from the pulp
part that is released during the production of black seed oil (Zent 2019).

A natural agricultural product, Lolium perenne seed, was used for the removal of
safranine T, and the adsorption capacity gmax was 323 mg/g at 25 °C and pH 7 according
to the Langmuir isotherm model (Karadeniz et al. 2023). In another study, Cotinus
coggygria leaves were used as an adsorbent for the removal of safranine T. The maximum
adsorption capacity was 2000 mg/g at 55 °C and pH=7 (Ugraskan et al. 2022). Temiz and
co-workers produced microbeads composites with the combination of Capsella bursa-
pastoris and chitosan for the removal of methylene blue, and the maximum adsorption
capacity was reported as 222 mg/g at 25 °C. (Temiz et al. 2022). Valeriana officinalis roots
were used as an adsorbent for the adsorption of anionic Congo red and cationic crystal
violet dyes. At 25 °C, the Langmuir gmax Values were 166.7 and 476.2 mg/g for Congo red
and Crystal violet, respectively (Akdemir et al. 2022). In another study, Rumex acetosella
was used as an adsorbent for adsorption of crystal violet, and the maximum adsorption
capacity was reported as 434.8 mg/g at 25 °C and pH=7 to 8 (Erdogan et al. 2022). Judas
tree (Cercis siliquastrum) seeds were used as an adsorbent in the adsorption of Basic blue
9 and Basic green 4 dyes. The gmax values for the Langmuir isotherm were reported as 500
and 244 mg/g at 25 °C for BB and BG, respectively (Isik et al. 2022).

Compared with other studies with basic yellow 28 (BY28), the adsorbent (GAC-
HB) was added to 200 mL of basic yellow 28 dye solution on coconut shell charcoal
granular activated carbon. Different studies were conducted on sorbent dose, initial dye
concentration, solution pH 9, GAC-HB dose 0.8 g/L, and contact for 2 h. The optimum
conditions for BY?28 were determined. The Langmuir gmax value was 769 mg/g (Dao et al.
2013). Activated carbon produced from Persea americana nut (PAN) was used with V=
50 mL BY 28 (100 mg/L) in at ambient temperature and Langmuir maximum uptake (Qgmax)
at 0.2 g/L dosage was 325 mg/g (Regti et al. 2017). The adsorbent is related to the
adsorption of BY28 to low-cost natural red clay (NRC). For adsorption studies, contact
time, initial concentration, pH, adsorbent mass, and temperature were studied as 1 to 180
min, 50 to 300 mg/L, 3-10, 0.5 to 10 g¢/L, and 25 to 40 °C, respectively. Langmuir
maximum monolayer adsorption capacity gmax was 370 mg/g. The adsorption of basic
yellow 28 dye on adsorbent Ca-bentonite was investigated at pH 7.0 for temperatures of
20 and 40 °C. The Langmuir maximum monolayer adsorption capacity (qmax) of Ca-
bentonite was determined as 94.3 mg/g at 20 °C and 99.0 mg/g at 40 °C (Kalpakl et al.
2014).
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In another study, adsorption of methyl violet (MV) onto biochars from crop
residues showed the following results: peanut straw charcoal > soybean charcoal > rice
husk charcoal. They were rinsed with 0.200 g biochar in a water bath at a constant
temperature of 25 + 1 °C for 2 h and after 22 h it was adjusted at pH 8 to 10 and centrifuged.
The Langmuir maximum uptake (qmax) was 256, 178, and 123 mg/g, respectively for peanut
charcoal > soybean charcoal > rice husk charcoal (Xu et al. 2011). Adsorbent Casuarina
equisetifolia needle (CEN) was used to extract methyl violet 2B (MV) from aqueous
solutions. Optimal conditions were at room temperature with a contact time of 2 h and no
pH adjustment was required. From the experimental data, the maximum adsorption
capacity was found as 165 mg/g for the Langmuir model (Dahri et al. 2013). Modified
Ceiba pentandra sawdust has been investigated as an adsorbent for the removal of methyl
violet dye from aqueous solutions. The effective pH for methyl violet adsorption was 7.
Equilibrium was reached in 30 min. The Langmuir maximum capacity (gmax) was 16 mg/g
(Astuti and Fatin 2018). Pine bark was activated with HNOs3 as an adsorbent and used as
activated carbon (AC) to remove textile dye (methyl violet MV) from aqueous solutions.
The variables were the pH of the solution (3 to 11), activated carbon (from pine bark)
amount (0.01 to 0.13 gm), MV dye concentration (5 to 50 mgL™?), and solution temperature
(10 to 50 °C). The maximum adsorption capacity of the dye MV at AC was 95.13 mg/g
(Bader et al. 2019). The adsorption of methyl violet and malachite green 2B by phthalate-
functional sugarcane pulp (SPA) was investigated. SPA (5, 10, 15, 20, 25, 30, 35) mg was
added to 20 mL of 25 mg L™ methyl violet 2B solution, shaken again at 180 rpm for 180
min. The gmax of MV 2B was 60.5 mg g (Ariani et al. 2018).

In this study, black cumin seed pulp, which has a low economical value, and
biochar, which was produced via pyrolysis of black cumin seed pulp, were used as low-
cost adsorbents for the removal of methyl violet 2B and basic yellow 28. The
characterization of the adsorbent was performed before and after adsorption by FTIR/ATR,
TGA, and SEM. The removal of methylene violet 2B (MV) and basic yellow 28 (BY28)
were tested, and different kinetic and adsorption isotherms models were applied.

EXPERIMENTAL

Feedstock and Chemicals

Black cumin (Nigella sativa) seed pulp was obtained at no cost from Bagdat Spices
Co., Ankara, Turkey, and it was used as received. Methyl violet 2B (CAS number: 8004-
87-3, molecular weight: 393.95 g/mol) and basic yellow 28 (CAS number 54060-92-3,
molecular weight: 433.52 g/mol) were used in the adsorption experiments. Basic yellow
28, which is used in textiles with azo group, ionizes in its aqueous solutions and forms
positively charged ions and is therefore a cationic dye (Slimani et al. 2014; Benkaddour et
al. 2020). Methyl violet 2B, known as triphenylmethane dyes because it has 3 aryl groups
attached to a nitrogen atom interacting with one or two methyl groups, is a basic dye due
to the positive charge on the amino group, and its aqueous solutions are purple while the
powder is dark green (Bonetto et al. 2015; Dahri et al. 2015). The chemical formulas of
active pharmaceutical ingredients in black cumin thymol and the molecular structures of
BY28 and MV 2B are shown in Figs. 1 and 2, respectively.
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Fig. 1. Chemical formulas of active pharmaceutical ingredients in black cumin thymol (a),

thymoquinone (b), limonene (c), carvacrol (d), t-anethole benzene (e), 4-terpineol (f), a-pinene

(9), longifolene (h), p-simen (i) (Sismanoglu et al. 2022)
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Fig. 2. Molecular structure of BY28 (a), MV (b)
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Production of Biochar

The biochar was produced via pyrolysis of black cumin seed pulp at 500 °C with a
heating rate of 10 °C/min. The pyrolysis experiments were carried out in a 250 mL stainless
steel fixed bed reactor in which continuous flow of nitrogen gas was used to provide an
inert atmosphere. In the pyrolysis experiment, 10 g of black cumin seeds (dry basis) was
placed in the reactor. Before heating the reactor to 500 °C with a heating rate of 10 °C/min,
the air inside the reactor was purged with nitrogen flow for 15 min. When the temperature
reached to 500 °C, the reactor was held at that temperature for 1 h and then the heating was
stopped. After cooling of the reactor to room temperature, the reactor was opened, and
biochar was taken from inside the reactor. No further treatment was applied to the biochar
before the adsorption experiments.

Characterization of Adsorbates and Adsorbents

The changes of adsorbates and adsorbents surfaces before and after adsorption were
characterized by FTIR and SEM. In addition, thermal behavior before and after adsorption
was analyzed by TGA. FTIR/ATR analysis was performed on the Alpha Bruker FTIR
spectrometer, in the range of 4000 to 500 cm™, in ATR mode. SEM micrographs were
taken by Carl Zeiss Ultra Plus Gemini field emission scanning electron microscope
(FESEM) (Oberkochen, Germany) at a X20000 magnification. Before the experiment, the
powders were covered with gold sputtering for 15 min. Thermal analysis of adsorbents and
adsorbates was carried out using the Hitachi STA 7300 Thermogravimetric Analyzer in the
temperature range of 25 to 600 °C in an inert nitrogen atmosphere at a heating rate of 10
°C/min and a nitrogen gas flow of 20 mL/min.

Batch Adsorption Experiments
Solutions of BY28 150, 100, 75, 50, 25 ppm and MV 200, 150, 100, 50, 25 ppm

concentrations were made in a shaking water bath for 10, 25, 35 °C at certain intervals for
a total of 60 min.
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Fig. 3. Graphs of ge (mg/g) vs. time of BY28-C at 10 °C (a), 25 °C (b), 35 °C (c); BY28-CC at 10
°C (d), 25 °C (e), 35 °C (f)
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The equilibrium time of adsorption was chosen as 30 min for BY28 (Fig. 3) and 60
min for MV (Fig. 4) from the ge vs. t plot. A total of 10 mL of dye concentrate, 0.02 g of
black cumin, and black cumin char were used. The dose rate was 2 g/L. The pH for BY28
was 5.5 to 6, while the pH of MV was 5 to 6. The amount of dye collected on unit absorbent,
ge (Mg/g), calculated as follows,
= (egece)V

m )

where ce is the dye concentration remaining in solution after adsorption (mg/L), co is the

initial concentration of dye (mg/L), V is the total dye volume (L), and m is the adsorbent
amount (Q).

For adsorption isotherms, Freundlich, Langmuir, Temkin, Dubinin and
Radushkevich (D-R), and Flory-Huggins (F-H) isotherms were used. In thermodynamic

calculations, the standard Gibb's energy was calculated with the following equation
(Malkoc and Nuhoglu 2007),

AGP® = - RT In Kads
Kads = (e/Ce

Qe

)

®3)
where Kads (L/g) is the standard thermodynamic equilibrium constant. Using this
equilibrium constant, with the following equation,

AH® AS°
===+
In Kads RT

: (4)

where InKads versus 1/T enthalpy from the slope of the plot provided the heat of reaction

(AH® kj/mol), and the entropy (AS° j/molK) was obtained from the intercept with the
vertical axis (Malkoc and Nuhoglu 2007; Rahchamani et al. 2011).
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Isotherms
Freundlich

According to this isotherm, the adsorption areas on the surface of an adsorbent are
heterogeneous; it is composed of different types of adsorption sites. The Freundlich
isotherm equation in linear form is as follows,

log ge = log Kr + n log ce (5)
where Kk is the adsorption capacity (L/mg), and n is the adsorption density (Hakan Duran
et al. 2019). When n<1, adsorption is favorable (Reed and Cline 1994).

Langmuir

This isotherm assumes that there are trapping points on the adsorbent surface.
Assuming that each holding point will adsorb a dye molecule, the layer formed has a
thickness of one molecule. In equilibrium, it reaches the maximum adsorption capacity and
the surface is covered with a monolayer (Duran et al. 2019), as follows,

1 1 1
bec, (6)

—= +
where gmax is the maximum adsorbing capacity of the adsorbent (mg/g).

qe qmax qmax

Temkin

According to this isotherm, the heat of adsorption decreases linearly with the
coating of the surface due to the interactions between the adsorbed dye molecules, and the
participation of this heat during the adsorption will be either endothermic or exothermic
(Malkoc and Nuhoglu 2007).

qe: gan-p+%lnce (7)
_ AT
B= - ®)
RT RT
Q—EITIKT +rQTlTlCe (9)

where bt is the Temkin constant (kj/molK), B is the adsorption potential (energy) related
(kJ/mol), Kt is the Temkin isotherm constant (L/mg), R is the gas constant (J/molK), and
@is the ratio of the components adsorbed on the surface of the adsorbent.

The equilibrium amount (gqe mg/g) of adsorbed dyes on the surface of the adsorbent
is divided by the monolayer adsorption capacity (gmax mg/g) from Langmuir curves. AQ is
the adsorption energy (kJ/mol). Assuming that the process is carried out under a closed
system, the heat value AQ is almost the same as AH. As a thermodynamic formula, AQt =
- AH. The AH value can be defined as follows: AH > 0 kJ/mol are endothermic processes,
and AH < 0 kJ/mol are exothermic processes (Pursell et al. 2011; Kireg et al. 2021).

Dubinin and Radushkevich (D-R)

According to this isotherm, a retained layer exhibits multi-layer character, and the
following expression is used to calculate the adsorption energy of the adsorption system
(Savran et al. 2017),
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Ing, = nqmax — KD—RS2 (10)
where Kp-r is the adsorption energy corresponding constant (mol?kJ?), and ¢ is the Pollanyi
constant, calculated with e = RT In (1 + Ci) and Kbp-r is the adsorption energy calculated

using this formula by using the relevant constant, as shown below.
1

= Foor (1)

It has been stated that if this energy is within the range 8 kJ/mol < E < 16 kJ/mol,
the adsorption mechanism is ionic exchange, if E < 8 kJ/mol, the adsorption mechanism is
physical adsorption, and if E > 16 kJ/mol, the adsorption mechanism is diffusion (Savran
et al. 2017).

Flory-Huggins (F-H)

While deriving the degree of coating of the surface by the dye on the adsorbent,
this isotherm informs about the feasibility of the adsorption mechanism, that is, whether it
IS spontaneous or not (Saadi et al. 2015),

logc%= log Kp_y +nlog(1—6) (12)

where @is the degree of surface coverage, Kr-+ is the isotherm constant, and n is the number
of ions at sorption sites. Equation 13 defines the degree of surface coverage.

f=1-= (13)

Co

The Gibb's energy is calculated using the Kr-1 constant.
AG = - 2.303 RT log Kr-H (14)

If AG (kj/mol) < 0, the adsorption mechanism will be spontaneous; if AG (kj/mol) > 0, the
adsorption mechanism will not be spontaneous (Saadi et al. 2015).

Kinetics
Pseudo First Order Kinetic Model

The pseudo-first order kinetic model was given by Lagergren (1898) for the
adsorption of solid/liquid systems and its formula is as follows,

d
—£=ki(q. — q0) (15)

where ki is the first order adsorption rate constant (min), qt is the amount of substance
adsorbed at time t (mgg™), and ge is the amount of substance adsorbed (mgg™?) at
equilibrium. The equation with integral and boundary conditions applied is given by:

In(qe — q¢) = Inqe — kqt (16)
when plotting In(ge-q:) versus t, the slope is k1 (1/time).
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Pseudo Second Order Kinetic Model
The basis of the second order kinetic model is based on the adsorption capacity of
the solid phase (Hubbe et al. 2019), as follows,

d
=k (qe — q0)* (17)

where k2 is the second order adsorption constant (g mg™* min™). At t=0, g=0. At t=t, g= qt
boundary conditions are applied and equality integral is taken, as follows.
1
(ge—qr)

According to McKay and Ho the linearized form of the equation (Ho et al. 1999) can be
expressed as,

= kyt +qi (18)

e_1,¢t
;_h-l_qe (19)
h:k2CIe2 (20)

where h (mg g* mint) gives the initial sorption rate. If the graph of t/q: versus t is drawn,
ge and k2 are calculated from the slope and intercept points (Azizian 2004).

RESULTS AND DISCUSSION

FTIR/ATR Analysis Results

When the FTIR/ATR of BY28 and MV dyestuffs are examined, N-H stretching
peaks in the range of 3500 to 3000 cm™* and in-plane asymmetric stretching peaks of the
CH2 and CH groups are observed at 1600 cm™ (Erdik 1998). The small peak seen at 2978
cm in black seed can be attributed to the -CH band and the N-H peak (Erdik 1998;
Carrion-Prieto et al. 2017; Thabede and Shooto 2022). The peak at 2915 cm™ shows the -
CH stretching in the -CHs and -CH2 groups (Thabede and Shooto 2022). In the FTIR/ATR
graph of black cumin char, the N-H peak disappeared after pyrolysis. The peaks between
2400 to 2300 cm™ in black seed and char are C=N stretch absorbance peaks (Durak et al.
2019). When BY28-C and black seed FTIR/ATR were compared, the intensity of the N-H
peak between 3200 to 2800 cm™ increased with the effect of the functional groups of the
BY28 dyestuff. In the BY28-CC and char graphs, a new double peak is formed between
3200 to 2800 cm®, and the NH groups of the BY28 dyestuff are attached to the surface of
the char. In addition, the C=N peaks in both black seed and char intensified as the CH=N
structure in BY28 penetrated the structure of black cumin and char. In the graph of BY28-
CC and char FTIR/ATR, a new peak occurred in BY28-CC due to the in-plane asymmetric
stretching of the CH2 and CH groups at 1600 cm™ in the structure of BY28. As with the
BY28-CC, the MV-CC FTIR/ATR results are almost identical. After the adsorption of
black cumin with BY28, the intensity of the peak at 1600 cm™ increased. After adsorption
of black seed with MV, the N-H peak of black cumin between 3200 to 2800 cm™* became
sharper with the penetration of the MV dyestuff. In addition, when looking at the groups
present in the black cumin structure (Fig. 1); C-O tension is seen at 1064 cm™, and the
aromatic extra-ring C-H bend and alkene C-H bend functional group wavelength is 668
cm® (Nandiyanto et al. 2019). In the BY28 dyestuff structure, it was observed that the C-
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S tension of CH30S0s and the C-H and C-O groups of black cumin increased the peak
intensities at 1064 cm™ and 668 cm™ more than the MV dye. From this, it was thought that
BY28 was more adsorbed in black cumin.
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Fig. 5. FTIR/ATR spectrums of BY28-C (a), BY28-CC (b), MV-C (c), MV-CC (d)

SEM Analysis Results

Black cumin has a slotted and mounded structure, while char has a scaly and
channeled structure. After the adsorption of BY28 on black cumin (Fig. 6a), the BY?28 dye
molecules settled into the slits and covered the surface, and the structure became smoother.

After the adsorption of MV on black cumin (Fig. 6¢), a wavy structure was
observed in which the dye molecules completely covered the surface, and the slits were
closed. After the adsorption of char with BY28 (Fig. 6b), the surface porosity of the char
increased, and the dyestuff was stuck on the surface. After adsorption with MV, channel
depths were reduced by MV molecules, and its scaly structure was covered by MV (Fig.
6d). A flatter structure was formed in the adsorption of char with MV (Fig. 6d).
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Fig. 6. Surface morphologies of BY28-C (a), BY28-CC (b), MV-C (c), MV-CC (d)

TGA Results

TGA curves for black cumin seeds and biochars before and after adsorption are
shown in Fig. 7. The results were similar for black cumin seeds before and after adsorption.
The evaporation of moisture was observed with the weight loss up to 135 °C. The further
weight loss until 600 °C includes the thermal decomposition of hemicellulose, cellulose,
and lignin. The thermal degradation of biochars was roughly similar. The evaporation of
absorbed water in biochars was observed with the weight loss up to 200 °C. The weight
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loss at between 200 and 450 °C can be attributed to the degradation of cellulose,
hemicellulose, and other volatile components. The weight loss above that temperature
reflects the degradation of residual lignin (Choudhary et al. 2020; Sismanoglu et al. 2022;
Deng et al. 2022). When the thermal behavior graphs of the adsorption of dyestuffs with
pure black cumin and pure black cumin in Figs. 7a and 7c are examined, the stages seen in
the graphs are due to the impurities in the black cumin structure. In Figs. 7b and 7d, it can
be seen that the impurities in black cumin decreased with pyrolysis and the temperature
resistance increased in the thermal behavior graphs of the adsorption of char and char and
with dyestuffs. It was observed that the weight loss (%) in the TGA curve of the adsorption
experiments performed with black cumin was higher and the thermal resistance decreased
accordingly. When the experiments with char were examined, it was seen that the thermal
resistance values before and after adsorption were close to each other and the thermal
resistance was slightly higher for both dyes after adsorption at high temperatures. These
results are also consistent with the gmax values in Tables 1 and 2.
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Fig. 7. TGA of BY28-C (a), BY28-CC (b), MV-C (c), MV-CC (d)

Shapes of the Isotherms

The ce graphs (Figs. 8 and 9) drawn against ge from the adsorption isotherm curve
of both dyestuffs on the adsorbents conformed to the Giles isotherm L type. Looking at the
graphs, it becomes difficult for the dye molecules to find empty space as the empty spaces
on the first curve (layer) part of the adsorbent (black seed and char) are filled rapidly.
Therefore, the second curve (layer) is formed. This means that a new monolayer is formed
on top of the first layer (Giles et al. 1960). Thus, the dye molecules, rather than the solvent
molecules, are more aggressively directed towards the adsorbent.
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Fig. 8. Graphs of ge (mg/g) vs. ce of BY28-C at 10, 25, and 35 °C (a); BY28-CC at 10, 25, and 35
°C (b)
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Fig. 9. Graphs of ge (mg/g) vs. ce of MV-C at 10, 25, and 35 °C (a); MV-CC at 10, 25, and 35 °C
(b)

Adsorption Isotherms

Kr in the Freundlich isotherm represents the ability of adsorbates to adhere to
adsorbents. Kr is the adsorption capacity in the Freundlich adsorption isotherm, and it can
be meaningfully matched with gmax in the Langmuir isotherm. Kr has no numerical range,
such that only a comparison is made of the values found as a result of the calculation. The
adhesion ability of MV on black cumin was found to be higher than BY28 for all 3
temperatures (Tables 1 and 2) and Kr values for both dyes decreased with temperature. For
black cumin char, the Kr was high for MV at 3 temperatures, whereas the Kr values for
BY28 and MV changed irregularly with temperature. The adsorption intensity of both dyes
on adsorbents was n<1, indicating that adsorption was favored. Electronegativity is the
force of attraction of electrons used in bond making by the atoms forming the bond. Atoms
whose external energy levels are almost completely filled, such as chlorine, are strongly
electronegative and readily gain electrons. The fact that the molar mass of MV is lower
than that of BY28 may cause more adhesion on the adsorbent’s surface. Since the
electronegativity of the CI™ anion in the structure of the MV is high, it can be said that the
adsorbent attracts the electrons on the surface more easily and the retention on the surface
is therefore increased. While the compliance of BY28 to the Freundlich isotherm (R?) of
adsorption on both adsorbent at three different temperatures was between 97% and 98%
for black cumin, it was between 87% and 91% for black cumin char. While the MV was
between 92% and 99% for black cumin, it was between 91% and 98% for black cumin-
char.

As shown in Tables 1 and 2, the gmax value of BY28-C for all three temperatures
was quite high compared to MV-C. The gmax values of BY28-C and MV-C at 25 °C were
212.8 mg/g and 164 mg/g, respectively. When compared with other temperature values, it
can be seen that the maximum adsorption capacity (gqmax) of black cumin in the highest
monolayer was 25 °C. The gmax values of black cumin char of BY28 and MV (BY28-CC,
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MV-CC) at 25 °C were 625 mg/g and 909 mg/g, respectively. The gmax value of the char
at 25 °C was higher than the values at other temperatures. According to Tables 1 and 2, the
gmax Of the BY28-C at 25 °C was higher when the MV-C was compared with the BY28-C.
Likewise, when MV-CC and BY28-CC were compared according to Tables 1 and 2, the
gmax Value of MV-CC at 25 °C was higher. As a result, while the gmax (Mmg/g) data of the
adsorption capacity in the Langmuir model preferred BY28 in the raw form of black cumin;
it showed that the one in the char state preferred MV. While the compatibility of BY28 to
the Langmuir isotherm (R?) of adsorption on both adsorbent at three different temperatures
was between 98% and 99% for black cumin, it was between 88% and 96% for black cumin-
char. The suitability of MV to Langmuir isotherm (R?) was between 96% and 99.8% for
black cumin; it was between 97% and 99% for black cumin-char.

When the Temkin isotherm is applied for BY28-C, MV-C, BY28-CC, and MV-CC,
the adsorption type of BY28 and MV on adsorbents is physical adsorption, since B, that is,
the adsorption potential (energy) in the first equation of Temkin, is lower than 8 kJ/mol
(Tables 1 and 2). The AQ adsorption energy is almost the opposite sign of the AH
adsorption heat value result. Using the second equation of the Temkin, it was calculated
that the adsorption heat of BY28 and MV dyestuffs on both adsorbent is exothermic. For
black cumin and char, in which basic yellow 28 was used as dyestuff, the equivalence of
the Temkin isotherm equation 7 (R?) was between 92% and 93%, while it was between
93% and 99% for black cumin and char, respectively. When BY28 was used, the
equivalence of the Temkin isotherm equation 9 (R?) was between 93% and 95% for black
cumin, while it was between 97% and 98% for black cumin char. The equivalence of MV
adsorption on both adsorbent at three different temperatures to the Temkin isotherm
equation 7 (R?) is between 88% and 96% for black cumin, while it is between 86% and
94% for black cumin char. The equivalence conformity to the Temkin isotherm equation 9
(R?) is between 91% and 96% for black cumin, and 86% to 94% for black cumin char.

Dubinin and Radushkevich (D-R) adsorption isotherm results, as shown in Tables
1 and 2 gmax, that is, the maximum saturation capacity for BY28-C is 41 to 42 mg/g; 42 to
53 mg/g for BY28-CC; 51 to 56 mg/g for MV-C; For MV-CC, it is 57 to 67 mg/g. Since
the calculated adsorption mechanism energy (E) of both dyes on the adsorbents is lower
than 8 kJ/mol, it is seen that physical adsorption takes place. This value is compatible with
the B value in Temkin’s first equation. The conformity of BY28 to the D-R isotherm of
adsorption at three different temperatures on both adsorbent (R?) is between 85% and 86%
for black cumin, while it is between 93% and 97% for black cumin-char. The suitability of
adsorption of MV on both adsorbent at three different temperatures to the D-R isotherm
(R?) is between 71% and 81% for black cumin, while it is between 75% and 82% for black
cumin-char.

From the Flory-Huggins (F-H) adsorption isotherm results for BY28-C, BY28-CC,
MV-C, and MV-CC, (Tables 1 and 2), logKr-1 was positive as a result of adsorption of both
dyes on black cumin and char, and the adsorption reaction energy was calculated from Eq.
14 as AG kj/mol < 0. The adsorption of both dyes on black cumin and black cumin-char
was spontaneous.
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Table 1. Isotherms Data of BY28-C and BY28-CC

BY28-C
t/°C Freundlich Langmuir
n Ke |R? Omax Ki R?
10 0.78 3.710.98 169.5 0.0158 | 0.99
25 0.84 2.93/0.98 212.8 0.0107 ] 0.99
35 0.84 2.8710.98 204.1 0.011 |1
Temkin
br R? | Kr(L/mg) |H(kJ/mol) |R?
10 0.108 0.94/0.34 -18.6 0.95
25 0.11 0.93]0.31 -23.4 0.93
35 0.114 0.93]0.28 -23.3 0.93
BY28-CC
t/°C Freundlich Langmuir
n Ke |R? Omax Ki R?
10 0.73 6.17|0.91 357 0.0114(0.96
25 0.73 6.12]|0.9 625 0.0065 | 0.94
35 0.7 6.38 0.87 556 0.007 |0.9
Temkin
br R? | Kr(L/mg) | H(kj/mol) |R?
10 0.105 0.97|0.56 -37.8 0.97
25 0.114 0.99|0.55 -69.5 0.98
35 0.12 0.97|0.56 -67 0.97
BY28-C
t/°C D-R F-H
Kbr gmax | E(kJ/mol) | R? n logKen | G(kJ/mol) | R?
10 5.88 42.210.29 0.86 423 |1.14 |-6.19 0.83
25 6.67 41.7(0.27 0.86 5.39 |[1.768 |-10.1 0.86
35 6.74 41.3]10.27 0.85 5.51 1.8125-10.7 0.85
BY28-CC
t/°C D-R F-H
Kbr Omax | E(kJ/mol) | R? n logKrr | G(kJ/mol) | R?
10 2.89 42.5(0.42 0.93 2.66 |0.525 |-2.85 0.98
25 3.89 53 |0.36 0.97 248 |0.38 |-2.16 0.98
35 3.18 51.2104 0.95 2.22 0.073 [-0.423 0.93
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Table 2. Isotherms Data of MV-C and MV-CC

MV-C
t/°C Freundlich Langmuir
n Ke |R? Omax Kv R?
10 0.67 8.170.98 96.2 0.077 |0.99
25 0.77 5.860.99 164 0.029 |1
35 0.7 3.06/0.93 86 0.075 ]0.97
Temkin
br R? | Kr(L/mg) |H(kJ/mol) | R?
10 0.098 0.89)|0.72 -9.42 0.95
25 0.089 0.96|0.49 -14.5 0.96
35 0.103 0.91)|0.58 -8.9 0.91
MV-CC
t/°C Freundlich Langmuir
n Ke |R? Omax Kv R?
10 0.84 15.6|0.94 303 0.051 [0.99
25 0.89 13 |0.91 909 0.0132(0.98
35 1 9.58 10.98 625 0.006 |0.98
Temkin
br R? |Kg(L/mg) | H(kJ/mol) |R?
10 0.07 0.93]1.46 -21 0.94
25 0.07 0.91]1.17 -62 0.91
35 0.07 0.88/0.34 -42.7 0.86
MV-C
t/°C D-R F-H
Kbr gmax | E(kJ/mol) | R? n logKen | G(kJ/mol) | R?
10 1.46 54.210.58 0.79 2.36  [0.274 |-1.49 0.89
25 2.78 56.60.43 0.81 4.06 |1.67 |-95 0.97
35 1.74 51.6/0.54 0.7 2.6 0.35 |-2.04 0.83
MV-CC
t/°C D-R F-H
Kbr gmax | E(kj/mol) | R? n logKrH | G(kJ/mol) | R?
10 0.51 67.2|1 0.82 3.31 281 |-15.2 0.94
25 0.8 67.6/0.84 0.8 3.18 (246 |-14 0.98
35 3.87 57.5/0.36 0.75 6 351 |-21 0.81

The conformity of BY28 adsorption to the F-H isotherm (R?) of adsorption on both
adsorbent at three different temperatures is between 83% and 86% for black cumin, while
it is between 93% and 98% for black cumin-char. The suitability of adsorption of MV on
both adsorbent at three different temperatures to the F-H isotherm (R?) is between 82% and
96.5% for black cumin, while it is between 80% and 98.5% for black cumin-char.
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Fig. 10. Graphs of InKags vs. 1/T(K) of BY28-C (a); BY28-CC (b)

Using the thermodynamic values according to the data obtained from the adsorption

experiments with BY28 and MV dyes; Kads = ge/Ce (L/g) using the standard thermodynamic
equilibrium constant with the following equation; In K45 = — % = — ARiT + A?S. Enthalpy
(AHC kJ/mol) was calculated from the slope of the graph plotted against InKads versus 1/T,
and entropy (AS° J/molK) was calculated from the cutoff point. And the Gibbs free energy
(AG®° kJ/mol) value was also calculated from the equation. Looking at the graph 10 and
Table 3 for BY28-C and BY28-CC, the adsorption energy (AH°) indicates that it was an
exothermic reaction. The entropy value was negative. This shows that the dye was adsorbed
on black cumin and black cumin char, that is, it changed from an irregular state to a regular
state.

Table 3. Thermodynamics Data of BY28-C (a); BY28-CC (b)

BY28-C

Co/ppm (10°C-35°C) | (10°C-35°C) | 10°C 25°C 35°C
H(kJ/mol) S(J/molK) G(kd/mol) | G(kJd/mol) | G(kd/mol)

25 -7.33 -17.9 -2.3 -2 -1.8

50 -7.48 -18.6 2.2 -1.93 -1.7

75 -5.44 -11.9 2.1 -1.89 -1.8

100 -2.98 -6.17 -1.2 -1.14 -1.1

150 -1.88 -1.9 -1.4 -1.32 -1.3

BY28-CC

Co/ppm (10°C-35°C) | (10°C-35°C) | 10°C 25°C 35°C
H(kJ/mol) S(J/molK) G(kd/mol) | G(kJ/mol) | G(kd/mol)

25 -4.75 -5.56 -3.2 -3.09 -3

50 -5.85 -7.48 -3.7 -3.62 -3.5

75 -4.23 -1.14 -3.9 -3.89 -3.9

100 -5.07 -8 -2.8 -2.67 -2.6

150 -2.18 -0.88 -1.9 -1.91 -1.9
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Gibbs free energy values were negative. This means that the adsorption was
spontaneous. For MV-C and MV-CC, the adsorption energy (AH°) indicates that it was an
exothermic reaction. The entropy value of MV-C was negative between 25 and 150 ppm,
but this value was calculated to be positive at 200 ppm. The entropy value of MV-CC was
negative within the range 25 to 100 ppm, but this value was calculated to be positive at 150
to 200 ppm. Here, the negative value of AS® indicates that the dye changed from an irregular
state to a regular state on black cumin and black cumin char. Gibbs free energy values were
negative. This indicates that the adsorption is spontaneous. The AG values obtained from
the thermodynamic calculations and the AG values obtained from the Flory-Huggins (F-

H) adsorption isotherm were compatible with each other.

Table 4. Thermodynamics Data of MV-C (a); MV-CC (b)

MV-C
co/ppm | (10°C-35°C) | (10°C-35°C) | 10°C 25°C 35°C
H(kJ/mol) S(J/molK) G(kJ/mol) | G(kd/mol) | G(kd/mol)
25 -11 -22.4 -4.51 -4.18 -3.95
50 -10 -23.9 -3.62 -3.26 -3.02
100 -4.8 -4.6 -3.29 -3.43 -3.38
150 -2.8 -1.09 -2.47 -2.45 -2.44
200 -1.5 254 -2.21 -2.25 -2.27
MV-CC
co/ppm | (10°C-35°C) | (10°C-35°C) | 10°C 25°C 35°C
H(kJ/mol) S(J/molK) G(kJ/mol) | G(kd/mol) | G(kd/mol)

25 -12 -194 -6.41 -6.12 -5.93
50 -10 -154 -5.83 5.59 -5.44
100 -12 -18.5 -6.39 -6.11 -5.93
150 -3.3 11.7 -6.57 -6.75 -6.87
200 -3.8 4.63 -5.07 -5.14 -5.18
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Fig. 11. Graphs of InKags vs. 1/T(K) of MV-C (a); MV-CC (b)
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Adsorption Kinetics

The kinetic studies of BY28 and MV dyestuffs on both adsorbents at five different
concentrations and three different temperatures were fitted to pseudo-first-order and
pseudo-second-order rate equations. Rate graphs were drawn for 25 °C, where both
dyestuffs were adsorbed the most on the adsorbents, and rate constants and ge values are
shown in the Tables 5 and 6. When the experimentally found ge value and the theoretically
calculated ge values in Table 5 and 6 were compared, the best value fit the pseudo-second-
order velocity equation. In addition, the degree of fit R? was close to 100% with the pseudo-
second order velocity equation.

Table 5. Kinetic Data of BY28-C (a); BY28-CC (b)

BY28-CC pseudo-first order pseudo-second order
Co/ppm ge,exp(mg/g) | ki(1/min) | ge,calc(mg/g) | R? | ko(g/mg min) | ge,calc(mg/g) | R?
10 °C

25 11.06 0.077 0.67 0.5]1.22 11.08 1
50 22.38 0.05 1.66 0.4 ] 0.29 22.37 1
75 34.38 0.083 2.98 0.6 | 0.23 34.48 1
100 43.28 0.082 4.72 0.6 | 0.09 43.47 1
150 61.47 0.119 5.24 0.8 | 0.26 61.72 1
25 °C

25 10.97 0.074 1.05 0.6 | 0.55 10.99 1
50 22.22 0.08 2.13 0.6 | 0.31 22.27 1
75 34.25 0.11 3.26 0.8 | 0.28 34.25 1
100 44.02 0.122 13.2 0.9 | 0.03 44.25 1
150 61.04 0.13 5.94 0.8 | 0.15 60.97 1
35°C

25 10.89 0.101 1.26 0.8 | 0.42 10.92 1
50 22.78 0.088 3.22 0.8 | 0.19 22.83 1
75 34.17 0.126 7.12 0.9 | 0.11 34.24 1
100 42.93 0.12 13.2 0.9 | 0.05 43.29 1
150 60.71 0.116 7.21 0.8 | 0.12 60.97 1
BY28-C pseudo-first order pseudo-second order

Co/ppm ge,exp(mg/g) | kai(1/min) | ge,calc(mg/g) | R? | ko(g/mg min) | ge,calc(mg/g) | R?
10 °C

25 10.42 0.118 0.62 0.7 ] 2.04 10.44 1
50 20.83 0.079 0.82 05]1.21 20.83 1
75 31.09 0.083 0.87 0.4 ]1.29 31.1 1
100 38.79 0.057 1.7 0.3 ]0.42 38.76 1
150 58.56 0.096 111 0.5]1.46 57.47 1
25 °C

25 10.17 0.072 0.47 0.5]1.58 10.17 1
50 20.31 0.108 0.64 0.6 | 2.42 20.33 1
75 31.09 0.118 0.51 0.5]3.61 30.4 1
100 37.88 0.091 1 0.5]1.16 37.87 1
150 57.86 0.116 1.21 0.5]1.48 57.8 1
35 °C

25 10.12 0.093 0.37 0.5 ] 3.05 10.12 1
50 20.24 0.069 0.85 0.4 1 0.98 20.24 1
75 30.26 0.06 0.71 0.3 ]1.57 30.21 1
100 37.78 0.07 1.15 0.4 ] 0.88 37.73 1
150 57.73 0.117 1.16 06115 57.8 1
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Table 6. Kinetic Data of MV-C (a); MV-CC (b)
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MV-CC pseudo-first order pseudo-second order
Co/ppm | Qge,exp | ku Qe,calc | R2 k2 ge,calc | R2
(mg/g) | (1/min) | (mg/g) (9/mg min) | (mg/g)
10°C 1
25 12.1 0.086 5.51 0.89 | 0.08 12.34 1
50 24 0.087 6.69 0.89 | 0.099 24.4 1
100 48.36 | 0.13 22.18 0.96 | 0.036 49.89 1
150 72.76 | 0.142 27.19 0.96 | 0.043 76.92 1
200 94.48 | 0.121 25.74 0.89 | 0.05 100 1
25 °C
25 12 0.089 5.595 0.89 | 0.082 12.19 1
50 23.73 | 0.114 6.638 0.90 | 0.112 24.39 1
100 48.3 0.065 14.85 0.81 | 0.033 50 1
150 72.63 | 0.144 29.76 0.96 | 0.034 77 1
200 94.15 | 0.133 30.14 0.92 | 0.033 100 1
35 °C
25 11 0.089 3.27 0.86 | 0.172 11.11 1
50 21.19 | 0.118 11.3 0.91 | 0.057 21.74 1
100 44.06 | 0.123 16.52 0.93 | 0.054 45.45 1
150 66.06 | 0.126 21.11 0.91 | 0.056 66.66 1
200 89.04 | 0.137 22.04 0.91 | 0.061 90.9 1
MV-C pseudo-first order pseudo-second order
Co/ppm | Qe,exp | ko ge,calc | R? k2 Qe,calc | R?
T (mg/g) | (1/min) | (mg/g) (9/mg min) | (mg/g)
25 11.63 | 0.108 6.53 0.86 | 0.072 11.76 1
50 2255 |0.111 0.864 0.62 | 2.23 22.73 1
100 4497 | 0.074 1.12 04 |151 45.45 1
150 63.27 | 0.104 2.44 0.6 |0.83 62.5 1
200 83.64 | 0.106 2.83 0.6 |0.78 83.33 1
25 °C
25 11.25 | 0.07 4.19 0.8 | 0.088 11.37 1
50 22.15 | 0.082 0.5 04 | 342 22.15 1
100 44.22 | 0.092 0.82 0.5 |2.83 44.22 1
150 63.81 | 0.11 8.08 0.8 |0.15 63.86 |1
200 83.29 [ 0.1 1.45 0.5 |2.02 83.3 1
35 °C
25 11.5 0.098 6.3 0.86 | 0.065 1163 |1
50 21.6 0.093 1.59 0.65 | 0.705 2173 |1
100 42.3 0.122 2.21 0.65 | 0.638 44.31 1
150 62.9 0.105 1.28 0.5 |215 62.87 1
200 82.9 0.114 1.86 0.6 |1.44 83.33 1

It was reported that good fits to the pseudo-second-order
indicate that the rate of adsorption is governed by diffusion of dye molecules within a
network of very small pores (Hubbe et al. 2019). In conclusion, at 25-50-75-100-150 ppm
concentrations, it was observed that BY28 satisfies the adsorption kinetic pseudo-second-
order rate equation 100% for temperatures of 10-25-35 °C on black cumin and black

rate equations tend to
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cumin-char. In addition to these results; at 25-50-100-150-200 ppm concentrations, it was
observed that the adsorption kinetics of MV on black cumin and black cumin-char at 10-
25-35 °C complied with the pseudo-second-order velocity equation 100%.
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BY28-C (b), BY28-CC (d)
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CONCLUSIONS

1.

The Freundlich adsorption capacity (Kr; L/mg) constant was higher for biochar
produced from cumin seed (CC), was shown in Tables 1 and 2. These findings are
based on adsorption experiments carried out with basic yellow 28 (BY28) and methyl
violet (MV).

Adsorption potential (energy) values B obtained from the Temkin isotherm, as well as
heat of adsorption values E obtained from Dubinin-Radushkevich (D-R) isotherm, for
both dyes were smaller than 8 kJ/mol for three different temperatures on the adsorbents.
These results imply that the adsorption took place by physical adsorption.

When the heat of adsorption AH® calculated from the Temkin isotherm was compared
with the heat of adsorption calculated from the thermodynamic calculation, AH, it was
exothermic for all adsorption systems. The results of both values supported each other.

When the Gibbs energy AG° calculated from the F-H isotherm was compared with the
standard Gibbs energy AG found from the thermodynamic calculation, the adsorption
reaction was spontaneous for BY28-C, BY28-CC, MV-C, and MV-CC. The results of
both values supported each other.

For all three temperatures, when the sorbent dose was 2 g/L (V=10 mL, m=0.02 g), its
adsorption on black cumin and black cumin-char adsorbents reached equilibrium
within 30 min for BY28 dyestuff, while it reached equilibrium in 60 min for MV
dyestuff. As a result of adsorption, the pH value of BY?28 was determined as 7 and that
of MV as 8. Langmuir gmax of BY28 was found as 625 mg/g on black seed-char and
212 mg/g on black seed for 25 °C. Langmuir gmax of MV was 909 mg/g on black seed-
char and 164 mg/g on black seed for 25 °C. Thus, both black cumin and black cumin-
char are expected to be very effective in removing BY28 and MV from wastewater due
to its short, required retention time and high amount of adsorption on the adsorbent.
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