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a b s t r a c t
Metal organic frameworks are attracting scientific interest in adsorption applications owing to 
their large surface area and controllable pore size or shape over both microporous and mesoporous 
domains. Based on this, an iron(III) trimesic acid MIL-100(Fe) was facilely synthesized by hydrother-
mal treatment and used as adsorbent to remove neutral red (NR) from aqueous solution. MIL-100(Fe) 
was characterized using X-ray diffraction, scanning electron microscopy and transform infrared spec-
troscopy. MIL-100(Fe) was studied in view of the adsorption isotherms, thermodynamics, kinetics, 
and regeneration of the adsorbent. The adsorption kinetics data of NR were found to be in agreement 
with pseudo-second-order model. Temkin model was observed to be more suitable than Freundlich 
and Langmuir models in describing the adsorption isotherm. The maximum adsorption quantity was 
333 mg g–1 at 313 K from Langmuir model. Thermodynamic parameters indicated that the NR adsorp-
tion process was endothermic and spontaneous. The NR-loaded MIL-100(Fe) adsorbent was regen-
erated and reused using pH = 2, 75% ethanol. A single-stage batch design for NR adsorption onto 
MIL-100(Fe) was also presented based on Temkin isotherm model equation. Based on the findings, 
MIL-100(Fe) is a promising adsorbent for the removal of cationic dyes from solution and thus can be 
used in practical application.
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1. Introduction

In recent times, China has been faced with the issue of 
water pollution as a result of the generation of considerable 
amount of wastewater with color has been generated from 
many industries [1]. Among them, printing and dyeing 
wastewater has become one of the most difficult points in 
China’s wastewater treatment because of its high dye con-
centration, wide pH variation and various complex elements. 
Moreover, many dyes are considered to be toxic and even 
carcinogenic [2,3].

Neutral red (the structure seen from Fig. 1) is 3-amino- 
7-dimethylamino-2-methylphenazine hydrochloride with 
conjugated bond in the molecule, which is a eurhodin dye 
commonly used for staining lysosomes. NR can also be used 
as a pH indicator, changing from red to yellow between pH 
6.8 and 8.0. There is a balance between neutral and proton-
ated forms of NR. At acidic conditions, NR exists mainly in 
the form of protonation; at alkaline conditions, NR mainly 
exists in a neutral form.
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It is difficult to degrade dye compounds because they 
are very stable to light and oxidation reactions. In this con-
text, separation and removal of organic pollutants before 
discharging into water bodies and onto terrestrial lands 
are of great significance [4]. To date, significant research 
efforts have been devoted to developing economic and 
effective techniques for the removal of hazardous organic 
pollutants from wastewater and industrial effluents. These 
include adsorption [5–8], coagulation [9], electrocoagula-
tion [10], biodegradation [11], photodegradation [12] and 
advanced oxidation process [13,14]. Among these meth-
ods, adsorption is considered as a fairly cost-effective and 
reliable technique for wastewater remediation due to its 
high efficiency, easy operation and availability of various 
kinds of adsorbents [15].

Compared with the conventional adsorbents, metal 
organic frameworks (MOFs) have gained attention as  
promising materials for aqueous-phase adsorptive remo-
val of contaminants. Attributes such as large adsorption 
capacity, diverse hierarchical structure, high surface area, 
permanent porosity, tunable pore size, modifiable sur-
face and recyclability give MOFs an edge over conven-
tional adsorbents [16–18]. The performance of MOFs and 
their selectivity toward targeted pollutants of interest can 
be regulated by the judicious selection of metal ion and 
organic linker [19]. MOFs have been applied in several 
fields, such as catalysis [20], gas storage [21], separation 
[22], luminescence [23], chemical sensing [24], and magne-
tism [25]. Enamul et al. [26] reported an iron terephthalate 
(MOF-235) adsorbent to remove methyl orange (MO) and 
methylene blue (MB) from aqueous solution. Adsorption 
of MO and MB at various temperatures showed that the 
adsorption was a spontaneous and endothermic process 
[26]. Rajkumar et al [27] synthesised a series of MOFs for 
analysis of structures and applications in adsorption field, 
and found that MOFs exhibited many unique character-
istics. Huo and Yan [28] synthesised MIL-100(Fe) for the 
removal of malachite green (MG) from solution. Compared 
with these adsorbents, the merits of MIL-100(Fe) as an 
adsorbent are its remarkable chemical and solvent sta-
bility, unsaturated metal sites, aromatic pore walls for 
strong interactions [28]. However, the study of adsorption 
behavior on MIL-100(Fe) is limited by far.

MIL-100(Fe) was prepared and chosen as the adsorbent 
in this work. Herein, the adsorption behavior of dye on 
MIL-100(Fe) from aqueous solution was presented. Cationic 
NR was chosen as the representative dye. To understand 
the adsorption property and its mechanism, the adsorption 
kinetics and thermodynamics studies of NR on MIL-100(Fe) 
were carried out in detail.

2. Materials and methods

2.1. Reagents and chemicals

All reagents were of analytical grade and used without 
further purification. Trimesic acid (H3BTC) was supplied by 
Aladdin Industrial Corporation (Shanghai pudong new dis-
trict, China), and iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O) 
was purchased from Sinopharm Chemical Reagent Co. Ltd. 
(Ningbo road, Shanghai, China). Neutral Red (C15H17N4Cl) 
was obtained from Shang Hai SSS Reagent Co. Ltd., (Military 
road, Shanghai, China). N,N-Dimethyl formamide (DMF) 
and ethanol (C2H5OH) were bought from Fuchen (Tianjin) 
Chemical Reagent Co, Ltd.

2.2. Preparation of MIL-100(Fe)

MIL-100(Fe) was synthesized by hydrothermal method 
following the previous literature procedure [29]. The process 
can be seen from Fig. 2: the mixed solution was placed in a 
Teflon-lined autoclave containing the reaction solution with 
a chemical composition of Fe(NO3)3·9H2O, H3BTC and deion-
ized water. The molar ratio of Fe(NO3)3·9H2O:H3BTC:H2O 
was fixed at 1:0.67:35. The crystallization was followed at 
95°C for 12 h, and then cooled down to room temperature. 
The as-synthesized MIL-100(Fe) was further purified with 
heating water at 60°C for 5 h to remove residual unreacted 
ions after the solution was vacuumed drying. The yellow 
powder obtained after drying the solution was fully ground 
and then vacuum dried overnight. The final product was 
labeled as MIL-100(Fe) and was used for further studies 
and characterizations.

2.3. Characterization of MIL-100(Fe)

In this experiment, the surface structure as well as the 
physical and chemical properties of MIL-100(Fe) were 
determined, which provided theoretical basis for exper-
imental results and adsorption mechanism. The pH at 
point zero charge (pHpzc) of MIL-100(Fe) was determined 
by the 0.010 mol L–1 NaCl solution addition method. 
The morphology of MIL-100(Fe) was characterized by 
scanning electron microscope (SEM, FEI Quanta 200F, 
Holland). The characteristic functional groups were deter-
mined by Fourier transform infrared spectroscopy (FTIR 
Spectrometer, Nicolet iS50, USA). X-ray diffractometer 
(XRD, X’Pert PRO, Holland) was used to determine the 
structure of MIL-100(Fe) over the angular range from 2° 
to 40°. The MIL-100(Fe) specific surface area was evalu-
ated based on the Brunauer–Emmett–Teller method (BET, 
ASAP2420-4MP, USA). The chemical composition of MIL-
100(Fe) before and after adsorption of NR was analyzed by 
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, 
England).

2.3. Adsorption experiments

The batch adsorption experiments were carried out in 
air bath at 303 K and 120 rpm. A certain amount of absor-
bent (10 mg) was introduced in 50 mL Erlenmeyer flask with 
20 mL NR. Effect of factors, such as contact time, adsorbent 
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Fig. 1. Structure of NR.
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dose, coexisting ions and initial solution pH on the adsorption 
process were performed with NR concentration of 50 mg L–1 
at 303 K. Various initial NR concentrations of 10–170 mg L–1 
were selected to obtain adsorptive isotherm curves, while 
the kinetic studies were carried out at different temperatures 
(293, 303 and 313 K), separately.

The adsorption capacity (qe, mg g–1) of unit weight of 
MIL-100(Fe) onto NR and removal percentage was calculated 
according to the following equations:

q
C C
m

Ve
e

=
−0  (1)

where C0 is the initial NR concentration (mg L–1), Ce is the NR 
concentration at any time t or equilibrium (mg L–1), V is the 
NR solution volume (L), and m is the mass of MIL-100(Fe) (g).

2.4. Desorption and regeneration experiments

The recyclability of MIL-101(Fe) was evaluated after treat-
ment of the used adsorbent with deionized water. Different 
desorbing solutions were chosen to desorb NR-loaded MIL-
100(Fe) (t = 240 min, adsorbent dose = 10 mg, C0 = 50 mg L–1, 
T = 303 K). After desorption, the used MIL-100(Fe) was reused 
to adsorb NR and the adsorption condition was same with 
the first adsorption process. Then the best desorbing solu-
tion was chosen for the continuous desorption–adsorption 
studies to explore the reuse capacity of MIL-100(Fe). The 
desorption efficiency (D) and regeneration efficiency (η) 
were calculated using the following equations:

D m
mc

= ×100%  (2)

η = ×
q
q

%n

e

100  (3)

where D is the desorption efficiency of the MIL-100(Fe) (%); 
m is the mass of NR (g), which is desorbed from the adsor-
bent and mc is the remaining NR mass on MIL-100(Fe) before 

desorption (g). η is regeneration efficiency of the MIL-100(Fe) 
(%), qn and qe are the adsorption quantity of regenerative 
MIL-100(Fe) for recycle times and the primitive MIL-100(Fe) 
in the same experimental conditions, respectively. 

3. Results and discussion

3.1. Characterization of materials

The prepared MIL-100(Fe) was characterized by FTIR, 
XRD, SEM, N2 adsorption–desorption experiment and XPS.

3.1.1. FTIR analysis

FTIR spectroscopic analysis is a vital tool to characterize 
both the covalent and non-covalent functional group of a sub-
stance. The FTIR spectrum of MIL-100(Fe) is shown in Fig. 3. 
As clearly seen from the figure, the peak at approximately 
3,442 cm–1 represented the stretching vibration of the O–H 
group, whiles that at 1,638 and 1,325 cm–1 was due to O–H 
and C–O stretching vibrations, respectively [30]. Absorption 
peak at 548 cm–1 was from the stretching vibration of Fe–O 
bond, which clearly demonstrated that the two materials 
reacted successfully [31]. In addition, the result of pHpzc mea-
surement was 4.62 (figure not shown).

3.1.2. XRD and SEM analysis

The XRD pattern of the synthesized MIL-100(Fe) (b) and 
the simulated one (a) are shown in Fig. 4. The figure showed 
the characteristic peak of MIL-100(Fe) appeared nearby 10° 
which was in agreement with the simulated one [32], confirm-
ing the successful preparation of MIL-100(Fe). The SEM micro-
graphs of MIL-100(Fe) are picked up in Fig. 5. It was clearly 
observed that the surface of MIL-100(Fe) was very rough with 
many apertures which aided in its ability to bind NR.

3.1.3. Surface area and pore volume analysis

N2 adsorption–desorption isotherms based on the Barrett–
Joyner–Halenda (BJH) model is obtained to further study the 

Fe(NO3)3·9H2O

+ mix up

-- C

-- H

H2O

-- O

Teflon-lined 
autoclave

95 12h

-- Fe

Fig. 2. Synthesis process of MIL-100(Fe).
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hollow and porous structures of the products [33]. As depicted 
in Fig. 6, the prepared MIL-100(Fe) gave a BET surface area 
of 1,013 m2 g–1 with a pore volume of 0.22 cm3 g–1. The pore 
size distribution of MIL-100(Fe) estimated by using the BJH 
method gave an adsorption pore width in the range of 2–20 nm 
and the figure of aperture profile demonstrated the existence 
of mesopores. The relatively bigger pores can be attributed to 
the cavity inside the particles and granular stack.

3.1.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) is used to 
confirm the presence of each metal as well as the different 
oxidation states in which they occur. XPS is very useful in 
calculating the ratio between the metals as well as the ratio 
of each oxidation state of different metals in materials [34]. 
The XPS spectrum in Fig. 7 indicates the presence of Fe, O, C, 
N elements. N element appeared after the adsorption which 
meant MIL-100(Fe) had adsorbed NR successfully. The core 

level binding energy observed for the Fe 2p3/2 primary peak 
at 711.83 eV was clearly different from 706.55 eV of Fe metal 
and 708 eV of Fe2+. These peaks can be indexed to Fe3+ ions as 
they match well with reported binding energy of Fe3+ states. 
The two distinct states of Fe 2p1/2 and Fe 2p3/2 were observed 
at 724.39 and 711.83 eV and the peak of Fe 2p3/2 was stronger 
than Fe 2p1/2 due to spin–orbit splitting [35,36]. Therefore, it 
could be further proved that Fe was in its trivalent state. The 
peak of N1s at 397.6 eV belonged to Fe–N bond and the peak 
of O1s at 530.2 eV assigned to Fe–O bond. Meanwhile, com-
paring the XPS of elements from Figs. 7b and c, it is observed 
that the peak position of Fe2p and O1s did not change, but 
its relative strength decreased obviously, and the peak of N1s 
appeared after adsorption, which further proved the chemi-
cal adsorption taking place during the process.

The results from N2 adsorption–desorption measure-
ments analysis and XPS of samples before and after reaction 
indicated that MIL-100(Fe) had large surface area and good 
structural stability, which was of significance for potential 
applications in adsorption field.

3.2. Adsorption study

3.2.1. Effect of coexisted ions on adsorption

It is essential to study the effect of coexisted salts in solu-
tion on adsorption quantity as there are appreciable amounts 
of common salts in dye wastewater. The batch adsorption 
experiments were carried out at 50 mg L–1 NR solution with 
the initial pH of 5.35 and various concentration of five different 
salts. The results are shown in Fig. 8. It is noticed from Fig. 8 
that similar results were obtained for five salts that the values 
of qe increased as the concentration of coexisted salts increased. 
This may be attributed to the presence of non-electrostatic 
forces such as hydrogen bond and dispersive interaction. These 
forces were enhanced with the increase in ionic strength, which 
screened the electrostatic interaction. Moreover, with the devel-
opment of ionic strength, the non-electrostatic forces increased, 
thus resulted in the relatively higher adsorption quantity. 
Furthermore, adsorption capacity of MOF toward NR was 
higher with solution containing of CaCl2, MgCl2 and Zn(NO2)2. 
The result is different from the adsorption of malachite green on 
MIL-100(Fe), which may be due to the different dominant roles 
of the two adsorption process [27].

3.2.2. Effect of pH on adsorption

Initial pH will affect the surface charge of MIL-100(Fe) and 
the protonation degree of NR. The solution pH has an import-
ant effect on the NR adsorption process because it determines 
the forms of NR in aqueous phases and the surface charge 
of the adsorbent, thereby affecting the adsorption process 
and the adsorption capacity. The results at various solution 
pH are presented in Fig. 9. It was obviously seen from the 
figure that pH had an evident effect on NR adsorption capac-
ity. The maximum adsorption capacity of NR on MIL-100(Fe) 
emerged at pH 7–8. As the solution pH increased from 1 to 5, 
the negative charges on the surface of MIL-100(Fe) increased, 
which was favorable for the adsorption of positively charged 
NR due to electrostatic attraction. However, with the increase 
of pH until the pH > 8.0, the adsorption capacity of NR on 
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Fig. 3. FTIR spectra of MIL-100(Fe).

Fig. 4. XRD pattern of simulated MIL-100(Fe) (a) and MIL-
100(Fe) (b).
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the adsorbent descended, abundance of OH– competed with 
NR for adsorption, moreover, MIL-100(Fe) and the alkaline 
NR produced electrostatic repulsion. When the value of pH 
was from 7.0 to 8.0, the adsorption quantity changed little, so 
the initial pH was adjusted to 7–8 to achieve the best adsorp-
tion effect. But different adsorption results were observed for 
the methylene blue adsorption on MIL-100(Fe), which may 
be caused by the fact that pH is not as sensitive to methylene 
blue as neutral red [37].

3.2.3. Effect of equilibrium NR concentration on adsorption

The effect of equilibrium NR concentration and solution 
temperature on adsorption quantity was performed and the 
results are presented in Fig. 10. It was observed that the val-
ues of qe had a sharp rise with the increase in NR concentra-
tion. This could be attributed to the driving force from the 
dye concentration gradient. The maximum values of qe(exp) 
obtained at 293, 303 and 313 K were 320, 328 and 333 mg g–1, 
respectively, which showed that the effect of temperature 
on adsorption quantity was not significant. Moreover, with 
the increase in temperature, the unit adsorption capacity 
increased, which indicated that the adsorption process was 
endothermic.

After adsorption equilibrium, values of Ce were less than 
6.5 mg L–1 while the scope of initial NR concentration was 
from 10 to 170 mg L–1 (before adsorption). This showed that 
there was higher removal efficiency of MIL-100(Fe) toward 
NR from solution.

The adsorption equilibrium isotherm represents the 
mathematical relation of the amount of adsorbed target per 
gram of adsorbent to the equilibrium solution concentration 
at fixed temperature. It is necessary to establish the appro-
priate correlations for the equilibrium data in the design of 
the adsorption system. The adsorption isotherms are used 
to measure the relationship between adsorbents and adsor-
bates. Langmuir, Freundlich and Temkin model are used for 
fitting analysis of experimental data.

q
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Fig. 5. SEM images of MIL-100(Fe) of different magnification.
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where qe is the maximum adsorption capacity (mg g–1), qm 
is the equilibrium adsorption capacity (mg g–1), KL is a con-
stant related to the affinity of the binding sites and energy of 
adsorption (L mg–1). Ce is equilibrium concentration (mg L–1).

q K Ce F e
n= 1/  (5)

where KF is the constant of the Freundlich isotherm, 1/n is the 
constant which is related to the adsorption capacity and the 
adsorption intensity.

q A B Cee = + ln  (6)
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where A and B are the Temkin isotherm constants.
Nonlinear regressive analysis is used to fit the data using 

adsorption models and the fitted results are listed in Table 1. 
The fitted curves are also presented in Fig. 10.

It was observed that values of R2 obtained from Temkin 
equation were higher while the values of SSE were lower 
than other two equilibrium models. Furthermore, the fitted 
curves from Temkin equation were more close to the experi-
mental curves. This shows that the Temkin equation was bet-
ter to describe the adsorption process than Langmuir model 
and Freundlich model which was heterogeneous adsorp-
tion on multilayer surface. According to the fitted results, 
Langmuir model was also used to describe the equilibrium 
process while Freundlich model was the least to predict the 
process. The comparison of NR adsorption capacity on MIL-
100(Fe) and other adsorbents is listed in Table 2. Obviously, 
MIL-100(Fe) had a larger adsorption capacity than traditional 
adsorbent, which indicated that it had some prospects for 
practical application.

3.2.4. Adsorption kinetic study

The kinetic study was carried out at different initial NR 
concentration and temperature, the kinetics data (shown in 
Fig. 11) obtained from batch adsorption studies indicated 
that qt had a sharp increase within the first 1 h and then 
reached a plateau with different concentration, respectively.

In order to explore the adsorption mechanism of MIL-
100(Fe) on NR and figure out what controls the process, 
kinetic analysis were performed, the pseudo-first-order 
kinetic model and pseudo-second-order kinetic model were 
used for fitting analysis of experimental data.

q q et e
k t= − −( )1 1  (7)

q
k q t
k q tt
e

e

=
+
2

2

21
 (8)

where qt is adsorption quantity (mg g–1) at time t, qe is 
adsorption quantity at equilibrium (mg g–1); k1 (min–1) and 
k2 (mg g–1 min–1) are kinetic rate constants of pseudo-first- 
order kinetic model and pseudo-second-order kinetic model, 
respectively.
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Fig. 10. Adsorption isotherms and fitted curves.

Table 1
Parameters of equilibrium models

Langmuir
T/K KL (L mg–1) qe (exp)/(mg g–1) qm (theo)/(mg g–1) R2 SSE × 103

293 0.252 ± 0.067 320 455 ± 86 0.964 2.821
303 0.489 ± 0.087 328 467 ± 38 0.978 1.753
313 0.624 ± 0.230 333 493 ± 88 0.891 9.187
Freundlich
T/K KF 1/n R2 SSE × 104

293 116 ± 13 0.646 ± 0.087 0.914 6.772
303 146 ± 12 0.547 ± 0.069 0.928 5.960
313 176 ± 17 0.542 ± 0.103 0.813 1.573
Temkin
T/K A B R2 SSE × 103

293 120 ± 3.4 120 ± 3.6 0.991 0.681
303 165 ± 3.7 100 ± 3.3 0.988 0.963
313 194 ± 10 120 ± 12 0.924 6.322

Note: SSE = ( )q qc−∑ 2 , q and qc are the experimental value and calculated value according to the model, respectively.

Table 2
Comparison of adsorption capacity of NR onto various adsor-
bents

Adsorbent qe (mg g–1) Reference
Pyrolytic char 62.3 [38]
Activated carbon fiber 20.7 [39]
Mesoporous carbon spheres 227.3 [40]
Peanut husk 37.5 [41]
TOC-MnCl2 198.3 [42]
Zn3[Co(CN)6]2·nH2O nanospheres 285.7 [43]
MIL-100(Fe) 333.3 This study
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Values of k, qe, and R2 are listed in Table 3 using nonlinear 
regressive analysis and the fitted curves are also shown in 
Fig. 11. It was seen that the equilibrium adsorption capac-
ity increased from 100.8 to 283.1 mg g–1 with the increase in 
initial NR concentration from 50 to 150 mg L–1 at 293 K, and 
the calculated qe values had good agreement with the exper-
imental values. Furthermore, there were higher values of R2 
and lower values of SSE from this model. So NR adsorption 

on MIL-100(Fe) followed the pseudo-second-order kinetic 
model, which indicated that there was chemical adsorption 
between MIL-100(Fe) and NR.

3.2.5. Thermodynamic parameters

Thermodynamic parameters including enthalpy change 
(ΔHo), Gibbs free energy change (ΔGo) and entropy change 
(ΔSo) were used to estimate the effect of temperature on the 
adsorption of NR on MIL-100(Fe). They can be determined 
using the following equations.

K
C
Cc

e

e

= ad,  (9)

∆G RT Kc° = − ln  (10)

∆ ∆ ∆G H T S° = ° − °  (11)

where Kc is the distribution coefficient for the adsorption, Cad,e 
is the concentration of NR on the adsorbent at equilibrium 
(mg L–1), R (8.314 J mol–1 K–1) is the universal gas constant, T 
is the temperature (K).

The activation energy (Ea) is a physical quantity related 
to the rate of reaction, and its value can be used to infer the 
speed of the adsorption process. The activation energy for 
NR adsorption was calculated by the Arrhenius equation, the 
linear form is given as follows:

ln lnk k
E
RT
a

2 0= −  (14)

where k0 (g mg–1 min–1) is the temperature independent fac-
tor, Ea (kJ mol–1) is the apparent activation energy of the reac-
tion of adsorption, R is the gas constant, 8.314 J mol–1 K–1 and 
T (K) is the adsorption absolute temperature. When lnk2 is 
plotted vs. 1/T, a straight line with slope –Ea/R is obtained.

The thermodynamic parameters are listed in Table 4. The 
negative values of ΔG° at various temperatures were due to 
the fact that the adsorption process was spontaneous. The 
positive value of ΔH° showed that the reaction was endother-
mic, and also showed that higher temperature was benefi-
cial to the reaction. The negative ΔS° for NR on MIL-100(Fe) 
showed that this was one process of entropy decrease. The 
value of Ea < 40 kJ mol–1 was due to the result of physical 
adsorption process. The value of Ea was 27.5 kJ mol–1, con-
firming the occurrence of physical action in the adsorption 
process. 

3.2.6. Regeneration and reuse

Reuse of exhausted adsorbent or recovery of the adsor-
bate loaded on the adsorbent will make the treatment pro-
cess economical thus it is necessary to generate the exhausted 
adsorbent after adsorption [44–47]. In order to study the 
recycling performance of materials, the cyclic adsorption of 
MIL-100(Fe) by different materials is preliminarily tested, 
and three materials are used for further cyclic research. The 
results are presented in Fig. 12. It is obviously found from 
Fig. 12 that the adsorption capacity of NR on MIL-100(Fe) 
decreased with the increase in recycle number. HCl solution 
was the least results of regeneration. After three cycles of 
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Fig. 11. Adsorption kinetic process and fitted curves.
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adsorption, the adsorption amount by 75% ethanol with pH 
2 and 3 decreased by 16.3% and 27.4%, respectively. This may 
be because the chemical desorption process is not complete, 

resulting in partial dye molecules still remaining in the pore 
structure of MIL-100(Fe), reducing the specific surface area of 
MIL-100(Fe) during the cyclic adsorption process, thus reduc-
ing the adsorption of dyes. The first desorption and regener-
ation rate of MIL-100(Fe) can reach 70%, the adsorption rate 
of NR was still 50% after three regeneration and reuse cycles 
by 75% ethanol with pH 2, indicating that MIL-100(Fe) after 
adsorption had high stability as before. The effect of con-
tact time on desorption is carried out and results are shown 
in Fig. 13. It is clearly seen from Fig. 13 that the desorption 
efficiency reached the balance at first 100 min, then reached 
equilibrium. Two kinetic models were applied to fit the data 
and the fitting results (also shown in Fig. 13) showed that the 
pseudo-second-order kinetic model was better to describe the 
process because of the parameters of higher R2 and lower SSE, 
which indicated that chemical desorption was the leading 
role. Similar results were observed about desorption study 
of 2,4-dichlorophenol-loaded surfactant-modified phoenix 
tree leaf and p-chlorophenol or p-nitrophenol-loaded mag-
netic activated carbon using NaOH solution as elution agent 
[48,49].

In general, MIL-100(Fe) can be used as an adsorbent for 
regeneration and reuse.

3.2.7. Adsorption mechanism

The results of isotherm fitting showed that the adsorp-
tion process was multilayer taking place on a heterogeneous 
surface. The results of kinetic and thermodynamic analysis 
showed that the chemical and physical adsorption of NR on 
MIL-100(Fe) occurred simultaneously. Due to the influence 

Table 3
Parameters of kinetic models for NR adsorption onto MIL-100(Fe)

Pseudo–first–order equation
T/K C0 (mg L–1) qe (exp)/(mg g–1) qe (theo)/(mg g–1) k1 R2 SSE × 103

293 50 101 99 ± 0.8 0.392 ± 0.057 0.551 0.391
100 191 176 ± 6.1 0.185 ± 0.026 0.777 2.633
150 274 264 ± 5.5 0.157 ± 0.028 0.714 9.882

303 50 100 98 ± 1.2 0.397 ± 0.054 0.582 0.351
100 190 181 ± 5.7 0.181 ± 0.024 0.813 2.130
150 283 265 ± 11.0 0.144 ± 0.028 0.709 10.201

313 50 101 97 ± 2.4 0.732 ± 0.083 0.493 0.073
100 196 186 ± 5.3 0.265 ± 0.051 0.548 3.332
150 299 281 ± 11.3 0.308 ± 0.037 0.736 2.607

Pseudo-second-order equation
T/K C0 (mg L–1) qe (exp)/(mg g–1) qe (theo)/(mg g–1) k2 × 10–3 R2 SSE × 103

293 50 101 100 ± 0.3 8.501 ± 1.122 0.893 0.092
100 191 183 ± 4.1 1.554 ± 0.213 0.931 0.820
150 274 271 ± 2.5 0.812 ± 0.157 0.881 0.417

303 50 100 101 ± 1.0 8.731 ± 1.022 0.912 0.072
100 190 188 ± 3.9 1.570 ± 0.183 0.943 0.645
150 283 279 ± 8.4 0.755 ± 0.153 0.871 4.552

313 50 101 99 ± 1.8 0.022 ± 0.034 0.928 0.013
100 196 194 ± 3.2 2.559 ± 0.563 0.885 1.584
150 299 294 ± 8.2 2.301 ± 0.227 0.950 0.457

Table 4
Thermodynamic parameters of adsorption

Ea  
(kJ mol–1)

ΔH° 
(kJ mol–1)

ΔS° 

(kJ mol–1 K–1)
ΔG° (kJ mol–1)

293 K 303 K 313 K
27.50 29.52 –0.14 –11.50 –12.91 –14.33
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Fig. 12. Regeneration rate of three cycles using various solutions.
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of pH and coexisting ions on the adsorption quantity, it can 
be concluded that ion exchange was not dominant, but rather 
electrostatic attraction and π–π stacking were the main 
adsorption mechanisms, which alludes to physical adsorp-
tion being the main mode for adsorption. The mechanism 
diagram is shown in Fig. 14.

3.3. Process design for single-stage batch adsorber

Adsorption isotherms can be used to predict the equi-
librium results from isotherm curves and employed in the 
design of single adsorptive system in batch mode [50]. 

The design objective was to reduce initial NR concentra-
tion from C0 to Ct with some solution volume (L).

The mass balance for NR in the single-stage operation 
under equilibrium is given by:

V(C0–Ce)=m·qe (15)

where m is amount of added adsorbent (g) and L is solution 
volume (L).

As Temkin model is best to describe the equilibrium 
data from isotherm study, this model is applied to design 
single-stage adsorption system. Concatenating Eq. (15) and 
Temkin curve through two expressions of qe, the equation can 
be arranged as:

m
V

C C
q

C C
A B C

e

e

e

e

= - = -
+

0 0

ln
 (16) 

Fig. 15 represents several plots derived from Eq. (16). 
These plots showed the predicted adsorbent mass required 
to remove NR (C0 = 50 and 100 mg L–1) for 60%, 70%, 80%, 90% 
and 95% removal efficiency at various solution volume for a 
single-stage batch adsorption system (303 K). Usually, there 
was higher mass with the increase of removal efficiency at 
same volume or higher NR concentration.

4. Conclusion

A method for the synthesis of MIL-100(Fe) for the effec-
tive removal of NR has been presented. Characterization 
of the adsorbent using the FTIR spectroscopy revealed the 
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Fig. 13. Desorption kinetic process and fitted curves using 75% 
ethanol (pH = 2).
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corresponding to the functional groups of the MIL-100(Fe) 
framework. As part of investigating the nature of the inter-
face formed between the host and the guest species, an XPS 
analysis had been conducted which confirmed the existence 
of C–O–Fe bonding between the H3BTC and MIL-100(Fe) thus 
confirming the results from the FTIR study. The BET surface 
area was 1,013 m2 g–1. Studies on the kinetic process indicated 
that the rates of dye adsorption onto MIL-100(Fe) followed 
the pseudo-second-order kinetic model, indicating the pos-
sibility of chemical adsorption between NR and the surfaces 
of MIL-100(Fe). The equilibrium adsorption isotherm was in 
agreement with the Temkin model. The removal efficiency 
of dyes increased in weakly alkaline solution, and the addi-
tion of salt had a slight positive influence on the adsorption 
capacity. There was some property of regeneration and reuse 
for NR-loaded MIL-100(Fe). The thermodynamic analysis 
showed that the system was spontaneous, endothermic and 
physical process in nature.
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