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 The excessive increase of dye-contaminated wastewater has become an 

environmental challenge worldwide, menacing human beings, the 

environment, and the ecosystem. In light of this subject, the current study for 

the first time evaluated the potential of oily sludge with its intrinsic magnetic 

characteristics for Methylene Blue adsorption. A single-step pyrolysis approach 

was employed to convert oily sludge to magnetic char (Fe3O4/Char). The 

effects of operational parameters such as pH, contact time, Methylene Blue 

concentration, and adsorbent dose were examined. The maximum adsorption 

was 84% with a capacity of 88.71 mg/g at a pH of 3, 100 mg/L Methylene Blue 

concentration, 100 mg Fe3O4/Char concentration, and 120 min contact time. 

The Redlich-Peterson isotherm model (R2= 0.9854) best described the 

adsorption experiment, which revealed that the adsorption process followed a 

mixed adsorption mechanism, namely physical and chemical adsorption. 

Moreover, the Elovich kinetic model was more suitable to represent the 

Methylene Blue adsorption onto Fe3O4/Char, confirming a chemisorption 

process. The significant function of the sludge-based char with high iron 

content in the adsorption of Methylene Blue provides insight into the inherent 

potential of oily sludge as a promising approach for removing hazardous dyes.   
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1. Introduction 

Over the last decades, urbanization, 

industrialization, and rapidly changing 

technologies have intensified water and chemical 

utilization, resulting in water pollution. Various 

industries, such as textiles, pulp and paper, food 

processing, and cosmetics, produce dyed and toxic 

wastewater, threatening human health and the 

environment [1]. In this context, the textile industry 

is a significant source of dye wastewater due to the 

high demand for textile products and large volumes 

of water consumption. Notably, 1000 L of water is 

utilized for processing 1000 kg of clothes in the 

dying steps [2]. On the other hand, the textile 

industry uses 60-70% azo dyes, releasing 15-20% of 
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the total dye into water bodies [3].  The escalation 

of dye compounds in water resources leads to 

dissolved oxygen (DO) depletion, hindering 

sunlight penetration into the water surface and 

impairing the biological activity of aquatic 

organisms [4,5]. Photosynthesis reduction, a 

change in the aquatic environment, and dye 

bioaccumulation are other negative ecological 

consequences of dye deposition that deteriorate 

the water quality and introduce toxic chemicals 

into the food chain [6]. Generally, dyes are highly 

stable, toxic, hydrophobic, bio-accumulative, and 

resistant to photolysis, making them persistent in 

aquatic ecosystems [7]. Methylene Blue is a 

cationic dye often used to dye wool, nylon, and silk, 

resulting in allergies, skin irritations, mutations, 

and cancer [8,9]. Exposure to and inhaling 

Methylene Blue induces serious damage to the 

reproductive system, kidney function, brain, liver, 

and central nervous system, as well as increasing 

the effluent's chemical oxygen demand (COD) 

[10]. Regarding the dyes' resistance to 

conventional physicochemical degradation, 60–

70% of azo dyes are poisonous and resistant to 

standard treatment techniques, resulting in long-

term hazards [11]. Hence, to achieve clean and safe 

water in accordance with environmental 

legislation, the dye wastewater should be treated 

physically, chemically, or biologically. The 

conventional techniques for dye wastewater 

treatment include membrane methods, 

coagulation-flocculation, sedimentation, 

electrochemical treatment, aerobic and anaerobic 

degradation, and chemical oxidation technologies 

[12,13]. Among the aforementioned methods, 

adsorption is the most widely used technique to 

remove dye components due to relatively low costs, 

operational simplicity, easy performance, safe by-

products, and high recovery potential. In this 

regard, chars as carbon-based materials are 

suitable adsorbents for organic compounds [1,14].   

Chars with a specific surface area and good 

porosity are able to adsorb cationic and anionic 

dyes  at high temperatures [15]. Since chars can be 

produced from available industrial or agricultural 

wastes, they are not only economically efficient but 

also beneficial for waste reduction [16]. The quality 

of chars depends on the precursor characteristics, 

carbon content, thermal stability, chemical 

composition, and surface functional groups 

[17,18]. However, the utilization of chars on a large 

scale is limited due to practical obstacles such as 

filtration, dispersion, turbidity, secondary 

contamination, and the high cost of regeneration 

[19]. Therefore, the amelioration of chars’ 

magnetic properties through the synthesis of iron 

oxide nanoparticles can facilitate their separation 

from water solutions [20]. There are numerous 

investigations considering char production for dye 

removal. Suhaimi, et al.  

[14] studied the adsorption of Methylene Blue from 

aqueous solutions using char. Locally grown 

bamboo (Gigantochloa spp.) was used as 

feedstock for biochar production under various 

pyrolysis temperatures (400–800 °C). The 

adsorption data confirmed that pyrolysis 

temperature had a significant effect on the 

adsorptive performance, and biochar pyrolyzed at 

500 °C showed a maximum adsorption capacity 

equal to 86.6 mg/g [14]. Moreover, Han, et al. [21] 

used the oily sludge activated by H3PO4 for char 

production. The synthesized char exhibited 

favorable hierarchical porous properties, capable 

of adsorbing Methylene Blue (322.89 mg/g). 

According to the literature [22], biochar obtained 

from the green marine seaweed Ulva reticulata 
showed a maximum removal potential for Remazol 

brilliant orange 3R (91.6%) at a pH of 2 and a 

biochar dose of 2 g/L. Another study [23] illustrated 

the adsorption capacity of 153.84 mg/g for 

Methylene Blue using pine needle biomass. 

Although the chars originating from wastes were 

potentially apprised, the capability of oily sludge, 

aggregated in diesel tanks in petrochemical 

refineries, for dye removal has been less 

investigated [23]. Regarding the high production of 

oily sludge due to industrial development, the focus 

on modern and advanced techniques for the 

diminution of waste and its harmful impacts is 

urgently required. To close the gap, the current 

study endeavors to determine the oily sludge 

capacity as a precursor for char synthesis and 

Methylene Blue adsorption. Therefore, the current 

study proceeded as follows: (1) char synthesis from 

oily sludge, (2) evaluation of char potential to 

adsorb Methylene Blue, (3) optimization of 

adsorption process considering contact time, pH, 

adsorbent dosage, and initial concentration of 



 S. Rastgar et al. / Advances in Environmental Technology 4 (2022) 329-343 

 

331 

331 

 

Methylene Blue, and (4) isotherm and kinetic 

assessment. The obtained results from this 

pioneering study provide a framework for dye 

removal in industrial wastewater. 

2. Materials and methods 

2.1. Synthesis of magnetic char (Fe3O4/Char) 

The sludge required for Fe3O4/Char preparation was 

obtained from the National Iranian Oil Products 

Distribution Company located in Golestan, Gorgan, 

Iran. The intrinsic characteristics of the utilized 

precursor and its iron-rich content made it an ideal 

material for removing pollutants (C= 50.66%, H= 

3.77%, N= 0.86%, and S= 1.89%). Synthesis of 

Fe3O4/Char was carried out in a one-

step carbonization process. The oily sludge was 

dried at 110 °C for 24 h, then crushed and dried 

again at 70 oC. After that, the oily sludge was 

ground and sieved to attain a particle size of 0.4-

0.8 mm. Afterward, the pyrolysis experiments were 

performed in a stationary horizontal stainless steel 

tube furnace at 550 °C under argon gas for 2 h. 

Finally, the synthesized char was collected and 

stored in an airtight container. 

/Char4O3FeCharacterization of 2.2.  

The elemental analysis (C, H, N, S, and O) was 

performed by an elemental analyzer (Flash EA 1112, 

USA). Field scanning electron microscopy analysis 

(FESEM, MIRA111, Czech) was employed to evaluate 

the appearance characteristics and determine the 

size and morphology of the synthesized particles. 

The crystal structure of the particles was assessed 

by an X-ray diffractometer (XRD, Philip X, parts, 

PW1730 Netherlands). Fourier-transform infrared 

spectroscopy (FTIR; Thermo Nicolet Avatar 370 FT-

IR, USA) analysis was performed to investigate the 

surface functional groups of Fe3O4/Char [8,9]. 

2.3. Batch adsorption experiment  

The adsorption process was conducted in a batch 

system of 1000 mL Erlenmeyer flasks, considering 

various parameters, including pH, Methylene Blue 

concentration, adsorbent dose, and contact time. 

The stock of Methylene Blue solution (1000 mg/L) 

was prepared by dissolving C6H18C1N3S2H2O in 

deionized water, and then the working solution of 

different concentrations was obtained by dilution 

of the stock solution. The effect of pH on the 

adsorption process was studied by mixing 100 mg 

of the synthesized char with the Methylene Blue 

solution at a concentration of 100 mg/L. The pH 

range of 2–9 was adjusted using 1 M HCl and 1 M 

NaOH solution. The prepared mixture was agitated 

on a stirrer at 250 rpm at room temperature (25 °C) 

until equilibrium conditions occurred (120 min). To 

optimize the dye concentration in the adsorption 

process, the Methylene Blue solution with a 

concentration of 25, 50, 75, 100, 125, 150, 175, and 

200 mg/L at the optimum pH of 3 and an adsorbent 

dose of 100 mg was considered. After determining 

the optimum pH and dye concentration, the effect 

of the adsorbent doses of 25, 50, 75, 100, 125, 150, 

175, and 200 mg on the adsorption process was 

investigated. For this purpose, the Methylene Blue 

solution with a concentration of 100 mg/L at a pH 

of 3 and a contact time of 120 min was examined 

to optimize the adsorbent dose. Afterward, the 

impact of the contact time of 25, 50, 75, 100, 125, 

150, 175, and 200 min was assessed in the 

Methylene Blue solution with a concentration of 100 

mg/L, pH of 3, and 100 mg of adsorbent. Finally, 

the experiment was conducted under a pH of 3, a 

contact time of 120 min, a dye concentration of 100 

mg/L, and an adsorbent dosage of 100 mg. Then, 5 

mL was sampled at an interval of 25 min, and the 

Methylene Blue concentration was measured by a 

spectrophotometer (Unico USA's UV-Vis 4802 dual-

beam) at a wavelength of 664 nm. Blank samples 

containing deionized water were used as a control. 

The percentage of dye adsorption in each step was 

calculated using the following formulas [24]: 

A(%) =
100(𝐶0−𝐶𝑒)

𝐶0

 (1) 

q =
(C0−Ce)v

M
 (2) 

where Co and Ce are the initial and equilibrium 

concentrations of Methylene Blue (mg/L), 

respectively; q denotes the amount of adsorbed 

Methylene Blue (mg/g); and V and M are the 

volume of the solution (L) and adsorbent mass (g), 

respectively. 

2.4. Isotherm modeling 

The Langmuir, Freundlich, Redlich-Peterson, and 

Temkin isotherm models were used. The Langmuir 

isotherm model is expressed as follows [17]: 
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qe =

qmbCe

1 + bCe

 (3) 

The following equation was used for a linear fitting 

of the Langmuir isotherm model to the 

experimental data, Ce/qe versus Ce. 

Ce

qe

=
1

qmb
+

1

qm

Ce (4) 

where qe is the equilibrium adsorbent-phase 

concentration of the adsorbate (mg/g), Ce is the 

equilibrium aqueous-phase concentration of 

adsorbate (mg/L), and b is the constant related to 

the free adsorption energy and the reciprocal of the 

concentration at which half saturation of the 

adsorbent is reached. Moreover, qm is the 

maximum adsorption capacity (mg/g). 

The Freundlich adsorption isotherm is described 

based on the following equations [25]: 

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 (5) 

lnqe = lnKF +
1

n
lnCe (6) 

 where qm represents the amount of adsorbed 

molecules to the adsorbent surface at any time 

(mg/g), Ce is the equilibrium concentration 

(mg/L), and n and KF are the Freundlich constant 

and Freundlich exponent (mg/g (L/mg)1/n), 

respectively.  

The Redlich-Peterson (R-P) model, a hybrid of the 

Langmuir and Freundlich isotherm models, is 

explained as follows [16]: 

qe =
ARCe

1 + BRCe
γ (7) 

 

A linear plot of ln(AR(Ce/qe)−1) versus lnCe is 

attained as follows: 

ln (AR

Ce

qe

− 1) = γlnCe + lnBR (8) 

where AR is the Redlich-Peterson adsorption 

capacity constant (L/g) determined via trial and 

error to obtain the maximum linear regression 

value of the isotherm graph, BR is the R-P isotherm 

constant (L/mg), and   is the exponent between 0 

and 1. The Temkin isotherm model is explained 

based on the following equations [25]: 

 

qe =
RT

bT

lnATCe (9) 

qe =
RT

bT

lnAT +
RT

bT

lnCe (10) 

 

where bT is the Temkin isotherm constant (J/mol), 

R shows the universal gas constant (8.314 J/mol. 

K), T is the temperature (K), and AT denotes the 

Temkin isotherm equilibrium binding constant 

(L/g). 

2.5. Adsorption kinetics  

Pseudo-first-order kinetic model is expressed as 

follows [7]: 

dqt

dt

= k1(qe1−qt ) (11) 

ln(𝑞𝑒1−𝑞𝑡) = ln 𝑞𝑒1−𝑘1𝑡 

 
(12) 

where qe1 and qt represent the adsorbed amount of 

the adsorbate at equilibrium time and at time t 

(mg/g), respectively, and K1 is the pseudo-first-

order rate constant (1/min). The pseudo-second-

order kinetic model is also described as follows [10]: 

dqt

dt

= k1(qe1−qt ) (13) 

t

qt
=

1

k2qe2
2 +

1

qe2
t  (14) 

where k2 is the pseudo-second-order constant rate 

(g/mg. min) and t is the time (min). The Elovich 

model is expressed as follows [26]. 

dqt

dt
= αe−βqt (15) 

The rate parameter for the Elovich equation is 

determined as: 

qt =
1

β
ln(αβ) +

1

β
lnt (16) 

where α represents the initial adsorption rate 

constant (mg/g min) and  is the Elovich constant 

associated with the extent of surface coverage and 

activation energy involved in chemisorption 

(g/mg).  
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3. Results and discussion 

3.1. Characterization of Fe3O4/Char 

The morphology of the Fe3O4/Char was determined 

by FESEM analysis (Figure 1), which demonstrated 

a relatively irregular structure with visible 

protrusions and pores. The existence of fine pores 

on the surface of the Fe3O4/Char was attributed to 

the release of volatile matters during pyrolysis [27]. 

 

 
(a) 

 
(b) 

 

Fig. 1. FESEM images of the Fe3O4/Char, 100x (a) and 

200x (b). 

The crystal structure of the Fe3O4/Char was 

investigated using XRD, as illustrated in Figure 2. As 

can be seen in Figure 2, the content of carbon in the 

Fe3O4/Char was increased compared to the initial 

oily sludge, while some elements vanished in the 

Fe3O4/Char after the oxidation process. Based on 

the Fe3O4/Char diagram, clear and sharp peaks at 

111, 222, and 002° could correspond to Fe3O4 

particles, which were observable in the sludge 

diagram with lower intensity [14]. Moreover, the 

organic matter in the oily sludge was converted to 

the magnetic char under the pyrolysis process, 

which was confirmed by the presence of Fe3O4 

peaks [28]. The surface chemistry of the 

synthesized Fe3O4/Char was evaluated using FTIR 

analysis. As shown in Figure 3, the FTIR spectrum 

was recorded in the adsorption band of 400-4000 

cm-1. The broad peak at 3467.15 cm-1 corresponded 

to O-H bonds of hydroxy organic compounds. The 

band at 1621.16 cm-1 was related to the presence of 

C=O stretching. The peak located at 1380.13 cm-1 

could be ascribed to the CH2 bonds [29]. Also, the 

peak at 1128.29 cm-1 was associated with the C-O 

bonds of the epoxy group, the evidence for oxygen-

rich functional groups. The bands at 363.56 cm-1 

and 470.26 cm-1 were due to Fe-O and Fe-OH 

stretching, respectively [30,31]. 
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Fig. 2. XRD analysis of Fe3O4/Char. 
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Fig. 3. FTIR spectrum of Fe3O4/Char. 

 

3.2. Effect of pH  

Figure 4a displays the impact of pH on the 

adsorption rate of Methylene Blue by the 

synthesized Fe3O4/Char. According to the results, 

the Methylene Blue adsorption decreased while the 

pH solution increased. The maximum and 

minimum adsorption percentages were detected at 

pH 3 and 9, equal to 96.82% and 43.47%, 

respectively. The decline in adsorption efficiency 

could be attributed to the electrostatic attraction 

between the adsorbent surface and the dye 

molecules due to the increase of OH- ions [32]. In 

this regard, Hevira, et al. [4] used a cost-effective 

adsorbent derived from Terminalia catappa shells 

to remove Methylene Blue from the aqueous 
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solution and reported the highest adsorption at a 

pH of 5. In addition,  Li, et al. [33] investigated the 

capability of four prepared lignins for Methylene 

Blue adsorption, in which the maximum adsorption 

was observed at pH 4. In contrast, Jabar, et al. [34] 

declared that the optimum pH for the Methylene 

Blue adsorption by Terminalia catappa L was eight 

because of the electrostatic repulsion between the 

cationic Methylene Blue and the surface of the 

biochar. Therefore, according to Figure 4a, the 

optimum adsorption capacity of Fe3O4/Char was at 

pH 3, indicating more available sites to bind with 

Methylene Blue molecules [34]. The adsorption 

capacity showed the same trend as Methylene Blue 

removal, which decreased from 110.13 mg/g to 

49.44 mg/g with a pH increase in the range of 3-9. 

Notably, the adsorption capacity illustrated a lower 

alteration (~1%) in pH 2 and 3. This observation was 

consistent with Liu, et al. [35]; they declared that 

the removal of Methylene Blue reached the 

maximum (414.25 mg/g) at the pH of 2. In fact, the 

catalytic ability is upgraded in acidic conditions, 

and the pH increase leads to iron and oxyhydroxide 

precipitation in the solution [35]. Furthermore, 

Zhang, et al. [36] found a fast increase in 

adsorption capacity by the pH increasing to three, 

which confirmed the results of the present study. 

Generally, at a pH value of one, the competition 

between hydrogen ions and adsorption sites on the 

adsorbent surface decreases the Methylene Blue 

removal, whereas the electrostatic attraction 

between the positively charged surface of the 

adsorbent and negatively Methylene Blue 

molecules increases the adsorption capacity due to 

the decline in hydrogen ions. However, the negative 

charge of the adsorbent at higher pH limits the 

adsorption capacity [37]. 

3.3. Effect of adsorbent dose 

As shown in Figure 4b, the adsorption process was 

appraised at an adsorbent dose of 25, 50, 75, 100, 

125, 150, 175, and 200 mg. Regarding the obtained 

results, the increase of the adsorbent dose from 25 

mg to 100 mg led to an adsorption enhancement 

from 30.73% to 93.17%, respectively, whereas a 

relatively decreasing trend was observed when the 

adsorbent dose was increased from 100 mg to 200 

mg. 

 

2 3 4 5 6 7 8 9
0

20

40

60

80

100

pH

R
e

m
o
v
a
l 
(%

)

(a)

20

40

60

80

100

120

A
d
s
o
rp

ti
o
n

 c
a
p

a
c
it
y
 (

m
g
/g

)

 

25 50 75 100 125 150 175 200
0

20

40

60

80

100

Adsorbent dose (mg)

R
e

m
o
v
a
l 
(%

)

40

60

80

100

120

140

A
d
s
o
rp

ti
o
n
 c

a
p

a
c
it
y
 (

m
g
/g

)

(b)

 

25 50 75 100 125 150 175 200
0

20

40

60

80

Dye concentration(mg/L)

R
e

m
o
v
a
l 
(%

)

(c)

20

30

40

50

60

70

80

A
d
s
o
rp

ti
o
n
 c

a
p

a
c
it
y
 (

m
g
/g

)

 
25 50 75 100 125 150 175 200

0

20

40

60

80

Contact time (min)

R
e

m
o

v
a

l 
(%

) 

30

40

50

60

70

80

90
95

A
d

s
o

rp
ti
o

n
 c

a
p

a
c
it
y
 (

m
g

/g
)

(d)

 

Fig. 4. Effects of operational variables on the Methylene Blue adsorption, pH (a), adsorbent dose (b), Methylene Blue 

concentration (c), and contact time (d).   
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Generally, the number of available active sites on 

the synthesized adsorbent increased at higher 

dosages, leading to more trapped Methylene Blue 

molecules [38]. Moreover, the increase of 

functional groups such as hydroxyl and superoxide 

radicals caused an increment in the adsorption 

percentage. However, if the adsorbent dose 

exceeds a certain limit, the suspended particles 

collide, and the active sites on the adsorbent are 

deactivated [39]. On the other hand, the 

accumulation of adsorbents and the interaction of 

particles reduce the effective surface of 

adsorbents. The obtained results were in 

agreement with Das and Goud [40], who utilized 

biochar derived from agricultural waste and 

reported almost 88.3% of ranitidine removal at pH 

9 and 100 mg of adsorbent. Furthermore, Jabar and 

Odusote [8] assessed the potential of biochar 

originating from oil palm empty fruit bunch fiber to 

remove Cibacron Blue 3G-A dye from an aqueous 

solution. The optimum adsorbent dose was 0.10 

g/100 mL, which confirmed the results of this study. 

The adsorption capacity revealed a decreasing 

trend from 139.33 mg/g to 50.94 mg/g, while the 

adsorbent dose was increased from 25 mg to 200 

mg due to a lack of Methylene Blue in the solution 

[41]. Since the Methylene Blue molecules were 

adsorbed on the adsorbent surface because of an 

increase in the availability of active sites, adding 

more adsorbents did not affect the adsorption 

capacity and might leave empty adsorption sites 

[42]. In this regard,  Kooh, et al. [43] reported a 

decline in the adsorption capacity of Azolla pinnata 

in the removal of Methylene Blue when the 

adsorbent dosage increased from 0.01 g to 0.08 g. 

3.4. Effect of dye concentration 

The impact of initial Methylene Blue concentration 

was evaluated at a fixed pH, adsorption dosage, 

and contact time. Figure 4c depicts that the 

amount of adsorption decreased in proportion to 

the increase in dye concentration. The highest 

adsorption (80.65%) was detected at a 25 mg/L 

Methylene Blue concentration, which dropped 

down to 38.5% at a concentration of 200 mg/L. 

Notably, the adsorption percentage showed a low 

alteration while the Methylene Blue concentration 

varied from 25 mg/L to 100 mg/L. Hence, the dye 

concentration of 100 mg/L was chosen as the 

optimum one. It should be mentioned that more 

adsorption sites are accessible at low dye 

concentrations, and Methylene Blue molecules 

could react with the existing adsorption sites on the 

surface of the adsorbent, increasing adsorption 

efficiency [44]. In contrast, the adsorption 

capacity was enhanced in proportion to the 

increment of dye concentration. It can be explained 

that the whole adsorbate molecules interacted 

with the active adsorption sites at low dye 

concentrations [19]. However, at high dye 

concentrations, each active adsorption site was 

surrounded by a more significant number of 

Methylene Blue molecules, leading to the increase 

in adsorption quantity per unit mass of the 

adsorbent [23]. These processes reduce the 

adsorption efficiency by increasing the initial dye 

concentration. The results were in accordance with 

Viswanthan, et al. [12]; they used biochar for the 

Methylene Blue adsorption in the range of 50-250 

mg/L and reported the highest adsorption (90%) at 

a concentration of 100 mg/L. According to the 

literature [13], the synthesized biochar from oyster 

shells indicated the most Methylene Blue 

adsorption when the adsorbate concentration was 

upgraded from 25 mg/L to 50 mg/L. Based on the 

results of such studies, the percentage of removal 

and the amount of adsorption were 83% and 8.13 

mg/g, respectively [13]. 

3.5. Effect of contact time 

Figure 4d illustrates the function of synthesized 

Fe3O4/Char for Methylene Blue adsorption by 

varying contact times. The increasing trend of 

Methylene Blue adsorption was detected from 

22.63% to 74.7%, while the contact time increased 

to 120 min. The most adsorption of Methylene Blue 

(53%) occurred in the initial 60 min when the more 

active sites were available for the adsorbate 

molecules [45]. In this context, Suhaimi, et al. [14] 

examined the adsorption rate of Methylene Blue by 

bamboo-based char, considering the contact time 

of 0-120 min. The highest adsorption rate, equal to 

99%, was obtained at a contact time of 40 min. 

Another literature [24] evaluated the potential of 

char, derived from sludge pyrolysis, for Methylene 

Blue adsorption in a time duration of 60 min, of 

which almost 99% of Methylene Blue was adsorbed 

in 30 min. 
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3.6. Isotherm modeling 

The Langmuir, Freundlich, Redlich-Peterson, and 

Temkin isotherm adsorption models were 

performed, as depicted in Figure 5. The constant 

values and determination coefficient (R2) are 

indicated in Table 1, which were calculated by 

fitting experimental data with the isotherm 

models. The results demonstrated that the 

equilibrium adsorption data were better fitted with 

the Redlich-Peterson model (R2= 0.9854). The 

Redlich-Peterson is a three-parameter-based 

isotherm model, which describes the formation of 

the monolayer with multisite interaction at the 

same time. Moreover, this model was applied to 

study homogeneous and heterogeneous adsorption 

systems [46]. While the R2 values of Redlich-

Peterson and Langmuir (R2= 0.9818) were similar to 

each other, no single model can explain the 

adsorption mechanism, and the single-layer and 

multi-layer adsorption co-exist in this process. 

Furthermore, physisorption via weak electrostatic 

forces alongside chemisorption took place on the 

surface of the Fe3O4/Char [31]. However, regarding 

the  value equal to 0.766, physisorption slightly 

dominated the chemisorption process [47]. On the 

other hand, the maximum adsorption capacity 

(qm) in the Langmuir isotherm was relatively close 

to the experimental value, which determined the 

homogeneity of Fe3O4/Char and equal activation 

energy of each Methylene Blue molecule [48]. In 

this regard, To, et al. [49] demonstrated that the 

removal of pharmaceutical carbamazepine from 

water by waste biomass char followed the Redlich-

Peterson isotherm, which confirmed that the 

adsorption was not obtained by a single identical 

reaction. Similar results were also achieved by Tang 

and Zaini [50], reporting the best fit with the 

Redlich-Peterson isotherm and Langmuir 

adsorption. In terms of the Freundlich isotherm 

model, the magnitude of the coefficient n denotes 

the favorability of the adsorption process. 

Therefore, the n value of 2.33 corresponded to a 

strong adsorbate–adsorbent bonding [51]. A higher 

amount of KF also proved the strong bonding of 

Methylene Blue molecules on Fe3O4/Char. Notably, 

the Freundlich isotherm model displayed the 

multilayer coverage and the heterogeneous nature 

of the Fe3O4/Char [38]. However, the comparison 

of R2 values is the basis for the application of the 

isotherm equation, which in this case, the 

Langmuir isotherm model was highly suited 

compared with the Freundlich isotherm model. The 

R2 of Temkin isotherm (R2= 0.9559) was lower than 

other models. The plotting ln Ce versus qe 

determined the constants bT and AT, as shown in 

Table 1. The bT value was calculated as 132.23 J/mol, 

lower than 1 kcal/mol, which depicted the physical 

adsorption occurrence [52]. The positive value of bT 

also suggested that the adsorption of Methylene 

Blue onto the Fe3O4/Char was exothermic [51]. 

 

Table 1. Isotherm parameters and determination 

coefficient (R2) of equilibrium isotherm models for 

Methylene Blue adsorption onto magnetic char 

(Fe3O4/Char) particles. 

Isotherm Parameters Value 

Langmuir qm (mg/g) 91.74 

b (L/mg) 0.040 

R2 0.9818 

Freundlich KF (mg1-n g-1 L-n) 10.53 

1/n 0.429 

R2 0.9780 

Redlich-Peterson AR (L/g) 6.754 

BR (L/mg)  0.2382 

  0.766 

R2 0.9854 

Temkin bT (J/mol) 132.23 

AT (L/g) 0.486 

R2 0.9559 
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Fig. 5. Langmuir (a), Freundlich (b), Redlich-Peterson (c), and Temkin (d) isotherm models for Methylene Blue 

adsorption.  

3.7. Kinetics modeling 

The pseudo-first-order, pseudo-second-order, and 

Elovich kinetic models were applied to estimate the 

mechanism of the Methylene Blue adsorption 

process and determine the parameters that 

influence the reaction rate. As depicted in Figure 6 

and Table 2, the Elovich kinetic model with an R2 of 

0.9397 can better explain the trend of experimental 

data rather than the Pseudo-first-order model (R2= 

0.8701) and Pseudo-second-order (R2= 0.7983) 

models.  The Elovich kinetic model showed that the 

active sites on the Fe3O4/Char were heterogeneous 

and demonstrated a range of activation energy 

throughout the adsorption process [53]. Moreover, 

this model indicated the chemical adsorption of 

Methylene Blue on the Fe3O4/Char with a β value of 

0.027 g/mg. It should be mentioned that the β value 

attributes to the level of surface exposure and the 

activation energy of chemisorption [54]. On the 

other hand, the higher R2 of the pseudo-first-order 

kinetic (0.8701) compared to the pseudo-second-

order kinetic implied that Methylene Blue 

adsorption was more physical [55,56]. The results 

were compatible with Amin, et al. [57]; they 

utilized biochar to remove Methylene Blue dye and 

revealed the best fit of experimental data by 

Elovich (R2 = 0.94) and pseudo-second-order (R2 = 

0.950) kinetic models. They reported the increased 

trend of initial adsorption rate constant (α) with 

increasing initial dye concentration [57]. Another 

literature [58], indicated the superiority of the 

Elovich kinetic (R2 > 0.8742) to represent the 

Methylene Blue adsorption onto babassu coconut 

mesocarp biochar. They declared that the β value 

was higher at a lower initial dye concentration, 

which showed the favorable Methylene Blue 

capacity at a concentration of 150 mg/L [58]. 
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Fig. 6. Comparison of experimental and predicted pseudo-first-order (a), pseudo-second-order (b), and Elovich (c) 

kinetic models for the adsorption of Methylene Blue by magnetic char (Fe3O4/C) particles. 

Table 2. Pseudo-first, pseudo-second-order, and Elovich 

kinetic model constants and determination coefficients 

(R2) for the adsorption of Methylene Blue by magnetic 

char (Fe3O4/Char) particles 

Kinetic model Parameters Value 

Pseudo-first-

order 

qe1 (mg/g) 179.45 

k1 (min-1) 0.0282 

R2 0.8701 

Pseudo-second-

order 

qe2 (mg/g) 185.19 

k2 (g mg-1 min-1) 0.000031 

R2 0.7983 

Elovich 

 (mg g-1 min-1) 2.483 

β (g/mg) 0.027 

R2 0.9397 

 

 

4. Conclusions 

For the first time, a magnetic char (Fe3O4/Char) 

was synthesized from the oily sludge of a 

petrochemical refinery to appraise its capability for 

the adsorption of Methylene Blue. Various practical 

parameters, including pH, contact time, dye 

concentration, and adsorbent dosage, were 

considered to optimize the experiment. The highest 

Methylene Blue removal was achieved at a pH of 3, 

contact time of 120 min, Methylene Blue 

concentration of 100 mg/L, and an adsorbent dose 

of 100 mg. The maximum adsorption was 84%, 

accompanied by an adsorption capacity of 88.71 

mg/g. The experimental data were fitted with the 

Redlich-Peterson isotherm model with an R2 of 

0.9854, indicating the physisorption and 

chemisorption of Methylene Blue on the surface of 

the Fe3O4/Char. The Langmuir and Freundlich 

isotherm models also represented the empirical 

data well, supporting monolayer adsorption and 

the surface heterogeneity onto the Fe3O4/Char. 

Furthermore, the experimental results showed that 

the adsorption process was well described by the 

Elovich kinetic model (R2= 0.9397), which indicated 

the chemical adsorption. Regarding the 

considerable capacity of the oily sludge-based char 

for Methylene Blue adsorption and its porous 

structure, it can be a cost-effective and eco-

friendly adsorbent for dye removal. 
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