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a b s t r a c t
This study aims to investigate the kinetics, isotherms, and thermodynamics of methylene blue (MB) 
dye adsorption from aqueous solution onto activated carbon prepared from orange peel waste 
(PO). This material was chemically treated with sulfuric acid, pyrolyzed, and activated in micro-
wave apparatus under nitrogen flow. The resulting activated carbon was supported using cobalt 
transition metal by a wet impregnation process at different cobalt (Co) contents; the optimum con-
dition was achieved at cobalt impregnations of 20 wt.%. The supported carbon Co20 wt.%-POAC 
catalyst was characterized by scanning electron microscopy, Fourier-transform infrared spectros-
copy, and Brunauer–Emmett–Teller surface area analysis. The results show that the equilibrium was 
reached at 270 min with an adsorption capacity of 27 mg·g–1; the Langmuir isotherm was the best 
model that describes the experimental data. Besides, the pseudo-first-order adsorption model best 
depicts the adsorption kinetics of the MB by Co20 wt.%-POAC. Thermodynamic analysis shows 
that the standard Gibb’s free energy change (ΔG°) has negative values, confirming, therefore, the 
feasibility and spontaneity of the process. The changes in enthalpy (ΔH°) and entropy (ΔS°) were 
found to be –2,011 J·mol–1 and18.9 J·K–1·mol–1, respectively. Finally, our results revealed that grafting 
cobalt onto the surface of the orange peel-activated carbon improves its adsorption capacity, and 
hence its efficiency in removing MB from wastewater.

Keywords:  Activated carbon; Microwaves activation; Orange peel; Cobalt catalysts; Adsorption; 
Kinetic; Thermodynamic; Equilibrium isotherm.

1. Introduction

The needs to protect aquatic environments are very 
high due to increased industrialization that reduces the 
availability of clean water. Polluted water is of great concern 

to aquatic organisms, plants, and humans [1]. Particularly, 
the extensive use of dyes in many industries around the 
world has led to a variety of environmental issues related 
to polluted waters, such as preventing the penetration 
of sunlight and reducing the photosynthetic activity of 
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streams [2], inducing harmful impacts on fish and other 
aquatic organisms. Among dyes, methylene blue (MB) is 
one of the most used organic dyes [3] for dyeing cotton, 
wood, and silk [4]. It is characterized by a high molecular 
weight and a complex chemical structure, making it toxic 
and carcinogenic [5] due to its non-biodegradability [6]. 
The treatment of colored effluents before discharge into 
public water sources is therefore important. To salvage 
the aquatic environment, several physical and chemical 
methods are available, such as advanced oxidation [7], 
ultrafiltration, photodegradation [8], and coagulation–
flocculation [9]. The adsorption process has been success-
fully used as one of the most effective techniques to treat 
water environments [10,11]. Owing to its superior adsorp-
tion capacity when compared with other adsorbents, acti-
vated carbon is the most recommended adsorbent for dye 
removal [12]. Agricultural solid waste and biomass have 
received increasing attention as precursors for the activated 
carbon production, they are cost-effective, sustainable, 
and widespread [13,14]. Moreover, they require a reduced 
processing time and can be easily regenerated [15].

Commonly, activated carbon is produced and mod-
ified by physical and chemical methods to enhance its 
adsorption capacities by modifying its surface and inter-
nal porous structure [16,17]. The preparation of activated 
carbon under microwave radiation has recently received 
much attention due to the several advantages over conven-
tional heating methods such as rapid and uniform heating 
[18,19], energy saving, and reduced processing time [20,21]. 
Microwave heating is commonly used for the synthesis and 
pyrolysis of chemical substances [22–25].

The use of activated carbons supported by transition 
metals (Fe, Co, Ni, Cu, etc.), acting simultaneously as adsor-
bents [26,27] and catalysts [28,29] has proven to be effective 
for dye removal. This efficiency is mainly related to their 
high specific surface area, porous structure, surface func-
tional groups, and pore size distribution [30,31]. Due to its 
magnetic properties, high activity, and selectivity, cobalt has 
been used in the synthesis of supported activated carbons 
for the degradation of dyes [32,33].

The aim of this work is focused on the synthesis and 
preparation of adsorbents and catalysts from biomateri-
als that may reduce the activation time and improve the 
adsorption capacity. For this purpose, an agricultural waste 
was used to produce an activated carbon adsorbent. Few 
studies in the literature were carried out on the use of met-
al-supported activated carbons produced from agricultural 
wastes, including rice straw [34], tea waste [35], date pits 
[36], sea-buckthorn stones [37] as catalysts in the field of 
wastewater treatment and environmental protection.

In this investigation, the adsorbent was prepared from 
orange peel and modified by pyrolysis, then activated by 
microwave heating and grafted on its surface with cobalt 
(Co) using the impregnation method.

The different materials (PO, POAC, Co-POAC) were 
characterized using scanning electron microscopy (SEM), 
Fourier-transform infrared spectroscopy (FTIR), and 
Brunauer–Emmett–Teller (BET) analyses. The effect of dif-
ferent parameters such as contact time and adsorbent dos-
age on the removal of MB from aqueous solutions under 
the optimum conditions of impregnation rates of cobalt 

was investigated. The performance of Co20 wt.%-POAC 
on MB adsorption was evaluated using kinetic and thermo-
dynamic studies. In addition, adsorption isotherms were 
determined and modeled.

2. Materials and methods

2.1. Preparation of activated carbon

Orange peel (PO) was first washed with distilled water 
to eliminate impurities (dust and water–soluble substances), 
then dried at 110°C for 24 h to remove the water until 
reaching a constant weight. After, it was milled in a Muller 
and sieved into a uniform size of less than 2.0 mm.

The precursor was all chemically activated with 40% 
solution of H2SO4 (in a ratio of 1 g of precursor per 4 mL 
of solution). The mixture of the material and the activat-
ing agent was stirred for 10 min at room temperature, 
then boiled and stirred for 3 h. The solution was placed 
in an oven at 120°C for 24 h. The solid obtained by filtra-
tion was washed several times with hot and cold distilled 
water, respectively until a neutral pH was reached. Finally, 
the material was dried in an oven at 110°C for at least 12 h.

The obtained product was pyrolyzed under nitrogen 
flow in a horizontal tubular furnace (length of 450 mm and 
internal diameter of 65 mm). The reactor is a quartz tube 
(750 mm length and 35 mm internal diameter), placed into 
the furnace. Two thermocouples were used for both tem-
perature measurement and furnace monitoring. In this 
stage, about 10 g of the precursor was placed in the middle 
of the reactor at 400°C pyrolysis temperature, 100 cm3·min–1 
of nitrogen flow, and a heating rate of 10°C min–1. Once the 
pyrolysis temperature was reached, the sample was main-
tained at this temperature for another 1 h. The resulting 
char was activated with microwave radiation under nitro-
gen flow, then placed in a ceramic crucible, and put into a 
commercial microwave oven (Procombi Whirlpool MOD.
AVM 840/WP/GR) with the frequency of 2.45 GHz and 
purged with nitrogen flow at about 300 cm3·min–1 flow 
rate. The activation step was performed at a microwave 
power of 600 W, and 3 min of irradiation [38]. The obtained 
activated carbon was denoted POAC.

2.2. Impregnation of the support

The obtained material was impregnated using an aque-
ous solution of cobalt(II) nitrate hexahydrate CoN2O6, 
6H2O with different proportions (5, 10, 15, and 20 wt.%), 
then we added 40 mL of distilled water and ethanol (75% 
distilled water and 25% ethanol). After, the pH was neu-
tralized to 11 by NaOH (1 M) with magnetic stirring for 
24 h at ambient temperature, and then ultrasonicated for 
2 h to obtain complete penetration and saturation of the 
metal ions in the activated carbon pores [27]. After the 
evaporation of the solvent and the washing of the cat-
alyst precursor, several times with distilled water until 
a neutral pH was obtained, it was then dried in an oven 
at 110°C for about 24 h. Finally, the obtained samples 
were calcined under nitrogen (N2) flow at 400°C for 1 h. 
Catalysts were named Co5 wt.%-POAC, Co10 wt.%-POAC, 
Co15 wt.%-POAC and Co20 wt.%-POAC.
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To determine the efficiency of the activated carbon-sup-
ported cobalt catalyst, we tested its efficiency for the 
removal of methylene blue from an aqueous solution.

2.3. Characterization methods

Thermogravimetric analysis (TGA/DTG) allows continu-
ous recording of sample mass changes with linearly increas-
ing temperature. The apparatus used was a 2050 TGA V5.4A 
(TA Instruments). The thermal evolution of raw materials 
was followed by thermogravimetric analysis (TGA) from 
room temperature up to 600°C. The sample to be analyzed 
had a mass of approximately 20 mg.

The microstructure and morphology of PO, POAC, and 
Co20 wt.%-POAC were examined using a scanning elec-
tron microscope (HITACHI S-2360 N) with a magnification 
range of 300–3,000, and an acceleration voltage range of 
20–22 kV.

FTIR was employed to identify the functional groups 
present at the surface of the different samples. The spec-
tra were recorded in the frequency range of 650–4,000 cm–1 
using an FTIR spectrophotometer (Spectrum One FTIR 
spectrometer).

The specific surface area and pore structure character-
istic of POAC and Co-POAC was measured by N2 adsorp-
tion at 77.35 K, using the BET method on a manometric 
sorptometer ASAP2020 (Micromeritics). The catalyst 
micropore volumes were calculated using the Dubinin–
Radushkevich (DR) method and the specific surface area 
of the micropores was determined by the t-plot technique.

2.4. Adsorption experiments

2.4.1. Equilibrium adsorption studies

The equilibrium time indicates the possible diffusion 
control mechanism between the adsorbate as it moves 
toward the adsorption surface [39], it is one of the important 
parameters for the successful employment of the adsorbents 
for practical application [40]. For determining at what time 
the adsorption equilibrium is reached, 0.1 g of each adsor-
bent was put into 300 mL of methylene blue (MB) solution 
at the initial concentration of 10 mg·L–1. The amount of 
dyes adsorbed at time t, qt (mg·g–1), was calculated by the 
following equation:

q
C C V
mt

t�
�� �0  (1)

where Co and Ct (mg·L–1) are MB concentrations at initial 
and at any time t, respectively, V is the volume of the solu-
tions (L), and m is the mass of the used adsorbent (g).

To get the optimum adsorption conditions, the effect 
of adsorbent dosage on adsorption was also studied in a 
batch reactor at room temperature of 25°C by varying the 
adsorbent from 0.02 to 0.5 g with an initial dye concentra-
tion of 10 mg·L–1 and an initial volume of 200 mL for the 
corresponding contact time.

2.4.2. Adsorption isotherms

Adsorption isotherm experiments were carried out in 
250 mL glass-stoppered flasks at a constant temperature 

(25°C), containing 0.1 g of Co20 wt.%-POAC and 100 mL 
dye solutions with various initial concentrations (10, 20, 40, 
60, 80, 100, 200 and 300 mg·L–1). The flasks were agitated in 
an isothermal water-bath shaker at 200 rpm until the equi-
librium was reached. The residual concentration of dye 
was determined with a double beam UV-Vis spectropho-
tometer (1800 SHIMADZU) at λmax (665 nm). MB uptake at 
equilibrium, qe (mg/g) was calculated by Eq. (2):

q
C C V
me

e�
�� �0  (2)

where Co and Ce are the initial and the equilibrium con-
centrations of MB in the solution (mg·L–1), respectively, 
V is the total volume of solution (L) and m is the adsorbent 
dosage (g).

Two adsorption models (Langmuir and Freundlich) 
were applied to the experimental data.

The non-linear expression for the Langmuir isotherm 
is [41,42]:

q q
K C
K Ce m
L e

L e

�
�1

 (3)

where Ce is the equilibrium concentration of ions (mg·L–1), 
qe is the amount of the metallic ions adsorbed (mg·g–1), 
qm and KL are the maximal adsorption capacity (mg·g–1), 
and the Langmuir equilibrium constant (L·g–1), respectively. 
The main characteristics of the Langmuir isotherm can be 
expressed by a dimensionless constant called the sepa-
ration factor RL [43].

R
K CL
L

�
�
1

1 0

 (4)

RL values indicate the adsorption to be unfavorable 
when RL > 1, favorable (0 < RL < 1), linear (RL = 1), or irre-
versible when (RL = 0) [44].

The Freundlich model is given by the non-linear equation:
w qe is the amount adsorbed (mg·g–1), Ce is the equi-

librium concentration of the adsorbate (mg·L–1), KF is the 
Freundlich adsorption constant (mg·g–1), n is a parameter 
usually greater than unity, and related to the deviation of 
the isotherm from linearity.

2.4.3. Thermodynamic study

Thermodynamic parameters can be determined using 
the equilibrium constant K (qe/Ce) which depends on tem-
perature. The change in free energy (ΔG°), enthalpy 
(ΔH°) and entropy (ΔS°) associated with the adsorption 
process was calculated using the following equations:

�G RT K� � ln  (5)

lnK S
R

H
RT

�
�
�

�� �  (6)

The Gibbs free energy is expressed as:
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� � �G H T S� � � � �  (7)

where R is the universal gas constant (8.314 J·K–1·mol–1), 
T is the temperature (K) and K is the distribution coeffi-
cient for adsorption. ΔH° and ΔS° parameters can be cal-
culated from the slope and intercept of the plot of lnK vs. 
1/T yields, respectively [45].

3. Results and discussion

3.1. Characterization

3.1.1. Thermogravimetric analyses

Fig. 1 shows the thermogravimetric analysis (TGA), 
and differential thermal gravimetric (DTG) curve of orange 
peel. TGA profile indicates that the process of weight loss 
contained four sections. The first weight loss of 4.8% could 
be due to the water evaporation, next, the decomposition 
peaks at the maximum temperature of 193.56°C (20.9 wt.%), 
221.69°C (10.45 wt.%) and 315.14°C (31.4 wt.%) are assigned 
to three remaining weight loss, respectively. These results 
are in agreement with the literature data [46,47]. Pectin 
is broken between 200°C and 260°C, then hemicellulose 
(190°C–270°C), next cellulose (250°C–350°C), and finally lig-
nin (270°C–500°C) [38].

3.1.2. Scanning electron microscopy

The surfaces of the different samples were observed 
using SEM as illustrated in Fig. 2. It can be seen that PO 
has an irregular and plugged porous structure. After acti-
vation, the external surface of POAC shows many cav-
ities, indicating that the pore structure was created as a 
result of chemical treatment; the pore structure may have 

stemmed from the evaporation of the activating reagent 
H2SO4 during microwave activation, which could leave 
behind some void space in its place. However, after 
modification, the surface of Co20 wt.%-POAC became 
porous and smooth; this may be due to the deposition of 
cobalt at the surface of POAC.

3.1.3. FTIR spectra analysis

The FTIR spectra of PO, POAC, and Co-POAC are dis-
played in Fig. 3 while the IR absorption band assignments 
are collected in Table 2. The spectra of all the samples show 
obvious similarities. However, PO, POAC, and Co-POAC 
present characteristic peaks at bandwidths around 2,390 
and 1,700 cm–1, respectively, which could be attributed to 
N–H and C=O stretching vibrations, probably due to the 
presence of ketone groups, suggesting, the possibility of the 
presence of oxygen or nitrogen atoms, and carbonyl groups 
(C=O) [48–50].

The IR spectrum of natural precursor, PO has a char-
acteristic peak at 3,430 cm–1 which is attributed to the O–H 
stretching vibration of the hydroxyl group, carboxylic acid, 
alcohol, and phenol functions; in addition, the C–O band 
appearing at 1,040 cm–1 is attributable to the ester or ether 
groups [50]. Thus, these observed absorption bands indicate 
that the functional groups such as alkene, ester, aromatic, 
ketone, alcohol, hydroxyl, ether, and carboxyl are present 
in the natural material, which is essentially composed of 
cellulose, hemicellulose, and lignin [51].

Furthermore, after microwave activation and cobalt 
impregnation, many changes have appeared in the posi-
tion of the bands: the bands located at 3,430 and 1,040 cm–1 
disappeared, and new peaks appears around 1,530 and 
1,029 cm–1 in the FTIR spectra of Co20 wt.%-POAC, these 
bands were assigned to C=C stretching in the aromatic 

 Fig. 1. TGA/DTG analysis of orange peel.
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groups and the C–O stretching vibration band, respectively. 
These results indicate that the microwave heating method 
and Co-modified activated carbon reduced the content 
of oxygen-containing functional groups [52,53].

3.1.4. N2 adsorption–desorption isotherms

N2 adsorption–desorption isotherms at –196°C are shown 
in Fig. 4, and the texture parameters are summarized in 
Table 3. As shown in Fig. 4, the adsorption isotherms of both 
samples (POAC and Co20 wt.%-POAC) show Type I iso-
therm as per the IUPAC classification. All isotherms have a 
steep rise in the initial stage of adsorption at lower p/po range, 
there after adsorption progressed well to attain saturation 
at high pressure range, demonstrating its reversible single 
layer adsorption. The isotherms showed that the amount 
of N2 adsorbed sharply increased at very low pressures, 
indicating a considerable development of the microporous.

According to the values presented in Table 3, the BET 
surface area and pore volume were found to be 408 m2·g–1; 
0.218 cm3·g–1 for POAC and 308 m2·g–1; 0.192 cm3·g–1 for 
Co-POAC.

The values of the micropore area (Smicro) are greater than 
those of the external area (St-ext) for POAC and Co-POAC, 
exhibiting, therefore, Type I adsorption isotherms typical 
of predominant microporous structure.

The values of the microporous volume are lower than 
the total pore volume, which indicates the presence of a 

Fig. 2. SEM micrographs of PO, POAC and Co20 wt.%-POAC.

 Fig. 3. FTIR spectra of PO, POAC and Co20 wt.%-POAC.

Table 1
Approximate chemical composition of PO

pH 5.57
Humidity (%) 76.43
Apparent density (g·mL–1) 0.19
Ash (%) 2.44
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non-negligible fraction of meso and macropores in the 
structure. Furthermore, the microporous volume and the 
external area value of Co-POAC are found to be lower 
than that of POAC, which explains the impregnation of 
cobalt particles onto the surface of Co-POAC. The reduc-
tion of the BET surface area of Co-POAC (308 m2·g–1) con-
firmed the good distribution of cobalt atoms, which was 
also verified through SEM images of POAC and Co-POAC.

3.2. Adsorption studies

3.2.1. Effect of contact time

Fig. 5 shows the effect of the contact time and the adsorp-
tion capacity of MB on the prepared samples. The series of 
experiments were performed with an initial concentration 
of MB (10 mg·g–1). The results indicate that the adsorp-
tion capacity of the different precursors increases with the 
increase of contact time until equilibrium is reached. It can 
be seen that the adsorption capacity of the activated car-
bon supported with cobalt is higher than that of activated 
carbon (POAC) and natural biomass (PO).

The system reached equilibrium after 270, 300, 330, 360, 
400, and 460 min for Co20 wt.%-POAC, PO, Co15 wt.%-
POAC, Co10 wt.%-POAC, Co5 wt.%-POAC, and POAC, 
respectively, with a maximum adsorbed amount of 

15–27 mg·g–1 for all the samples. Also can be found that the 
adsorption capacity is classified in the following decreasing 
order: Co20 wt.%-POAC > Co15 wt.%-POAC > Co10 wt.%-
POAC > Co5 wt.%-POAC > POAC > PO. Consequently, 
we consider the fast adsorption kinetics to be proportional 
to the high percentage of cobalt (20 wt.%) with an adsorp-
tion capacity of 27 mg·g–1; the equilibrium contact time was 
reached at 270 min. The low adsorption capacity is linked 

Table 2
Assignments of IR absorption bands for PO, POAC and Co20 wt.%-POAC

Assignments Band position (cm–1)

PO POAC Co20 wt.%-POAC

O–H stretching 3,430
C–H stretching in alkyl groups 2,910 2,920 2,390
C=O stretching vibrations 2,390 2,390 1,700
C=O stretching of aldehydes, esters and ketones groups 1,710–1,693 1,900–1,700 1,530
C=C stretching of aromatic group
C–O stretching in ester, ether, or phenol groups 1,040 1,029
C–O stretching
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Table 3
Surface pore properties of POAC and Co20 wt.%-POAC 
deduced from N2 adsorption at –196°C

Samples POAC Co20 wt.%-POAC

SBET (m2·g–1) 408 308
St-ext (m2·g–1) 129.184 41.848
Smicro (m2·g–1) 279.304 262.458
Total pore volume (cm3·g–1) 0.218 0.192
Vmicro (cm3·g–1) 0.128 0.123
Average pore diameter (Å) 10.703 25.308
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to the surface modification of the activated carbon, fol-
lowing the occupation of the pores by the cobalt atoms.

3.2.2. Effect of adsorbent dosage

In this study, the optimization of adsorbent mass was 
carried out using 0.02–0.5 g of Co20 wt.%-POAC. MB con-
centration and contact time at room temperature were 
10 mg·g–1 and 270 min, respectively. The results obtained 
from Fig. 6 indicate an increase in adsorption capacity with 
increasing adsorbent dose. MB adsorption increased from 
71% to 92% at masses of 0.02 and 0.5 g of Co20 wt.%-POAC. 
Adsorption was 92% at 0.1 g and on further increasing, the 
mass adsorption percentage did not increase. Therefore, 
0.1 g of Co20 wt.%-POAC was considered as the optimum 
dose. The increase in adsorption with the addition of adsor-
bent may be attributed to the increased number of binding 
sites available for MB [54]. It may be concluded that 0.1 g 
adsorbent mass provided sufficient adsorption sites to 
achieve 92% adsorption efficiency under the experimental 
conditions [55].

Consequently, 0.1 g of Co20 wt.%-POAC was chosen as 
the optimum adsorbent mass for further experiments.

3.2.3. Adsorption isotherms

Fig. 7 shows the adsorption isotherms of MB on PO, 
POAC, and Co20 wt.%-POAC). Initially, it is observed an 
increase in the adsorption, indicating an affinity between 
the adsorbate and the adsorbent, followed by a plateau for-
mation that constitutes the maximum saturation for all sam-
ples. This equilibrium is established when the ratio between 
the adsorbed amount that remains in the solution becomes 
constant [30]. The adsorption isotherms were of Type I, and 
the maximal dye adsorption capacities determined at the 
plateau of isotherms are 190.791, 172.596 and 123 mg·g–1 for 
Co-POAC, POAC, and PO, respectively.

To fit the adsorption experimental data, Langmuir and 
Freundlich isotherms were used. The model parameters 
and correlation coefficients (R2) are listed in Table 4. From 
this table, we can see that Co20 wt.%-POAC has the high-
est adsorption capacity with 210.743 mg·g–1, followed by 
POAC and PO with adsorption capacities of 187.426 and 
133.913 mg·g–1, respectively.

From the Langmuir constant values, we observe that 
Co20 wt.%-POAC exhibits a higher adsorption affinity 
for MB than POAC and PO. For Freundlich isotherm, the 
n values are superior to the unit, which indicates favorable 
adsorption conditions and a great adsorption intensity of 
MB dye on all samples.

According to Fig. 7, it is clear that the Langmuir model 
is more suitable for describing the MB adsorption on PO, 
POAC, and Co20 wt.%-POAC than the Freundlich model. 
The comparison of correlation coefficients (R2) of the 
non-linearized form of both equations indicates that the 
Langmuir model yields a better fit for the experimental equi-
librium adsorption results. Our data were compared with 
the adsorption capacities of other adsorbents prepared by 
different methods and used for methylene blue dye adsorp-
tion. The results of this comparison are summarized in 
Table 5 [6,56–61].

3.2.4. Adsorption kinetics

The kinetic study is important since it describes the 
uptake rate of adsorbate and controls the residual time of 
the whole process. Several models were proposed to study 
the mechanisms controlling the adsorption [62]. To investi-
gate the mechanism of adsorption of MB on Co-POAC under 
the optimal conditions (20%wt, 0.1 g), two kinetic models, 
namely, the pseudo-first-order and pseudo-second-order 
models were applied. These models can be expressed as:

Non-linear form of the pseudo-first-order model:

q q k tt e� � �� �� �1 1exp  (8)

Non-linear form of the pseudo-second-order model:

q
k q t
k q tt
e

e

�
�� �
2

2

21
 (9)

In order to gain a deeper insight into the mechanism of 
adsorption, the kinetic data were treated with an intrapar-
ticle diffusion model (IPD) [63] proposed by Weber and 
Morris [64], according to Eq. (10):

q Kt Ct � �1 2/  (10)

where k1 (min–1) is the adsorption rate constant, k2 (g·mg–

1·min–1) is the rate constant of the second-order equation, K 
(mg·g–1·min–1/2) is the intraparticle diffusion rate constant, 
and C (mg·g–1) is a constant that gives an idea about the 
thickness of the boundary layer [65].

The parameters of kinetic models are presented together 
in Table 6.

Table 6 shows that the correlation coefficients (R2) 
of MB for the pseudo-first-order kinetics model and the 
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Fig. 6. Effect of adsorbent dose on the adsorption of MB by 
Co20 wt.%-POAC [MB (Co = 10 mg·L–1), T = 25°C and agitation 
speed: 220 rpm].
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pseudo-second-order kinetics model onto Co-POAC were 
0.998 and 0.990, respectively. Moreover, the adsorption 
capacity value qe calculated using the pseudo-first-order 
model is also close to that determined by the experiment. 
This indicates that the pseudo-first-order adsorption model 

is more suitable for describing the adsorption kinetics of MB 
on Co20 wt.%-POAC.

However, the results obtained using the pseudo-first- 
order model are not enough to predict the diffusion mech-
anism [66]. Therefore, the intraparticle diffusion model is 
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Fig. 7. Adsorption isotherms of MB on: (a) PO, (b) POAC, and (c) Co20 wt.%-POAC at 25°C [Experiments; Langmuir and 
Freundlich models].

Table 4
Langmuir and Freundlich parameters for MB adsorption on PO, POAC and Co20 wt.%-POAC at 25°C

Langmuir Freundlich

qm (mg·g–1) KL R2 nf KF R2

PO 133.913 ± 5.389 0.180 ± 0.030 0.988 3.627 ± 0.881 37.349 ± 19.903 0.883
POAC 187.426 ± 4.375 0.089 ± 0.009 0.996 3.274 ± 0.699 38.783 ± 11.434 0.916
Co20 wt.%-POAC 210.743 ± 4.661 0.059 ± 0.005 0.997 2.962 ± 0.529 35.187 ± 9.823 0.942
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investigated to analyze the adsorption kinetic data using 
the empirical relationship (11). A plot of qt vs. t1/2 should be 
linear if intraparticle diffusion is involved in the adsorp-
tion process and if the straight line passes through the 
origin, then intraparticle diffusion is the rate-controlling 
step. Otherwise, the adsorption process may involve some 
other mechanisms along with intraparticle diffusion [67]. 
The plot of qt vs. t1/2 (Fig. 9) exhibits a linear portion with 
a correlation coefficient of 0,990. The combined effects of 
film diffusion and surface reaction control [68] can explain 
the negative value of C (Table 6).

3.2.5. Thermodynamics studies

The effect of temperature on the phenomenon of adsorp-
tion was studied by varying this parameter from 20°C to 
50°C using 300 mL of MB with 0.1 g of Co20 wt.%-POAC 
for 270 min at room temperature. The various thermody-
namic parameters were calculated according to Eqs. (5) and 
(6), where ΔS° and ΔH° were obtained from the slope and 
intercept of the plots of lnKd vs. 1/T (Fig. 10). The calculated 
parameters are collected in Table 7.

Table 5
Comparison of the adsorption capacity of methylene blue onto 
various adsorbents

Adsorbents Dyes Adsorption capacity 
(mg·g–1)

References

Nuts shell of Argan MB 64.62 [6]
Rice husk MB 9.83 [56]
Banana stem date MB 101.01 [57]
Palm leaves MB 58.14 [58]
Graphene oxide MB 357.14 [59]
Typha Latifolia MB 66.67 [60]
Phragmites australis MB 46.8 [61]
Orange peel MB 210.74 This study

Table 6
Pseudo-first-order, pseudo-second-order and intraparticle diffusion models kinetics parameters of MB adsorption on 
Co20 wt.%-POAC

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

k1 (min–1) qe,calc (mg·g–1) R2 k2 (g·mg–1·min–1) qe,calc (mg·g–1) R2 K (mg·g–1·min–1/2) C (mg·g–1) R2

0.015 ± 0.723 26.013 ± 0.022 0.998 5.861 × 10–4 ± 9.398 × 10–5 31.825 ± 1.302 0.990 1.947 ± 0.061 –3.058 ± 0.623 0.990

0 50 100 150 200 250 

0 

5 

10 

15 

20 

25 

30 

q t
 (m

g.
g-1

) 

Time (min) 

Experimental data 

PSO (non-linear fit) R2 = 0.990 
PFO (non-linear fit) R2 = 0.998 

Fig. 8. Pseudo-first-order and pseudo-second-order kinetic 
plot for the adsorption of MB removal from aqueous solution 
using Co20 wt.%-POAC adsorbent (T = 25°C, m = 0.1 g and 
Co = 10 mg·L–1).
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Fig. 9. Intraparticle diffusion kinetics for adsorption of the 
MB removal from aqueous solution using Co20 wt.%-POAC 
adsorbent (T = 25°C, m = 0.1 g and Co = 10 mg·L–1).

3,1x10-3 3,1x10-3 3,2x10-3 3,2x10-3 3,3x10-3 3,3x10-3 3,4x10-3 3,4x10-3 3,5x10-3

1,44

1,45

1,46

1,47

1,48

1,49

1,50

1,51

1,52

1,53

Ln
 K

d

(1/T)(K-1)

 experimental data
 linear fit: y=-241.948x+2.271

                            R2=0.990
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The values of enthalpy (ΔH°) and entropy (ΔS°) 
were found to be respectively –2,011 and 18.9 J·K–1·mol–1. 
Moreover, Gibbs free energy (ΔG°) was –7,540; –7,728; 
–7,917 and –8,105 J·mol–1 for temperatures of 293, 303, 313, 
and 323 K, respectively. The negative values of ΔH° and 
ΔG° of the Co20 wt.%-POAC/BM system indicate the spon-
taneous and exothermic nature of the adsorption processes. 
From Table 7, ΔG° decreases with the increase in tempera-
ture, indicating an increase in the feasibility of adsorption at 
higher temperatures while the positive value of ΔS° shows 
the increasing randomness at the solid/liquid interface 
during the adsorption process [69].

3.3. Proposed mechanism of adsorption

According to the above experimental results, a possible 
mechanism for MB degradation by the Co/POAC is pro-
posed as illustrated in Fig. 11, consisting of (i) electrostatic 

interaction of MB molecules with the groups of the acti-
vated carbon surface (cobalt, hydroxyl, and carboxyl), (ii) 
formation of hydrogen bonding between the oxygenated 
groups (H-donor) at the surface of the activated carbon and 
the amino groups (H-acceptor) of MB dye [70] and (iii) π–π 
interactions [71] between the aromatic rings of MB molecules 
and the surface of the activated carbon.

4. Conclusion

In the present work, kinetics, equilibrium, and ther-
modynamic studies for the adsorption of MB dye onto the 
activated carbon prepared under N2/microwave radiations 
and supported by cobalt (Co-POAC) as a catalyst were 
investigated. The effect of adding cobalt on the surface of 
the activated carbon played a key role in the performance 
of the prepared catalyst by improving the adsorption 
kinetics of MB in an aqueous solution.

The results show that the adsorption equilibrium of MB 
is reached at 270 min for Co20 wt.%-POAC with an adsorp-
tion capacity of 27 mg·g–1. The adsorption isotherms of MB 
at room temperature are well reproduced by the Langmuir 
model and the adsorption kinetics of MB obey the pseu-
do-first-order adsorption model. The thermodynamic 
parameters show that ΔH° and ΔG° values are negative in 
the temperature range of 298–323 K suggesting the sponta-
neous nature of the adsorption of MB onto the Co20 wt.%-
POAC. The positive value of ΔS° indicates the good affinity 
of MB toward the Co20 wt.%-POAC and the increased 
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Fig. 11. Proposed adsorption mechanism of MB dye onto Co/POAC.

Table 7
Thermodynamic parameters of MB adsorption onto 
Co20 wt.%-POAC

Temperature (K) ΔG° (J·mol–1) ΔH° (J·mol–1) ΔS° (J·K–1·mol–1)

293 –7,540

–2,011 ± 139.6 18.9 ± 0.4
303 –7,728
313 –7,917
323 –8,105
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randomness at the solid-solution interface during the 
adsorption process.

Co-POAC has high removal efficiency than the PO and 
POAC systems. In a conclusion, our results demonstrated 
that orange-peel activated carbon prepared under N2/micro-
wave radiation and supported with cobalt can serve as a 
catalyst for the treatment of methylene blue wastewater.
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