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a b s t r a c t
In this work, metal-organic-frameworks were employed as adsorbents to remove cobalt and 
manganese from aqueous solutions. In order to achieve this goal, the MIL-53(Al), MIL-101(Cr), 
and Cu-BTC were synthesized by hydrothermal method. The adsorbents were characterized by 
Brunauer–Emmett–Teller analysis, Fourier transform infrared, X-ray diffraction, transmission elec-
tron microscopy, scanning electron microscopy, differential thermal analysis, and thermogravimetric 
analysis. After that, MIL-101(Cr) as the proper adsorbent was modified by ethylenediamine at dif-
ferent concentrations of 2, 5, and 10 mmol. MIL-101-5 was shown to possess excellent performance 
which is more than two times as that of MIL-101(Cr). The effects of varying parameters such as pH, 
temperature, initial metal concentration, and contact time on the adsorption process were exam-
ined. The adsorption kinetics was fitted well with a pseudo-second-order model and the adsorption 
data correlated with Langmuir, Freundlich, Temkin, and Redlich–Peterson isotherms. Finally, the 
Langmuir isotherm was found to fit the equilibrium data. The thermodynamic study showed that the 
adsorption process was a spontaneous and exothermic process because of negative values of ΔG and 
ΔH at all temperatures. The most desired parameters in the adsorption process were as follows: 
adsorption equilibrium time of about 90 min, the maximum adsorption of ions on the MIL-101-ED-5 
was observed to occur at pH = 6.5, and the Co and Mn concentration of 30 mg L–1. The efficiency of 
cobalt and manganese at these conditions was identified as 90.32% and 87.33%, respectively.
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1. Introduction

Different industrial wastewaters containing heavy 
metals frequently pollute the aquatic streams. The pres-
ence of these heavy metals in the environment is one of the 
important concerns due to their toxicity and health effects 
on the humans and other living creatures [1,2]. Therefore, 
elimination of toxic metals is attended by many researchers. 
There are various methods for removing of heavy metals 

from aqueous streams such as chemical precipitation [3,4], 
reverse osmosis [5,6], ion-exchange resins [1,3], coagulation 
[7,8], adsorption [9,10], electrochemical methods [11,12], 
and wastewater stabilization through cementation [13] were 
used by many researchers. Adsorption of heavy metals by 
adsorbents is a physicochemical process, which is used 
extensively as an effective and economic method [2,14,15]. 
Moreover, various types of adsorbents were utilized for the 
adsorption of heavy metals from waste solution such as 



S. Tourani et al. / Desalination and Water Treatment 162 (2019) 193–206194

aluminum salts, aluminum oxide, iron oxide, zeolite, clay, 
and micro-cavity materials [6,16]. Metal organic frameworks 
(MOFs) are a class of crystalline porous nanomaterial com-
posed of metal ions (or clusters) and coordinating linkers 
which impart high porosity to the MOFs structures. The 
particular interest in MOF materials for various purposes 
such as adsorption is due to the easy tunability of their pore 
size and shape from a microporous to a mesoporous scale, 
by changing the connectivity of the inorganic moiety and 
the nature of the organic linkers [17,18]. MOF compounds 
help create a structure with designing, organizing, and flex-
ibility capacity in order to create unique properties such as 
high mechanical and thermal sustainability, low density, 
very high porosity, high specific area, and higher adsorption 
capacity, compared with other known adsorbents [18,19]. 
During the past years, a large number of studies have been 
conducted in the field of adsorption and storage from the gas 
phase, catalytic applications, sensors, and isomer separation 
by MOFs [20]. However, few studies were conducted in the 
field of adsorption from the liquid phase, especially indus-
trial wastewater [21]. In the present work, we have focused 
on the removal of cobalt and manganese ions from aque-
ous solutions using MOFs. For this purpose, Cu-BTC, MIL-
101(Cr), and MIL-53(Al) were synthesized, characterized, 
and used as adsorbent materials for the removal of Co and 
Mn from aqueous media. The results were compared with 
the commercial activated carbon (AC) adsorbent. Moreover, 
the effect of some important parameters such as pH, contact 
time, the initial concentration of cobalt and manganese and 
temperature was investigated. Also the adsorption kinet-
ics, isotherm models, and thermodynamics of Co and Mn 
adsorption process are evaluated.

2. Experimental

2.1. Adsorbents synthesis and characterization

2.1.1. Synthesis of Cu-BTC (HKUST-1)

First, 9 mmol of benzenetricarboxylic acid (BTC) is 
added to 20 mL of ethanol, the resulted mixture is stirred 
until the BTC is totally dissolved (first mixture). Then, 
10 mL of deionized water is solved in 18 mmol copper 
nitrate-trihydrate (second mixture). After that, the first and 
second mixtures are combined and stirred for 16 h under 
the environmental temperature. The mixture is then trans-
ferred into a 50 mL Teflon-lined autoclave reactor for hydro-
thermal treatment at 140°C for 48 h. Then, after filtration, it 
is washed with deionized water several times. Finally, the 
obtained aqueous crystals are placed in an oven at 85°C and 
are dried under vacuum condition for 16 h [22].

2.1.2. Synthesis of MIL-101(Cr)

MIL-101(Cr) was prepared by 5 mmol chromium nitrate 
and 5 mmol of terephthalic acid are combined with 25 mL 
of deionized water and placed under magnetic stirring for 
30 min. Meanwhile, 0.25 mL HF was added to this solution. 
For the better uniformity, the mixture was placed under 
ultrasonic stirring for 15 min. In the next step, the obtained 
mixture was put in a 15 mL Teflon-lined autoclave reactor 
and placed in a thermal furnace at 220°C for 8 h. After the 
filtration, the crystallized unreacted terephthalic acid and 

green crystals of MIL-101(Cr) separated from the mother 
liquor by Büchner funnel. In order to remove the unreacted 
terephthalic acid molecules from the structure of synthesized 
MIL-101(Cr), the obtained solid product was added to 30 mL 
of dimethyl formaldehyde (DMF) and placed under the stir-
ring at 70°C for 8 h. It should be mentioned that this step was 
repeated twice. After filtration, the product was rewashed 
and filtered again under stirring with 30 mL of dried eth-
anol for 8 h. Finally, the purified MIL-101(Cr) was placed 
on the oven at 150°C for 24 h and accordingly the obtained 
green powder product was kept in desiccator in order to 
avoid absorbing moisture [23].

2.1.3. Synthesis of MIL-53(Al)

17.5 mmol of aluminum nitrate and 75.8 mmol of 
terephthalic acid were added to 25 mL of deionized water 
and the resulted solution was mixed for 30 min. Then, the 
obtained mixture was placed under ultrasonic stirring for 
15 min for better homogeneity. In the next stage, the mix-
ture was stirred under a 50 mL stainless steel Teflon-lined 
reactor and placed under a thermal furnace at 220°C for 
72 h. After filtering the contents of the reactor, the obtained 
cream powder was washed with water. The process was con-
tinued until the pH of filtered fluid reaches approximately 
7. Next, the obtained powder was added to 30 mL of DMF 
and was placed under stirring at 70°C for 8 h in order to 
remove the unreacted terephthalic acid. This process was 
repeated twice. After more filtration, the washing process 
was continued by using the dried ethanol in order to remove 
DMF and extra water from MIL-53(Al) structure. Finally, the 
obtained cream powder was kept and dried in desiccator to 
prevent it from absorbing moisture for 16 h under vacuum 
at 85°C [23,24].

2.1.4. Activated carbon

The employed AC for this study was purchased from the 
Duksan Pure Chemicals (South Korea). The characteristics 
of AC are shown in Table 1.

2.1.5. Functionalization of MIL-101 by ethylenediamine

Functionalization of MIL-101 (Cr) crystals was done with 
following procedure reported by Luo et al. [25]. Typically, 
1 g of synthesized adsorbent (MIL-101) was dehydrated in 
an oven for 12 h at 150°C under vacuum in order to produce 
coordinately unsaturated sites. After suspending the sample 
into 75 mL of toluene, an appropriate amount of ethylene-
diamine solution (136 μL for 2 mmol, 340 μL for 5 mmol, 
and 680 μL for 10 mmol functionalization) was added to 
the mixture and reacted for 12 h. Eventually, the final sam-
ple was collected through filtration and washing with a 
large amount of ethanol and dried for 24 h under the room 
temperature [25].

2.2. Adsorbents characterization techniques

The morphology of the prepared adsorbents was 
investigated by transmission electron microscopy (TEM) 
images that were taken at 80 kV by a JEM 1230 (JEOL 
Corp., Japan) and SEM measurements were performed by 
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Indian-made Philips scanning electron microscope, XLC30 
model, with a voltage of 30 kW electron microscope. Fourier 
transform infrared (FTIR) spectrum was obtained using 
Bruker-vector-22 (Germany) with a range of 400–4,000 cm–1. 
MIL-101(Cr) sample for FTIR analysis was pretreated by 
grinding the MIL-101(Cr) powder together with KBr in 
an agate mortar and then by pressing them into flakes by 
a tablet. The nitrogen adsorption isotherm, Brunauer–
Emmett–Teller (BET) surface areas and pore volume of 
MIL-101(Cr) were measured on a Micromeritics ASAP 2010 
sorptometer using N2 adsorption at 77 K. The BET equation 
was used to determine the specific surface area and the total 
pore volume. For these measurements, the powder was 
degassed and activated under reduced pressure at 105°C for 
3 h. In order to identify the phase and the size of the crystal 
of the synthesized sample, X-ray diffraction (XRD) analy-
sis (Panalytical Corp, The Netherlands) was used. Powder 
XRD pattern was obtained in an XPert pro diffractometer 
(Panalytical Corp., The Netherlands) using CuKα radiation. 
Finally, thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA), (Mettler Toledo, Australia), were 
used to study and identify the thermal stability of a material 
against the heat.

2.3. Adsorption experiments

The adsorption experiments were performed by the 
batch technique in glass bottles. The initial conditions for all 
adsorbents are shown in Table 2. The cobalt and manganese 
concentrations before and after the adsorption experiment 
were determined by atomic adsorption technique. The pH 
value of the solutions was adjusted prior to the adsorption 
experiments by the addition of a small amount of HCl/
HNO3. The adsorption solutions were shaken at the same 
rate of 100 rpm at various temperatures. At the end of the 
experiment time, the solution was filtered with a soft paper 
filter and the filtrate was analyzed to determine the remain-
ing pollutant concentration. The separation percentage of 
the metal ions and the adsorption capacity of the adsorbents 
were calculated using the following formulas:
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where qt (mg g–1) is the amount of cobalt and manganese 
adsorbed at time t (min), C0 and Ct (mg L–1) are the liquid- 
phase concentrations of cobalt and manganese at time = 0 
and t, respectively, and ν (L) and m (g) are the volume of the 
solution and the mass of the adsorbent, respectively [26,27].

3. Results and discussion

3.1. Adsorbents characterization

The X-ray diffraction patterns of Cu-BTC, MIL-101(Cr), 
and MIL-53(Al) are presented in Fig. 1a. As shown in Fig. 1a, 
the XRD patterns of the diffraction peak of all the three 
synthesized adsorbents include main peaks in the range of 
2°–20° [28]. The extremely high intensities of the diffrac-
tion peaks (2θ from 3° to 10°) indicated a good crystallin-
ity of MIL-101(Cr) synthesized in this work. The obtained 
results were well matched with the reports presented by 
other researchers [17,26,29,30]. Kun Yang et al. [28] found 
that the most important peaks are within the ranges of 3, 
5, 6, and 9, which indicates the proper crystal structure of 
these MOFs. Two small peaks in the ranges of 2° and 17° 
are related to the existence of terephthalic acid in the struc-
ture of MOFs [28]. As illustrated in Fig. 1b, the Cu-BTC 
and MIL-101(Cr) adsorbents isotherms are based on type I  
of IUPAC isotherm, which indicates the microporosity of the 
mentioned adsorbents. The steep slope of adsorption of this 
isotherm at low relative pressures is related to the adsorbate 
entrance to the cavities of micropore adsorbents. Filling the 
cavities in less p/po areas represents the smaller size of adsor-
bent cavities. Therefore, it can be concluded that diameter 
of cavities of Cu-BTC are smaller than MIL-101(Cr). Further, 
the higher concavity of adsorption diagram in higher pres-
sures indicates the tendency to capillary condensation, 
multi-layered adsorption. In other words, the increased 
volume ratio of mesopore in adsorbent, which is observed 
more in MIL-101(Cr), and particularly in MIL-53(Al), com-
pared with Cu-BTC. Due to the turbulence in high relative 
pressures, adsorption/desorption isotherm is similar to 
type IV of IUPAC isotherm representing the mesoporosity 
of this adsorbent [24]. The BET analysis results are shown 
in Table 3. According to the table, the average size of the 
adsorber cavities was Cu-BTC < MIL-101(Cr) < MIL-53(Al) 
respectively, and the ratio of micropore volume to the total 
volume of cavities was Cu-BTC > MIL-101(Cr) > MIL-53(Al), 
respectively. The obtained results are consistent with 
the studies and reports presented by other researchers 
[22,24,31]. The little difference among the results reported 

Table 1
Characteristics of activated carbon

Item Range

Iodine number 960 mg g–1

Moisture content Maximum 1.5%
Total ash content Maximum 1%
pH 6–7
Bulk density 530 kg m–3

Actual density 1.3–1.4 g cm–3

Hardness 98%
Abrasion 80
Surface area 1,150 m2 g–1

Particle size 1.1–1.6 mm
Uniformity 1.8

Table 2
Initial condition of batch adsorption experiment for all 
studied adsorbents (MIL-101(Cr), MIL-53(Al), Cu-BTC, and 
carbon active)

Volume 
(ml)

Weight of 
adsorbent 
(mg)

Concentration 
of Mn in 
solution (mg L–1)

Concentration 
of Co in solution 
(mg L–1)

20205050



S. Tourani et al. / Desalination and Water Treatment 162 (2019) 193–206196

by researchers is related to the difference in the precision of 
synthesis, washing, or purification [30,32,33].

The FTIR spectra for Cu-BTC, MIL-101(Cr), and MIL-
53(Al) are presented in Fig. 2. The broad and wide band in 
the ranges of 3,400 cm–1 can represent the existence of O–H 
or N–H band for all compounds. Moreover, the bands avail-
able in the range of 1,400 and 1,550 cm–1, indicate a O–C–O 
vibrational bond, or the existence of carboxylate connector 
in MIL-53(Al), MIL-101(Cr), Cu-BTC structure [17,28]. The 
peaks in 750 and 1,020 cm–1 are also related to the vibration 
of benzene rings. The peaks available on the 580 cm–1 range 
of MIL-101(Cr) and MIL-53(Al) structure are related to the 
existence of –COO bond internally or externally are bonded 
to adsorbent surface. Peaks of the 2,930 and 3,130 cm–1 wave-
lengths are related to aromatic C–H tensile band. Regarding 
the three MOFs, these organic-metal bonds can be observed 
at 480–490 cm–1 wavelength range [17,25,34].

Scanning electron microscopy (SEM) and TEM images 
are shown in Figs. 3 and 4, respectively. Figs. 3c and 4c 
illustrate the tetrahedral crystals of MIL-101(Cr), with an 
average size of 400–500 nm. Three synthesized MOFs enjoyed 
a good morphology and crystal structure and the results are 
in line with the results of other studies [26,31,34].

The TGA and DTA profiles of each synthesized adsor-
bents are shown in Fig. 5. All synthesized MOFs have a desir-
able thermal stability. The starting point of the compound 
structure destruction is the beginning of its intense weight 
loss in TGA chart, or the beginning of an intense endothermic 

peak in DTA chart. According to the Figs. 5a–c, Cu-BTC, and 
MIL-53(Al), and MIL-101(Cr) are stable until reaching the 
temperatures of 350°C, 550°C, and 352°C, respectively. The 
organic molecules are destructed due to the breakdown of 
their organic-metal bonds. It should be mentioned that the 
slight reduction in sample weight or smaller DTA peaks in 
the range of 80°C–100°C is related to the surface evaporation 
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Fig. 1. (a) XRD pattern of synthesized Cu-BTC, MIL-53(Al), and MIL-101(Cr) and (b) BET pattern of synthesized Cu-BTC, MIL-53(Al), 
and MIL-101(Cr).

500 1000 1500 2000 2500 3000 3500 4000

500 1000 1500 2000 2500 3000 3500 4000

Tra
nsm

itta
nce

Wave number(cm-1)

 MIL-101(Cr)

 Cu-BTC

 

 MIL-53(Al)

Fig. 2. FTIR spectra of synthesized MIL-53(Al), MIL-101(Cr), and 
Cu-BTC.

Table 3
BET surface area, pore diameter, average pore volume calculated according to the N2 adsorption isotherms of different adsorbents

Sample SBET (m2 g–1) Average pore diameter (nm) Vmicro (m3 g–1) Vtotal (m3 g–1) Vmicro/Vtotal

Cu-BTC 1,601 1.73 0.65 0.69 0.94
MIL-101(Cr) 2,390 2.23 0.98 1.32 0.74
MIL-53(AL) 598.2 5.41 0.25 0.81 0.31
Active carbon 1,052 – – 0.51 –
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of the solvent (water of alcohol) while it is related to the 
evaporation of the DMF solvent in the 150°C–200°C and 
the separation of water or any other solvent has cre-
ated a strong bond with MOFs structures in the range of 
250°C–300°C [23,26,35].

3.2. Adsorption tests

3.2.1. Evaluation of synthesized adsorbents performance

The performance of Cu-BTC, MIL-53(Al), and MIL-
101(Cr) adsorbents in the process of removal of cobalt and 
manganese from synthesized wastewater is investigated 
and the results were compared with a commercial AC. The 
results are shown in Fig. 6. As observed in Fig. 6, the high-
est removal efficiency belongs to adsorbent MIL-101(Cr). 
The main reason for difference between adsorption rates 
of various adsorbents is related to the high surface area 

of MIL-101(Cr). In addition, the removal rate of cobalt is 
higher than that of manganese in all the studied adsor-
bents, which indicates the proper agreement of adsorbent 
structure with cobalt ion. The functionalization of Cr-based 
MOF, MIL-101(Cr) by ED (ethylenediamine) is performed 
in three concentrations of 2, 5, and 10 mmol. The effect 
of various concentrations of ED on performance of MIL-
101(Cr) adsorbent for removal of cobalt and manganese 
was shown in Fig. 7. The results revealed that the increased 
amount of ED increases the metal ion removal rate (up to 
5 mmol concentration). This increase is due to that the one 
pair of electrons around amino groups of adsorbent can be 
shared with the 4d orbital of cobalt and manganese, thus 
increasing the amino groups result in increasing tendency 
of adsorption up to a certain point (10 mmol) [25]. On the 
contrary, increasing the ED concentration resulted in reduc-
tion in adsorption rate due to the reduction in the activated 
surface area of the adsorbents [14,25]. Hence, according to 

(a) (b) (c)

Fig. 3. SEM pattern of synthesized (a) Cu-BTC, (b) MIL-53(Al), and (c) MIL-101(Cr).

(a) (b) (c)

Fig. 4. TEM pattern of synthesized (a) Cu-BTC, (b) MIL-53(Al), and (c) MIL-101(Cr).
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the results of the obtained efficiency, the 5 mmol concen-
tration was selected as the superior concentration [25]. The 
separation percentage of the metal ions and the adsorption 
capacity of the modified adsorbent were calculated using 
the Eqs. (1) and (2).

3.2.2. FTIR spectra of functionalized adsorbents

Fig. 8 shows the results of FTIR spectra of MIL-
101(Cr), ED-MIL-101 (2 mmol), ED-MIL-101 (5 mmol), and 
ED-MIL-101 (10 mmol (. The peaks available in the range of 
1,581 and 1,051 cm–1 can be assigned to N–H and C–N peaks, 
respectively. In addition, the peak available at the range 
882 cm–1 is matched for –NH2 [25]. Further, the increased 
density of peak intensity in the range of 3,221–3,434 cm–1 

represents the increased number of N–H functionalized 
groups of the adsorbent [25,28].

3.3. Effect of important parameters for removal of cobalt and 
manganese by MIL-101-ED-5 (5 mmol) adsorbent

3.3.1. Effect of pH

Any change in pH of solution leads to a change in the 
zeta potential of adsorbent and the ionization degree of 
adsorbate and makes an adsorbent–adsorbate electrostatic 
interaction [15,28]. So, the solution pH affects the surface 
charge and the ionization degree as well as determin-
ing the kind of adsorbent. Based on the results shown in 
Fig. 9, increasing the pH from 3 to 6.5 results in increasing 
the removal rate of cobalt and manganese from 61.53% to 
84.61% and 58.82% to 82.35%, respectively, at a 50 mg L–1 
cobalt and manganese concentration and 0.02 g adsorbent. 
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Fig. 5. DTA and TGA patterns of synthesized (a) Cu-BTC, (b) MIL-53(Al), and (c) MIL-101(Cr).

Fig. 6. Effect of different adsorbents on the removal of cobalt and 
manganese.
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However, increasing the pH to more than 6.5 could reduce 
the adsorption rate of both metals, and at pH equal to 7, 
the minimum adsorption rate of cobalt and manganese was 
76.93% and 74.51%, respectively. Therefore, pH of 6.5 was 
used as the optimal pH to perform the others of the exper-
iment. It seems that pH reduction in acidic solutions leads 
to an increase in positive load (H+) on adsorbent surface 
and accordingly activates the adsorbent surfaces. Therefore, 
the negative loads of adsorbate have more tendencies to be 
adsorbed on adsorbent surface and results in an increased 
adsorption rate. However, in solutions with pH > 7, there 
are more negative loads (OH–) on adsorbent, leading to a 
repulsion between adsorbent and adsorbate and accord-
ingly reduced adsorption [35–37]. The increase in cobalt 
adsorption rate due to increase in pH can be explained on 
the basis of the reduced competition between H+ proton and 
metal cations in adsorbent functional groups as well as the 
reduced electrostatic discharge between adsorbent surfaces 

and metal ion. On the other hand, the increase in pH leads 
to the negative load (OH–) on adsorbent surface, a repul-
sion between adsorbent and adsorbate, and accordingly 
reduced adsorption rate [20]. In the same study, Luo et al. 
[25] found that the maximum amount of adsorption rate of 
Pb was at pH = 6. They argued that when the solution has 
a pH less than 4, a huge amount of H+ can be coordinated 
with MIL-101(Cr) ionized carboxyl and MIL-101-ED amino 
group. So, MIL-101(Cr) and MIL-101-ED (5 mmol) have a 
very low adsorption capacity at pH < 4. A solution with pH 
higher than 6 leads to a reduction in MIL-101(Cr) and MIL-
101-ED (5 mmol), due to the higher amount of hydrolyzed 
ions produced compared with MIL-101(Cr) and MIL-101-ED 
(5 mmol). Hence, in order to achieve the best adsorption 
efficiency, the solution pH must be set at 6 [25].

3.3.2. Effect of contact time

The equilibrium adsorption time is one of the most 
important parameters of the kinetic process of adsorption 
because it helps to calculate the adsorption rate of adsorbate 
materials on adsorbent surface [10]. In order to study the 
adsorption time, various experimental tests were conducted 
between time 15 and 240 min, and other variables were kept 
constant. Fig. 10 illustrates the effect of time on removing 
of cobalt and manganese by MIL-101-ED-5 (5 mmol) and 
MIL-101-ED-2 (2 mmol). Normally, increasing of contact 
time leads to increase in the adsorption rate, due to the more 
opportunity of metal ions to make a bond with the adsor-
bent particles. Hence, the increased contact time between the 
adsorbent and the solution containing the metal ions leads 
to an increase in the metal ion adsorption by the adsorbent 
[36–38]. Such behavior is observed for both metal ions and 
both adsorbents between the contact times of 15–90 min. 
Also, the removal percentage of metal ions increases along 
with the duration time, and reaches to a constant rate after 
90 min. It is worth noting that at the earliest time, the higher 
adsorption efficiency of cobalt and manganese are approxi-
mately close to each other while the adsorption efficiency of 
cobalt is clearly more than that of manganese by increasing 
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the contact time. Changshen Ye et al. [10] showed that the 
maximum adsorption of cobalt and manganese on Bentonite 
via adsorption was achieved during 60 min. The quick 
adsorption of these two heavy metals on sodium bentonite 
revealed that heavy metal ions adsorption from solution 
by bentonite is mainly due to chemical adsorption rather 
than physical adsorption [10].

3.3.3. Effect of initial concentration of cobalt and manganese

Different experiments with various concentrations of 
cobalt and manganese were conducted. As shown in Fig. 11, 
by increasing the initial concentration of metal ions, the 
adsorption percentage of adsorbent is decreased and the 
adsorption rate is increased. By increasing the initial concen-
tration of metal ions, the number of ions competing to react 
with the functional groups of adsorbent surface increased 

and accordingly the active sites of adsorbent became sat-
urated [39]. In other words, the adsorption rate increased 
along with the increasing in the concentration of metal ions 
of the solution. In addition, increasing the concentration of 
metal ions lead to increasing the number of metal ions impact 
on the solution, which, in turn, accelerates the adsorption 
process [3,39].

3.3.4. Effect of temperature

Temperature has two important effects on adsorption 
process. First, increasing the temperature accelerates the 
penetration of the adsorbate molecules in internal and 
external layers of adsorbent cavities and also leading to a 
decrease in the viscosity of the solution. Second, the varia-
tion in the temperature affects the enthalpy and entropy of 
the adsorption process [40]. Before reaching the solution to 
equilibrium state, the increased temperature accelerates the 
adsorption process. Generally, by raising the temperature, 
the movement of molecules on the surface are increased and 
the single layers are not easily formed on the surface (less 
coating) result in decelerates of adsorption and increases of 
discharge [41]. The results of the effect of temperature on 
the adsorption are shown in Fig. 12. At concentration of 
30 mg L–1 for cobalt and manganese and 0.02 g of adsorbent 
(MIL-101-ED-5), increasing the temperature from 25°C to 
50°C would decrease the adsorption rate of cobalt and man-
ganese from 90.32% to 9.67% and 87.33% to 6.67%, respec-
tively. As shown in Fig. 12, increasing the temperature has 
a negative effect on the adsorption of both the metal ions. 
Hence, this adsorption process can be considered as an 
exothermic process, so the produced energy indicates the 
adsorption power. In addition, reducing the temperature 
improves the adsorption process due to exothermic process. 
Increase in the solution temperature leads to increase in the 
molecular movement of particles that results in weakening 
and sometimes break down of the bonds created between 
the adsorbed particles and adsorbent surface. Therefore, 
the pollutant particles adsorbed on the adsorbent surface 
will return to the soluble phase [41,42].

Fig. 10. Effect of contact time on removal of cobalt and 
manganese (adsorbate concentration of 50 mg L–1, MIL-101-ED 
concentration of 0.02 g, pH = 6.5).

(a) (b)

Fig. 11. Effect of changes in the initial concentrations of cobalt and manganese on (a) adsorption amount of CO and Mn and 
(b) separation percentage of CO and Mn at 25°C.
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3.3.5. Adsorption kinetics

In order to understand the dynamics of adsorption 
reactions of cobalt and manganese by adsorbents, the kinetic 
information of adsorption should be studied [17,26]. The 
dynamic adsorption data are shown in Fig. 13 and were 
treated with pseudo-first-order and pseudo-second-order 
kinetic models [17,26,43]. The pseudo-first-order model is 
expressed by the following equations:

dq
dt

k q qt
e t= −( )1  (3)

ln lnq q q k te t e−( ) = − 1  (4)

where qt and qe are the adsorbed amount of adsorbate 
(mg g–1) at time t (min) and at equilibrium, respectively. 
k1 is the pseudo-first-order kinetic constant (min–1). Eq. (4) 
is derived from Eq. (3) by integrating subject to the initial 

condition. The pseudo-first-order kinetics has been utilized 
for a variety of adsorption processes especially in water 
treatment [44,45]. The equilibrium adsorption capacity (qe) 
and kinetic constant (k1) were calculated from the intercept 
and slope of linear plots of ln(qe – qt) against t (Fig. 13a) and 
are reported in Table 4.

Dynamics of adsorption of Co and Mn can also be 
interpreted by pseudo-second-order kinetics [46,47] which 
is expressed by the following equations:

dq
dt

k q qt
e t= −( )1

2
 (5)

t
q k q q

t
t e e

= +
1 1

2
2  (6)

where k2 (g mg–1 min–1) is the pseudo-second-order rate 
constant. Eq. (6) is derived from Eq. (5) by integrating sub-
ject to the initial condition. Fig. 13b shows the linear plots 
of t/qt against t for pseudo-second-order kinetic analysis 
of Co and Mn adsorption on MIL-101-ED (2 and 5 mmol) 
adsorbents. k2 and qe were calculated from the intercepts 
and slopes of these plots and are reported in Table 4. 
Comparison of the correlation coefficients (R2) reported in 
Table 4 indicates that the adsorption kinetics is more ade-
quately represented by a pseudo-second-order rather than a 
pseudo-first- order model. Furthermore, the values for max-
imum adsorption capacity (qe) calculated from the pseu-
do-second-order model were in better agreement with that 
of the experimental values.

The dynamic adsorption data can be used also to identify 
the rate-controlling step in the adsorption process [46–48]. 
The three consecutive steps involved in the adsorption of 
an adsorbate by a porous adsorbent include: (I) transport of 
the adsorbate to the external surface of the adsorbent (film 
diffusion), (II) transport of the adsorbate within the pores 
of the adsorbent (intraparticle diffusion), and (III) adsorp-
tion of the adsorbate on the interface of the adsorbent. If the 
last step is fast enough, then the slowest transport portion 

Fig. 12. Effect of temperature on removal of cobalt and manganese 
(concentration of cobalt and manganese 50 mg L–1, contact time 
90 min, absorbent dose of 0.02 g).

 

(a) (b)

Fig. 13. First-order (a) and second-order (b) model plots for adsorption of Co and Mn on MIL-101-ED adsorbents.
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would determine the overall rate of adsorption [15,48]. 
The intraparticle diffusion model based on the theory pro-
posed by Weber and Morris [49] would lead to the following 
equation:

q k t Ft d= +0 5.  (7)

where qt (mg g–1) is the amount adsorbed at time t, kd 
(mg g–1 min–1/2) is the intraparticle diffusion rate constant, 
and F (mg g–1) is a constant related to the thickness of the 
boundary layer. If the value of F is zero, that is, the diffu-
sion model plot of qt against t0.5 exhibits a straight line going 
through the origin, the adsorption process is only controlled 
by the intraparticle diffusion [48]. However, if the data 
exhibit multi-linear plot, then two or more steps influence 
the sorption process. The first sharper portion is the surface 
adsorption or instantaneous adsorption stage. The second 
portion is the gradual adsorption stage where intraparticle 
diffusion limits the rate of adsorption [33]. The diffusion 
model plot of Co and Mn adsorption on MIL-101(Cr)-ED 
(2 and 5 mmol) shown in Fig. 14 suggests a two-stage 
adsorption process; surface adsorption and intraparticle dif-
fusion. The first linear portion of the plot is due to surface 
adsorption (faster step) while the second linear portion is 
due to the intraparticle diffusion within the pores of MIL-
101(slower step) [15,47]. According to the results reported in 
Table 5, the values of the slope of slower portion (kd) are not 
zero, which implies that the intraparticle diffusion controls 
the adsorption rate at the beginning. Furthermore, the inter-
cept value (F) increased with increasing initial concentration 
of ED on MIL-101(Cr) suggesting that intraparticle diffusion 
is not the only rate-limiting step and that film diffusion also 
plays an important role in the adsorption of Co and Mn on 
MIL-101-ED [15,50]. According to Tables 4 and 5, second- 
order model satisfies the adsorption kinetics [51].

3.3.6. Adsorption isotherms

Isotherm models turn the experimental results into the 
practical formulas with more useful parameters in order to 
be easily used for design or any scientific approaches. The 
plots of Langmuir [52], Freundlich [53,54], Temkin [55], and 
Redlich–Peterson (R-P) [56] isotherms were drawn using the 
non-linear form of their equations. Figs. 15 and 16 illustrated 
profiles of four isotherms at 25°C, for MIL-101-ED-5 (5 mmol), 
and constants of each model were calculated according to the 
linear model as shown in Table 6. The results of isotherms 
revealed that the correlation coefficients of Langmuir and 
R-P isotherms at 25°C are higher than that of others iso-
therms. The linear form of the Langmuir isotherm is given as:

Table 4
Determined kinetic model constants for the adsorption of cobalt and manganese

Adsorbate C0 (mg L–1) Adsorbents Pseudo-first-order kinetics Pseudo-second-order kinetics qe,exp (mg g–1)

qe,cal (mg g–1) k1 (min−1) R2 qe,cal (mg g–1) k2 (g mg–1 min–1) R2

Co 50 MIL-101-ED-5 24.6 0.0586 0.83 44.5 0.01064 0.99 44
MIL-101-ED-2 26.2 0.0589 0.90 40.6 0.00882 0.99 40

Mn 50 MIL-101-ED-5 18.8 0.0564 0.69 42.3 0.01510 0.99 42
MIL-101-ED-2 27.4 0.0406 0.84 41.1 0.00434 0.99 40

Table 5
Kinetic parameters of intraparticle diffusion model for the adsorption of Co and Mn on MIL-101-ED (2 and 5 mmol)

Adsorbate Adsorbent C0 (mg L–1) Intraparticle diffusion rate

kd (mg g–1 min–1/2) F R2

Co MIL-101-ED-5 50 0.255 40.57 0.85
MIL-101-ED-2 50 0.255 36.57 0.76

Mn MIL-101-ED-5 50 0.183 39.51 0.87
MIL-101-ED-2 50 0.548 32.54 0.76
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Fig. 14. Intraparticle diffusion model plot for absorption of Co 
and Mn on MIL-101-ED adsorbents.
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C
q
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q q b

e

e

e= +
max max

1  (8)

where Ce (mg L–1) is the equilibrium concentration of 
adsorbate, qe (mg g–1) is the amount of adsorbate adsorbed at 
equilibrium, qmax (mg g–1) is the maximum adsorption capac-
ity, and b (L mg–1) is the Langmuir constant that indicates the 
adsorption tendency and it is regarded as the criteria of the 
adsorption power of molecules on the adsorbent. The higher 
values of b lead to more surface of the adsorbent covered 
by the molecules or the higher free energy of adsorption 
[26]. The values of b and qmax were calculated from the slope 
and intercept of linear plots of (Ce/qe) against Ce for MIL-
101(Cr)-ED (2 and 5 mmol) are reported in Table 6. Freundlich 
adsorption isotherm is a special case for heterogeneous 
surface energy in which the energy term in the Langmuir 
equation varies as a function of surface coverage and is not 
restricted to monolayer formation [57]. The linear form of the 
Freundlich equation is given by Eq. (9):

ln ln lnq K
n

Ce F e= +










1  (9)

where Ce (mg L–1) is the equilibrium concentration of adsor-
bate, qe (mg g–1) is the amount of adsorbate adsorbed at 
equilibrium state, KF (mg g–1(L/mg)–1/n) and 1/n represent 
the Freundlich constants corresponding to the adsorption 
capacity and adsorption intensity, respectively. The revers-
ibility of adsorption process is indicated by n value. 1/n 
value is zero, the adsorption process is reversible, the value 
between zero and one shows an optimal process, and the 
value of more than 1 indicates an undesirable process, by 
continuation of which the adsorption process decreases and 
departs from the linear state [57,58]. The values of KF and 
1/n were calculated from the slope and intercept of linear 
plots of lnqe against lnCe and are reported in Table 6. Due 
to proximity of correlation coefficients for the Langmuir 
and Freundlich models, Redlich–Peterson (R-P) was used 
as an adsorption isotherm to confirm the obtained results. 
The Redlich–Peterson isotherm amends the inaccuracies 
of two parameter Langmuir and Freundlich isotherms in 
most adsorption systems. This model is a hybrid isotherm 
featuring both Langmuir and Freundlich isotherms which 
incorporates three parameters into an empirical equation as 
follows [23,58]:
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Fig. 15. Adsorption isotherms for adsorption of Co on 
MIL-101-ED-5 at 25°C.
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Fig. 16. Adsorption isotherms for adsorption of Mn on MIL-
101-ED-5 at 25°C.

Table 6
Equilibrium parameters for Co and Mn adsorption over MIL-101-ED-2 and 5 mmol at T = 25°C

Adsorbate Adsorbents Langmuir parameters Freundlich parameters Redlich–Peterson model Temkin parameters

qmax 
(mg g–1)

b 
(L mg–1)

R2 KF (mg g–1 

(L/mg)–1/n)

1/n R2 aR 
(L mg–1)-β

KR 
(L g–1)

β R2 A 
(L g–1)

B 
(J mol–1)

R2

Cobalt MIL-101-ED-5  
 (5 mmol)

87.2 0.146 0.97 20.28 0.38 0.92 0.132 12.36 1 0.97 1.41 19.22 0.91

MIL-101-ED-2  
 (2 mmol)

112.4 0.049 0.96 9.90 0.57 0.96 0.493 5.54 1 0.98 0.42 26.29 0.95

Manganese MIL-101-ED-5  
 (5 mmol)

93.4 0.103 0.97 16.8 0.43 0.93 0.104 9.53 1 0.98 0.88 21.68 0.92

MIL-101-ED-2  
 (2 mmol)

104.9 0.055 0.99 10.64 0.53 0.95 0.055 5.75 1 0.99 0.46 24.86 0.94
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q
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R e
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 (10)

where KR (L g–1) and aR (L mg–1)β are the Redlich–Peterson 
isotherm constants and β is R-P isotherm exponent. The 
model has a linear dependence on concentration in the 
numerator and an exponential function in the denominator 
to represent adsorption equilibria over a wide concentration 
range, that can be applied either in homogeneous or het-
erogeneous systems due to its versatility [23,59]. Typically, 
a minimization procedure is adapted to solving the equa-
tion by maximizing the correlation coefficient between the 
experimental data points and theoretical model predictions. 
In the limit, it approaches the Freundlich isotherm model at 
high concentrations (as the exponent β tends to zero) and is 
in accordance with the low concentration limit of the ideal 
Langmuir model (as the β values are all close to one) [58,59]. 
The results obtained from R-P equation are also presented 
in Table 6. By comparing the values of R2, the Langmuir iso-
therm gave a better fit of the adsorption data compared with 

the Freundlich isotherm. However, the Redlich–Peterson 
model was shown to be an improved fit for both Co and Mn. 
As shown in Table 6, the exponent β of the R-P model for 
Co and Mn over MIL-101-ED was obtained as 1 by the min-
imization algorithm confirming that the Langmuir isotherm 
(monolayer adsorption mechanism) is more adequate [23].

3.3.7. Thermodynamics of adsorption

In order to perform a precise study on the effect of 
temperature on adsorption rate, some thermodynamic exper-
iments were conducted under adsorbent dosage of 0.02 g, 
pH of 6.5, initial concentration of cobalt and manganese 
of 30 mg L–1, and different temperatures 25°C, 35°C, 40°C, 
and 50°C. Figs. 17a–d illustrate the plots of thermodynamic 
changes of Co and Mn adsorption over MIL-101-ED-5 and 
the results are presented in Table 7. The negative values of 
ΔG at all temperatures imply that the adsorption proceeds 
spontaneously [35]. The negative value of ΔH is another 
evidence of exothermic adsorption process. In addition, 
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negative value of ΔS represents the increased tendency of 
MIL-101-ED-5 to adsorb Co and Mn metal ions vs. desorp-
tion, which in turn leads to the spontaneity of the process 
due to its high exothermic process [35,60].

4. Conclusion

The liquid-phase adsorption of Co and Mn has been 
studied using MOFs Cu-BTC, MIL-53(Al), MIL-101(Cr), AC, 
and also MIL-101 functioned with 2, 5, and 10 mmol ED as 
adsorbent. The high adsorption capacity of MIL-101-ED-5 for 
cobalt and manganese was obtained due to its high porosity, 
surface area, and an optimum amount of ED as amino group. 
According to the results, the maximum capacity to remove 
these two hazardous metal ions was obtained at pH = 6.5, 
temperature = 25°C, cobalt and manganese concentration of 
30 mg L–1 and the adsorption process reaches equilibrium 
during 90 min. In addition, the maximum efficiency of the 
functionalized adsorbent process was obtained at 5 mmol 
concentration of ED, leading to a reverse result due to fur-
ther increase (10 mmol). In fact, the increase in ED creates 
a change in the morphology of the synthesized adsorbent 
and reduces the active surface of adsorbent and accordingly 
the adsorption rate. By applying these conditions, the maxi-
mum percentage of cobalt and manganese adsorption by the 
functionalized adsorbent in the adsorption process is equal 
to 90.32% and 87.33%, respectively. The dynamic adsorption 
data were well fitted with a pseudo-second-order kinetic 
model. The equilibrium adsorption isotherms were ade-
quately described by the Langmuir model. Finally, the func-
tionalized adsorbent MIL-101-ED-5 showed an acceptable 
and higher adsorption capacity for removal of hazardous 
heavy metals same as cobalt and manganese.
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