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A B S T R A C T   

Herein, a simple one-pot solvothermal approach is used to create magnetic porous carbon nanocomposites which 
obtained from a nickel-based metal-organic framework (Ni-MOF) and examined for their ability to uptake methyl 
orange (MO) dye. Derived carbons with exceptional porosity and magnetic properties were created during the 
different pyrolysis temperatures of Ni-MOF (700, 800, and 900 ◦C) under a nitrogen atmosphere. The black 
powders were given the names CDM-700, CDM-800, and CDM-900 after they were obtained. A variety of analysis 
methods, including FESEM, EDS, XRD, FTIR, VSM, and N2 adsorption-desorption were used to characterize as- 
prepared powders. Furthermore, adsorbent dosage, contact time, pH variation, and initial dye concentration 
effects was investigated. The maximum adsorption capacities were 307.38, 5976.35, 4992.39, and 2636.54 mg/g 
for Ni-MOF, CDM-700, CDM-800, and CDM-900, respectively, which show the ultrahigh capacity of the resulted 
nanocomposites compared to newest materials. The results showed that not only the crystallinity turned but also 
the specific surface area was increased about four times after pyrolyzing. The results showed that the maximum 
adsorption capacity of MO dye for CDM-700 was obtained at adsorbent dosage of 0.083 g/L, contact time of 60 
min, feed pH of 3, and temperature of 45 ◦C. The Langmuir model has the best match and suggests the adsorption 
process as a single layer. According to the results of reaction kinetic studies using well-known models, the 
pseudo-second-order model (R2 = 0.9989) displayed high agreement with the experimental data. The synthe
sized nanocomposite is introduced as a promising superadsorbent for eliminating dyes from contaminated water 
due to strong recycling performance up to the fifth cycle.   

1. Introduction 

Nowadays, one of the biggest environmental problems directly 
related to human life and health is drinking water pollution due to the 
extensive development of industrial and economic activities. Discharg
ing chemical dyes from various industrial units such as plastic process
ing industries, paper production, textiles and coatings, and paints into 
wastewaters has created widespread communities concern about water 
pollution (Chin et al., 2018; Nazir et al., 2021b). Methyl orange dye is 
used as an example of these organic dyes, which has endless use in 
laboratory experiments, industrial products, and textiles, and contact 
with it has incredible effects such as the shock, quadriplegia, cyanosis, 
tissue necrosis, vomiting, jaundice, and increase in heart rate on the 

human body (Nazir et al., 2021b). As a result, removing organic dyes 
from contaminated water before releasing them into the environment is 
a crucial process. 

Considering the comprehensive effects of water pollution, various 
methods and techniques such as membrane separation (Tran et al., 
2019), photodegradation (Yang et al., 2015), adsorption (Ahmad et al., 
2021; Nazir et al., 2021a), coagulation (Ren et al., 2019), ozonolysis, 
chlorination (Ahmad et al., 2020), electrochemical process (Pache
co-Álvarez et al., 2019), chemical oxidation (Arslan et al., 2000), 
photo-oxidation (Kim et al., 2017), advanced oxidation processed 
(AOPs) (Xi et al., 2014), and microbial anaerobic degradation (Lu et al., 
2019; Solís et al., 2012) have been introduced to eliminate pollutants. 
The adsorption technique is presented as one of the most appropriate 
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and reliable techniques for removing all kinds of toxic dyes, because of 
its simplicity, high efficiency, and low-cost (del Rio et al., 2022; Nazir 
et al., 2021b). Among efficient adsorbents, porous materials have been 
proposed as one of the most efficient strategies to removal water con
taminants (Alsbaiee et al., 2016; Samanta et al., 2019). Various porous 
materials such as hydrotalcite (Lazaridis et al., 2003), zeolites (Jiang 
et al., 2018), silica-based mesoporous materials (Costa et al., 2020), and 
activated carbons (Cabrita et al., 2010) have been considered for 
treating wastewater. These materials adsorb organic contaminants by a 
number of distinct methods, or a combination of them, including 
hydrogen bonding, π - π stacking, hydrophobic interactions, electrostatic 
interactions, and acid-base interactions (Dai et al., 2019; Hasan and 
Jhung, 2015; Huang et al., 2020). 

Metal-organic frameworks (MOFs) have attracted the wide attention 
of researchers in the field of adsorption of various pollutants, including 
organic dyes, heavy metals, pharmaceutical, and harmful materials, due 
to their enormous surface area, high porosity with variable pore size, 
flexibility, adaptability, and tailored chemical functionalities (Chen 
et al., 2019; Dhaka et al., 2019; Nazir et al., 2021b). Metal ions or 
clusters serve as nodes in MOF structures, with organic ligands serving 
as linkers for the coordination bonds between the nodes (Asgharinezhad 
and Ebrahimzadeh, 2021; Majano and Pérez-Ramírez, 2013). Among 
nanoporous materials, MOFs are a continuously growing category 
because of the diversity of metals and organic binders that are available, 
along with the potential for their chemical functionalization and com
bination (del Rio et al., 2022). Additionally, owing to their outstanding 
properties and future potential applications, MOFs have gained great 
popularity in various fields such as catalysis (Tsiakaras, 2022), air 
filtration (Zhang et al., 2019), chemical sensing, drug delivery (Shah 
et al., 2017), adsorption (Khan et al., 2021; Nazir et al., 2021b), energy 
storage (Hussain et al., 2020), oxygen reduction reaction (Najam et al., 
2019), noise reduction (Zhang et al., 2020), molecule separation, and 
gas storage (Ahmad et al., 2020). Two major barriers to the utilization of 
MOFs in pollutant removal are their fragility in some aquatic habitats 
and their time-consuming separation after batch adsorption, which 
needs lengthy centrifugation and separting methods (Nazir et al., 
2021b). The MOF precursor serves as an effective carbon supply during 
the pyrolysis of MOFs in an inert atmosphere, resulting in porous carbon 
structures that are impregnated with linker-derived heteroatoms and the 
metal ions or clusters are distributed as metallic nanoparticles or metal 
oxide throughout the carbonaceous framework (Yan et al., 2014). Car
bons generated from MOFs have active sites with large specific surfaces 
and high porosities that quickly enrich the target pollutants, which is a 
beneficial factor for complete and fast further degradation of pollutants, 
with the advantage that is more chemically stable than precursor MOFs 
(del Rio et al., 2022). Along with these qualities, the rise in interactions 
with the aromatic rings of organic molecules promotes the promising 
utilization of porous carbons for the adsorption of organic pollutants 
(Asgharinezhad and Ebrahimzadeh, 2021; del Rio et al., 2022). Metal 
ions can be changed into metal oxides by calcining MOFs at mild tem
peratures, and the emission of gas during the calcination process results 
in oxides with linked pores (Asgharinezhad and Ebrahimzadeh, 2021). 
As a result, the creation of metal oxides from MOFs is a superior method 
due to their distinctive structure and large surface area. Moreover, since 
pyrolysis of MOFs results in the development of metal or metal-carbon 
composites, using MOFs with various metal centers as precursors en
ables the production of porous carbon with a variety of characteristics 
(del Rio et al., 2022). For instance, Tahazadeh et al. used carbon derived 
from MOF-5 as an adsorbent nanoparticle in the preparation of nano
composite membranes to adsorb methylene blue dye. According to the 
report’s results, under optimal test conditions, there was an excellent 
adsorption efficiency (87.72%) and a reasonable adsorption capacity 
(41.36 mg/g) (Tahazadeh et al., 2021). Gan et al. used MOF-74(Zn) 
loaded with Fe2O3 to adsorb Bisphenol A. Magnetic carbon nanotubes 
derived from MOF-74(Zn) with non-magnetic state was compared and it 
was found that the maximum adsorption with this adsorbent was higher 

than the reports mentioned for other adsorbents (Gan et al., 2021). 
Besides, Yanga et al. synthesized flower-like hierarchical Ni–Zn MOF 
microspheres through a thermal solvent method to adsorb congo red 
dye. Based on the data, the adsorption capacity of mixed metals Ni and 
Zn was about 2 and 3 times of Ni-MOF and Zn-MOF, respectively (Yang 
and Bai, 2019). 

In order to effectively spread the sorbent in a wider sample volume 
and recover it using an external magnet after usage for contamination 
removal, magnetically porous carbon can be produced by employing 
precursors such as iron or nickel metal-organic frameworks (Asghar
inezhad and Ebrahimzadeh, 2021). Herein, for the first time the ability 
of synthesized nickel-based MOF and its carbon derived have been 
compared on the adsorption capacity for removing methyl orange dye 
from the aqueous solution. Furthermore, adsorbent dosage, contact 
time, pH variation, and initial dye concentration effects was investigated 
in detail. Additionally, kinetic and isotherm studies were evaluated 
using various common models. 

2. Materials and methods 

2.1. Reagents 

N, N-dimethylformamide (DMF), Nickel nitrate hexahydrate (Ni 
(NO3)2⋅6H2O), and ethanol were purchased from Merck Co. With 
analytical grade. Terephthalic acid and methyl orange were also sup
plied by Merck. 

2.2. Synthesis of Ni-based MOF 

Ni-MOF was prepared using a solvothermal method. Typically, Ni 
(NO3)2 (2 mmol), and terephthalic acid (2 mmol) were dispersed in the 
distilled water (2.5 mL), DMF (35 mL), and ethanol (2.5 mL) mixture. 
The solution was poured into a 120 mL Teflon-lined autoclave after 
mixing for 60 min and a light green precipitate would be formed after 
maintaining at 120 ◦C for 420 min. Finally, the solid was screened and 
repeatedly methanol washed, and then dried at 60 ◦C overnight. All 
solutions for every session of experimentation were freshly prepared. 

2.2.1. Synthesis of MOF-derived carbons 
The synthetic Ni-MOF was directly heated for 2.5 h at temperatures 

of 700, 800, and 900 ◦C (at a rate of 5 ◦C/min) in a tube furnace using 
nitrogen gas to produce the porous carbons (CDMs). The as-obtained 
black powders at 700, 800, and 900 ◦C were named CDM-700, CDM- 
800, and CDM-900, respectively, and the yield of CDM-700, CDM-800, 
and CDM-900 was 0.72, 0.54, and 0.31 g for 1 g of Ni-MOF, respectively. 

2.3. Adsorption procedure 

MO dye was employed as a wastewater-contaminated sampel to 
assess adsorption effectiveness of the Ni-MOF and its derived carbons. 
Typically, as-prepared MOFs (Ni-MOF, CDM-700, CDM-800, and CDM- 
900) were added into 30 mL of MO aqueous solution (50 mg/L). The 
obtained suspension was sonicated using an ultrasonic bath (35 kHz) for 
regular intervals. After reaching the equilibrium time, particles were 
separated with a centrifuge device for Ni-MOF (10 min at 12,000 rpm) 
and using a magnet for derived carbons. The residual concentration of 
MO was measured using a UV–visible spectrophotometer (Shimadzu, 
Japan) at λmax = 464 nm. MO amount adsorbed at any time q (mg/g) 
could be defined as the following (Eq. (1)): 

q=
(C0 − Ct)V

W
(1) 

The removal efficiency can be calculated by following Eq. (2): 

R(%)=
C0 − Cf

C0
× 100 (2) 
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3. Results and discussion 

3.1. Characterization 

The crystal structures of the Ni-MOF and CDMs are shown in Fig. 1 by 
the XRD patterns of the as-prepared samples. Three primary diffraction 
peaks at 2θ = 8.6, 14.9, and 15.9◦ correspond to the (100), (010), and 
(020) planes, respectively are depicted in Fig. 1(a) (Lu and Wu, 2018; 
Zhang et al., 2015). Fig. 1(b) shows the CDMs’ XRD patterns at various 
pyrolysis temperatures. When compared to the face-centered cubic 
phase (FCC) of the Ni metal (JCPDS No. 04–0850), it showed three Sharp 
peaks at 44.5◦, 51.7◦, and 76.3◦, which can be represented by the (111), 
(200), and (220) crystal faces of the Ni metal, respectively (Shayesteh 
et al., 2022). Furthermore, the fact that the CDMs structure is still 
crystallized after pyrolysis and that no other phase exists except for the 
face-centered cubic Ni metal and carbon even at each pyrolysis tem
perature suggests that Ni ions can be entirely converted to Ni metal 
during the carbonization process of Ni-MOF. It can be deduced that some 
Ni nanocrystals preferentially orient under the external magnetic field 
along the (111) axis direction because of having a high intensity 
compared to other peaks (200, 220) (Hemmati et al., 2016). 

The group functional of as-prepared materials is determined by using 

FTIR analysis (Fig. 2). The sharp bands of Ni-MOF located at 746–822, 
1358, and 1582 cm− 1 illustrating Ni–O, carboxyl vibration mode, C––C 
band, respectively (Neisi et al., 2019; Srivind et al., 2019; Sudhasree 
et al., 2014). The peaks related to O–H can be observed at 3522 and 
3592 cm− 1 [44]. The C–H stretching vibrational modes of the CH2 and 
CH3 can be attributed to the weak bands at 2372 and 2926, respectively 
(Eluri and Paul, 2012; Wang et al., 2008). Additionally C–O stretching 
was prominently featured in 800–1200 cm− 1 (Fig. 2(a)) (Shayesteh 
et al., 2022). After pyrolysis of Ni-MOF at different temperatures, 
various important bands were obtained at 3430, 2920, 2850, 1722, 
1624, 1374, 1166, 586, and 470 cm− 1 (Fig. 2(b)). The broad peak of 
hydroxyl groups (O–H) appeared at 3430 cm− 1 [44]. Besides, the Ni–O 
group vibration can be attributed to the bands at 450–600 cm− 1 (Srivind 
et al., 2019). Similar to Ni-MOF, two functional groups include the C–H 
stretching bands of CH2 and CH3 can be found at 2920 and 2850 cm− 1 

(Eluri and Paul, 2012; Wang et al., 2008). Furthermore, in the range of 
1200–1750 cm− 1, the group functionals C––O, O–C––O, and C––C 
appeared (Sudhasree et al., 2014). 

The morphology of Ni-MOF and its carbon derived as well as EDX 
analyses were shown in Fig. 3. The structure of Ni-MOF was created 
from various petal-shaped nanosheets that compacted to each other with 

Fig. 1. XRD patterns of (a) Ni-MOF and (b) MOF-derived porous carbon 
nanocomposites. 

Fig. 2. FTIR spectrum of (a) Ni-MOF and (b) MOF-derived porous carbon 
nanocomposites. 
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thickness in the range of 10–20 nm (Fig. 3(a)). On the other hand, MOF- 
derived porous carbon nanocomposites have different structures due to 
pyrolyzed processes at different temperatures. As it is obvious, with the 
increase in pyrolysis temperature, collapsing of the petal-shaped nano
sheets has increased. Besides, the flower-like structure of the Ni-MOF 
has not changed significantly at 700 ◦C. But at higher temperatures, it 
has undergone noticeable changes (Fig. 3(b–d)). The elemental com
positions of produced adsorbents were examined using X-ray energy 
dispersive spectroscopy, as shown in Fig. 3. Ni, O, and C are the three 
main components of EDX spectra. The higher amount of oxygen element 
than the other two elements in the Ni-MOF sample is clearly evident. 
However, after pyrolyzing, the oxygen peak is greatly reduced compared 
to nickel, and the main constituents of CDMs are nickel and carbon. 
These results are consistent with XRD observations. 

As-prepared MOFs’ textural features, such as total pore volume, 
mean pore diameter (at P/P0 = 0.980), and specific surface area (as), 
have been investigated using the Brunauer-Emmett-Teller (BET) theory 
in the interpretation of N2 adsorption-desorption isotherms. The find
ings are presented in Fig. 4. All as-synthesized samples (Ni-MOF and 
CDMs) exhibit type IV adsorption with H3 hysteresis loops, which is 
evident from the IUPAC classification and suggests that they all include 
mesopores (Sing and Williams, 2004) (Fig. 4(a)). Additionally, a sub
stantial rise from capillary condensation may be observed at high 

relative pressure, which indicates the development of microporous 
(Yang and Bai, 2019). As a result, the fact that all as-synthesized samples 
have mesopores and macropores show that all created samples are hi
erarchical structures. Hysteresis loops occur as a consequence of irre
versible adsorption and desorption (Zdravkov et al., 2007). 
Agglomerates of plate-like particles that create slot-shaped pores 
frequently exhibit H3 hysteresis, and the wider the slot-shaped pore, the 
greater the hysteresis loop is produced (Bohström and Lillerud, 2018; 
Tsai et al., 2008). It is clear from comparing the data reported in Table 1, 
pyrolyzing Ni-MOF greatly enhanced both the specific surface area and 
total pore volume. However, it can be observed that by increasing the 
pyrolysis temperature from 700 to 900 ◦C, the specific surface area and 
total pore volume have decreased from 103.94 m2/g and 0.5401 cm3/g 
to 60.015 m2/g and 0.3127 cm3/g, respectively. The mean pore volume 
has not significantly altered when the pyrolysis temperature has 
adjusted. Additionally, pore size irregularity is shown by an examination 
of the BJH adsorption-desorption pore distribution (Fig. 4(b)). The 
mesopore-microporous character of the samples’ structure is shown by 
the fact that their pore size distribution falls between 1 and 50 nm. 

Table 2 lists the magnetic characteristics, such as coercivity (Hc), 
saturation magnetization (Ms), and remnant magnetism (Mr). As it is 
clear from Fig. 5(a), the magnetization for Ni-MOF is close to zero, in 
other words, the fairly dominant paramagnetic signal can be clearly 

Fig. 3. FESEM images and EDX spectrum of (a) Ni-MOF and MOF-derived porous carbon nanocomposite at the temperature of (b) 700, (c) 800, and (d) 900 ◦C.  
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deduced in Ni-MOF. Magnetic hysteresis loops with a − 10000 to 10,000 
Oe range in the magnet field demonstrate that when the pyrolysis 
temperature rises from 700 to 900 ◦C, the saturation magnetization has 
increased by about 30%. Also, Fig. 5(b), which shows the magnified 
magnetic hysteresis loops in the field varying from − 300 to 300 Oe, 
indicates that with the increase of pyrolysis temperature, Hc and Mr face 

similar changes to the values of Ms and have increased from 10.8234 Oe, 
1.3294 emu/g to 88.6134 Oe and 8.3594 emu/g, respectively. This 
process, which results in the spontaneous generation of particles, is 
caused by surface spin disorder in the applied magnetic field (Shayesteh 
et al., 2021a). According to the research of Maya et al. some MOFs’ 
metallic components unite to produce magnetic nanoparticles (MNPs) 
during the carbonization process, and the linkers, which turn into the 
key component of porous carbons, hold the MNPs (Maya et al., 2017). 
Metal ions can be changed into metal oxides by calcining the MOF at 
moderate temperatures, while other elements including nitrogen, car
bon, and hydrogen can be oxidized to produce gaseous compounds. 
Consequently, oxides with linked holes are created as the gas is released 
during the calcination process. Because of their distinctive structure and 
significant surface area, MOFs are an ideal starting point for producing 
metal oxides (Xu et al., 2016). The magnetic property of synthesized 
samples is thus another noteworthy characteristic. Due to their speedy 
collection, ferromagnetic nickel particles will be advantageous in the 
removal process. 

3.2. The effect of pyrolyze temperature 

In the initial stage, the effect of different temperatures in pyrolysis 
has been depicted and the outcome is shown in Fig. 6. By comparing the 
adsorption capacity in 0.0025 and 0.001 g of mass adsorbent, it can be 
seen that the effect of pyrolysis was generally growing because CDM-900 
has an adsorption capacity that is around three times more than Ni-MOF 
in both of these mass adsorbents. However, with increasing in pyrolysis 
temperature, as shown in FESEM analysis, the adsorption capacity was 
reduced as a result of the rise in clumping and reached from 552.6 to 
1321.31 mg/g at 700 ◦C to 434.74 and 939.39 mg/g at 900 ◦C in 0.0025 
and 0.001 g of mass adsorbent, respectively. When the pyrolysis tem
perature rises, less adsorption occurs as a result of a reduction in specific 
surface area and an increase in clumping, and CDM-700 represents 
maximum MO adsorption capacity, which is also proved by the results of 
N2 adsorption-.desorption analysis. Caused by having the maximum 
adsorption capacity in both mass adsorbents, the MOF-derived porous 
carbon nanocomposite at the temperature of 700 ◦C (CDM-700) has 
been chosen to study other effective parameters on the adsorption ca
pacity for MO removal. 

3.2.1. Effect of adsorbent dosage 
The effect of CDM-700 adsorbent dosage on the adsorption of MO 

dye is depicted in Fig. 7. It is evident that the rate of MO dye removal 
increased as the adsorbent dose increased, while the rate of dye removal 
afterward remains almost constant. For instance, when the adsorbent 
dose was raised from 0.033 to 1.66 g/L, the removal efficiency increased 
from 88 to 99.9%. The two elements contributing to the improved MO 
removal effectiveness are the growth of active adsorption sites and the 
presence of new active binding sites on the adsorbent surface (Liu et al., 
2014). However, the unsaturated sites during adsorption have led to an 
increase in adsorption capacity with a decrease in dosage, which would 
need the usage of greater amounts of adsorbent to adsorb the dye mol
ecules (Wanyonyi et al., 2014). 

3.2.2. Effect of contact time 
The changes in contact time have been examined as a factor to 

investigate various values of the methyl orange adsorption capacity by 
CDM-700 in order to estimate the adsorption equilibrium time. As a 
result, contact time ranging from 5 to 70 min was used to expose the 
adsorbent to our dye solution. According to the depiction in Fig. 8, the 
adsorption process started quickly but gradually slowed down over time. 
After 60 min, this process is fixed, and the process has reached the 
equilibrium time. The rate of adsorption is frequently rapid up until the 
equilibrium time due to the abundance of active sites. However, when 
the active sites become saturated beyond the equilibrium time, fewer 
molecules of methyl orange are adsorbed, and as a result, the adsorption 

Fig. 4. (a) N2 adsorption-desorption isotherms and (b) the distribution of BJH 
pore sizes. 

Table 1 
BET surface areas and pore properties of samples.  

Sample as (m2/g) Total pore volume (cm3/g) Mean pore diameter (nm) 

Ni-MOF 27.23 0.1803 26.48 
CDM-700 103.94 0.5401 20.79 
CDM-800 68.81 0.3755 21.83 
CDM-900 60.02 0.3127 20.84  

Table 2 
Magnetic characteristics of samples summarized.  

Sample Ms (emu/g) Mr (emu/g) Hc (Oe) 

Ni-MOF 0.2320 0.0165 120.2722 
CDM-700 32.6316 1.3294 10.8234 
CDM-800 39.3099 3.6257 49.3518 
CDM-900 42.0357 8.3594 88.6034  
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capacity ceases (kheradmand et al., 2023). 

3.2.2.1. Effect of solution pH. To reach the pH that corresponds to the 
point of zero charge (pHPZC) of the adsorbent, you can use 0.01 M NaCl 
solutions with extra salt as the electrolyte (Sepehr et al., 2014). At first, 
the initial pH of a group of solutions containing 0.0025 g of adsorbent 
and 30 mL of electrolyte was adjusted using a pH meter (PL-500, EZDO, 
Taiwan), the solutions were then sonicated for 48 h, and finally after 
filtring of the suspensions, the adsorbent final pH was calculated. Next, 
pHi is plotted against ΔpH (ΔpH = pHf - pHi), and pHPZC is obtained 
from the curve when ΔpH is zero. The pHPZC adsorbent was equal to 5.2, 
as shown in Fig. 9. 

The adsorption process was examined at various pH media of the 
sample solution to emphasize the important part that electrostatic in
teractions play (Fig. 10). It is evident that as the pH dropped from 5.2 to 
3, MO adsorption increased dramatically. The positively charged 
adsorbent surface and the oppositely charged MO are drawn together by 
electrostatic attraction due to the anionic nature of methyl orange at pH 
less than 5.2, which is acidic due to the presence of H+ (del Rio et al., 
2022). As a result, the maximum adsorption capacity, measuring 574.68 

mg/g at pH = 3, was found there. The adsorption capacity decreased at 
pH levels over pHzpc as a result of the electrostatic repulsive between MO 
and oppositely charged surface sites and the conflict between extra OH−

and MO ions (Shayesteh et al., 2016). The lowest value of the adsorption 
capacity at pH = 12 with a value of 502.92 mg/g suggests the presence 
of additional interactions for dye adsorption, despite the fact that the 
data clearly demonstrate that electrostatic interactions play a significant 
part in the adsorption of the examined dye. Thus, MO adsorption 
continued in basic circumstances with increasing pH despite a decrease 
in adsorption capability compared to acidic conditions. Electrostatic and 
π-π interactions were significant in the removal of MO dye in addition to 
morphological characteristics, appropriate pores, and active adsorption 
sites. 

3.2.3. Kinetic study 
Reaction kinetic models to correctly understand the adsorption 

behavior uptake rate up to equilibrium were used. In general, the 
adsorption process includes the transfer of species from the solution to 
the solid surface, sorption on the surface, and finally the diffusion of the 
adsorbed molecules. The kinetics of the adsorption reaction provides 
important information about the adsorption rate, the mechanism gov

Fig. 5. Sample magnetic hysteresis (M–H) loops (a) and the enlarged magnetic hysteresis loops (b).  

Fig. 6. MO adsorption and the pyrolyze temperature effect [initial MO con
centration of 50 mg/L, volume of 30 mL, contact time of 60 min, feed pH of 6.4, 
and temperature of 25 ◦C]. 

Fig. 7. Effect of adsorbent dosage on MO adsorption [initial MO concentration 
of 50 mg/L, volume of 30 mL, contact time of 60 min, feed pH of 6.4, and 
temperature of 25 ◦C]. 

N. Beigi et al.                                                                                                                                                                                                                                    



Environmental Research 231 (2023) 116146

7

erning the process, and the effectiveness of the adsorbent, which is 
useful in practical applications. Here, to identify the most appropriate 
kinetic model, the widely used nonlinear kinetic models, pseudo-first- 
order, pseudo-second-order, Elovich, and Fractional, were used to 
examine the changes in adsorption rate and fit the data, and the model 
equations are as Eqs. (3)–(6), respectively (kheradmand et al., 2023): 

qt = qe
(
1 − e− k1 t

)
(3)  

qt =
k2q2

e t
1 + k2qet

(4)  

qt =
1
β
ln(αβt+ 1) (5)  

qt = kptvp (6)  

In addition, the Weber–Morris intra-particle diffusion model to inves
tigate the diffusion mechanism and the mass transfer process of MO onto 
the CDM-700 was applied. Its mathematic expression can be given as Eq. 

(7) (Shayesteh et al., 2016): 

qt = kidt1/2 + I (7) 

The values of the correlation coefficient (R2) as well as the derivative 
of Marquardt’s percent standard deviation (MPSD), the average relative 
error (ARE), and nonlinear chi-square test (χ2) tests were used to 
determine the best-fit models that were employed as following (Eqs. 
8–10) (kheradmand et al., 2023): 

MPSD=
∑n

i=1

[(
qe,exap − qe,calc

qe,calc

)2]

i

(8)  

ARE=
∑n

i=1

⃒
⃒
⃒
⃒
⃒

(
qe,exp − qe,calc

)

qe,exp

⃒
⃒
⃒
⃒
⃒
i

(9)  

χ2 =
∑n

i=1

[(
qe,exap − qe,calc

)2

qe,calc

]

i

(10) 

The fitting results of the non-linearized kinetic models are shown in 

Fig. 8. MO adsorption and the contact time effect [initial MO concentration of 
50, volume of 30 mL, feed pH of 6.4, adsorbent dosage of 0.083 g/L, temper
ature of 25 ◦C]. 

Fig. 9. Examining the point of zero charge [feed adsorbent dosage of 0.083 g/ 
L, temperature of 25 ◦C, contact time of 48 h, and 125 rpm agitation speed]. 

Fig. 10. MO adsorption and pH effects [initial MO concentration of 50 mg/L, 
volume of 30 mL, contact time of 60 min, adsorbent dosage of 0.083 g/L, and 
temperature of 25 ◦C]. 

Fig. 11. Non-linear kinetic plots for MO dye onto CDM-700.  
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Fig. 11, and the variables are listed in Table 3. The pseudo-second-order 
model has an adsorption capacity that is most comparable to the results 
of the experiments, and its correlation coefficient is higher than other 
models. The pseudo-second-order model can be applied to the adsorp
tion of MO onto the CDM-700 because its derivative of Marquardt’s 
percent standard deviation, the average relative error, and nonlinear 
chi-square tests were lower compared to the other models. Therefore, 
the pseudo-second-order model is more appropriate for simulating the 
kinetic adsorption process and proving the occurrence of MO chemi
sorption on CDM-700. 

Fig. 12 displays the linear Weber-Morris intra-particle diffusion 
model plot. The finding of three distinct linear parts suggests that the 
MO dye adsorption on the CDM takes place over the course of three 
steps. The first, sharper section is responsible for adsorbate diffusion 
through the solution to the adsorbent exterior surface or boundary layer 
diffusion of solute molecules. The gradual equilibrium stage, which is 
dominated by intra-particle diffusion, makes up the second linear 
component. The third section is attributed to the final equilibrium stage 
when intra-particle diffusion began to slow down as a result of the 
incredibly low adsorbate concentration still present in the solution. 
Intra-particle diffusion is not the only phase that is rate-limiting in the 
MO dye sorption process on CDM-700, as shown by the fact that none of 
the three linear sections of the Weber-Morris intra-particle diffusion 
model passed through the coordinate origin. As a result, the MO 
adsorption processes involve both intra-particle diffusion and boundary 
layer diffusion. Table 4 shows that the kid values are in the following 
order: k1d > k2d > k3d. This indicates that there has been little intra- 
particle diffusion and a significant transfer of dye from the solution to 
the external surface of the adsorbent, likely as a result of the quick 
formation of multilayers, up until the concentration of adsorbate in 
solution decreases. It was clear that none of the three phases had simplex 
intra-particle diffusion because none of the I1, I2, or I3 values were equal 
to zero. 

3.2.4. Isotherm study 
Different initial MO concentrations (10–1000 mg/L) were applied to 

the adsorbents to evaluate their adsorption capacity. Due to the large 
number of vacant active sites, the results show a substantial and rising 
adsorption speed. However, the adsorption process comes to an equi
librium and the active sites are saturated, causing the adsorption rate to 

decrease. This is because of the fact that the adsorbate molecules or ions 
enhance the driving force at larger concentrations due to the increase in 
the concentration of the pressure gradient and hasten the mass transfer 
between the liquid adsorbate and solid adsorbent. As a result, the 
adsorption speed is improved at higher initial concentrations of methyl 
orange. Finally, due to a lack of active sites, adsorption approaches 
equilibrium. For carbon-derived adsorbents, raising the MO concentra
tion can be enhanced the adsorption capacity. One of the most signifi
cant causes of the occurrence is the rise in the specific surface of the 
adsorbent during pyrolysis. 

The results of equilibrium are essential for defining adsorption 
because an exact description of the separation of liquid and solid phases 
to equilibrium is required to comprehend the adsorption of adsorbed 
molecules from the liquid medium to the sorbent surface. Five well- 
known non-linear mathematical models—Langmuir, Freundlich, Tem
kin, Jovanovic, and Halsey—were fitted to the MO dye adsorption data 
on Ni-MOF, CDM-700, CDM-800, and CDM-900, which are each 
described by Eqs. 11–15 (kheradmand et al., 2023; Shayesteh et al., 
2021b): 

qe =
qmKLCe

1 + KLCe
(11)  

qe =KFC1/n
e (12)  

qe =
(
RT
bT

)

ln (KTCe) (13)  

qe = qmj
(

1 − e(KjCe)
)

(14)  

qe = exp
(
ln KH − ln Ce

n

)

(15) 

The non-linear isotherms for the five models for Ni-MOF, CDM-700, 
CDM-800, and CDM-900 are shown in Fig. 13. The values of various 
constants, fitting information, including various error analyses, and the 
correlation coefficient R2 for all isotherm models are all included in 
Table 5. The model with the highest correlation to the experimental data 
is identified using the calculated correlation coefficient and error anal
ysis value. Based on the estimated data from the various models of the 
two-parameter isotherms, the correlation coefficients of Langmuir are 
larger than the values for the other four isotherms. Furthermore, the 

Table 3 
Kinetic variables for MO adsorption on CDM-700.  

Kinetic model Parameters Value 

Experimental qe,exp 552.72 
Pseudo-first-order qe,cal (mg/g) 534.33 

k1 (1/min) 0.1642 
R2 0.9819 
χ2 11.5714 
MPSD 0.0305 
ARE 0.4088 

Pseudo-second-order qe,cal (mg/g) 585.45 
k2 (g/mg × min) 0.0004 
R2 0.9989 
χ2 0.6658 
MPSD 0.0016 
ARE 0.0980 

Elovich α 1313.19 
β 0.0122 
R2 0.9943 
χ2 3.1539 
MPSD 0.0559 
ARE 0.5848 

Fractional kp 282.9618 
vp 0.1678 
R2 0.9899 
χ2 5.7375 
MPSD 0.0131 
ARE 0.2752  

Fig. 12. Weber-Morris intra-particle diffusion model for removing MO 
adsorption by CDM-700. 
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error analysis value for it is the lowest. Thus, compared to the other four 
models, the Langmuir model more closely matches the data. This 
outcome demonstrates that monolayer sorption took place on a homo
geneous surface during the adsorption process. In addition, Table 6 
shows comparisons between the effectiveness of various materials for 
adsorption of MO and that of the prepared adsorbents. The adsorption 
performance of carbon-derived adsorbents is superior to that of other 
composites described in the literature. Its larger surface area and 
distinctive morphology may account for its enhanced adsorption ca
pacity. Based on the comparison, carbon-derived adsorbent has a strong 
capacity for removing MO from an aqueous medium and may be used as 
an effective adsorbent. 

3.2.4.1. Reusability. Easy regeneration and great recyclability are two 
of the most significant effective factors for the efficacy of various ad
sorbents in practical applications. An ideal adsorbent should not only 
have a high adsorption capacity, but it should also retain part of that 
capacity in subsequent adsorption-desorption cycles. Therefore, to 
investigate the regeneration of the adsorbent, the solvent elution 
method was used with the help of ethanol due to its higher solubility for 

MO. The results of five consecutive experiments on MO adsorption for 
CDM-700 are shown in Fig. 14. As it is known, with the increase of 
regeneration cycles, the calculated adsorption capacity after 5 cycles of 
adsorption and desorption has decreased to 1010.45 and 359.89 mg/g 
for 0.001 and 0.0025 g, respectively, which shows the reusability and 
satisfactory stability. Hence, it can be suggested that CDMs can act as a 
recyclable adsorbent. 

3.2.5. Effects of coexisting ions 
The presence of dissolved common ions in water can significantly 

influence the adsorption process during wastewater treatment. This is an 
essential consideration when comparing the efficacy of various adsor
bent materials. In practical applications, material suitability is of para
mount importance. Therefore, the impact of coexisting various ions such 
as Na+, K+, Ca2+, No3

− , HPO4
− , and Cl− (1 mol/L) on the adsorption 

capacity of CDM-700 was evaluated, and the results were shown in 
Fig. 15. Despite the presence of these ions, the results indicated that 
CDM-700 had a significant adsorption capacity and was capable of 
removing dyes from effluent. Therefore, CDM-700 could be utilized as 
an adsorbent in industrial effluent treatment applications. The results 

Table 4 
Weber-Morris intra-particle diffusion model constants to remove MO by CDM-700.  

First adsorption stage Second adsorption stage Third adsorption stage 

k1d (mg g− 1 min− 1/2) I1 R2
1 k2d (mg g− 1 min− 1/2) I2 R2

2 k3d (mg g− 1 min− 1/2) I3 R2
3 

135.56 8.3449 0.9869 44.28 282.12 0.9854 18.62 418.33 0.9946  

Fig. 13. Non-linear adsorption isotherm plots for (a) MOF (Ni), (b) CDM-700, (c) CDM-800, and (d) CDM-900.  
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indicate that the presence of common ions in drinking water has little 
influence on the efficacy of CDM-700 as an adsorbent. These results have 
significant implications for the design and development of efficient 

wastewater treatment technologies that can remove pollutants and other 
contaminants from wastewater streams. 

4. Conclusion 

In summary, a straightforward solvothermal route was used to pro
duce petal-shaped Ni-MOF nanosheets. Following, the as-prepared Ni- 
MOF was pyrolyzed under an inert atmosphere (N2) at temperatures of 
700, 800, and 900 ◦C to obtain magnetic porous carbons. The adsorption 
rate of the methyl orange dye was used to compare the performance of 
the synthetic MOF and pyrolyzed magnetic nanocomposites. Due to its 
high surface area (103.94 m2/g) and overall pore volume (0.5401 cm3/ 
g), CDM-700 was found to have the highest adsorption capacity 
(5976.35 mg/g). Electrostatic and π-π interactions were significant in 
the removal of MO dye in addition to morphological characteristics, 
appropriate pores, and active adsorption sites. The ability to adsorb the 
adsorbent from water samples by using simply an external magnetic 
field is another benefit of the magnetic nanocomposite. By effectively 

Table 5 
Comparison of the model parameters for MO adsorption onto the adsorbents.  

Isotherm 
model 

Parameter Ni-MOF CDM-700 CDM-800 CDM-900 

Langmuir qmax (mg/g) 307.38 5976.35 4992.39 2636.54 
KL (L/mg) 0.0247 0.0146 0.0126 0.0133 
R2 0.9913 0.9956 0.9948 0.9974 
χ2 7.8868 239.9359 162.3802 41.0308 
MPSD 0.1909 0.3033 0.3084 0.4674 
ARE 0.7976 0.9709 1.0995 1.1287 

Freundlich KF (mg/g)/ 
(mg/L)n 

59.86 509.82 382.46 234.05 

n 4.0680 2.6114 2.5487 2.7525 
R2 0.8796 0.9594 0.9493 0.9374 
χ2 89.9059 749.6724 913.1762 640.7805 
MPSD 4.0775 2.6875 9.7340 18.0383 
ARE 3.1589 2.8363 5.5216 6.4314 

Temkin bT 45.54 2.56 3.31 5.20 
KT (L/g) 0.3710 0.3661 0.4163 0.2210 
R2 0.9497 0.9618 0.9353 0.9861 
χ2 1155.0331 1804.9540 937.5546 930.8354 
MPSD 0.3896 3.8253 41.5762 5.0123 
ARE 1.3944 3.3540 8.2132 3.1213 

Jovanovic qmj 279.45 5115.19 4261.46 2315.82 
Kj − 0.0188 − 0.0131 − 0.0115 − 0.0109 
R2 0.9984 0.9954 0.9972 0.9944 
χ2 1.0106 496.8115 298.1473 79.0370 
MPSD 0.0106 0.5462 0.5620 0.1398 
ARE 0.2291 1.2771 1.3040 0.7689 

Halsey KH 5.82E-08 8.40E-08 2.58E-07 2.98E-07 
n − 4.0704 − 2.6130 − 2.5506 − 2.7540 
R2 0.8796 0.9594 0.9493 0.9374 
χ2 89.9327 750.8047 914.7045 641.2540 
MPSD 4.0843 2.6980 9.7778 18.0783 
ARE 3.1610 2.8414 5.5324 6.4383  

Table 6 
Maximum MO adsorption capacity comparison with different adsorbents.  

Adsorbent Adsorption 
capacity (mg/ 
g) 

Ref. 

Cetyltrimethylammonium 
bromide modified pumice 

31.73 Shayesteh et al. (2021b) 

Chitosan microspheres 207 Zhai et al. (2018) 
Lapindo volcanic mud (LVM) 333.3 Jalil et al. (2010) 
ZIF-8 183 Lei et al. (2023) 
ZIF-8@polyethyleneimine- 

cyanuric chloride 
710 Lei et al. (2023) 

Waste-cellulose-derived porous 
carbon 

337.8 Sun et al. (2019) 

Coffee grounds Activated 
Carbon 

658 Rattanapan et al. (2017) 

UiO-66-NH2 28.97 Chen et al. (2015) 
Commercial activated carbon 113.63 Khattabi et al. (2021) 
UiO-66 233.65 Molavi et al. (2018) 
CTAB-hectorite 567.26 Asranudin et al. (2022) 
Activated clay 16.78 Ma et al. (2013) 
Banana peel 21.0 Annadurai et al. (2002) 
Modified wheat straw 50.4 Su et al. (2014) 
Lemon peels-derived activated 

carbon 
33 Ramutshatsha-Makhwedzha 

et al. (2022) 
Ni-based metal-organic 

framework (Ni-MOF) 
307.38 Present study 

Ni/C-derived from MOF (Ni) at 
700 ◦C (CDM-700) 

5976.35 Present study 

Ni/C-derived from MOF (Ni) at 
800 ◦C (CDM-800) 

4992.39 Present study 

Ni/C-derived from MOF (Ni) at 
900 ◦C (CDM-900) 

2636.54 Present study  

Fig. 14. Regeneration studies of prepared CDM-700 for MO dye.  

Fig. 15. Effect of coexisting ions on MO adsorption [initial MO concentration 
of 50 mg/L, volume of 30 mL, contact time of 60 min, feed pH of 6.4, adsorbent 
dosage of 0.0833 g/L, and temperature of 25 ◦C]. 
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reusing CDM-700 over five adsorption-desorption cycles, this approach 
also benefits from the minimal consumption of organic solvent and 
nanosorbent and its environmental friendliness. The pseudo-second- 
order and intra-particle diffusion model which is proposed by Weber 
and Morris are more effective at explaining the kinetics of the produced 
adsorbents. The performance of the Langmuir model in fitting the 
experimental data was better than the models developed by Freundlich, 
Temkin, Halsey, and Jovanovic for fitting the equilibrium isotherm. The 
development of a superadsorbent for wastewater treatment resulted 
from the understanding of the impact of various pyrolysis temperatures 
in Ni-MOF provided. Finally, it should be highlighted that the discov
ered approach can be used to produce more porous carbons with inno
vative forms and qualities that have enormous potential in a variety of 
fields. 
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