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a b s t r a c t
In this study, the adsorptive removal of methylene blue from aqueous solution was carried out 
by Zr-containing metal-organic frameworks (MOFs). UiO-66, prototypes of MOFs, was used as 
an adsorbent with or without functionalization of free amino groups. Although the porosity and 
surface area of the functionalized UiO-66 (UiO-66-NH2) were smaller than that of the original UiO-
66, its adsorption capacity for methylene blue increases significantly with the functionalization. 
The improvement of the performance of UiO-66-NH2 can be attributed to electrostatic interaction 
between the cationic dye and the negatively charged surface of adsorbent, which is helpful for 
the adsorption of methylene blue. In order to study the adsorption characteristics, the effects of 
various operating parameters such as adsorbent dosage, shaking speed, pH, initial concentration 
of methylene blue, and temperature were investigated in a batch adsorption. The adsorption iso-
therm and kinetic data of methylene blue onto UiO-66-NH2 are best fitted by Redlich–Peterson and 
Elovich models, respectively. The adsorption process is an exothermic and of the multilayer vari-
ety. Thermodynamic parameters such as ΔG, ΔH, and ΔS were determined, which indicate that 
the adsorption process endothermic and spontaneous. Moreover, the UiO-66-NH2 adsorbent can be 
easily regenerated and reused by ethanol as eluent and the adsorption capacity decreases by only 
7.6% after five adsorption–desorption cycles. Therefore, MOFs functionalized with basic site, such 
as UiO-66-NH2, can be employed as an environmentally friendly adsorbent for the methylene blue 
removal from wastewater.
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1. Introduction

In recent years, China’s organic dye industry has 
developed rapidly. Throughout the production process of 
organic dye, a large amount of dye wastewater is generated, 
especially in the processes of sulfonation, nitration, reduc-
tion–oxidation, diazotization, and salting out. Organic dyes 
contain chemical ingredients that are harmful to humans and 
the environment, most of which have carcinogenic effects 
on humans and mammalian organisms [1,2]. Methylene 

blue, classified as cationic dye category (Fig. 1), is one of 
the major pollutants of organic dyes, which is widely used 
in the fields of papermaking, printing and dyeing, and tex-
tile industry [3]. Methylene blue is relatively stable in water, 
and has a strong resistance to oxidation and photolysis. 
Therefore, Methylene blue can be present in large quantities 
in wastewater and cause environmental pollution, and it is 
necessary to treat methylene blue-containing wastewater 
before discharge.
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There are many methods that have been applied in 
the removal of dyes from an aqueous solution including 
chemical oxidation [4,5], photodegradation [6,7], membrane 
separation [8,9], electrochemical treatment [10,11], biologi-
cal techniques [12,13], and adsorption [14–16]. Among the 
methods used, photodegradation is considered as a promis-
ing way of degrading dye [17,18]. However, it also has dis-
advantages, such as the need to add an additional oxidant, 
a narrow UV absorption range, low light energy utilization, 
and only effective for low-concentration dyes. Adsorption 
is recognized to be one of the most competitive technol-
ogies, which has the characteristics of high efficiency, low 
cost, and recyclability, and is widely used for dye-contain-
ing wastewater treatment [19]. Nowadays, there are many 
adsorbents that have been reported for the dye’s removal, 
such as activated carbon [20,21], industry solid waste 
[22,23], graphene [24], clay minerals [25,26], agricultural 
waste [27,28], etc. Naushad et al. [29] developed activated 
carbon modified by 2-amino-5-guanidinopentanoic acid for 
the removal of methylene blue from an aqueous solution. 
Regeneration results showed that the adsorbent can retain 
methylene blue after four cycles. Anitha et al. [30] synthe-
sized a newly nano-sized chitosan/PVA composite which 
was an effective adsorbent to remove Eosin Yellow dye from 
the aqueous solution. The prepared material could be used 
for recycling purposes and also be successfully employed 
for industrial wastewater. Tatarchuk et al. [31] synthesized 
cobalt-zinc ferrite nanoparticles which could be used as 
magnetic adsorbents to remove cationic and anionic dyes.

Notwithstanding, there are still various challenges 
in the adsorption process, such as the limited selectivity 
and adsorption capacity for removing low-concentration 
adsorbates, limited operating pH range, and adsorbent 
regeneration. Metal-organic frameworks (MOFs) are porous 
coordinated functionalized materials with a unique topo-
logical crystalline network structure, which are mainly syn-
thesized through the connection of metals or metal clusters 
with flexible organic ligands [32]. Compared with tradi-
tional adsorbents, MOFs can be considered as a potential 
and environmentally friendly material for dye adsorption 
and selective separation due to the multi-selectivity, high 
surface area, and good stability [33]. Therefore, in this 
work two Zr-containing MOFs, UiO-66 with and without 
functionalization of amino groups, were synthesized by 
solvothermal method and characterized by X-ray diffrac-
tion (XRD), Fourier transform infrared (FT-IR), scanning 
electron microscopy (SEM), and Brunauer–Emmett–Teller 

(BET), which were further used as adsorbent for the meth-
ylene blue removal from aqueous solution via a batch 
adsorption. Moreover, the effect of adsorbent dosage, shak-
ing speed, pH, initial concentration, and temperature were 
studied. In addition, the isotherms, thermodynamics, and 
kinetics of methylene blue adsorption were also presented, 
giving theoretical support for the solid–liquid adsorption 
research and treatment of methylene blue wastewater.

2. Experimental

2.1. Materials

Zirconium chloride (ZrCl4), terephthalic acid (C8H6O4), 
and 2-aminoterephthalic acid (C8H7NO4), methylene blue 
(C16H18ClN3S·3H2O) were obtained from Shanghai Aladdin. 
N,N-Dimethylformamide, acetic acid, ferric sulfate, hydrogen 
peroxide, ethanol, and sodium hydroxide were purchased 
from Sinopharm Chemical Reagent (Shanghai, China).

2.2. Methods

2.2.1. Analysis method

The concentration of methylene blue was measured 
with a visible spectrophotometer (UV-1800PC, Shanghai 
MAPADA Instrument Co., Ltd., China) at 665 nm. 
The standard curve of the concentration of methylene blue 
(y, mg/L) vs. absorbance (x) is y = 4.8160x – 0.0057, the 
range of x is 0–5.0, and the determination coefficients of 
the curve is 0.9995.

2.2.2. Preparation of the MOFs

UiO-66 and UiO-66-NH2 were synthesized by a sol-
vothermal method with some modifications to the pre-
viously reported procedure. The detailed procedure of 
UiO-66 or UiO-66-NH2 is as follows: 0.22 g of terephthalic 
acid (or 0.24 g of 2-aminoterephthalic acid), 0.30 g of zir-
conium chloride, 11.71 g of acetic acid, and 61.76 g of 
N,N-dimethylformamide were added sequentially into a 
100 mL conical flask. The molar ratio of the above four raw 
materials is 1:1:150:650. After shaking, the flask was soni-
cated for half an hour. Subsequently, the dissolved sample 
was sent to a reaction kettle and crystallized at 120°C for 
24 h. After the temperature dropped to room tempera-
ture, a solid was obtained after centrifugation and washed 
with N,N-dimethylformamide and ethanol for three times. 
Each wash was magnetically stirred for half an hour and 
then centrifuged. After washing, the desired product was 
dried at 110°C for 10 h in a vacuum oven. The dried prod-
uct was then naturally cooled, ground, and sieved through 
a 100-mesh screen, and stored in desiccators for use.

2.3. Characterization

The XRD data of the sample was measured by X-ray 
diffraction spectroscope (Rigaku UItimaIV, Japan) with Cu 
Kα radiation. The FT-IR spectra of the sample in the fre-
quency range of 4,000–400 cm–1 was recorded by using an 
infrared spectrometer (Thermo Fisher Nicolet iS10, USA). 
The surface morphology of the sample was studied by 

Fig. 1. Molecular structures and sizes of methylene blue.
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SEM (ZEISS SUPRA 55, German). BET specific surface area 
and pore size were characterized on an automatic surface 
analyzer (Micromeritics ASAP 2460, USA).

2.4. Adsorption experiment

The batch adsorption experiments were performed by 
adding different mass of MOFs with 20 mL of methylene 
blue aqueous solution at the specified concentration and 
pH in a 100 mL flask. The flasks were then immersed in a 
water bath oscillator at a constant shaking speed and tem-
peratures. The samples were taken and separated by cen-
trifuge. The concentration of methylene blue was measured 
by a visible spectrophotometer. The adsorption capacity of 
methylene blue on MOFs at a given time (qt, mg/g) and at the 
state of equilibrium (qe, mg/g), and the percentage removal 
of methylene blue, Re (%), were determined as follows:

q C C V
mt t= −( )×0  (1)

q C C V
me e= −( )×0  (2)

R
C C
Ce

e%( ) = ×
−( )

100 0

0

 (3)

where C0 is the initial concentration (mg/L), Ct is the concen-
tration at a specific time (mg/L), Ce is the concentration at 
the state of equilibrium (mg/L), m is the weight of the used 
adsorbent (g), and V is the solution volume (L).

2.5. Regeneration study

The methylene blue recovery experiments were accord-
ing to the following procedure. Before desorption, the 
following parallel adsorption experiments were carried 
out: UiO-66-NH2, 0.06 g, and 20 mL of methylene blue 
solution with initial concentrations 50 mg/L was placed 
into flask. The flask was shaken at 210 rpm and 318.15 K 
for 5 h, and the adsorption reached equilibrium. After the 
adsorption of methylene blue, the UiO-66-NH2 loaded 
with methylene blue was dried. Then 0.06 g of UiO-66-NH2 
loaded with methylene blue was added in 100 mL flask 
with 25 mL ethanol. The mixture was sonicated for an hour 
and separated by centrifuge. The adsorbent was then son-
icated for an hour with 25 mL of 1:1 ethanol and distilled 
water twice. After centrifugal separation, the adsorbent 
was dried for 10 h in a vacuum oven at 90°C. The recov-
ered UiO-66-NH2 was used again as an adsorbent to adsorb 
methylene blue from an aqueous solution.

3. Results and discussion

3.1. Characterization of the adsorbents

3.1.1. X-ray diffraction

The powder XRD spectrum of UiO-66 and UiO-66-NH2 
are displayed in Fig. 2. The characteristic peaks of UiO-66 
are 2θ = 7.48°, 8.62°, 12.14°, 14.22°, 17.14°, 22.30°, 25.78°, 

and 33.16°, corresponding to (111), (002), (022), (113), (004), 
(115), (224), and (137) crystal planes, respectively [34,35]. 
UiO-66 has obvious diffraction peaks at these eight char-
acteristic positions, and it is in good agreement with the 
theoretical spectrum. The XRD pattern of the synthesized 
UiO-66-NH2 agrees well with the characteristic reflection 
peaks of the UiO-66 crystal pattern, indicating that the 
successful preparation of UiO-66-NH2.

3.1.2. Fourier-transform infrared spectroscopy

The FT-IR spectrum of UiO-66, UiO-66-NH2 before and 
after adsorption, and UiO-66-NH2 after the fourth adsorp-
tion are exhibited in Fig. 3. For UiO-66, the characteristic 
peak at 1,658 cm–1 is related to the stretching vibration of 
C=O in terephthalic acid, revealing that the metal is coor-
dinated to the organic fraction of terephthalic acid [36]. 
The vibration at 1,587 cm–1 corresponds to the asymmet-
ric stretching vibration bands of O–C–O in the ligand, 
which indicates the presence of carboxylic acid groups in 
the framework. The vibrations at 1,506 and 1,398 cm–1 are 
attributed to the C=C double bond of the benzene ring. 
The peaks at 814, 746, and 667 cm–1 are the vibrations of 
the O–H bond and C–H bond in the ligand. Furthermore, 
the peak at 553 cm–1 in the low-frequency region is the 
asymmetric stretching of Zr-(OC). For the spectrum of 
UiO-66-NH2, the –NH2 functional group exhibits some 
characteristic absorption bands. The C–N stretching vibra-
tion was observed at 1,255 cm–1, while N–H wagging was 
found at 769 cm–1. These FTIR results verify the existence of 
–NH2 groups in UiO-66-NH2. After adsorption, the infrared 
spectrum of UiO-66-NH2 remains almost unchanged.

3.1.3. Scanning electron microscopy

The SEM images of the UiO-66, UiO-66-NH2 before and 
after adsorption at 50,000 magnification times are exhibited 
in Fig. 4, which indicated the two MOFs were crystallized 
well. It can be clearly seen from Fig. 4a that the prepared 
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Fig. 2. XRD patterns of UiO-66 and UiO-66-NH2.
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UiO-66 particles have a standard octahedral morphology, 
smooth, and clear edges, complete structure, good disper-
sion between the particles, and almost no agglomeration. 
The size of the particles is about 400 nm. The crystal struc-
ture of UiO-66-NH2 shown in Fig. 4b is similar to UiO-66, 
but its particle size is about 200 nm, which is smaller than 
UiO-66. After adsorption, the structure of UiO-66-NH2 
doesn’t collapse but remains almost unchanged, indicating 
its good stability.

3.1.4. Nitrogen adsorption–desorption

The N2 adsorption/desorption isotherms of the sam-
ples are shown in Fig. 5. It can be seen from the figure that 
the N2 adsorption/desorption isotherms of the two MOFs 
samples are type I isotherms and the adsorption take place 
at relatively low pressure (P/P0), which is the characteris-
tic adsorption type of microporous materials. As shown in 
Table 1, compared with UiO-66, the BET surface area and 
pore volume of UiO-66 after functionalization with amino 
groups are both reduced, which may be due to the vol-
ume occupied by the additional functional groups leading 
to a partial reduction in the pore space. The average pore 
diameters of UiO-66 and UiO-66-NH2 are comparable, 
and both less than 2 nm. The BET surface areas of UiO-
66 and UiO-66-NH2 are 1,394.4 and 1,052.0 m2/g, respec-
tively, which are larger than that reported in the literature 
[36–38]. UiO-66 and UiO-66-NH2 have a ratio of microp-
ore volume to total pore volume greater than 70%, which 
are outstanding adsorbent for adsorption. After adsorp-
tion, the surface area, total pore volume, and average pore 
diameter of UiO-66-NH2 increase slightly.

3.2. Factors affecting adsorption

3.2.1. Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorption was 
carried out by varying the dosage of two adsorbents from 

0.02 to 0.12 g for mixing with 20 mL of 50 mg/L of methy-
lene blue solutions shaken at 210 rpm and 298.15 K for 5 h. 
The percent removal of methylene blue was obtained, and 
the results are displayed in Fig. 6a. As shown in this Fig. 6, 
the adsorption performance of UIO-66-NH2 is better than of 
UIO-66 in the range of the adsorbent used. It may be due 
to the presence of an electron-donating group amino group 
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fourth adsorption.

 

 

 
Fig. 4. SEM images of (a) UiO-66, (b) UiO-66-NH2, and 
(c) UiO-66-NH2 after adsorption
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on UIO-66-NH2, which enhances the electrostatic attraction 
between the cationic dye (methylene blue) and the nega-
tively charged surface of adsorbent. In addition, the molec-
ular structure and size of methylene blue were calculated by 
Gaussian 16 using b3lyp/6–31+g(d,p) method and shown in 
Fig. 1. The size of methylene blue is less than the average 
pore diameter of UiO-66 or UiO-66-NH2, which indicates 
that methylene blue molecules can enter the pores of the 
adsorbent and be adsorbed in the pores. Furthermore, the 
percentage removal of methylene blue is promoted with 
the increase of the UIO-66-NH2 dosage because of the more 
active sites for adsorption. Therefore, the UIO-66-NH2 
was selected to adsorb methylene blue from an aqueous 
solution in the further study.

3.2.2. Effect of shaking speed

The effect of shaking speed was studied at three dif-
ferent shaking speeds from 160 to 260 rpm with 20 mL of 
50 mg/L methylene blue solution containing 0.06 g UIO-
66-NH2 at 298.15 K. The adsorption capacity of methylene 
blue vs. time at different shaking speeds are plotted and 
displayed in Fig. 6b. It can be seen from the figure that 
the adsorption rate of methylene blue on UIO-66-NH2 
increases with an increase of shaking speed from 160 to 

210 rpm and then is found to remain substantially constant 
with the further increase of the shaking speed. The above 
results may be that the increase in the mixing degree reduces 
the thickness of the boundary layer around the adsorbate 
particles [39]. When the mixture was shaken, the adsorbed 
solid particles quickly move into the solution, which makes 
the concentration of methylene blue near the surface of the 
solid particles and approach the total concentration [40]. 
As the shaking speed was changed from 160 to 210 rpm, 
the external mass transfer rate of methylene blue increase. 
However, the external mass transfer rate remains constant 
by further ascending the shaking speed, which indicates 
that the external diffusion resistance keeps constant. Hence, 
the shaking speed was set at 210 rpm in further studies.

3.2.3. Effect of pH

The pH of the solution is a key variable for the adsorp-
tion of dye on MOFs, and it changes the charge distribution 
on the surface of the adsorbent and affects the interaction 
between the adsorbent and the dye [1]. The experiments 
were investigated in the pH range of 1–10 with 20 mL of 
50 mg/L of methylene blue solution and 0.06 g UIO-66-NH2 
at 210 rpm and 298.15 K for 5 h. The equilibrium adsorption 
capacity of methylene blue was obtained, and the results 
are presented in Fig. 6c. It is obvious that the equilibrium 
adsorption capacity of methylene blue increases from 4.23 
to 10.10 mg/g when the solution pH was increased from 1 
to 6. Then, the pH has no significant effect over the range 
6–10, and the equilibrium adsorption capacity of methy-
lene blue varies between 10.06 and 10.35 mg/g. This can be 
explained by the protonation of the amino group of the UIO-
66-NH2 at low pH, forming a new substance that competes 
with the cationic methylene blue, reducing the interaction 
between methylene blue and the more positive adsor-
bent, and thereby depressing the adsorption capacity [41]. 
Conversely, the surface of UIO-66-NH2 generates a lot of 
negative charges by raising the pH, thus enhancing the elec-
trostatic interaction with methylene blue and improving the 
adsorption capacity. Thereby, the optimal pH range is 6–10.

3.2.4. Effect of initial concentration

The effect of the initial concentration of methylene blue 
(50–300 mg/L) on the removal (%) was carried out as follows: 
UIO-66-NH2, 0.06 g, and 20 mL of methylene blue solution 
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Fig. 5. N2 adsorption and desorption isotherm of the UiO-66, 
UiO-66-NH2 before and after adsorption.

Table 1
Physical property of UiO-66, UiO-66-NH2 before and after adsorption

Parameters UiO-66 UiO-66-NH2 UiO-66-NH2 
after adsorption 

BET surface area, SBET (m2/g) 1,394.4 1,052.0 1,193.0
Micropore area, Smicro (m2/g) 1,272.0 933.1 1,025.2
External surface area, Sext (m2/g) 122.4 118.9 167.7
Micropore volume, Vmicro (cm3/g) 0.4866 0.3558 0.3917
Mesopore volume, Vmeso (cm3/g) 0.1311 0.1285 0.2317
Total pore volume, VT (cm3/g) 0.6177 0.4843 0.6234
Average pore diameter, APD (nm) 1.7718 1.8415 2.0903
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with different initial concentration were put into flask. The 
solutions were then shaken at 210 rpm and temperatures of 
(298.15, 308.15, and 318.15 K) for 5 h. The samples were ana-
lyzed and the equilibrium concentrations of methylene blue 
were determined. The equilibrium adsorption capacity and 
the percentage removal of methylene blue were both obtained 
and shown in Fig. 6d. It can be seen from the figure that the 
percentage removal of methylene blue by UIO-66-NH2 grad-
ually decreases with the increase of the initial concentration 
from 50 to 300 mg/L. This is because the active sites provided 
by the UIO-66-NH2 is limited when the amount of the used 
adsorbent is fixed. Afterwards, these active sites tend to be 
saturated, losing the ability to adsorb more molecules of 
methylene blue at higher concentrations. It can also be seen 
from the figure that the percentage removal of methylene 
blue enhances with rising the temperature from 298.15 to 
318.15 K at the same initial concentration, which indicates 
that the increase in temperature is favorable for adsorption, 
that is, the adsorption process is an endothermic process.

3.3. Adsorption isotherms

Adsorption isotherm is helpful to evaluate the adsorp-
tion ability of adsorbent, and can be further used to 

clarify the interaction between adsorbent and adsorbate. 
The adsorption isotherms of methylene blue on UIO-
66-NH2 were performed at three different temperatures 
from 298.15 to 318.15 K. The specific experimental condi-
tions were shown in section 3.2.4 (Effect of initial concentra-
tion), and three adsorption equilibrium curves at different 
temperatures were acquired and displayed in Fig. 7, which 
were the plots of qe against Ce.

The adsorption isotherms data were analyzed by using 
several models, such as Langmuir (Eq. (4)), Freundlich 
(Eq. (5)), Redlich–Peterson (Eq. (6)), Sips (Eq. (7)), and Temkin 
(Eq. (8)) models [42]. The non-linear forms of the five models 
were listed as follows:

q
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where qm (mg/g) is the maximum adsorption capacity of 
methylene blue onto the adsorbent surface, and KL (L/mg) 
is the Langmuir constant. KF ((mg/g)/(mg/L)1/n) and nF are 
the Freundlich constants. KRP (L/g), αRP ((L/mg)θ), and θ 
(≤1) are the Redlich–Peterson constants. KS ((L/mg)1/ns) and 
nS is the Sips constants. α (L/mg) and βT (J/mol) are the 
Temkin constants. R is the gas constant (8.314 J/mol K), and 
T is the absolute temperature (K). The non-linear method 
was used to determine the best-fit adsorption isotherm 
model by judging the determination coefficient (R2) and the 

chi-square value (χ2). The expression of the chi-square test is 
as follows [43,44]:

χ2
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∑

q q
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where the subscripts “exp” and “cal” represent the 
experimental and calculated values, respectively. For the 
non- linear fitting, it is not reasonable to use only one 
parameter of the correlation coefficient to determine the 
best-fit adsorption isotherm. Nevertheless, the chi-square 
test is a better method to determine the best-fit model [43]. 
If the calculated value from the model agrees well with 
the experimental data, the value of χ2 will be small and 
close to zero. A higher χ2 reveals a vast deviation between 
the experiment and the model. Therefore, it is feasible to 
check the best-fit adsorption isotherm model by chi-square 
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analysis. The five non-linear forms of adsorption isotherms 
models were fitted to experimental data by using OriginPro 
2015 with Levenberg–Marquardt algorithm and displayed 
in Fig. 7, while the correlated parameters were shown in Table 2.

As shown in Table 2, the lowest R2 and the highest χ2 
at each temperature indicate that the adsorption of meth-
ylene blue on UIO-66-NH2 is not well-described by the 
Langmuir isotherm. The remaining four models fit well the 
experimental data at three different temperatures because 
of the higher values of R2 (≥0.985) and lower values of χ2 
(≤0.25). On the basis of the highest values of R2 ≥ 0.9985 and 
the lowest values of χ2 ≤ 0.0113, we can conclude that the 
Redlich–Peterson model is the best-fit isotherm model for 
the adsorption of methylene blue onto UIO-66-NH2.

Redlich–Peterson model contains features of both 
Langmuir and Freundlich isotherms, which forms a hybrid 
adsorption mechanism and can be used either in multi-
layer and monolayer adsorption [45]. This model can well 
describe the adsorption isotherms in a wide concentration 
range of adsorbate. The exponent θ of the Redlich–Peterson 
model ranges from 0 to 1, and the value of exponent indi-
cates that Redlich–Peterson model exhibits different 
models: Langmuir (θ = 1), Freundlich (0 < θ < 1, KRP ≫ 1, and 
αRP ≫ 1), and Henry’s law (θ = 0). It can be clearly seen from 
Table 2 that Freundlich model can better describe the adsorp-
tion isotherm than Langmuir under different temperatures 
according to the values of θ, KRP, and αRP. The adsorption 

isotherm modeling demonstrates that the adsorption of 
methylene blue on UIO-66-NH2 occurs in multilayers [46].

The maximum adsorption capacity of methylene 
blue on UIO-66-NH2 obtained in the adsorption isotherms 
condition is 45.4 mg/g at methylene blue concentration 
of 300 mg/L and 318.15 K. The comparison of the max-
imum adsorption capacity with previously adsorbents 
is displayed in Table 3. It can be seen that the adsorption 
capacity of methylene blue onto UIO-66-NH2 is good and 
lies in the middle between different adsorbents, which 
indicates that the UIO-66-NH2 is an excellent adsorbent.

3.4. Adsorption thermodynamics

Thermodynamic adsorption studies play a significant 
role in illustrating adsorptive mechanisms and the energy 
change of adsorbents before and after adsorption. The 
thermodynamic parameters for the adsorption of meth-
ylene blue onto UIO-66-NH2 include the Gibbs energy 
change (ΔG), the enthalpy change (ΔH), and the entropy 
change (ΔS). These parameters were calculated using the 
following equations [47,48]:

∆G RT Ke= − ln  (10)

lnK H
RT

S
Re = − +

∆ ∆  (11)

where Ke is the dimensionless thermodynamic equilibrium 
constant, which is determined through converting the 
units of the best-fit isotherm model Redlich–Peterson con-
stant (KRP) in our work [49]. The process obtaining the 
dimensionless Ke is as follows:

K
K M

e =
 RP adsorbate Adsorbate

0

γ
 (12)

where Madsorbate is the molecular mass of adsorbate (g/mol), 
[Adsorbate]0 is the standard concentration of adsorbate 
(mol/L), and γ is the adsorbate activity coefficient. The 
molecular mass of methylene blue is 319.86 g/mol, and the 
activity coefficient and the standard concentration were 
assumed to be 1 and 1 mol/L, respectively.

Table 2
Isotherm parameters for the adsorption of methylene blue on 
UIO-66-NH2

Models Parameters T (K)

298.15 308.15 318.15

Langmuir

KL (L/mg) 0.0737 0.0677 0.1023
qm (mg/g) 37.03 43.51 44.40
R2 0.9149 0.9087 0.88285
χ2 1.1280 2.2431 3.1773

Freundlich

KF ((mg/g)/(mg/L)1/nF) 3.7955 3.4950 3.8622
nF 9.36 9.92 12.20
R2 0.9951 0.9978 0.9968
χ2 0.0668 0.0386 0.0647

Redlich–
Peterson

KRP (L/mg) 13.25 21.75 35.57
αRP ((L/mg)θ) 1.13 1.87 2.54
θ 0.78 0.74 0.77
R2 0.9985 0.9995 0.9988 
χ2 0.0101 0.0040 0.0113

Sips

KS ((L/mg)1/ns) 0.0981 0.0726 0.0910
qm (mg/g) 89.53 129.93 133.51
nS 2.67 2.69 2.95
R2 0.9974 0.9996 0.9984
χ2 0.0191 0.0031 0.0162

Temkin

αT (L/mg) 1.3299 1.2153 2.2777
βT (J/mol) 378.96 328.83 356.23
R2 0.9918 0.9849 0.9854
χ2 0.0819 0.2522 0.2508

Table 3
Maximum adsorption capacities of methylene blue for different 
adsorbents

Adsorbents qmax (mg/g) References

Bituminous coal 2.02 [22]
Kenaf fiber char 22.7 [59]
Waste apricot activated carbon 102.0 [60]
Chitosan-graphite oxide 64.9 [61]
Hazelnut shell activated carbon 8.8 [62]
Chitosan/PVA composite 52.9 [30]
Magnetic biochar composite 24.8 [63]
UIO-66-NH2 45.4 Our work
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The Gibbs energy change (ΔG) was directly deter-
mined from Eq. (10), and the enthalpy change (ΔH), and 
the entropy change (ΔS) were calculated from the slope 
and intercept of a plot of lnKe vs. 1/T which is displayed in 
Fig. 8. The results of the thermodynamic studies are listed 
in Table 4. The negative values of ΔG demonstrate the spon-
taneous adsorption process [50]. The positive value of ΔS 
reveals that the adsorption of methylene blue onto UIO-
66-NH2 is entropy driven rather than enthalpy driven [51]. 
Moreover, the positive value of ΔH verifies the endothermic 
nature of the methylene blue adsorption on UIO-66-NH2 
and increasing the temperature improves adsorption.

3.5. Adsorption kinetics

The adsorption kinetics can demonstrate the adsorp-
tion rate of adsorbent onto adsorbent and determine the 
equilibrium time [52]. The kinetic parameters obtained 
from the kinetic data modeling are of great significance 
for estimating the adsorption rate and give critical infor-
mation for process design to determine the adsorption 
mechanism and possible rate-limiting steps. The experi-
ments of adsorption kinetics were investigated as follows: 
0.06 g of UIO-66-NH2 was mixed with 20 mL of 50 mg/L 
methylene blue solution and put into 100 mL flask. The 
mixture was shaken at 210 rpm and three different tem-
peratures from 298.15 to 318.15 K, respectively. The adsorp-
tion capacity of methylene blue on UIO-66-NH2, qt (mg/g) 
vs. time are displayed in Fig. 9. It can be seen from the 
Fig. 9 that the rate of adsorption and equilibrium adsorption 

capacity both promote with increasing temperature. The 
result further exhibits that the adsorption of methylene 
blue onto UIO-66-NH2 is exothermic, which is aligned 
with the thermodynamics of adsorption.

Three kinetic models were selected to fit the kinetic 
data, which are pseudo-first-order, pseudo-second-order, 
and Elovich kinetic models, described by Eqs. (13)–(15), 
respectively [46,53]:

q q k tt e= − −( ) 1 1exp  (13)

q
k q t
k q tt
e

e

=
+
2

2

21
 (14)

q tt = +( )1 1
β

αβln  (15)

where k1 (min–1) and k2 (g/mg min) are the rate constant of 
the pseudo-first-order and second-order models, respec-
tively; α (g/mg min2) and β (mg/g min) are Elovich con-
stants, which stand for the initial adsorption rate and the 
desorption coefficient, respectively.

The adsorption kinetics data was analyzed by non- 
linear curve fitting analysis method using Origin 2015 to 
fit the selected three kinetic models by the determination 
coefficient (R2) and the chi-square value (χ2). In addi-
tion, qe in the chi-square (χ2) of Eq. (9) needs to be sub-
stituted by qt. The fitting results are displayed in Fig. 9 
and the model parameters were shown in Table 5. From 
Fig. 9 and Tables 5, it seems that the pseudo-first-order 
model is not suitable to describe the experimental data 
due to the lowest values of R2 (0.9119–0.9140) and high-
est values of χ2 (4.04–5.61) at three different temperatures. 
The pseudo-second-order and Elovich kinetic models 
are well-fitted to experimental data. The equilibrium 
adsorption capacities obtained from pseudo-second-order 
model are very close to experimental values, presenting 
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Fig. 9. Experimental data of adsorption kinetics and non-linear 
fitting of kinetics models.

Table 4
Thermodynamic parameters for the adsorption of methylene 
blue

T (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol·K)

298.15 –20.70
38.93 199.96308.15 –22.67

318.15 –24.70
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the high R2 (0.9698–0.9742) and low χ2 values (1.19–1.85). 
Hence, the adsorption kinetic data of methylene blue on 
UIO-66-NH2 is best fitted by Elovich model because of 
the highest values of R2 (0.9929–0.9961) and lowest val-
ues of χ2 (0.12–0.20). The Elovich model is based on the 
assumption that the adsorbent surface is heterogeneous 
in energy and that the adsorption kinetics is indepen-
dent of the desorption or interaction between adsorbed 
species at low surface coverage [54].

In order to determine the rate control steps of the 
adsorption process, the intraparticle diffusion model pro-
posed by Weber and Morris was further used to fit to the 
experimental data of adsorption kinetics, described by 
Eq. (16) [54]. The model presumes that the adsorption 
occurs through the diffusion of the adsorbed molecules into 
the pores of the adsorbent:

q k t Ct = +id
1 2/  (16)

where kid (mg/g min–0.5) and C (mg/g) are the intrapar-
ticle diffusion constants. The plots of qt vs. t1/2 are exhib-
ited in Fig. 10, and the values of kid, Ci, and R2 are shown 
in Table 6. If qt is linear with t1/2 and passes through the 
origin, the rate control step is only due to intraparticle dif-
fusion. Otherwise, there are other rate controls together 
with intraparticle diffusion.

Fig. 10 indicates that there are three different stages 
of linearity for the adsorption of methylene blue on UIO-
66-NH2 at each temperature, presenting that the adsorption 
process is governed by a multi-step control [55]. The first 
stage, starting from the origin, is the external diffusion of 
methylene blue through the solution to the external surface 
of UIO-66-NH2, or the boundary layer diffusion of meth-
ylene blue [56]. The big kid values in this stage reveal that 
the rate of adsorption is fast. The second stage is in regard 
to the gradual adsorption, where intraparticle diffusion 
is the rate-limiting step. The third stage is ascribed to the 
final equilibrium stage. In this stage, the intraparticle dif-
fusion commences to slow down due to the greatly dilute 

concentration of methylene blue left in the solution. The 
intercept value, C, represents the thickness of the boundary 
layer [57]. The C values of three stages at three different tem-
peratures are arranged in the following order C3NC2NC1, 
listed in Table 6. The results reveal that the smaller exter-
nal diffusion resistance at first stage owning to the higher 
vacant adsorption sites. In addition, the straight lines of the 
other two stages deviate from the origin, which implies that 
the rate control step isn’t only on account of the intraparticle 
diffusion [58]. The multiple natures of the plots at different 
temperatures can be attributed to the boundary layer dif-
fusion (the first stage) and the intraparticle diffusion (the 
other two stages).

3.6. Adsorption mechanism

The above results indicate UiO-66-NH2 has excellent 
adsorption performance for methylene blue. The possible 
adsorption mechanism of methylene blue on UiO-66-NH2 
is exhibited in Fig. 11. It can be seen from the structure 
of UiO-66-NH2 that there are two functional groups viz. 

Table 6
Parameters of intraparticle diffusion model

Parameters T (K)

298.15 308.15 318.15

kid,1 (mg/g min0.5) 1.2838 1.6326 2.1122
C1 (mg/g) 0.1914 0.1625 0.2248
R2 0.9841 0.9933 0.9839
kid,2 (mg/g min0.5) 0.7664 0.9461 1.0255
C2 (mg/g) 1.7761 2.3713 3.6684
R2 0.9644 0.9802 0.9563
kid,3 (mg/g min0.5) 0.2459 0.3406 0.3257
C3 (mg/g) 5.9346 7.0972 8.8225
R2 0.8773 0.9220 0.9563

Table 5
Kinetic model parameters for the adsorption of methylene blue

Models Parameters T (K)
298.15 308.15 318.15

Pseudo-first-order qe,exp (mg/g) 10.06 12.83 12.46
k1 (min–1) 0.0483 0.0484 0.0710
qe,cal (mg/g) 9.17 11.55 12.76
R2 0.9140 0.9126 0.9119
χ2 5.0238 5.6096 4.0417

Pseudo-second- 
order

k2 (g/mg min) 0.0065 0.0051 0.0067
qe,cal (mg/g) 10.10 12.79 14.01
R2 0.9698 0.9703 0.9742
χ2 1.7285 1.8498 1.1916 

Elovich α 1.7344 2.0791 4.0684 
β 0.5507 0.4298 0.4278
R2 0.9929 0.9961 0.9954
χ2 0.1973 0.1261 0.1248
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Fig. 10. Intraparticle diffusion plots for methylene blue 
adsorption at different temperatures.
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carboxylic and amino groups. Moreover, there are a lot of 
benzene rings on the absorbent. Therefore, the adsorption 
might be occurred by three mechanisms: (1) electrostatic 
interaction between electron-rich nitrogen and nitrogen, (2) 
electrostatic interaction between electron-rich oxygen and 
nitrogen, (3) and π–π interaction between the surface of 
UiO-66-NH2 and methylene blue [29].

3.7. Regeneration study

From an economic perspective, the regeneration and 
reusability of the adsorbents is a vital element in assess-
ing the performance of adsorption materials. In this work, 
the desorption of methylene blue from UIO-66-NH2 was 
evaluated with ethanol as eluents, and five adsorption–
desorption cycles were performed. The results are exhib-
ited in Fig. 12. As can be seen form Fig. 12, the removal 
of methylene blue declines slightly in each cycle, but still 
has a high adsorption capacity, which demonstrates that 
UIO-66-NH2 has outstanding regeneration and recy-
clability. Thus, UIO-66-NH2 can be employed as a cost-ef-
fective and environmentally friendly adsorbent for the 
methylene blue removal from wastewater.

4. Conclusions

In this work, two Zr-containing MOFs UiO-66 and UiO-
66-NH2 were synthesized and characterized by XRD, FT-IR, 
SEM, and BET, which were further used as an adsorbent for 
the methylene blue removal from aqueous solution. Even 
though, the porosity and surface area of the UiO-66-NH2 
were less than that of the original UiO-66, its adsorption 
capacity for methylene blue improves remarkably after 
the functionalization of free amino groups, which can be 
attributed to electrostatic attraction between the cationic 
dye and the negatively charged surface of adsorbent. 
The adsorption equilibrium data of methylene blue by 
UiO-66-NH2 was best fitted by the Redlich–Peterson model. 
The Elovich model can be favorably applied to describe the 
adsorption kinetics. The adsorption process is an exother-
mic and of the multilayer variety. Thermodynamic parame-
ters such as ΔG, ΔH, and ΔS were calculated, revealing that 

the adsorption endothermic and spontaneous. Furthermore, 
the adsorbent UiO-66-NH2 can be easily regenerated and 
recycled by ethanol as eluent, and the adsorption capac-
ity was only reduced by 5% after five cycles. Hence, UiO-
66 functionalized with basic site can be employed as an 
environmentally friendly and efficient adsorbent for the 
methylene blue removal from wastewater.
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