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a b s t r a c t
A magnetic nano biocomposite was developed by coating the surface of pressed Nigella sativa press 
cakes agricultural waste with Fe3O4 nanoparticles. The uptake of methylene blue from an aqueous 
solution was evaluated. pH, adsorbent dosage, interaction time, and other parameters were inves-
tigated. Equilibrium, kinetic, and thermodynamic models were analyzed. Desorption studies were 
performed using various solvents. The uptake efficiency of methylene blue reached 93.22% at pH 
11. The adsorbent dosage was determined as 0.6 g/L. The uptake efficiency reached 99.40% at 24 h. 
Adsorption mechanism is found to be both endothermic and spontaneous. The rate-determin-
ing step of adsorption is chemical sorption. The adsorption capacity was 454.55  mg/g. Desorption 
was performed by ethanol and reached 49.21%. The adsorption performances of the adsorbent 
were also evaluated by real water samples. Toxic and hazardous reagents were not handled in the 
preparation of the adsorbent. An environmentally friendly, easily prepared, cheap adsorbent has  
been developed.
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1. Introduction

Humans have used dyes for many purposes since ancient 
times. Nowadays, they are used in textiles, dyes, paper, 
pulp, tanning, and the dye industry. The discharge effluent 
of these industries contains significant amounts of dye com-
pounds considering that they are poisonous, the removal of 
dyes before discharge is important [1,2]. Dyes cause various 
health problems including tachycardia, nausea, dizziness, 
jaundice, tissue death, and allergies [2].

Synthetic dyes, especially cationic dyes (basic dyes), are 
stable, non-biodegradable, aromatic compounds. Methylene 
blue dye is a basic (cationic) dye [1]. A variety of techniques 
have been used to eliminate dyes from aqueous media. 
Filtration, chemical treatment, oxidation, electrochemical 
techniques, sophisticated oxidation systems, biological pro-
cesses, and adsorption are among the most important [1–4]. 
Alumina, silica gel, zeolites, active carbon, natural materials, 

industrial, agricultural and domestic wastes, composites, 
and nanomaterials are used to remove dyes [3,5,6].

Cost is an important factor in adsorbent compari-
son. Natural adsorbents are abundant and can be used as 
adsorbents after some physical or chemical pretreatment. 
Furthermore, these materials possess cellulose surfaces 
containing substantial functional groups that attract metal 
ions, resulting in composite formation [7]. Citrus limetta 
peel and Zea mays cob were used to eliminate malachite 
green, methylene blue, and Congo red dyes. The materials 
were handled with distilled water to remove contaminants. 
Then, they were dried under-the sun for between 5 and 7 d. 
The adsorption capacity was 8.77 and 16.7  mg/g for Citrus 
limetta peel and Zea mays cob, respectively [8]. The draw-
back of natural materials is that it is difficult to separate 
the adsorbent from the solution medium. This problem can 
be overcome by modifying the surface of the natural mate-
rial with magnetic components. Thus, the adsorbent can be 
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separated from the medium by applying a magnetic field 
[9]. Magnetic nanomaterials offer exceptional magnetic char-
acteristics, increased surface area, affordability, the poten-
tial for reuse, and effortless separation. In the synthesis of 
magnetic adsorbents, magnetite nanoparticles are commonly 
utilized as magnetic agents for the separation of metal ions 
and organic pollutants. [10,11]. Manganese ferrite compos-
ite biomaterial was synthesized on Nigella sativa seeds, and 
the prepared magnetic adsorbent was used for methylene 
blue dye adsorption. The reported adsorption capacity was 
74.63  mg/g [7]. Magnetite was synthesized on vine shoots 
derived activated carbon for the removal of Cr(VI) and admi-
rable adsorption capacity was reported as 305 mg/g. [11].

Black cumin is cultivated within Turkish regions like 
Mersin, Gaziantep, and Isparta. In Türkiye, pressed black 
cumin (Nigella sativa) cake represents an agricultural solid 
waste material, obtained after mechanically cold pressing 
black cumin seeds. This press cake is both economical and 
readily available. However, improper disposal of the press 
cake leads to significant waste-related issues [12]. According 
to the literature, black cumin seed (Nigella sativa L.) has been 
applied to remove both organic contaminants and metals 
from aqueous solutions. Nigella sativa seeds have been used 
for methylene blue (MB) removal after being physically 
modified (heated at different temperatures) [13] and acid 
washed [14]. Various nano biocomposites based on Nigella 
sativa have also been developed and utilized for MB removal, 
heavy metal removal, and antibacterial activity [15–19]. 
Nonetheless, to the best of our knowledge, our previous 
study is the first study on pressed black cumin press cakes 
for adsorption/removal of Cu(II) from an aqueous solution 
[20]. According to our investigation, there is no study which 
the surface of the black cumin pressed cake was modified 
by Fe3O4 particles for MB adsorption. By this modification 
it is aimed that both the difficulties encountered in the sep-
aration of natural materials from the solution medium will 
be eliminated and the superior properties of the magnetic 
particles are utilized. Nigella sativa seeds could have released 
the extract containing phytochemicals, which might have 
also functioned as stabilizing and capping agents, thereby 
yielding nanosized particles [9]. The biomass performs 
as a dispersing or capping agent, preventing magnetite 
nanoparticles from agglomerating and thereby reducing 
surface reactivity [21,22]. The newly prepared adsorbent 
was superior to the above-mentioned Nigella sativa-based 
composites. This may be due to increased pore numbers 
after mechanical pressure. The efficiency of the adsorbent 
was evaluated by investigating pH, adsorbent dose, con-
tact time, and kinetic, thermodynamic, and equilibrium  
studies.

2. Experimental set-up

The chemicals used were all analytical grade. Ultra-
pure water was utilized throughout the study. Methylene 
blue, HCl (hydrochloric acid), NaOH (sodium hydroxide), 
FeCl3·6H2O (iron(III) chloride hexahydrate), (NH4)2Fe(SO4)2 
(ammonium iron(II) sulfate), acetone, ethanol, and methanol 
were supplied by Merck (Germany).

Stock methylene blue solution (1,000  mg/L) was pre-
pared by dissolving aliquot amounts of methylene blue 

in ultra-pure water. Model solutions were prepared daily 
after diluting stock methylene blue solution.

All glassware and polypropylene materials were 
soaked in 10% nitric acid (HNO3) solution for a night and 
washed in distilled water before use.

Black cumin seeds were mechanically pressed and 
yielded the black cumin pressed cake, and it was pur-
chased from a supplier in Dikili-Izmir.

2.1. Apparatus

A pH meter was used for adjusting the pH of the solu-
tions (Mettler Toledo FiveGo FG-2, Germany). The adsorp-
tion studies were executed by using a vibration water bath 
(Nuve ST-402, Turkey) and an orbital shaker at 350  rpm 
(Biosan OS-10, Latvia). The absorption measurements of 
methylene blue were carried out using a PG Instruments TG 
80+ model UV-Vis spectrophotometer (UK) (double beam) 
at 663  nm. Fourier-transform infrared spectroscopy (FTIR) 
examinations of the magnetite-nano biocomposite were per-
formed between 4,000 and 400 cm–1 (PerkinElmer 100, USA). 
The scanning electron microscopy (SEM) analysis for sur-
face morphology and energy-dispersive X-ray spectroscopy 
(EDX) was carried out by Thermo Fisher Scientific Apreo S 
LoVac (USA). Rigaku SmartLab X-ray Diffractometer with 
Cu-Kα radiation (λ = 1.54 Å, 40 kV, 40 mA) (Japan) was used 
to determine the crystal structure. Determination of surface 
area and pore structure were carried out by QuantaChrome 
Autosorb iQ2 (USA). Zeta potential measurement was 
executed by Malvern Panalytical Zetasizer ZS XPLORER, UK.

2.2. Preparation of the magnetic nano biocomposite

Pressed Nigella sativa seed cakes were obtained after 
the cold press of Nigella sativa seeds. The press cake was 
ground in a mortar. The ground press cake was then washed 
with boiling distilled water till supernatant becomes clear. 
It was dried overnight at 80°C and sieved at 350–500 µm.

To obtain magnetite coating, 2 g of press cake was taken 
and added to FeCl3 and (NH4)2Fe(SO4)2 (mole ratio 2:1). 
100  mL of distilled water was added. Nitrogen gas was 
passed through the solution for 30 min. Next, the tempera-
ture of the solution was set to 80°C and 2  mol/L 40  mL of 
NaOH solution was added drop by drop [23]. The solution 
turned black. N2 gas was passed through the solution for 
another 30  min. Subsequently, the adsorbent was treated 
several times with distilled water until the pH became neu-
tral and ethanol. Finally, the adsorbent was dried in an oven 
at 60°C for 24  h. The prepared adsorbent was placed in a 
polypropylene container. The prepared material was named  
MNYBC (magnetite modified black cumin composite).

2.3. Batch uptake studies

The uptake studies were realized with the batch method. 
The parameters were investigated using 25 mL of dye solu-
tion. The initial dye concentration and contact time were 
20  mg/L and 24  h. The amount of MNYBC was 10  mg in 
the pH study. After the optimization study, the adsorbent 
dosage was determined to be 0.6  g/L. In the optimization 
studies, pH, MNYBC dosage, contact time, and the impacts 
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of temperature were examined. The isotherm study was 
performed in the range of 0.1–5,000  mg/L of concentra-
tion. The kinetic models were studied for between one and 
1,440 min. The magnetic adsorbent was separated from the 
model solution by an external magnetic field. Unadsorbed 
dye concentrations were measured by UV-Vis spectropho-
tometer at 663 nm. The experiments were performed in trip-
licate. The uptake efficiencies (R, %) and capacities (q, mg/g) 
were computed using the Eqs. (1) and (2), respectively:
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where Ci and Ce indicate initial and equilibrium MB concen-
tration (mg/L), w is MNYBC amount (g), V is the volume of 
the solution (L).

3. Results and discussion

3.1. Characterization studies

FTIR measurements were performed to detect possible 
functional groups taking part in the adsorption processes. 
The FTIR spectra that were obtained pre and post uptake 
are seen in Fig. 1. Before adsorption, the band at about 
3,400 cm–1 could belong to O–H stretching vibrations [24,25]. 
The change observed could indicate hydrogen bonding 
between the adsorbent and dye molecules. The peaks at 
2,924.52 and 2,924.70 cm–1 could refer to C–H stretching vibra-
tions belong to –CH2 and –CH3 groups [24–26]. The peaks 
between 1,670 and 1,640 cm–1 might belong to C=O stretch-
ing vibrations of carboxyl, ketone, and aldehyde groups 
[24,26,27]. The shifting from 1,633.82 to 1,604.02  cm–1 after 
adsorption could mean that the carbonyl groups take part 
in the adsorption. The bands at 1,416.89 and 1,389.15  cm–1 

may imply the stretching vibrations of C=C [26]. The peaks 
at 1,088 and 1,057.22  cm–1 could indicate C–O–C and C–O 
stretching vibrations [28]. Fe–O vibrations were presented 
by the vibrations at 584.81 and 582–631.60 cm–1 before and 
after adsorption, respectively [29,30]. The presence of that 
peak is also an evidence of magnetite bonding on the sur-
face of MNYBC. The intensities of Fe–O vibration bands 
were observed to increase following adsorption, suggest-
ing the involvement of associated groups in the adsorption 
process [31]. Also, the presence of a divided Fe–O band in 
MB-loaded MNYBC indicated a partial distribution in the 
arrangement of vacancies [32]. The changes observed in 
the FTIR bands attributed to adsorbent after MB adsorp-
tion indicate an interaction between the adsorbent surface 
and MB, likely mediated by electrostatic and/or H-bonding 
[7,22,33]. The results are found to be consistent with the  
literature [7,9,31,34].

The SEM and EDX data of the MNYBC were collected 
before and after MB dye adsorption. The related images 
are expressed in Fig. 2. In the figure it is clearly seen that 
the synthesized magnetite settled on these honeycomb-like 
structures as small ball-like structures. It was observed that 
some parts of this structure were covered by a smoother sur-
face after MB adsorption. The chemical characterization of 
the surface was determined by EDX to be 20.21% C, 33.8% 
O, 43.34% Fe, and 2.65% N before adsorption, and 43.65% C, 
16.92% O, 19.66% Fe, 7.07% N, and 12.7% S by weight after 
adsorption. Sulfur occurring on the surface and nitrogen, 
which was observed to increase on the surface after adsorp-
tion, may be caused by the adsorption of the MB. Decrease 
in the iron amount could also be the result of adsorption 
of MB. Since MB covered the surface of the adsorbent, 
iron might not be detected by the EDX detector.

The method used to state the point of zero charge was 
that of Fiol and Villaescusa [35]. It is thought that when the 
pH value was below the pzc value, the adsorbent surface 
had a positive charge thus the adsorbent surface impelled 
away the positive charged methylene blue dye molecules. 

 
Fig. 1. Fourier-transform infrared spectra of MNYBC before and after methylene blue uptake.
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Finally, the uptake efficiency decreases. Above the pzc 
value, the surface of the adsorbent is negative charged, 
and attracts the positive charged dye molecules. The point 
of zero charge (pzc) of modified adsorbent and bare adsor-
bent were found to be 6.20 and 5.31, respectively. The pzc 
value of MNYBC was supported by the value reported by 
Petrova et al. [36], which falls between 6 and 6.8. The change 
in pzc value after coating the bare Nigella sativa press cake 
with magnetite is due to the presence of iron oxides, which 
have a pH range of approximately 8–9. As a result, in Fig. 3 
pH values above six, the uptake efficiencies increased. The 
adsorption of the MB dye could be based on electrostatic 
attractions [7]. Similar attractions were taken place was 
reported [7,31]. Besides, zeta potential of the magnetic adsor-
bent was determined as –22.59 mV. This value is consistent  
with the literature [37].

The X-ray diffraction patterns of both virgin black cumin 
press cake and MNYBC displayed characteristic peaks 
within the 10°–80° (2θ) range. These patterns are illustrated 
in Fig. 3. In Fig. 3a the X-ray diffraction pattern of black 
cumin press cake exhibited a broad peak between 20°–24° 
(2θ) associated with the (002) plane. This peak arises from 
the amorphous region of cellulose within the black cumin 
press cake, as reported in the literature. [7,15,38]. The dis-
appearance of this peak indicates the formation of magne-
tite on the press cake’s surface [15,38]. Additionally, peaks 
observed at 30.18°, 35.587°, 43.34°, 53.57°, 57.22°, and 62.84° 
correspond to the (220), (311), (400), (422), (511), and (440) 
planes of the Fe3O4 crystal structure, respectively. The pres-
ence of the peak at 35.587° further confirms the Fe3O4 phase 
(2θ = 35.423) (JCPDS file no. 19-629) [22,38]. Similar patterns 

were reported by other researchers [22,34,38]. Utilizing 
the Debye–Scherrer equation [Eq. (S9)], the average size of 
the MNYBC composite nanoparticles was calculated to be 
10.30  nm. The BET results revealed that the surface area 
of the adsorbent was 60.64  m2/g, the total pore volume 
4.56 × 10–1 cm3/g, and the average pore radius 1.51 × 102 Å.

3.2. Impact of pH on the uptake efficiency

pH is a critical factor that affects the uptake process. 
The impact of pH on the methylene blue solution was exam-
ined in the range of 3–11. The initial concentration was set 
to 20 mg/L. 10 mg was weighed and put into falcon tubes. 
Then, 25 mL of MB solutions were added. The MNYBC and 

 
Fig. 2. Scanning electron microscopy and energy-dispersive X-ray spectroscopy images of the MNYBC before (a,c) and after methy-
lene blue uptake (b,d).
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Fig. 3. X-ray diffraction spectra of bare black cumin pressed 
cake (a) and MNYBC (b).
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model solutions were shaken for 24  h in an orbital shaker 
(320  rpm). A magnet was used to separate the MNYBC 
from the model dye solution. After separation, the model 
MB solutions were acidified and then, unadsorbed dye 
concentrations were determined. The results are depicted 
in Fig. 4a. The highest uptake efficiency was obtained at 
pH 11 with 93.22%  ±  0.67%. The highest uptake efficien-
cies at basic pH were also reported for MB removal [7,34]. 
An increase in adsorption capacity was observed to corre-
spond with an increase in pH. Similar results were obtained 
in other studies [34]. At pH 11, adsorption capacity reached  
48.03 mg/g.

3.3. Impact of the MNYBC dosage on uptake efficiency

The impact of the MNYBC dosage on methylene blue 
removal by magnetite coated nano biocomposite was inves-
tigated. The studied adsorbent dosages were 0.2, 0.4, 0.6, 
0.8, 1.6, and 2.0 g/L. 25 mL of 20 mg/L MB solution at pH 
11 was added to the adsorbents and shaken for 24 h. The 
results are shown in Fig. 4b. The optimum adsorbent dos-
age was found to be 0.6  g/L. Jiang et al. [39] synthesized 
magnetic sugarcane-bagasse activated carbon for MB 
removal and reported that the optimum adsorbent dose 
was 5 g/L. It has been also reported that MB removal was 
carried out by 0.02 g of manganese ferrite/graphene oxide 
nanocomposites [40].

According to Fig. 4b, the MB uptake efficiencies were 
not significantly affected by the MNYBC dosage. The uptake 
efficiency for 0.2  g/L was 92.84%  ±  0.19%. With 0.4 and 
0.6 g/L adsorbent dosages, this increased to 98.10% ± 0.30% 
and 99.20%  ±  0.19%, respectively. The uptake efficiencies 
increased with increasing numbers of active sites in the mag-
netite coated nano biocomposite, and reached a constant 
value [34]. This could be the result of increased numbers 
of pores in the structure of the natural material caused by 
mechanical pressure. In addition, as the adsorbent dosage 
increases, a decrease in adsorption capacity is observed. 
This is due to the increase in the vacant sites as the adsorp-
tion amount rises, while the existing MB quantity cannot fill 
these sites [11]. Similar tendency was reported in the litera-
ture [11,21,34]. Because of this, the capacity was decreased 
from 92.89 to 8.25  mg/g. Furthermore, the effect of adsor-
bent dosage on pH variation was explored within the range 
of 0.2–2.4 g/L, revealing no discernible correlation between 
the two factors. The related figure can be seen in Fig. S1.

3.4. Impact of contact time on the uptake efficiency and kinetic 
models

The impact of contact time on the uptake efficiency of 
methylene blue was studied for 1, 5, 10, 20, 40, 60, 120, 180, 
300, and 1,440 min. 25 mL of 20 mg/L MB model solution at 
pH 11 was added to 0.6 g/L of magnetite nano biocompos-
ite and shaken for the stated time intervals. Unadsorbed MB 
concentrations were measured. The impact of contact time 
on the uptake efficiency is depicted in Fig. 5a. The uptake 
ratio was relatively high. In addition, 83.15% ± 3.14% of MB 
dye was adsorbed within the first 20  min. This phenom-
enon was related to the higher number of active sites of 
the adsorbent at the beginning of the adsorption process. 

The adsorption rate will decrease as these active sites are 
occupied by MB dye molecules [34]. The highest uptake 
efficiency was reached at 1,440  min with 99.40%  ±  0.05%. 
Furthermore, a similar pattern to the uptake efficiency 
graph was obtained for the uptake capacity, where it initially 
increases rapidly with time and then then reached a con-
stant value. The maximum uptake capacity was 16.56 mg/g.

Three kinetic models were used to study the mecha-
nism of adsorption: Lagergren pseudo-first-order, Lagergren 
pseudo-second-order, and the intraparticle diffusion 
model [41,42]. These models depict external film diffusion, 
adsorption, and the adsorption’s intraparticle diffusion ratio. 
Fig. 5 illustrates the pseudo-first-order, pseudo-second- 
order, and intraparticle diffusion graphs (b–d). The related 
equations and the computed constants are tabulated in  
Table 1.

Table 1 depicts that the highest coefficient of determina-
tion (R2) was acquired for the pseudo-second-order model. 
Furthermore, the predicted and experimental adsorption 
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capacities were incredibly similar. These results imply that 
the adsorption kinetic complied with the pseudo-second- 
order. The rate-determining stage was chemical sorption 

controlled [43]. Based on the intraparticle diffusion model 
(Fig. 5d and Table 1), high correlation coefficients were 
also discovered. This highlighted the influence of the 
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range 1–1,440 min, pH 11, n = 3).

Table 1
Constants of pseudo-first-order, pseudo-second-order, and the intraparticle diffusion for methylene blue adsorption on MNYBC

Kinetic models Equation Constants

qe,exp (mg/g) 16.67

Pseudo-first-order log log
.

q q q
k t

e t e�� � � � 1

2 303

qe,cal (mg/g) 3.77
k1 (1/min) 0.00253
R2 0.8755

Pseudo-second-order
t
q k q

t
qt e e

� �
1

2
2

qe,cal (mg/g) 16.61
k2 (g/mg·min) 0.00531
R2 0.9991

Intraparticle diffusion q k t It � �int
.0 5

Stair 1
I1 (mg/g)1 3.1531
kid1 (mg/g·min0.5) 3.4319
R2 0.9388
Stair 2
I2 (mg/g) 13.521
kid2 (mg/g·min) 0.079
R2 0.9205

Adsorption capacities at equilibrium and at time t are denoted by qe and qt (mg/g). Pseudo-first-order, pseudo-second-order and 
intraparticle diffusion rate constants k1 (1/min), k2 (g/mg·min) and kid (mg/g·min0.5). I (mg/g) is the intraparticle diffusion constant.
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intraparticle diffusion model on the adsorption process. 
However, in Fig. 5d, the plot not starting from the origin 
indicated that the rate-limiting mechanism wasn’t exclu-
sively determined by intraparticle diffusion. The presence of 
two lines suggested a two-step adsorption process (film dif-
fusion and intraparticle diffusion). Analyzing lower Kd and 
higher boundary layer (I) values provided insight into which 
stair governed the adsorption rate. In Table 1, it is evident 
that stair 2 had a lower Kd value and a higher I value, indi-
cating the dominance of intraparticle diffusion in the adsorp-
tion process. This finding aligns with results in existing  
literature [7].

In a nutshell, the current process of MB adsorption 
adheres to pseudo-second-order kinetic model and involves 
intraparticle diffusion. This implies that the adsorption 
operates through chemisorption and is constrained by 
intraparticle diffusion. The results obtained here are con-
sistent with the results obtained from the isotherm stud-
ies, where the isotherm results indicate adherence to the 
Langmuir isotherm, implying chemical sorption. The FTIR 
spectrum of MB loaded MNYBC (Fig. 1) indicated poten-
tial mechanisms, namely electrostatic and non-electrostatic 

interactions. Similar adsorption mechanisms were reported 
by other authors [32]. Possible binding mechanism of MB on 
MNYBC can be seen in Fig. 6.

3.5. Impact of temperature on uptake efficiency and 
thermodynamic models

The impact of temperature on the uptake efficiency of 
MB was examined at 20°C, 30°C, 50°C, and 70°C. Thermo
dynamic studies indicates the impact of temperature on 
the uptake process. The related equations are given in the 
Supporting Information. The results are tabulated in Tables 2 
and S2 for MNYBC and bare adsorbent, respectively. 

The negative ΔG° values in Table 2 show that the 
adsorption was spontaneous and favorable. The positive 
ΔS° values highlighted randomness increases during the 
adsorption process. In addition, positive enthalpy changes 
indicated the adsorption was endothermic. That value was 
above 60 kJ/mol showing the presence of chemical interplay 
on the adsorption [44].

It has been reported that the MB adsorption on magnetic 
sugarcane bagasse-activated carbon and activated carbon 

 

Fig. 6. Predicted binding mechanism of methylene blue on MNYBC.
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derived from black cumin was also endothermic and the 
adsorption process was spontaneous [33,39].

3.6. Impact of initial MB concentrations on uptake efficiency and 
equilibrium studies

Isotherm studies clarify the interactions between MB 
dye molecules and the adsorbent as well as the nature of the 
interactions. The experimental findings were applied into 
the Langmuir, Freundlich, and Dubinin–Radushkevich iso-
therm models [45,46]. Detailed information about isotherm 
models and related equations are given in the Supporting 
Information. Initial MB dye concentrations between 0.1 and 
5,000  mg/L were investigated. Tables 3 and S1 represents 
the constants for MNYBC and bare adsorbent, respectively.

The coefficient of determination is used to express the 
isotherm model that best fits the system. The Langmuir 
isotherm model had the highest coefficient of determina-
tion, as seen in Table 3. Uptake on the MNYBC surface is 
assumed to be monolayer and homogeneous. The highest 
adsorption capacity was computed as 454.55  mg/g. The 
result of 1/n defines the intensity of the adsorption. As 
the 1/n value improves, then the interactions between the 
MB and the adsorbent enhance. The separation factor (RL) 
indicates that the adsorption is favorable (0 < RL < 1), unfa-
vorable (RL > 1), linear (RL = 1), or irreversible (RL = 0) [10]. 
The mean free energy of adsorption (E, kJ/mol) describes 
the mechanism of the uptake process. Values below 8  kJ/
mol suggest physical adsorption, while values between 
8 and 16  kJ/mol indicate ion exchange, and values above 
16  kJ/mol correspond to chemical sorption [10,21]. In this 
study, the E value was found to be 9.05 kJ/mol, indicating 
the presence of ion exchange mechanism. The compar-
ison table of maximum monolayer adsorption capacity of 
MB removal studies found in the literature is tabulated in 
Table 4. Compared to other adsorbents in the literature, 
MNYBC stands out with its low adsorbent dosage and 
high-capacity value, despite its long adsorption time.

3.7. Desorption of MB from the adsorbent

MB desorption was examined under the following 
conditions: 0.6  g/L of adsorbent dosage, 25  mL of volume, 
20 mg/L of MB dye concentration, and 1,440 min of contact 
time. The uptake efficiency was calculated as 99.8% ± 0.9%. 
Then, the unadsorbed dye molecules were eliminated by 
washing the adsorbent in distilled water. The solvents used 
for desorption were ethanol, methanol, and acetone. 10 mL 
of solvent was added to the loaded adsorbent and agitated 
for 1,440  min. The desorption efficiencies were calculated 

as 49.21% ± 0.75%, 37.05% ± 0.87%, and 37.22% ± 1.22% for 
ethanol, methanol, and acetone, respectively. According to 
isotherm models and kinetic studies, the adsorption of MB 
on magnetite nano biocomposite was based on chemisorp-
tion. Interactions between dye molecules and the adsorbent 
are stronger for chemisorption. It is difficult to desorp the 
dye molecule retained by this bond from the solid surface 
[1,2]. That phenomenon could be an explanation for low 
desorption efficiencies.

3.8. Application to real samples

The adsorption performances of the prepared MNYBC 
were evaluated by applying the adsorbent to real water 
samples: wastewater which is taken by dye industry (chem-
ical oxygen demand: 5,005  mg/L, total suspended solid: 
566  mg/L, pH 11.42), tap water, and distilled water. The 
all-water samples were spiked with 1, 10, and 100 mg/L of 
MB solution. The results are tabulated in Table 5. The spiked 
MB was effectively removed by the adsorbent.

3.9. Comparison study

The performance of the magnetically modified black 
cumin press cakes is compared to other studies in the litera-
ture in Table 4. According to Table 4, the MNYBC was supe-
rior to the other adsorbents in having the lowest adsorbent 
dosage and the highest adsorption capacity. As compared 

Table 3
Parameters determined for the Langmuir, Freundlich, and 
Dubinin–Radushkevich isotherms

Isotherm models

Langmuir isotherm Qmax (mg/g) 454.55
b (L/mg) 0.0037
R2 0.9208
Separation factor (RL) 0.9996–0.0512

Freundlich isotherm
1/n 0.6661
K (mg/g) 4.68
R2 0.8445

Dubinin–Radushkevich 
isotherm E (kJ/mol) 9.05

Qm (mol/g) 0.0040
K (mol2/kJ) 0.0061
R2 0.9452

Table 2
Thermodynamic constants for the adsorption of methylene blue

Temperature (K) Standard enthalpy changes (kJ/mol) Standard entropy changes (J/mol·K) Gibbs free energy changes (kJ/mol)

293

88.53 329.4

–7.980
303 –11.27
323 –17.86
343 –24.45
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to the bare adsorbent, only a change in the optimum pH 
range and a slight decrease in the maximum adsorbent 
capacity were observed (Figs. S2 and S3). The decrease in 
adsorbent capacity could be caused by magnetite parti-
cles occupying the pores on the surface of the bare adsor-
bent. With this modification, the separation of the MNYBC 
from the aqueous solution was successfully executed using 
a magnetic field, resulting in an increase in the removal 
efficiencies. Furthermore, the modification did not have a 
significant negative effect on the adsorbent capacity.

4. Conclusion

To eliminate MB from an aqueous medium, the surface 
of agricultural waste material - black cumin pressed cakes - 
was modified with magnetite nanoparticles. The optimum 
working pH was found to be 11. The optimum dosage for 
MNYBC computed as 0.6  g/L. It was found that adsorp-
tion was quite fast. It reached 87.78%  ±  3.14% at 20  min 
and 99.40% ± 0.05% at 1,440 min. It is thought that higher 
uptake efficiency would be achieved in a shorter time when 
higher adsorbent dosages are used. The highest coefficient 
of determination seemed to fit the pseudo-second-order 
kinetic model. The positive enthalpy value shows that the 
adsorption was endothermic, the positive entropy value 
defines the increased randomness and the negative Gibbs 
free energy value highlights spontaneous and favorable 
adsorption. adsorption took place on a homogeneous sur-
face with a monolayer. The highest desorption efficiency 
was calculated to be 49.21% ± 0.75% by ethanol. It is believed 
that desorption efficiency was low because chemical bonds 
played a role in the adsorption.

Toxic and hazardous chemicals were not used in the 
preparation of the adsorbent. The uptake of MB from aque-
ous solutions was successfully accomplished. As a result, 
an environmentally friendly, easily prepared, cheap adsor-
bent has been developed. For further research, the prepared 
magnetite-coated adsorbent could apply to column stud-
ies by changing the dimensions of the support material. 

Table 5
Removal of methylene blue on MNYBC using real water sam-
ples (volume 25  mL, adsorbent amount 15  mg, contact time 
1,440 min, pH 11, n = 3)

Sample Spiked (mg/L) Removal efficiency (%)

Distilled water 0 –
1 91.4 ± 1.2
10 98.2 ± 1.7
100 97.8 ± 2.2

Tap water 0 –
1 98.5 ± 1.5
10 96.6 ± 2.3
100 91.4 ± 1.4

Wastewater 0 –
1 93.8 ± 1.7
10 96.7 ± 3.2
100 53.8 ± 4.3
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In addition, studies could be made to remove various con-
taminants (pesticides, heavy metals, drug metabolites, etc.) 
or their preconcentration before measurements.
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Supporting information

S1. Thermodynamic equations
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where ΔG is the free energy change (kJ/mol), R is the gas 
constant (8.314  J/mol·K), KL (L/mol) is the thermodynamic 
equilibrium constant, and T is the temperature (K), and 
ΔH (kJ/mol) and ΔS (J/mol·K) are the enthalpy and entropy 
changes of the system, respectively.

The KL values were found from the ratio of the methylene 
blue dye mass (mg) and equilibrium methylene blue dye 
concentration in the solution (mg/L). The parameters of ΔH 

and ΔS were obtained from the slope and the intercept of the 
van’t Hoff graph between lnKL and 1/T, respectively [S1–S3].

S2. Isotherm models and equations

The Langmuir isotherm is based on the recognition 
that adsorption occurred at specific homogenous sites 
within the adsorbent, while the Freundlich isotherm notes 
the acceptance of a heterogeneous surface with a non-uni-
form distribution of heat of adsorption over the surface. 
The Dubinin–Radushkevich isotherm expresses the mech-
anism of adsorption onto a heterogeneous surface [S4–S7]. 
The linearized equations:

S2.1. Langmuir equation
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Fig. S1. Correlation of adsorbent dosage and pH change before 
and after adsorption.
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Fig. S2. Graphs of bare adsorbent (a) pH, (b) adsorbent dose, (c) contact time, and (d) adsorbent capacity
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Fig. S3. Graph of adsorbent capacity for MNYBC.
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S2.2. Freundlich equation

log log logq K
n

C� �
1

2 	 (S6)

S2.3. Dubinin–Radushkevich equation

ln lnQ Q km� � �2 	 (S7)

E k� � ��2
0 5.

	 (S8)

where C1 is the initial concentration of the solution (mg/L), 
C2 is the equilibrium concentration of the methylene blue 
(MB) solution (mg/L), q is the mass of adsorbed MB dye/
mass of adsorbent (mg/g), b is the Langmuir constant (L/mg), 
RL is the separation factor, Qmax is the monolayer adsorp-
tion capacity (mg/g), K is the Freundlich constant ((mg/g)
(L/mg)n), and 1/n is a dimensionless Freundlich constant for 
the adsorption intensity of the process. The linear graph of 
the Langmuir and Freundlich isotherm models was drawn 
by plotting C2/q against C2 and between logq and logC2, 
respectively. ε is the Polanyi potential (RTln(1  +  1/C2)), 
Q is the moles of MB adsorbed per unit weight of adsor-
bent (mol/g), Qm is the adsorption capacity (mol/g), k is 
a constant related to adsorption energy (mol2/kJ2), R is the 

gas constant (kJ/mol·K), T is the absolute temperature (K), 
and E is the mean free energy of adsorption (kJ/mol2).

S2.4. Debye–Scherrer equation

D K
�

�
� �cos

	 (S9)

where K is Scherrer constant (K  =  0.9), λ is wavelength 
of X-ray radiation (λ  =  0.15406  nm), β is full width at half 
maxima (FWHM) (radians), θ is Bragg’s angle (radians).

References
[S1]	 Y. Bulut, H. Aydin, A kinetics and thermodynamics study 

of methylene blue adsorption on wheat shells, Desalination, 
194 (2006) 259–267.

[S2]	 V.S. Mane, I.D. Mall, V.C. Srivastava, Kinetic and equilibrium 
isotherm studies for the adsorptive removal of Brilliant Green 
Dye from aqueous solution by rice husk ash, J. Environ. 
Manage., 84 (2007) 390–400.

[S3]	 V.S. Mane, P.V.V. Babu, Studies on the adsorption of Brilliant 
Green dye from aqueous solution onto low-cost NaOH 
treated saw dust, Desalination, 273 (2011) 321–329.

[S4]	 Y. Kismir, A.Z. Aroguz, Adsorption characteristics of the 
hazardous dye Brilliant Green on Saklıkent mud, Chem. Eng. J., 
172 (2011) 199–206.

[S5]	 T.D. Çiftçi, Adsorptive properties of Fe3O4/Ni/NixB nano
composite coated nutshell for the removal of arsenic(III) and 
arsenic(V) from waters, Cogent Chem., 3 (2017) 1–15.

[S6]	 I. Langmuir, The adsorption of gases on plane surfaces of glass, 
mica and platinum, J. Am. Chem. Soc., 40 (1918) 1361–1403.

[S7]	 N.D. Hutson, R.T. Yang, Theoretical basis for the Dubinin–
Radushkevich (D-R) adsorption isotherm equation, Adsorption, 
3 (1997) 189–195.

Table S1
Parameters determined for the Langmuir, Freundlich, and Dubinin–Radushkevich isotherms for bare adsorbent

Isotherm models

Langmuir isotherm Qmax (mg/g) 476.19
b (L/mg) 0.007952
R2 0.9987
Separation factor (RL) 0.988–0.032

Freundlich isotherm 1/n 0.4607
K (mg/g) 17.0686
R2 0.8045

Dubinin–Radushkevich isotherm E (kJ/mol) 3.74
Qm (mol/g) 0.0036
K (mol2/kJ) 0.0357
R2 0.7268

Table S2
Thermodynamic constants for the adsorption of methylene blue by bare adsorbent

Temperature (K) Standard enthalpy changes (kJ/mol) Standard entropy changes (J/mol·K) Gibbs free energy changes (kJ/mol)

298

102.20 23.43

–7.031
303 –7.542
323 –9.586
343 –11.63
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