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      MIL-53(Fe) with a huge porosity has been synthesized by microwave radiation in different  conditions: various powers (80, 100 W) and 
time (5, 10 min). Nano-sized crystals were  characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier 
 transform infrared spectroscopy (FTIR), and specific surface area analysis. After characterization, MIL-53(Fe)-1 with the best porous 
structure for Pb(II) and Cd(II)  removal was used for all tests from aqueous solution. The best condition for the synthesis was 5 min and    
80 W. Then, the best porous structure was selected for removal of Pb(II)/Cd(II) from aqueous solution. The  response surface methodology 
(RSM) based on central composite design (CCD) was applied to  optimize the removal capacity. In these experimental designs, four 
independent variables were studied and the best condition was evaluated as   pH (in the range of 6-8), temperature (40-50 °C), contact time 
(50 min), and adsorbent amount (0.1-0.3 g l-1). The removal efficiency and  capacity of MIL-53(Fe) for Pb(II) and Cd(II) were further 
surveyed. Langmuir equation was the  best isotherm to describe the adsorption manner of Pb(II) and Cd(II) ions (qmax values ( 178.57 and 
714.28 mg g-1) for Pb(II) and Cd(II)). The adsorption  process was confirmed by a pseudo-second-order kinetic pattern. The result of 
thermodynamic  studies displayed that the sorption process was spontaneous and exothermal.   
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INTRODUCTION 
 
      With rapid development of the global economy, the 
heavy metals pollution has become critical and its effects on 
the environment and human health have attracted more and 
more attentions [1-3]. Heavy metals, such as cadmium and 
lead, are first pollutants in the waste water because of their 
easy solubility, high toxicity and bioaccumulation in the 
food chain.  
      Construction of new methods for the removal of heavy 
metals in the aqueous environment is  important.  So, many  
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methods have been applied, such as chemical precipitation, 
reverse osmosis, conventional coagulation, ion exchange 
and adsorption. Among them, adsorption and ion exchange 
are simple and cost-effective method with respect to the 
other techniques [4-22]. 
      Throughout the past decades, inorganic metal oxide 
materials have been applied as adsorbents for the removal 
of heavy metals, such as montmorillonite clay [23], 
kaolinite [24], zeolites [25,26] modified Fe3O4 particles [27] 
and activated carbon [28,29]. These adsorbents generally 
have low adsorption capacity for heavy metals because of 
the limited voids available among them. 
      Metal-organic  frameworks (MOFs) are a fundamentally 
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a new class of nanoporous materials [30,31]. The crystalline 
porous materials are built from transition metal ions and 
bridging organic ligands, which have an extensive, sturdy 
and open crystalline structure [32]. Owing to their extra-
high porosity, ordered, and well characterized porous 
structures, adjustable chemical functionality and Host-guest 
interactions, MOFs porous materials are attracting 
increasing consideration due to the potential application in 
adsorption, separation, gas storage, and heterogeneous 
catalysis [33,34]. 
      Whilst MOFs are conventionally produced by 
solvothermal reactions [35], alternative synthesis by 
microwave [36,37], sonochemical [38,39], electrochemical 
[40] and mechanochemical [41] methods have also been 
explored. Envisaged industrial applications of MOFs have 
motivated researchers to develop new methods for their 
 synthesis. The new methods should provide benefits such as 
reduction in synthesis time, easy production scale- up, 
homogenous and high quality products.  Among these, only 
microwave (MW) and sonochemical methods appear to be 
universally applicable for MOFs preparation as their 
reaction conditions can be easily adaptable from the 
conventional approaches [36-39,42-44]. 
      MW irradiation is particularly promising technique due 
to the minimization of energy and optimization of reaction 
conditions. MW irradiation is characterized by accelerated 
reactions, as an effect of the intense localized heating, 
reaction times reduced from days and hours in classical 
heating to minutes and seconds. The magnitude of heating 
depends on the dielectric properties of the molecules, so 
produced energy is transmitted to the material directly and 
uniformly. This allows the all material to be heated quickly 
and simultaneously, resulting in homogeneous nucleation, 
fast crystallization, extensive reductions in particle size and 
higher efficiency [45,46]. 
      One interesting aspect of certain MOF materials is an 
unusual solid-state flexibility. One famous flexible MOF is 
a material known as MIL-53 (Materials of Institut 
Lavoisier) [47]. This is a metal carboxylate with chemical 
formula  3D-[(M4-bdc)(M-OH) , where in 1,4-benzenedi-
carboxylate is the organic linker and the metal is in the +3 
oxidation state and can be Fe [48], Cr [47], Sc [49], Al [50] 
or Ga [51]. This material shows a significant ‘breathing’ 
feature. The breathing feature of  the  MIL-53  is  related to  

 
 
the metal node. This material only enlarges in the proximity 
of guests [47-50]. 
      So, this group of MOFs has many practical applications 
in removal of pollutants in large scale from liquid media.  
In this work, we have developed rapid and energy efficient 
synthesis techniques utilizing MW irradiation to produce 
and analyze the crystallization of MIL-53(Fe), a flexible 
structure, environment friendly and non-toxic iron(III) 
benzenedicarboxylate MOF at a short time. 
      For the first time, we applied nanosize MIL-53(Fe) for 
removal of Pb(II) and Cd(II) from aqueous environments. 
These adsorbents had high adsorption capacity of heavy 
metals because of the huge voids available and their 
breathing feature. The focus of this research was to 
investigate a feasible method for MIL-53(Fe), synthesized 
as a nanosized sorbent, for removal of Pb(II) and Cd(II) 
from aqueous solutions as well as optimization of the 
process variables using the response surface modeling 
(RSM) approach. CCD was chosen to survey the individual 
and synergetic effects of factors such as contact time (min), 
temperature (°C), adsorbent dosage (g) and pH on the 
percentage removal of heavy metals as response. 
  
MATERIALS AND METHODS 
 
Apparatus 
      1,4-Benzenedicarboxylic acid H2BDC (99%), 
FeCl3.6H2O, Cd(NO3)2·4H2O, Pb(NO3)2, N,N-dimethyl-
formamide (DMF, 99%), were all of analytical grade and 
provided from Merck (Darmstadt, Germany). The stock 
solution of Pb(II) and Cd(II) was prepared by dissolving an 
adequate amounts of Pb(NO3)2 and Cd(NO3)2.4H2O in 
deionized water, respectively. The Pb(II) and Cd(II) 
solution was diluted with deionized water for various 
working concentrations for adsorption study. 
 
Instrumentation 
      The developed adsorbent (MIL-53(Fe) nanosized) was 
characterized by X-ray diffractometer (XRD), Fourier 
transform infrared spectroscopy (FT-IR), scanning electron 
microscopy (SEM), and a specific surface area analyzer. 
The X-ray diffraction (XRD) patterns were registered by a 
PANalytical X’Pert PRO MPD instrument (PANalytical 
B.V.,  Almelo,   The   Netherlands)   equipped  with  a  back  
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monochromator acting at a tube voltage of 40 kV and a tube 
current of 30 mA using a copper cathode as the X-ray 
source (λ = 1.542 Å). The FTIR spectra (400-4000 cm-1) of 
the adsorbent dispersed in KBr pellets were recorded by a 
Bruker tensor 27 spectrometer (Madison, WI, USA). SEM 
micrographs were obtained by a SEM, KYKY-EM model 
3200 scanning electron microscopy (Zhongguancun Beijing, 
China) operating at 20 kV to investigate the morphology of 
the nanoporous structure of MIL-53(Fe). The BET surface 
areas and micropore size distributions of the materials were 
tested on a specific surface area analyzer (ASAP2020 
Micromeritics setup), and the samples were degassed in a 
vacuum at 150 °C for about 3 h to remove water and other 
physically adsorbed species.  
      The pH evaluations were carried out using a digital pH 
meter Corning 125 equipped with a combined glass 
electrode. The pH value was fixed by the addition of 1 M 
HCl or NaOH solution. The concentration of ions was 
determined by a Varian model Spectra AA 220 (Murglave, 
Australia) atomic absorption spectrometer. 
 
Synthesis of MIL-53(Fe) by MW Irradiation 
      The MIL-53(Fe) samples were synthesized by 
dissolving 1.621 g of FeCl3.6H2O and 0.996 g of H2BDC in 
30 ml of DMF, separately. The solution was subjected to a 
predetermined power (i.e. 80 or 100 W) and time (i.e. 5 or 
10 min). After completion of each reaction and prior to 
characterization, products were cooled at room temperature 
and centrifuged, then several times washed with DMF and 
dried overnight (Table 1).  
 
General Procedure for Removal of Pb(II) and 
Cd(II) Ions  
      In order to study the adsorption capacity of MIL-53(Fe)-
1 for Pb(II) and Cd(II)  ions, the effect of several factors, pH 
value (2-10), contact time (10-120 min), sorbent dosage 
(0.1-1.0 g l-1) and reaction temperature (25-65 °C) on the 
adsorption experiments were investigated. In a glass flask, 
dried MIL-53(Fe) material was mixed with certained 
Pb(II)/Cd(II) solution and the mixture was stirred before 
centrifugation. The concentrations of remained Pb(II)/Cd(II) 
ions in the supernatants were then measured by atomic 
absorption spectroscopy (AAS) and the sample absorbance 
was  measured.   The   removal   percentages   of  ions  were  

 
 
calculated using the following equation:  
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where Co and Ce are the initial and final concentrations    
(mg l-1) of Pb(II)/Cd(II) in solution, respectively. 
 
Optimization 
      A full factorial design consisting of 30 experimental 
runs with 6 runs at the center point was used for screening 
and modeling of the effective parameters on the 
Pb(II)/Cd(II) removal from the solution, separately. Four 
variables in the experiment process via sample contact time 
(A; 10-120 min), temperature (B; 25-65 °C), pH (C; 2-10) 
and adsorbent dose (D; 0.1-1.0 g l-1) were selected to be 
analyzed, aiming to figure out their influence on the 
removal process. Then, the analysis of variance (ANOVA) 
was carried to accredit the model. However, the related 
models are pretty confined to only two levels in these types 
of designs. So, a second-order model (response surface 
design) which provides more than two levels for fitting of a 
full quadratic model [52] is necessary to find the best 
conditions for removal study. Finally, an experiment was 
again carried under optimal conditions to validate the 
defined model. The Design Expert Version 7.0 software was 
used to develop the experimental plan for RSM. 
 
RESULTS AND DISCUSSION 
 
Characterization of the Synthesized Adsorbent 
      X-Ray diffraction (XRD). The XRD pattern of samples 
are plotted in Figs. 1a-d. As can be seen in Fig. 1, only the 
pattern of MIL-53(Fe)-1 shows a flat background and high 
intensities, indicating high crystallinity of this sample. 
Additionally, no other phases were detected, indicating high 
purity of the sample. In the pattern of the sample, the main 
diffraction peaks appearing at 2θ of 9.24, 12.7, 18.24, 
18.58, 22.1, 25.52, 27.32, 29.8, 30.28, 36.18 are identical to 
those reported for the MIL-53(Fe) phase [47,53-54]. 
      Fourier transform infrared spectroscopy (FTIR). In 
order to analyze the molecular structure and recognize the 
functional groups of MIL-53(Fe) samples, the FTIR 
spectroscopy was performed and the result is shown in Figs.  
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                                       Table 1. Synthesis Condition for MIL-53(Fe) Synthesized by MW Irradiation 
 

Sample code MW time 

 (min) 

MW power 

 (W) 

MIL-53(Fe)-1 5 80 

MIL-53(Fe)-2 5 100 

MIL-53(Fe)-3 10 80 

MIL-53(Fe)-4 10 100 
 

 

 

Fig. 1. XRD patterns of sample 1 (a), sample 2 (b), sample 3 (c), and sample 4 (d). 
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                                       Table 2. Textural Properties of Sample 
 

Sample ܵBET 

(m2 g-1) 

ܵLangmuir 

(m2 g-1) 

Pore volume 

(cm3 g-1) 

Pore size 

(Å) 

MIL-53(Fe) 71.9321 96.1814 0.04294 684.462 
 
 

 

Fig. 2. FT-IR spectra of sample 1 (a), sample 2 (b), sample 3 (c) and sample 4 (d). 
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2a-d. As a comparison, in the spectrum of samples, we 
measured the ratio of intensities of the characteristic band of 
the MIL-53(Fe) framework located at ~823 cm-1. As can be 
seen in Fig. 2, MIL-53(Fe)-1 shows the highest intensities at 
~823.1 cm-1. The other characteristic absorption peaks of 
the MIL-53(Fe) sample appeared at 1669.2, 1597.5, 1501.3, 
1390.8, 1013.7 cm-1, which mainly resulted from the 
carboxylate groups vibrations, similar to those of reported 
data in the literature [55-58]. The slightly broadened band at 
3442 cm-1 was related to stretching vibrations of hydroxyl 
groups from iron oxide. The two sharp peaks at 1501.3 and 
1390.8 cm-1 are assigned to asymmetric (ѵas (C-O)) and 
symmetric (ѵs (C-O)) vibrations of carboxyl groups, 
respectively, confirming the presence of a dicarboxylate 
linker within the sample. The peak at 749.9 cm-1 
corresponds to the C-H bending vibrations of benzene and 
the intense peak at 554 cm-1 is related to Fe-O vibrations 
[59]. 
      Scanning electron microscopy (SEM). The MIL-
53(Fe) crystals synthesized under MW conditions produced 
small and homogeneous crystals, a clear indication of the 
efficiency of this synthesis method. As can be seen in     
Fig. 3, among four samples, the particles of MIL-53(Fe)-1 
showed approximate size of 50-80 nm and hexagonal 
bipyramidal morphologies (Figs. 3a and b). Reduction of 
size is generally due to synthesis of the crystals under MW 
conditions -a phenomenon which can be attributed to the 
uniform and fast nucleation. 
      N2 adsorption-desorption isotherms. The porosities of 
MIL-53(Fe)-1 sample were evaluated by nitrogen 
adsorption analysis. The porosity and surface area of the 
sample is presented in Table 2. According to BET theory, 
the specific surface area was calculated as 71.93 m2 g-1 for 
MIL-53(Fe).  
      This surface area observed for MIL-53(Fe) indicates 
that the anhydrous form of MIL-53(Fe) exhibits closed 
pores with approximately no available porosity to nitrogen 
gas. As mentioned elsewhere [60,61], pores of MIL-53(Fe) 
are only opened in the presence of guest molecules, 
however, the synthesize MIL-53(Fe) in this research has a 
higher surface area than other MIL-53(Fe) samples reported 
previously [60,61]. 

 
 
Screening of the Effective Parameters Using 
Central Composite Design 
      A statistic design of experiment is prior in order to 
reduce the number of experiments and consider all probable 
interactions between the variables [52]. Experimental 
design sequence was randomized in order to avoid the 
effects of uncontrolled factors. By ANOVA analysis, some 
effective parameters, such as critical factor effects, 
interactions and model efficiency were investigated. Tables 
3 and 4 reveals that the criterion for significant contribution 
of each variable is P value (less than 0.05) and F value 
(more than 0.05) by considering 95% confidence level. The 
basic interactions and quadratic effects were considered in 
this design. The data analysis by response surface 
methodology (RSM) for plotting recovery (R%) vs. main 
variables was investigated and the results are depicted in 
Fig. 4. The pH value plays a unique role on interaction 
between sites of sorbent-ions and subsequent removal of 
ions. As indicated in Figs. 4a, b-d, e, at the pH-values 
higher than 7, metal ions could precipitate as hydroxyl 
complexes at the presence of alkaline ions. At lower pH 
values, the hydrogen ions compete with the Pb(II)/Cd(II) 
ions for the available sorption sites, thus the removal 
efficiency decreases. Therefore, the suitable pH value for 
Pb(II)/Cd(II) removal was between 6 and 8. During the 
removal process, the least amount of sorbent was needed to 
obtain satisfactory recovery. The best removal efficiency for 
Pb(II) and Cd(II) ions were 0.1 g l-1 and 0.3-0.55 g l-1, 
respectively. So, according to Figs. 4b-e, the suitable 
sorbent dosage for Pb(II) and Cd(II)  removal was between 
0.1 and 0.3 g l-1.  
      The effects of contact time in the range of 10-120 min 
(Figs. 4c, f) reveal that the best recovery was obtained after 
50 min. Effect of temperature on the adsorption capacity of 
MIL-53(Fe) for Pb(II) and Cd(II) were investigated in the 
temperature range of 25-65 °C. As shown in Figs. 4a, c-d, f, 
when the adsorption occurred in the temperature range from 
25-40 °C, the removal efficiency of Pb(II) and Cd(II) 
increased with the increase of temperature. However, the 
removal efficiency of Pb(II) and Cd(II) was constant in the 
temperature range of 40-50 °C. This might be due to 
increase in the mobility of Pb(II)/Cd(II) ions with a rise in  
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temperature.  
      Kinetics models. To investigate the controlling 
mechanism of the adsorption processes such as mass 
transfer and rate controlling step in the removal of Pb(II) 
and Cd(II) ions from solution by  nanosize MIL-53(Fe), the 
kinetic modeling of the process using pseudo-first-order 
(Eq. (2)) and pseudo-second-order (Eq. (3)) are applied to 
model the kinetics  
 
      tkqqq ete 1ln)ln(                                                    (2)                                                                                                 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      

eet q
t

qkq
t

 2
2

1                                                              (3) 

                                                                                                    
where qe and qt are the amounts of adsorbate (mmol g-1) at 
equilibrium and at any given time t (min), respectively. 
Also, k1 (min-1) and k2 (g mmol-1 min-1) are the rate 
constants for the pseudo-first-order and the pseudo-second-
order models, respectively. 
      In this kinetics models, plots of ln(qe - qt) vs. t and      
t/qt vs. t give straight lines (see Figs. 5a, b) for calculating 
qe,  k1 and  k2.  The   obtained   results   are   summarized  in  

 

Fig. 3. Typical SEM images of fully crystallized sample 1 (a: 40 KX, b: 20 KX), sample 2 (c), sample 3 (d) 
                          and sample 4 (e). 
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Table 7 confirming that the pseudo-second order kinetics 
model can better fit to the model for describing the process. 
This model indicates that the overall process dependents on 
the amount of Pb(II) and Cd(II) in the solution and on the 
availability of adsorption sites on the adsorbents [63,64]. 
 
Adsorption Isotherms 
      Interaction between adsorbent and adsorbate is 
described   with    adsorption    isotherms.   The   adsorption  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
isotherm indicates how the adsorbed molecules distribute 
between the liquid phase and the solid phase when the 
adsorption process reaches an equilibrium state. The 
analysis of the isotherm data by fitting them to different 
isotherm models is an important step in finding a suitable 
model that can be used for design purpose. Several models 
of adsorption have been used to illustrate adsorption 
equilibrium. In this study, Langmuir and Freundlich models 
are   applied    to   describe   the  adsorption  isotherms.  The  

   Table 3. ANOVA Results for the Response Surface Quadratic Model for Cd(II) Removal 
 

Source Sum of squares DF Mean squares F-value p-value 

Prob > F 

Remarks 

Model 848.48 14 60.61 41.72 <0.0001 Significant 

A-contact time 0.042 1 0.042 0.029 0.8678  

B-temperature 77.04 1 77.04 53.03 <0.0001 Significant 

C-pH 48.74 1 48.74 33.55 <0.0001 Significant 

D-sorbent dosage 292.60 1 292.60 201.41 <0.0001 Significant 

AB 63.20 1 63.20 43.50 <0.0001 Significant 

AC 52.56 1 52.56 36.18 <0.0001 Significant 

AD 1.56 1 1.56 1.08 0.3161  

BC 18.06 1 18.06 12.43 0.0031 Significant 

BD 3.06 1 3.06 2.11 0.1671  

CD 0.30 1 0.30 0.21 0.6547  

A2 32.07 1 32.07 22.07 0.0003 Significant 

B2 149.07 1 149.07 102.61 <0.0001 Significant 

C2 25.08 1 25.08 17.26 0.0008 Significant 

D2 65.37 1 65.37 44.99 <0.0001 Significant 

Residual 21.79 15 1.45    

Lack of fit 15.34 10 1.53 1.19 0.4495 Not 

Significant 

Pure error 6.45 5 1.29    

Cor. Total 870.27 29     
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linearized Langmuir and Freundlich isotherms are explained 
by the following equations [65-67]: 
Langmuir model:                                                                                        
 
      

maxmax

1
q
C

qkq
C e

Le

e                                                          (4) 

Freundlich model: 
                                                                     
      

eFe C
n

kq log1loglog 





                                        (5) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
where Ce (mg l-1) and qe (mg g-1) are, respectively, the 
concentration and adsorbed amount of Pb(II)/Cd(II) at 
adsorption equilibrium, kl is the Langmuir constant (l g-1),  
kf is the Freundlich constant (mg1-(1/n)/l1/n/g), and qm is the 
maximum adsorption capacity (mg g-1).  
      The Langmuir and Freundlich constants are summarized 
in Table 6. By comparing the adsorption equilibrium of 
Pb(II)/Cd(II) with the Langmuir and Freundlich models, it 
is found that the experimental results are in conformity with 
Langmuir  isotherm  rather  than with the Freundlich model.  

  Table 4. ANOVA Results for the Response Surface Quadratic Model for Pb(II) Removal 
 

Source Sum of squares DF Mean squares F-value p-value 

Prob > F 

Remarks 

Model 1067.45 14 79.25 59.75 <0.0001 Significant 

A-contact time 31.51 1 31.51 24.69 0.0002  

B-temperature 46.20 1 46.20 36.21 <0.0001  

C-pH 263.34 1 263.34 206.37 <0.0001  

D-sorbent dosage 143.57 1 143.57 112.51 <0.0001  

AB 56.63 1 56.63 44.38 <0.0001  

AC 48.65 1 48.65 38.13 <0.0001  

AD 29.98 1 29.98 23.49 0.0002  

BC 3.90 1 3.90 3.06 0.1008  

BD 6.13 1 6.13 4.80 0.0447  

CD 36.30 1 36.30 28.45 <0.0001  

A2 160.05 1 160.05 125.43 <0.0001  

B2 253.59 1 253.59 198.73 <0.0001  

C2 65.10 1 65.10 51.02 <0.0001  

D2 65.10 1 65.10 51.02 <0.0001  

Residual 83.47 15 1.28    

Lack of fit 80.91 10 1.63 2.88 0.1275 Not significant 

Pure error 2.83 5 0.57    

Cor. Total 1110.08 29     
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Fig. 4. Response  surface  plots and  interactions  of  pH and temperature (a), pH and  adsorbent dosage (b),  time and  
            temperature (c), pH and temperature (d), pH and adsorbent dosage (e), and time and temperature (f)  for Pb(II)  

                   and Cd(II) removal by MIL-53(Fe). 
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Fig. 5. a. Effect of equilibrium time on adsorption of MIL-53(Fe) for, (A1): Pb(II) and (A2): Cd(II) removal. b. Linearized  
            first-order rate equation plots for Pb(II) removal by MIL-53(Fe), Inset: linearized second-order rate equation plots  
            for Pb(II) removal by MIL-53(Fe). c. Linearized first-order rate equation plots for Cd(II) removal by MIL-53(Fe),  

            Inset: linearized second-order rate equation plots for Cd(II) removal by MIL-53(Fe). 
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                         Table 5. The ANOVA Results of Second-order Regression Model for Cd(II) Removal 
 

Std. Dev. 1.21 R-Squared 0.9750 

Mean 66.72 Adj R-Squared 0.9516 

C.V.% 1.81 Pred R-Squared 0.8878 

PRESS 97.66 Adeq Precision 30.604 
 
 

                         Table 6. The ANOVA Results of Second-order Regression Model for Pb(II) Removal 
 

Std. Dev. 1.13 R-Squared 0.9824 

Mean 76.00 Adj R-Squared 0.9659 

C.V.% 1.49 Pred R-Squared 0.9098 

PRESS 98.01 Adeq Precision 30.396 
 
 
    Table 7. The  Constants and Correlation  Coefficients of  Pseudo-first  Order  and  Pseudo-second  Order Kinetic  
                   Models for Adsorption of Cd2+/Pb2+ onto MIL-53(Fe) 
 

 C0 

(mg l-1) 

qe (exp)a 

(mg g-1) 

Pseudo-first-order  model Pseudo-second-order  model 

 qe
a 

(mg g-1) 

k1 

(min-1) 

R2 qe
a 

(mg g-1) 

k2 

(g mg-1 min-1) 

R2 

Pb(II) 30 143 10.60 0.0431 0.9524 144.7 1.50 0.9999 

Cd(II) 30 504 54.80 0.0648 0.9754 507.61 1.55 0.9999 
        aqe (exp) and qe are the experimental and calculated values of qe, respectively. 
 
 
Table 8. Langmuir, Freundlich and Temkin Adsorption Isotherm Constants for Cd2+/Pb2+ Adsorption on MIL-53(Fe) 
 

  Langmuir model Freundlich model 

 qe (experimental)  

(mg g-1) 

qmax  

(mg g-1) 

Kl  

 (l g-1) 

R2 n Kf  

(mg g-1) 

R2 

Pb(II) 177 178.57 0.10 0.9972 2.46 26.96 0.976 

Cd(II) 711 714.28 0.93 0.9991 3.04 276.44 0.9459 
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Fig. 6. (a) Adsorption capacities of MIL-53(Fe) for Pb(II), Inset: fitted Langmuir equation of MIL-53(Fe) and (b)  
                   Adsorption capacities of MIL-53(Fe) for Cd(II), Inset: fitted Langmuir equation of MIL-53(Fe) . 

 

 
Fig. 7. (a) Freundlich equation of MIL-53(Fe) for Pb(II) and (a) Freundlich equation of MIL-53(Fe) for Cd(II). 
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According to the slope and intercept in Figs. 6, 7a, b, the 
values of experimental qmax (177 and 711 mg g-1) are very 
close to the respective calculated qmax values ( 178.57 and 
714.28 mg g-1) for Pb(II) and Cd(II), indicating that the 
sorption sites are basically homogeneous. 
 
Thermodynamic Studies 
      Thermodynamic parameters such as the standard Gibbs 
free energy of the adsorption ΔG°, standard entropy of 
adsorption (ΔS°) and standard enthalpy of adsorption (ΔH°) 
provide additional information on inherent energetic 
changes of adsorption process, which can be  calculated by 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
using Eqs. (6) and (7): 
 
      

dKRTG ln                                                            (6)                                                                                                

 
      

RT
H

R
SK d

 



ln                                                        (7)                          

 
where kd is the distribution coefficient (kd = qe/Ce), T is the 
temperature, and R is the gas constant (8.314 J mol-1 K-1). 
The values of (ΔH°) and (ΔS°) were evaluated from the 
slope and intercept of the Van't Hoff linear plot of ln(kd) 
against  1/T (Figs. 8a, b). It can be seen  in  Table 9  that  all  

 

Fig. 8. Van't Hoff plots for the uptake of a) Pb(II). b) Cd(II) on the MIL-53(Fe). 
 
 
                                 Table 9. Thermodynamic Parameters at Different Temperatures 
 

 ΔH 

(J mol-1) 

ΔS 

(J mol-1 K-1) 

ΔG 

(kJ mol-1) 

   297 303 323 

Pb(II) -4457 165.33 -53.560 -54.551 -57.858 

Cd(II) -5858 71.65 -27.138 -27.567 -29.000 
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values obtained for ΔG° are negative, suggesting the 
spontaneous nature of the Pb(II)/Cd(II) adsorption by   
MIL-53(Fe). The observed reduction in negative values of 
ΔG0 with increasing temperature shows that the adsorption 
became less favorable at higher temperatures. It has been 
reported that ΔGº values between -20 and 0 kJ mol-1 are 
consistent with electrostatic interaction between sorption 
sites and the metal ion (physical adsorption), while ΔGº 
values in a range of -80 to -400 kJ mol-1 involve charge 
sharing or transfer from the biomass surface to the metal ion 
to form a coordinate bond (chemical adsorption) [68]. The 
amounts of ΔG° obtained in this research are within the 
ranges of -20 and 0 kJ mol-1, indicating that physisorption is 
the dominate  mechanism. On the other hand, the observed 
negative value of ΔH° (Table 9) indicates that the process is 
exothermic, while the positive value of ΔS° corresponded to 
an increase in randomness at the solid/solution interface 
during the adsorption of Pb(II)/Cd(II) by MIL-53(Fe). 
 
Comparing our Research Results with Related 
Reports 
      Table 10 compares the adsorption capacity of Pb(II) and 
Cd(II)  on   various   adsorbents.   As   show   by   the   data,    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MIL-53(Fe) nano porous has the highest adsorption 
capacity compared to the other adsorbents. So, it is evident 
that MIL-53(Fe) nano porous  shows a great potential as an 
adsorbent for Pb(II) and Cd(II) meatal ions [69-73].  
 
CONCLUSIONS 
 
      In this work, MIL-53(Fe), a kind of metal-organic 
framework (MOF) material, has been synthesized by 
microwave (MW) irradiation. Small and homogeneous 
crystals were synthesized as quickly as 5 min from MW 
irradiation. The size reduction of crystals synthesized under 
this condition may be attributed to fast and uniform 
nucleation. To the best of our knowledge, these are the 
quickest crystallization times reported for MIL-53(Fe).  
      MIL-53(Fe) was proved to be an effective adsorbent for 
Pb(II) and Cd(II) removal from water. In the hydrated form, 
the pores of MIL-53(Fe) are filled with water molecules. 
Thus, MIL-53(Fe) showed a very high adsorption capacity 
of Pb(II)/Cd(II) in aqueous solution. To the best of our 
knowledge, this is the first work reporting the very high    
Pb(II) and Cd(II) adsorption capacity of MIL-53(Fe) with a 
Qmax of 178.57 and 714.28 mg g-1, respectively. 

       Table 10. Comparison of Maximum Adsorption Capacity of Metal Ions on Various Adsorbents 
 

 Adsorbent q0  

(mg g-1) 

Ref. 

Cd2+ MIL-53(Fe) 714.28 This work 

 Peels of banana 5.71 [69] 

 [CH3NH3]2XMnx-S6.0.5H2O 1.11 [70] 

 Thiosemicarbazide modified chitosan 257.2 [71] 

 Fe3O4-SO3HMNP 80.9 [72] 

Pb2+ MIL-53(Fe) 178.57 This work 

 Peels of banana 2.18 [69] 

 Fe3O4@SiO2-IIP 32.58 [73] 

 [CH3NH3]2XMnx-S6.0.5H2O 5.0 [70] 

 Fe3O4-SO3HMNP 108.93 [72] 
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      A CCD was applied to determine the factors interaction 
and the optimum values of four significant parameters. A 
quadratic model was obtained from this design using Design 
Expert software. Central composite design (CCD) and 
laboratory experiments were significant to evaluate the 
adsorption process.  
      The adsorption experiments showed that MIL-53(Fe) 
had an excellent adsorption performance for heavy metal 
ions such as high adsorption ability and fast adsorption rate.  
The temperature variation has been used to evaluate the 
values of G°, H° and S°. So, values of G° and H° show the 
spontaneous and exothermic nature of the sorption process. 
The understudy equilibrium is best described by Langmuir 
sorption. The comparison of two kinetic models 
demonstrates that the adsorption kinetic can be well 
described by the second-order rate equation isotherm.  
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