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Abstract 

MiL-53(Fe) analogue was successfully synthesized by the HF free-solvothermal method. 

The sample was characterized by XRD, N2 adsorption (BET), TEM, FTIR, XPS and 

AAS. From N2 adsorption–desorption isotherms, it shows that the structure of MiL-

53(Fe) in anhydrous form exhibits closed pores with almost no accessible porosity to 

nitrogen gas. XPS result reveals that Fe is really incorporated into MiL-53(Fe) 

framework. In hydrated form, pores of MIL-53(Fe) are filled with water molecules. Thus, 

MIL-53(Fe) exhibited very high adsorption capacity of As (V) in aqueous solution (Qmax 

of 21.27mg/g). From adsorption kinetics data, it reveals that As (V) adsorption isotherms 

fit the Langmuir model and obey the pseudo-second-order kinetic equation. 

Keywords: novel MiL-53(Fe) adsorbent, arsenic removal, arsenic adsorption kinetics.  

1 – Introduction 

Metal-Organic Frameworks (MOFs) are a new class of hybrid materials assembled with 

metal cation and organic linker, have received a great attention in recent years due to 

their unique properties: high surface area, crystalline open structures, tunable pore size, 

functionality and their application in separation, gas storage, adsorption and catalysis [1, 

8a-8d]. Some of the most interesting properties of MOFs are inherently linked with the 

secondary building units (SBUs) coordination sphere. Because of their site isolation, 

some SBUs feature metal cations with up to four open coordination site, priming them for 

inner-sphere redox reactivity [9]. Thus, metal substitution can alter directly the SBUs, 

creating the new properties of the material by introducing various metal centres in the 

same framework, one may cumulate different catalytically active sites and/or tune 
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adsorptive, optoelectronic, magnetic properties [10-14]. Recently, iron oxide as a 

promising adsorbent for removal of arsenic from aqueous solution has been investigated 

intensively [15–19] because the interaction between arsenic and iron oxide (micro and 

nano particles) is very strong and irreversible [19, 20]. In comparison to nanoparticles, 

metal−organic coordination polymers have the most important advantage is that the 

coordination polymers are tailored nanoporous host materials on the basis of the self-

assembly of metal ions linked together by bridging ligands, which make the most striking 

difference from common materials and nanomaterials being probably the total lack of 

nonaccessible bulk volume in coordination polymer structures. One of the exceptional 

properties of MOFs relies on their ability to adapt their pore opening to accommodate 

guest species, and different modes of flexibility have been described [21,22]. This 

“breathing” effect and swelling can produce a dramatic increase or decrease in cell 

volume without a loss of crystallinity or bond breaking [23]. Typical examples are the 

porous chromium and aluminum terephthalates denoted MIL-53 (Cr) and MIL-53 (Al) 

[24,25]. The iron(III) analogue was also described [26], but in contrast with the Cr and Al 

based solids, which exhibit a permanent microporosity in the anhydrous state, its 

anhydrous form of MIL-53(Fe) exhibits closed pores with no accessible porosity to most 

gases [27-29]. The application of MiL-53 (Fe) is a litte reported. Very recently, Lunhong 

Ai et al [30] revealed that MIL-53(Fe) showed high photo-Fenton catalytic activity in 

organic dye degradation under visible light irradiation. In addition, it was claimed that Fe 

containing MOFs can be used as high effcient adsorbent for asenic removal. However, 

only a few papers on this topic were reported. Zhu et al [31] showed that Fe-BTC 

exhibited high asenic adsorption capacity (Qmax of 12,87mg/g), more than 6 times that of 

iron oxide nanoparticles with a size of 50 nm and 36 times that of commercial iron oxide 

powders. 

In the present work, we report the synthsesis, characterization and asenic adsorption 

kinetic of MIL-53 (Fe). To our best knowledge, this is the first work reporting very high 

asenic adsorption capacity of MIL-53 (Fe) with Qmax of 21.27 mg/g. 

2- Experimental section 

Synthesis of MIL-53 (Fe) 

MIL-53(Fe) was synthesized from a mixture of  10 mmol of terephthalic acid  (Aldrich 

98%), 5 mmol of iron (III) chloride hexahydrated (Aldrich, 99%) in 50 ml of N,N′-

dimethylformamide (DMF, Aldrich, 98%). This slurry is then introduced in a 125 ml 

teflon lined autoclave. The system is then heated over night at 150oC for 16h. The yellow 
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powder corresponding to the MIL-53 solid filled with DMF (MIL-53(DMF)) was 

obtained by filtration. To remove the occluded DMF, the solid was heated at 150°C on air 

overnight and then cooled down to room temperature. Further, to extract the residual 

traces of DMF, the solid was stirred during a few hours in a large volume of deionized 

water and finally filtered and dried at 60oC over night.  

Characterization  

The powder X-ray diffraction (XRD) patterns of the samples were recorded on a 

Shimadzu XRD-6100 analyzer with Cu Kα radiation (l=1.5417̊). High resolution 

transmission electron microscopy (HR-TEM) using JEOL 1010 instrument operating at 

80 kV with magnification of 25,000–100,000 was used to obtain HR-TEM photograps of 

the samples. The X-ray photoelectron spectroscopy (XPS) measurement was performed 

on the ESCALab MKII spectrometer using Mg Kα radiation. The FT-IR spectra of the 

samples were measured by the KBr pellet method (BIO-RAD FTS-3000). Surface Area 

of samples were determined on Quantachrome Instruments version 3.0 at 77K and using 

nitrogen adsorbate. Atomic absorption measurements for arsenic species were caried out 

using a Double-Beam Atomic Absorption Spectrophotometer AA-630 (Shimadzu 

corporation, Kyoto, Japan), equiped with a quartz T-tube cell and hydride vapor 

generation system HVG-1. 

Removal efficiency of As(V) is defined as the following: 

( ) ( ) ( )
( )

initial conc. of As V   finnal conc. of As V
Removal efficiency %  100

initial conc. of As V
x

−
=  

3 - Results and Discussion 

3.1 characterization of the MiL-53(Fe) 

X-ray Diffraction (XRD) 
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Fig.1 XRD patterns of MIL-53(Fe) 

The XRD pattern of MIL-53(Fe) is plotted in Fig.1. In the pattern of the sample, the main 

diffraction peaks appear at 2θ of 9.24, 12.7, 17.66, 18.24, 18.58, 25.52, 27.32, 29.8, 

30.28, 36.18 are identical to those reported for the MIL-53(Fe) phase [24-26]. The pattern 

of MIL-53(Fe) showed the flat background and high intensities, indicating high 

crystallinity of the samples. Additionly, no Fe2O3 or  other phases were detected, 

indicating high purity of the sample. The influence of hydration – dehydration as well as 

pH value on MIL-53(Fe) phase were investigated. XRD paterns of hydrated-dehydrated 

MiL-53(Fe) at different pH values were showed in figure 1a and 1b. As observed in 

figure 1, the MiL-53(Fe) phase unpon hydration still remained the structure but the peak 

intensities were lower.  For influence of pH on structure, at pH of 6-7, the MiL-53(Fe) 

phase is not changed but at higher pH value of 8 -10, the MiL-53(Fe) phase mainly 

remained but an intermediate phase appeared (fig.1b). 

For MiL-53 materials, the behavior of hydrated – dehydrated phase is different. MiL-

53(Cr) showed a hydrated phase with contracted pores and a dehydrated phase with open 

pores. In contrast, the loss of water from MIL-53(Fe) results in a closing of the structure 

to form the metastable anhydrous phase[27a]. Thus, Alhamami et al. [27b] review 

breathing behaviors of MOFs and show that in the case of MiL-53(Fe), the unit cell 

volume increased from 899.6 Å3 (dehydrated form) to 1973.5 Å3 (hydrated form) and the 

channed diameter increased from 6.759 to 7.518 Å. The increase of unit cell volume is 

due to the increase of the distances between two nearest iron cations unpon hydration.  

Transmission Electron Microscopy (TEM) 
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Fig.2. TEM photographs of MIL-53(Fe) 

The morphology and particle size of the MIL-53(Fe) sample were examined by high 

resolution transmission electron microscopy (HR-TEM). The TEM image of MiL-53(Fe) 

and high magnification TEM image are illustrated in figure 2. As obserbed in Fig 2, the 

size distribution of  MIL-53(Fe) crystals is not uniform and crystals size ranged from 

1µm to 3 µm. The magnified TEM image reveales that very small pseudo-spherical 

particles of 5-8 nm, which closely attached on the surface of MiL-53 crystals. 

N2 adsorption–desorption isotherms 
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Figure 3. N2 adsorption–desorption isotherms of  MIL-53(Fe) 

Specific surface area and pore volume of MiL-53(Fe) determined by N2 adsorption-

desorption isotherms at 77K.  As seen in Fig 3, the N2 adsorption-desorption curves 

displayed an intermediate mode between type I and IV, corresponding to the micropores 

and mesopores (Peng et al.2012). The Brunauer–Emmett–Teller  (BET)  surface  area  

and  total  pore  volume of  MIL-53(Fe) were calculated to be 14 m2/g and  0.012 cm3/g, 

respectively.  The  Barrett–Joyner–Halenda  (BJH)  mesopore  size  distribution  curve  

exhibited  a  pore size centered at about 2.9 nm (Fig. 3). The very low surface area 

observed on MIL-53(Fe) indicates that the anhydrous form of MIL-53(Fe) exhibits closed 

pores with almost no accessible porosity to nitrogen gas. 

Fourier Transform Infrared Spectroscopy (FTIR) 
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Fig.4. FTIR spectrum of MIL-53(Fe) 

To identify the  functional groups of MIL-53(Fe) sample, the  FTIR spectroscopy  was  

performed and the result is shown in Fig 4. The characteristic  absorption peaks  of  the  

MIL-53(Fe) sample presented at 1680, 1543, 1396, 1020, and 750 cm−1, which could 

mainly  originate from the carboxylate groups vibrations and are identical to those of 

reported  data in the literatures [33–35]. The broad peak centered at 3440 cm−1 is 

associated with  the stretching vibrations of the O–H  from the surface adsorbed water. 

The two sharp  peaks at 1543 and 1396 cm−1 are assigned to asymmetric (νas(C–O)) and  

symmetric  (νas(C–O)) vibrations of carboxyl groups, respectively, confirming the 

presence of the  dicarboxylate linker within the sample. The peak at 750 cm−1 

corresponds to C–H  bending vibrations of the benzene. The intense peak at 540cm-1 is 

related to the Fe-O vibration [36]. 

X-ray photoelectron spectroscopy (XPS) 
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Fig. 5. XPS spectra of MIL-53(Fe) 

XPS spectra of MIL-53(Fe) are shown in Fig.5. The XPS spectrum of C1s (Fig.5d) 

showed two peaks at 284.9 and 288.7 eV, corresponding to phenyl and carboxyl signals, 

respectively [31,37,38]. In the XPS spectrum of O1s (Fig.5c), the O1s peak at 531.7 and 

533.1 eV related to the Fe-O-C species [39]. In the Fe 2p spectrum of MIL-53(Fe) 

(Fig.5b) appeared two peaks at 711.9 and 725.7 eV which correspond to Fe2p3/2 and Fe 

2p1/2 signals [31,40]. From the XPS result, it can be concluded that Fe is really 

incorporated into MIL-53 framework. 
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3.2. Arsenic adsorption isotherms and kinetics 

       Arsenic adsorption isotherms 

 

Fig. 6 (a) adsorption isotherms of  MIL-53(Fe) at different initial As(V) 

concentrations and (b) relationship between adsorption capacity and concentrations at the 

equilibrium (pH = 5, Mass adsorbents/solution volume = 1.0 g/L, T = 298 K) 

In order to investigate the ability of MIL-53(Fe) for As(V) removal, arsenic 

adsorption isotherms and kinetics were performed.  

Figure 6 displays the dependence of As(V) adsorption capacity on adsorption time by 

MiL-53(Fe) at different initial As(V) concentrations of 5, 10 and 15 mg/L. The 

adsorption rates increased rapidly within first 60 minutes for all concentrations, 

indicating the attribution  to the abundant free adsorptive sites and high As(V) 

concentrations gradient. Further  increasing adsorption time, adsorption rates decreased. 

At different initial As(V) concentrations, necessary time to reach the equilibrium is 

distinguished, i.e. at initial As(V) concentration of 5mg/L is only 90 minutes while at 

higher concentrations of 10-15 mg/L, longer time (120 mins) is needed (Fig 6a). The 

relationship between adsorption capacity at the equilibrium (Qe) and concentrations at 

the equilibrium (Ce) is presented in Fig 6b. As observed in Fig 6b, with increasing 

concentrations at the equilibrium (low concentrations of 0-10 mg/L), adsorption capacity 

at the equilibrium lineal increased. However, at higher concentrations of 10-20 mg/L, 

adsorption capacity negligible increased, already reaching the saturation state.  

Effect of pH 
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Fig 7. Effect of pH on removal efficiency of As(V) over MiL-53(Fe) 

(initial As(V) concentration: 5 mg/L, m /V = 1.0 g/L, T = 298 K) 

The pH is one of most important factors on arsenic adsorption process. H2AsO4
− dominates 

at low pH, which is less than about pH 6.9 [41]. To optimine pH values for adsorption of 

As(V) on MiL-53(Fe), the uptake of As(V) as a function of pH was investigated. Removal 

efficiency of As(V) in the range of pH 3−11 is illustrated in figure 7. As seen in Fig 7, the 

maximum of As(V) removal efficiency on MiL-53(Fe) was about 99% at pH of 5. Further  

increasing to pH of 11, the removal efficiency of As(V) decreased to 87%. It was argued that 

generally, MOFs materials are unstable in strong base condition (especially in the case used 

terephtalic acid as linker herein) and dissolved gradually, consequently the removal 

efficiency of As(V) decreased. High As(V) adsorption capacity of MiL-53(Fe) can be 

explained by the fact that at pH <6.9, As(V) in aqueous solution dominated H2AsO4
-, an 

anionic ligand with an ability to donate a pair of electrons (lewis base) which strongly 

interacts with centered Fe3+ cations(Lewis acid) in MiL-53(Fe) framwork by Lewis acid-base 

interaction. Additionally, electrostatic interaction between centered Fe3+ cations in MiL-53 

framwork and anionic H2AsO4
- in aqueous solution occurs. The combination of these two 

interactions leads to enhance the As(V) adsorption capacity of MiL-53(Fe), consequently. 

Adsorption Isotherms 
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Table 1. Langmuir and Freundlich isotherm constants for As (V) at room temperature 

Langmuir and Freundlich isotherm constants 

Langmuir isotherm Freundlich isotherm 

Qo (mg.g−1) 21,27 1/n 0.264 

KL (L.mg−1) 2,13 
KF 

[(mgg−1)(mg−1)1/n] 
11,57 

R2 0.994 R2 0.972 

RL 0.08 - - 

Two empirical equations, Langmuir and Freundlich isotherms models, were often used to 

analyze the experimental data [42,43].  

The Langmuir equation is expressed as follows: 

e
e

e m L m

C 1 1
 = C

q q K q

 
+  
 

 

The Freundlich equation is expressed as follows 

e F e

1
log q log K log C

n

 = +  
 

 

Where qm and KL in the Langmuir equation represent the maximum adsorption capacity 

of adsorbents (mg/g) and the Langmuir constant related to the energy of adsorption, 

respectively. KF and n are Freundlich constants related to adsorption capacity and 

adsorption intensity, respectively. The parameters of the Langmuir and Freundlich 

models were calculated and given in table 1. The curves fitting results of the Langmuir 

and Freundlich model are shown in Figure 8. 
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Figure 8. (a) linearized Langmuir and (b) linearized Freundlich isotherms for As(V) 

adsorption on MiL-53(Fe) 

As observed in table 1 and Fig. 8, the value of  R2= 0,994 for Langmuir model is higher 

than that  of  R2=0,972 for Freundlich model, indicating that the Langmuir model fits much 

better than the Freundlich model. 

It is well accepted that the Langmuir isotherm assumes a surface with homogeneous 

binding sites, whereas the Freundlich isotherm is based on an exponential distribution 

of adsorption sites and adsorption onto heterogeneous surfaces. 

As seen in the magnified HR-TEM image (Fig. 2), the Fe-oxo clusters with the size of 

5-8 nm which uniform distributed on the MiL-53(Fe) surface, indicating the 

homogeneous adsorption sites of the sample. Therefore, this result further supports the 

confirmation that the Langmuir model fits much better than the Freundlich model. 

Moreover, much higher adsorption capacity (Qmax of 21.27 mg/g) of MiL-53(Fe) as 

compared to that of the Fe2O3 containing adsorbents or Fe containing MOFs reported in the 

literature (see table 2) was noted. 

Table 2: Comparison of As (V) adsorption capacity for different adsorbents 

No Adsorbents 
Experimental 

conditions 

Qmax  

(mg/g) 
Ref. 

1 Granular ferric hydroxide 
pH=6.5, T=293 K, 

I=0.02 mol/L NaCl 
3.1 44 

2 PAC 20-modified montmorillonite 
pH=6.9, T=298 K, 

m/V=2.0 g/L 
3.6 45 

3 
Iron-containing granular activated 

carbon 

pH=4.7, T=298 K, 

m/V=3.0 g/L 
6.6 46 

4 Fe3+ oxide coated ethylenediamine pH=4.0, T=298 K, 10.4 47 
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functionalized MWCNT m/V=0.1 g/L 

5 

Iron and 1,3,5-

Benzenetricarboxylic 

Metal−Organic Coordination 

Polymers 

pH = 4,m /V = 5.0 g/L, 

T = 298 K 
12.87 31 

6 Mil 53(Fe) 
pH = 5 ,m /V = 1.0 

g/L, T = 298 K 
21.27 

This 

study 

 

Adsorption kinetics  

Pseudo- first order equation 

The rate constant of adsorption is determined from the pseudo-first order equation given 

by Langergren and Svenska [48]: 

e t e 1ln(q q ) ln q k t− = −  

Where qe and qt are the amounts of As (V) adsorbed (mg.g−1) at equilibrium and at time t 

(min), respectively, and k1 the rate adsorption constant (min.−1). Figure 9 presents plots of 

ln(qe-qt) versus time t for different As(V) concentrations. Values of k1 were calculated from 

the plots of ln(qe−qt) versus t for different concentrations of As (V) on Mil-53(Fe) and 

given in table 3. As observed in table 3, the low value of R2 as well as large difference in qe 

experimental and qe calculated values indicate that the As (V) adsorption on Mil-53(Fe) 

does not obey the pseudo-first order equation. 

 

Figure 9. Plots of ln(qe-qt) versus time t for different As(V) concentrations 
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Table 3: Rate adsorption constants and As(V) adsorption capacities 

calculated according to pseudo-first order equation 

Conc. (mg/l) Equations  R1
2
 

k1 

(min-1) 
qe, exp (mg/g) qe, cal (mg/g) 

5 ln(qe-qt) = 2,404-0,016.t 0,833 0,016 4.94 11,06 

10 ln(qe-qt) = 2,129-0,015.t 0,934 0,015 9.7 8,404 

15 ln(qe-qt) = 2,346-0,072.t 0,926 0,072 13.301 10,44 

Pseudo- second order equation 

On the other hand, a pseudo-second order equation based on equilibrium adsorption [49]  

is expressed as: 

2
t 2 e t

t 1 1
t

q k q q
= +  

Where k2 (g/mg.min) is the rates constant of pseudo-second order adsorption. If pseudo-

second order kinetics is applicable, the plot of t/q versus t should show a linear 

relationship. There is no need to know any parameter beforehand and qe and k2 can be 

determined from the slope and intercept of the plot. Also, this procedure is more likely to 

predict the behavior over the whole range of adsorption. The linear plots of t/q versus t 

are presented in figure 10. 

correlation coefficients, qe experimental and qe calculated values according to the pseudo-

second order kinetic equation are shown in table 4. As noted in tab.4, the high R2 values 

of 0.994-0.996 as well as the coincidence between qe experimental and qe calculated 

values, it can confirm that the As(V) adsorption in aqueous solution obeys the pseudo-

second order kinetic equation. 
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Figure 10 . Linear plots of t/q versus time t for different As(V) concentrations 

Table 4: Rate adsorption constants and As(V) adsorption capacities 

calculated according to pseudo-second order equation 

Conc. 

(mg/l) 
Equations R2

2
 k2(g/mg.min) 

qe, exp 

(mg/g) 

qe, cal 

(mg/g) 

5 
t

tq
 = 3,135+0.193t 0.994 0,0120 4.94 5.18 

10 
t

tq
 = 3,253+0.095.t 0.996 0,0032 9.7 10,5 

15 
t

tq
 = 1,673+0,072.t 0.996 0,0031 13.301 13.88 

 

Conclusion 

From the obtained results, some conclusions can be drawn: 

� MIL-53(Fe) analogue with high purity and crystallinity was successfully 

synthesized by the HF free-solvothermal method. 

� From N2 adsorption–desorption isotherms, it shows that the structure of MiL-

53(Fe) in anhydrous form exhibits closed pores with almost no accessible porosity 
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to nitrogen gas. XPS result reveals that Fe is really incorporated into MIL-53(Fe) 

framework. 

� In hydrated form, pores of MIL-53(Fe) are filled with water molecules. Thus, 

MIL-53(Fe) exhibited very high adsorption capacity of As (V) in aqueous solution 

(21.27mg/g). 

� From adsorption kinetics data, it reveals that As (V) adsorption isotherms fit the 

Langmuir model and obey the pseudo-second order kinetic equation.
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