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Abstract: Zirconium based metal organic frameworks (Zr-MOFs) have become popular in engineering
studies due to their high mechanical stability, thermostability and chemical stability. In our work,
by using a theoretical kinetic adsorption isotherm, we can exert MOFs to an acid dye adsorption
process, experimentally exploring the adsorption of MOFs, their external behavior and internal
mechanism. The results indicate their spontaneous and endothermic nature, and the maximum
adsorption capacity of this material for acid orange 7 (AO7) could be up to 358 mg·g−1 at 318 K,
estimated by the Langmuir isotherm model. This is ascribed to the presence of an open active metal
site that significantly intensified the adsorption, by majorly increasing the interaction strength with
the adsorbates. Additionally, the enhanced π delocalization and suitable pore size of UiO-66 gave
rise to the highest host–guest interaction, which further improves both the adsorption capacity and
separation selectivity at low concentrations. Furthermore, the stability of UiO-66 was actually verified
for the first time, through comparing the structure of the samples before and after adsorption mainly
by Powder X-ray diffraction and thermal gravimetric analysis.
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1. Introduction

Water is one of the most important natural resources for human beings to live and develop;
it is particularity indispensable and irreplaceable. However, with the development of global
industrialization since the industrial revolution, the quantity and quality of our water resources
is deteriorating continuously, and various contaminants, such as toxic organic compounds, fluoride,
heavy metal ions, arsenic compound, and so on, have been detected at the maximum contaminant level
in waste water [1,2]. Therefore, the issue of effectively solving the water problem has attracted much
attention in our society; a society which will face great challenge in the upcoming decades [3,4]. Several
water treatment options, such as biological, physical and chemical methods, have been employed
successfully to solve or alleviate the contaminants problem [5–11]. Among these methods, adsorption
over porous materials is generally considered to be one of the most promising approaches for water
purification over the past decades as it is efficient, environmentally friendly and low-cost [12].

The traditional porous adsorbents, including zeolites [13], activated carbon [14], natural clays [15],
polymer-based porous materials [16], and so on [17,18] often used to handle water pollution. However,
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these traditional porous materials almost always have shortcomings, including low capacity, weak
interaction and difficulty in regeneration in practical applications [19–21]. So, the new porous materials
with high capacity, selectivity, lower cost and easier regeneration are still desirable. In order to
overcome these obstacles, on the one hand, these traditional porous materials can be modified to
improve their performance; [22–24] on the other hand, new materials have been prepared to replace
the conventional porous materials [25–28]. Metal-organic frameworks (MOFs) mainly result from the
inorganic metal ions or metal clusters coordinated with bidentate or multidentate aromatic organic
ligands to form three-dimensional network crystal structures. As a class of advanced crystalline porous
materials, MOFs have been considered to be the most promising candidates to replace the conventional
porous materials in pollutant removal due to their diverse structure and compositions, high surface
area, tunable pore size, numerous active metal sites and so on [29–32]. In recent years, the study on
MOFs for wastewater treatment has mainly been focused on their water stability, regeneration, and the
effects of MOFs’ structure, such as pore size, functional group and active metal sites, on the adsorption
performance [25,33,34]. However, investigation of the adsorption behavior and affinity of MOFs for
contaminants is also necessary for developing new adsorbents and realizing the practical application.

In numerous MOFs, UiO-66—as a remarkable hydro-stability material—is comprised of inorganic
nodes Zr6O4(OH)4 coordinated with terephthalate ligands to form a porous cubic framework [35].
This three-dimensional (3D) porous solid contains two types of cage, in which each centric octahedral
cage is surrounded by eight corner tetrahedral cages (free diameters of approximate 11 and 8 Å for the
two types of cages, respectively) connected through narrow windows (approximate 6 Å) (Figure S1,
ESI) [36]. Furthermore, it is reported that the size effect of UiO-66 powder crystals is from hundreds of
nanometers to dozens of nanometers [37]. It is worth mentioning that zirconium has a high affinity
towards oxygen ligands and Lewis acid character, making these bridges very strong, resulting in
UiO-66 having high thermal stability and its structure remaining unaltered in numerous solvents
such as water, dimethyl formamide (DMF), benzene and acetone, compared to other MOF structures.
This stability is also the basic factor for MOFs to be applied to water purification. Moreover, the
high-valence zirconium cations, as open metal sites contained in a secondary building unit, can target
specific adsorption behavior.

On the basis of the performance of UiO-66, we turned our attention to the adsorption behavior
and adsorption mechanism, especially the affinity of UiO-66 for specific pollutants depended on Lewis
acid-base character. In this work, UiO-66 was employed to study the adsorption progress and the
interaction by using a kind of acid dye, acid orang 7 (AO7), whose three dimensions are 5.44, 10.03 and
15.67 Å respectively [38], exploring the external behavior and internal mechanism between UiO-66 and
dyes. The results show that the adsorption is a spontaneous process of thermodynamics, and obeys the
pseudo-second order kinetic model. The adsorption isotherm study reveals that the adsorption is well
fitted by the Langmuir isotherm model with monolayer adsorption, and the maximum adsorption
capacity of this MOF material for AO7 is estimated to be up to 358 mg·g−1 at 318 K. Finally, the Lewis
acid-base interaction between AO7 and UiO-66 is verified and can be described as shown in Figure 1,
in which the zirconium ions, as an open active site, can coordinate with the sulfosalt contained in AO7.
The strength of the Lewis acid-base interaction of Zr-(-SO3

−) is higher than Zr-(H2O)/Zr-(DMF) but
less than Zr-(-CO2

−). Therefore, UiO-66 have complete crystal structure during the adsorption process.
The zirconium ion with Lewis acid character in UiO-66 is encompassed by water molecules, because a
lot of water molecules compete with the AO7 molecule to impede the formation of a complex between
UiO-66 and AO7 during the initial period. Over time, the AO7 molecule spreads to the surface of
UiO-66, and replaces the water molecule to form a relatively stable complex compound.
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Figure 1. Illustration of the potential mechanism of acid orang 7 (AO7) adsorbed into UiO-66. 
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2.1. Powder X-ray Diffraction (PXRD) 

Since stability is the basic factor for MOFs to be applied to gas storage, catalysis, water treatment, 
drug delivery, fluorescence sensing and so on, the samples of UiO-66 before and after adsorption 
were collected and contrastively analyzed using Powder X-ray diffraction (PXRD). The sample of 
AO7 adsorbed into UiO-66 is denoted as UiO-66-AO7. The PXRD pattern of UiO-66 and UiO-66-AO7 
are shown in Figure 2. In curve a of Figure 2, the well-defined diffraction peaks of the as-synthesized 
powder UiO-66 can be observed, and they are in good agreement with the reported literature, 
indicating the symmetric cubic structure and high crystallinity [39]. To examine the framework 
structure stability after adsorption of AO7 into UiO-66, PXRD data of UiO-66-AO7 were also collected. 
Compared with the UiO-66, there is no significant change in peak positions for the UiO-66-AO7, 
revealing the stability of the structure of UiO-66 after adsorption of AO7. The stability of UiO-66 can 
also be testified from the characterization of Fourier transform infrared spectroscopy (FT-IR) and 
Thermal gravitational analysis (TGA). After adsorption, the characterization peaks of UiO-66 still 
exist (Figure S2, ESI), and the decomposition temperature of UiO-66-AO7 is basically consistent with 
UiO-66 in each stage (Figure S3, ESI). 

Figure 1. Illustration of the potential mechanism of acid orang 7 (AO7) adsorbed into UiO-66.

2. Results and Discussion

2.1. Powder X-ray Diffraction (PXRD)

Since stability is the basic factor for MOFs to be applied to gas storage, catalysis, water treatment,
drug delivery, fluorescence sensing and so on, the samples of UiO-66 before and after adsorption
were collected and contrastively analyzed using Powder X-ray diffraction (PXRD). The sample of AO7
adsorbed into UiO-66 is denoted as UiO-66-AO7. The PXRD pattern of UiO-66 and UiO-66-AO7 are
shown in Figure 2. In curve a of Figure 2, the well-defined diffraction peaks of the as-synthesized
powder UiO-66 can be observed, and they are in good agreement with the reported literature, indicating
the symmetric cubic structure and high crystallinity [39]. To examine the framework structure stability
after adsorption of AO7 into UiO-66, PXRD data of UiO-66-AO7 were also collected. Compared with
the UiO-66, there is no significant change in peak positions for the UiO-66-AO7, revealing the stability
of the structure of UiO-66 after adsorption of AO7. The stability of UiO-66 can also be testified from
the characterization of Fourier transform infrared spectroscopy (FT-IR) and Thermal gravitational
analysis (TGA). After adsorption, the characterization peaks of UiO-66 still exist (Figure S2, ESI),
and the decomposition temperature of UiO-66-AO7 is basically consistent with UiO-66 in each stage
(Figure S3, ESI).

2.2. Adsorption Kinetic Studies

In the first, the maximum absorption wavelength of AO7 was obtained (Figure S4, ESI), and the
standard curve with absorbance versus concentration was depicted (Figure S5, ESI). And then, the
adsorption kinetic experiments were executed at 298 K, in which a 5 mg sample of powdered UiO-66
and 50 mL of AO7 aqueous solution were placed in a 100 mL beaker.

The amount of dye adsorbed into adsorbents (qt, mg·g−1) was determined by the following
Equation (1) [40].

qt =
(C0 − Ct)v0

m
(1)
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where C0 is the initial concentration of dye in solution (mg·L−1); Ct is the concentration of dyes at time
t in solution (mg·L−1). The v0 is the volume of dye solution (L); m is the mass of the adsorbent (g).

The curve of adsorptive capacity versus time is shown in Figure 3. Obviously, the adsorptive
capacity increases as the contact time or initial concentration increase, and the adsorption rate decreases
as the contact time increased and slowly reached zero at last. Moreover, the adsorption rate increases as
the initial dye concentration increases in the initial period, in which the diffusion of the dye molecule
as a rate-controlling step plays a dominant role.Materials 2017, 10, 205  4 of 11 
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adsorptive capacity.

In order to understand the potential reaction mechanism, the changes of adsorptive capacity with
time were simulated by the theoretical kinetic models. In this study, a pseudo-first order model and a
pseudo-second order kinetic model were employed to be tested [41,42].

The pseudo-first order and pseudo-second order kinetic models were described by the following
linear Equations (2) and (3), respectively:

ln(qe − qt) = ln qe − k1t (2)
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t
qt

=
1

k2q2
e
+

t
qe

(3)

where t is the contact time (h); k1 and k2 are the rate constant of the pseudo-first order and
pseudo-second order kinetic models, respectively.

The fitting plots with the pseudo-first order and pseudo-second order kinetic models are shown
in Figure 4a,b, respectively, and the relative parameters are listed in Tables 1 and 2, respectively. The
correlation coefficients (R2) of the pseudo-second order kinetic model are higher than the pseudo-first
order kinetic model under varying initial AO7 concentrations, and are very close to 1 (R2 > 0.999). This
result suggests that the adsorption progress of AO7 into UiO-66 is more suitable for the pseudo-second
order kinetic model, indicating a chemisorption. This result also suggests that the strong ion interaction
between the zirconium ion and sulfonate ion is very possible, which plays a dominant role over a long
period as a rate-controlling step.
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Table 1. Pseudo-first order kinetic parameters for AO7 adsorption into UiO-66.

C0 ppm qe mg·g−1 k1 10−2·h−1 R2

10 58.6 7.72 0.9899
20 82.6 5.31 0.9510
30 110 5.31 0.9755
40 142 6.27 0.9878
50 114 5.53 0.9363
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Table 2. Pseudo-second order kinetic parameters for AO7 adsorption into UiO-66.

C0 ppm qe mg·g−1 k2 10−3 g·mg−1·h−1 R2

10 99.5 3.11 0.9985
20 146 1.82 0.9973
30 175 1.21 0.9979
40 219 0.987 0.9991
50 226 1.50 0.9990

2.3. Adsorption Isotherm Studies

The adsorption isotherm is one of most important data to measure the saturated adsorption
capacity of any adsorbent, explore the adsorption rationale and the practical application of adsorbents.
An adsorption isothermal experiment of AO7 adsorbed into UiO-66 is conducted at varying initial AO7
concentrations (from 50 to 300 ppm) over 72 h under different temperatures. The plots with adsorption
capacity versus concentration at equilibration under different temperatures are shown in Figure 5.
Obviously, the adsorption capacity at equilibration increases with the increasing of temperature, owing
to the endothermic process that dissociates the water molecule from the surface of AO7 or secondary
building units (SBU) of UiO-66.

Materials 2017, 10, 205  6 of 11 

 

Table 1. Pseudo-first order kinetic parameters for AO7 adsorption into UiO-66. 

C0 ppm qe mg·g−1 k1 10−2·h−1 R2

10 58.6 7.72 0.9899 
20 82.6 5.31 0.9510 
30 110 5.31 0.9755 
40 142 6.27 0.9878 
50 114 5.53 0.9363 

Table 2. Pseudo-second order kinetic parameters for AO7 adsorption into UiO-66. 

C0 ppm qe mg·g−1 k2 10−3 g·mg−1·h−1 R2

10 99.5 3.11 0.9985 
20 146 1.82 0.9973 
30 175 1.21 0.9979 
40 219 0.987 0.9991 
50 226 1.50 0.9990 

2.3. Adsorption Isotherm Studies 

The adsorption isotherm is one of most important data to measure the saturated adsorption 
capacity of any adsorbent, explore the adsorption rationale and the practical application of adsorbents. 
An adsorption isothermal experiment of AO7 adsorbed into UiO-66 is conducted at varying initial 
AO7 concentrations (from 50 to 300 ppm) over 72 h under different temperatures. The plots with 
adsorption capacity versus concentration at equilibration under different temperatures are shown in 
Figure 5. Obviously, the adsorption capacity at equilibration increases with the increasing of temperature, 
owing to the endothermic process that dissociates the water molecule from the surface of AO7 or 
secondary building units (SBU) of UiO-66. 

 
Figure 5. The plots of qe versus Ce at different temperatures. 

In order to thoroughly understand the adsorption behavior, the experimental dates were evaluated 
by two generally used isothermal models—the Langmuir and Freundlich models—in this study. The 
Langmuir isothermal model is based on the assumption of monolayer adsorption, in which the 
adsorbate only combines with a finite number of open active sites that are identical and equivalent [43]. 
However, the Freundlich isothermal model is only an empirical model whose earliest known 
relationship describes the non-ideal and reversible adsorption, which can be applied to multilayer 
adsorption without being restricted to the formation of a monolayer [44]. The Langmuir and Freundlich 
isothermal models were described by the following linear Equations (4) and (5), respectively: 

Figure 5. The plots of qe versus Ce at different temperatures.

In order to thoroughly understand the adsorption behavior, the experimental dates were evaluated
by two generally used isothermal models—the Langmuir and Freundlich models—in this study. The
Langmuir isothermal model is based on the assumption of monolayer adsorption, in which the
adsorbate only combines with a finite number of open active sites that are identical and equivalent [43].
However, the Freundlich isothermal model is only an empirical model whose earliest known
relationship describes the non-ideal and reversible adsorption, which can be applied to multilayer
adsorption without being restricted to the formation of a monolayer [44]. The Langmuir and Freundlich
isothermal models were described by the following linear Equations (4) and (5), respectively:

Ce

qe
=

Ce

qs
+

1
qsKL

(4)

ln qe = ln KF +
1

nF
ln ce (5)
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where qs (mg·g−1) is the amount of adsorption of AO7 at a theoretical saturation capacity; KL and KF
are the constants of the Langmuir and Freundlich isotherm model, respectively; nF is the intensity of
the adsorption.

The simulation curves with the Langmuir and Freundlich isothermal models are shown in
Figure 6a,b, respectively, and the relative permeants are listed in Tables 3 and 4, respectively. The
correlation coefficients (R2) of the Langmuir isotherm model are higher than the Freundlich isothermal
model—very close to 1 (R2 > 0.9999) under different temperatures. This provides strong evidence that
the adsorption of AO7 into UiO-66 follows the Langmuir isothermal model, which indicates that the
adsorption takes place on homogeneous sites that are identical and energetically equivalent. However,
the slight variation of KL with the temperature changes indicates that the affinity of binding sites is
independent of temperature; this is mainly to overcome the barrier of water molecules. Furthermore,
the maximum adsorption capacity of UiO-66 for AO7 is estimated to be up to 358 mg·g−1 at 318 K.
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Table 3. Parameters of the Langmuir isotherm for AO7 adsorbed into UiO-66 at different temperatures.

Temperature
(K)

qs
(mg·g−1)

KL
(104 L·mol−1) R2 ∆G0

(kJ·mol−1)
∆H0

(kJ·mol−1)
∆S0

(J·mol−1·K−1)

298 332 2.64 0.9999 −25.2
9.09 115308 346 2.93 0.9999 −26.3

318 358 3.32 0.9999 −27.5
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Table 4. Parameters of the Freundlich isotherm for AO7 adsorbed into UiO-66 at different temperatures.

Temprature (K) KF (mg·g−1) (L·mg−1)n nF R2

298 108 4.87 0.9092
308 118 5.01 0.9225
318 130 5.31 0.9229

2.4. Adsorption Thermodynamics

From the adsorption isotherm, the adsorption capacity of AO7 into UiO-66 increases as the
temperature increases, revealing an endothermic process. The thermodynamics parameters such
as Gibbs free energy change (∆G0), enthalpy (∆H0) and entropy (∆S0) can be calculated from the
adsorption isotherms parameters and further reveal the adsorption mechanism. The thermodynamics
parameters were determined using the following equations [45]:

4 G0 = −RTLnKL (6)

4 G0 = 4H0 − TS0 (7)

The Gibbs free energy change (∆G0) of the adsorption of AO7 into UiO-66 obtained at all the
temperatures was listed in Table 4. As shown in Figure 7, ∆H0 and ∆S0 were determined from the
slope and intercept of the ∆G0 versus temperature plot and are also tabulated in Table 4. Obviously,
the negative values of ∆G0 at all temperatures and the positive values of ∆H0 (9.09 kJ·mol−1) indicate
the spontaneous and endothermic nature of AO7 adsorbed into UiO-66 [46]. Furthermore, the
positive value of ∆S0 (115 J·mol−1·K−1) reflects the affinity of UiO-66 for AO7 as well as an increased
randomness at the solid-solution interface during adsorption.
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3. Conclusions

In summary, UiO-66 was successfully synthesized by adding concentrated hydrochloric acid as
accelerant, promoting crystal growth under a facile condition with low temperature (<353 K). The
Lewis acid character of zirconium ions in the SBU of UiO-66, as open active sites, was studied for
the removal of AO7 from aqueous solution. The results show that the adsorption progress obeys
the pseudo-second order kinetic model, and can be described as the Langmuir isotherm. Moreover,
the maximum adsorption capacity of this new MOF material was calculated to be 358 mg·g−1 at
318 K by the Langmuir isotherm model. The negative values of ∆G0 at all the temperatures and the
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positive values of ∆H0 (9.09 kJ·mol−1) indicates the spontaneous and endothermic nature of AO7
adsorbed into UiO-66. On the other hand, interestingly, the size of the target molecule (acid orange 7)
is smaller than the window size of UiO-66, due to the possibility of pores inside and on the surface
of MOF crystals. Based on these premises, it is reasonable to believe that the target molecule on the
surface of MOF crystals will diffuse into the pores over an adsorption equilibrium point. In addition,
the stability of UiO-66 and the moderate Lewis acid-base interaction makes it possible for UiO-66 to
replace traditional porous materials applied in water treatment.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/2/205/s1.
Figure S1: Schematic illustration of the UiO-66(Zr) structure (a). UiO-66(Zr) contains two cage types: tetrahedral
cages (b) and octahedral cages (c). Structure (d) shows the secondary building units. Zirconium, oxygen, carbon
and hydrogen atoms are red, blue, gray, and white, respectively, Figure S2: The infrared spectra of UiO-66 (a) and
UiO-66-AO7 (b), Figure S3: Thermal properties of UiO-66 (a) and UiO-66-AO7 (b), Figure S4: UV-vis spectrum of
AO7 aqueous solution, Figure S5: The standard curve of AO7 aqueous solution.

Acknowledgments: This study has been supported by the National High Technology Research and Development
Program (863 program) of China No. 2012AA06A111; Hubei Provincial Natural Science Foundation of China
No. 2014CFB552; Hubei Collaborative Innovation Center for Advanced Organic Chemical Materials of China
No. 000-01647909.

Author Contributions: The manuscript was written through contributions of all authors. All authors have given
approval to the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bhatnagar, A.; Sillanpää, M.; Witek-Krowiak, A. Agricultural waste peels as versatile biomass for water
purification—A review. Chem. Eng. J. 2015, 270, 244–271. [CrossRef]

2. Bhatnagar, A.; Sillanpaa, M. Utilization of agro-industrial and municipal waste materials as potential
adsorbents for water treatment—A review. Chem. Eng. J. 2010, 157, 277–296. [CrossRef]

3. Chong, M.N.; Jin, B.; Chow, C.W.K.; Saint, C. Recent developments in photocatalytic water treatment
technology: A review. Water Res. 2010, 44, 2997–3027. [CrossRef] [PubMed]

4. Cambie, D.; Bottecchia, C.; Straathof, N.J.W.; Hessel, V.; Noel, T. Applications of continuous-flow
photochemistry in organic synthesis, material science, and water treatment. Chem. Rev. 2016, 116,
10276–10341. [CrossRef] [PubMed]

5. Bhatnagar, A.; Hogland, W.; Marques, M.; Sillanpaa, M. An overview of the modification methods of
activated carbon for its water treatment applications. Chem. Eng. J. 2013, 219, 499–511. [CrossRef]

6. Adeleye, A.S.; Conway, J.R.; Garner, K.; Huang, Y.X.; Su, Y.M.; Keller, A.A. Engineered nanomaterials
for water treatment and remediation: Costs, benefits, and applicability. Chem. Eng. J. 2016, 286, 640–662.
[CrossRef]

7. Gupta, V.K.; Ali, I.; Saleh, T.A.; Nayak, A.; Agarwal, S. Chemical treatment technologies for waste-water
recycling-an overview. RSC Adv. 2012, 2, 6380–6388. [CrossRef]

8. Kannan, N.; Sundaram, M.M. Kinetics and mechanism of removal of methylene blue by adsorption on
various carbons—A comparative study. Dyes Pigments 2001, 51, 25–40. [CrossRef]

9. Tang, Y.L.; Rong, N.N.; Liu, F.L.; Chu, M.S.; Dong, H.M.; Zhang, Y.H.; Xiao, P. Enhancement of the
photoelectrochemical performance of CuWO4 films for water splitting by hydrogen treatment. Appl. Surf. Sci.
2016, 361, 133–140. [CrossRef]

10. Santiago, D.E.; Espino-Estevez, M.R.; Gonzalez, G.V.; Arana, J.; Gonzalez-Diaz, O.; Dona-Rodriguez, J.M.
Photocatalytic treatment of water containing imazalil using an immobilized TiO2 photoreactor.
Appl. Catal. Gen. 2015, 498, 1–9. [CrossRef]

11. Gondal, M.A.; Chang, X.F.; Ali, M.A.; Yamani, Z.H.; Zhou, Q.; Ji, G.B. Adsorption and degradation
performance of Rhodamine B over BiOBr under monochromatic 532 nm pulsed laser exposure.
Appl. Catal. Gen. 2011, 397, 192–200. [CrossRef]

12. Li, S.; Chen, Y.; Pei, X.; Zhang, S.; Feng, X.; Zhou, J.; Wang, B. Water Purification: Adsorption over
Metal-Organic Frameworks. Chin. J. Chem. 2016, 34, 175–185. [CrossRef]

www.mdpi.com/1996-1944/10/2/205/s1
http://dx.doi.org/10.1016/j.cej.2015.01.135
http://dx.doi.org/10.1016/j.cej.2010.01.007
http://dx.doi.org/10.1016/j.watres.2010.02.039
http://www.ncbi.nlm.nih.gov/pubmed/20378145
http://dx.doi.org/10.1021/acs.chemrev.5b00707
http://www.ncbi.nlm.nih.gov/pubmed/26935706
http://dx.doi.org/10.1016/j.cej.2012.12.038
http://dx.doi.org/10.1016/j.cej.2015.10.105
http://dx.doi.org/10.1039/c2ra20340e
http://dx.doi.org/10.1016/S0143-7208(01)00056-0
http://dx.doi.org/10.1016/j.apsusc.2015.11.129
http://dx.doi.org/10.1016/j.apcata.2015.03.021
http://dx.doi.org/10.1016/j.apcata.2011.02.033
http://dx.doi.org/10.1002/cjoc.201500761


Materials 2017, 10, 205 10 of 11

13. Wang, S.B.; Peng, Y.L. Natural zeolites as effective adsorbents in water and wastewater treatment.
Chem. Eng. J. 2010, 156, 11–24. [CrossRef]

14. Rivera-Utrilla, J.; Sanchez-Polo, M.; Gomez-Serrano, V.; Alvarez, P.M.; Alvim-Ferraz, M.C.M.; Dias, J.M.
Activated carbon modifications to enhance its water treatment applications. An overview. J. Hazard. Mater.
2011, 187, 1–23. [CrossRef] [PubMed]

15. Srinivasan, R. Advances in application of natural clay and its composites in removal of biological, organic,
and inorganic contaminants from drinking water. Adv. Mater. Sci. Eng. 2011, 2011, 872531. [CrossRef]

16. Namazi, H.; Heydari, A.; Pourfarzolla, A. Synthesis of glycoconjugated polymer based on polystyrene and
nanoporous β-cyclodextrin to remove copper (II) from water pollution. Int. J. Polym. Mater. Polym. Biomater.
2014, 63, 1–6. [CrossRef]

17. Ali, I. New generation adsorbents for water treatment. Chem. Rev. 2012, 112, 5073–5091. [CrossRef] [PubMed]
18. Tong, M.M.; Zhao, X.D.; Xie, L.T.; Liu, D.H.; Yang, Q.Y.; Zhong, C.L. Treatment of waste water using

metal-organic frameworks. Prog. Chem. 2012, 24, 1646–1655.
19. Zheng, L.; Ding, A.Z.; Ding, W.C. Compare Study of a New Type Adsorbent and 2 Traditional Adsorbents

on Their Efficiency for As (V) Adsorption. In Proceedings of the 2010 4th International Conference on
Bioinformatics and Biomedical Engineering (iCBBE), Chengdu, China, 18–20 June 2010; pp. 1–4.

20. Ongkudon, C.M.; Kansil, T.; Wong, C. Challenges and strategies in the preparation of large-volume
polymer-based monolithic chromatography adsorbents. J. Sep. Sci. 2014, 37, 455–464. [CrossRef] [PubMed]

21. Lata, S.; Samadder, S.R. Removal of arsenic from water using nano adsorbents and challenges: A review.
J. Environ. Manag. 2016, 166, 387–406. [CrossRef] [PubMed]

22. Zhi, Y.; Liu, J. Surface modification of activated carbon for enhanced adsorption of perfluoroalkyl acids from
aqueous solutions. Chemosphere 2016, 144, 1224–1232. [CrossRef] [PubMed]

23. Malamis, S.; Katsou, E. A review on zinc and nickel adsorption on natural and modified zeolite, bentonite
and vermiculite: Examination of process parameters, kinetics and isotherms. J. Hazard. Mater. 2013, 252–253,
428–461. [CrossRef] [PubMed]

24. Vinitnantharat, S.; Kositchaiyong, S.; Chiarakorn, S. Removal of fluoride in aqueous solution by adsorption
on acid activated water treatment sludge. Appl. Surf. Sci. 2010, 256, 5458–5462. [CrossRef]

25. Burtch, N.C.; Jasuja, H.; Walton, K.S. Water stability and adsorption in metal-organic frameworks. Chem. Rev.
2014, 114, 10575–10612. [CrossRef] [PubMed]

26. Wang, X.Y.; Du, Y.; Ma, J. Novel synthesis of carbon spheres supported nanoscale zero-valent iron for removal
of metronidazole. Appl. Surf. Sci. 2016, 390, 50–59. [CrossRef]

27. Han, T.T.; Li, C.F.; Guo, X.Y.; Huang, H.L.; Liu, D.H.; Zhong, C.L. In-situ synthesis of SiO2@MOF composites
for high-efficiency removal of aniline from aqueous solution. Appl. Surf. Sci. 2016, 390, 506–512. [CrossRef]

28. Ding, L.H.; Rahimi, P.; Hawkins, R.; Bhatt, S.; Shi, Y. Naphthenic acid removal from heavy oils on alkaline
earth-metal oxides and ZnO catalysts. Appl. Catal. Gen. 2009, 371, 121–130. [CrossRef]

29. Zhu, Q.-L.; Xu, Q. Metal-organic framework composites. Chem. Soc. Rev. 2004, 43, 5468–5512. [CrossRef]
[PubMed]

30. Férey, G. Hybrid porous solids: Past, present, future. Chem. Soc. Rev. 2008, 37, 191–214. [CrossRef] [PubMed]
31. Schneemann, A.; Bon, V.; Schwedler, I.; Senkovska, I.; Kaskel, S.; Fischer, R.A. Flexible metal-organic

frameworks. Chem. Soc. Rev. 2014, 43, 6062–6096. [CrossRef] [PubMed]
32. Pettinari, C.; Marchetti, F.; Mosca, N.; Tosi, G.; Drozdov, A. Application of metal-organic frameworks.

Polym. Int. 2017. [CrossRef]
33. Cmarik, G.E.; Kim, M.; Cohen, S.M.; Walton, K.S. Tuning the adsorption properties of UiO-66 via ligand

functionalization. Langmuir 2012, 28, 15606–15613. [CrossRef] [PubMed]
34. Graham, A.J.; Allan, D.R.; Muszkiewicz, A.; Morrison, C.A.; Moggach, S.A. The effect of high pressure on

MOF-5: Guest-induced modification of pore size and content at high pressure. Angew. Chem. 2011, 123,
11334–11337. [CrossRef]

35. Cavka, J.H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti, C.; Bordiga, S.; Lillerud, K.P. A new zirconium
inorganic building brick forming metal organic frameworks with exceptional stability. J. Am. Chem. Soc.
2008, 130, 13850–13851. [CrossRef] [PubMed]

36. Yang, Q.; Jobic, H.; Salles, F.; Kolokolov, D.; Guillerm, V.; Serre, C.; Maurin, G. Probing the Dynamics of
CO2 and CH4 within the Porous Zirconium Terephthalate UiO-66(Zr): A synergic combination of neutron
scattering measurements and molecular simulations. Chem. Eur. J. 2011, 17, 8882–8889. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cej.2009.10.029
http://dx.doi.org/10.1016/j.jhazmat.2011.01.033
http://www.ncbi.nlm.nih.gov/pubmed/21306824
http://dx.doi.org/10.1155/2011/872531
http://dx.doi.org/10.1080/00914037.2013.769240
http://dx.doi.org/10.1021/cr300133d
http://www.ncbi.nlm.nih.gov/pubmed/22731247
http://dx.doi.org/10.1002/jssc.201300995
http://www.ncbi.nlm.nih.gov/pubmed/24376196
http://dx.doi.org/10.1016/j.jenvman.2015.10.039
http://www.ncbi.nlm.nih.gov/pubmed/26546885
http://dx.doi.org/10.1016/j.chemosphere.2015.09.097
http://www.ncbi.nlm.nih.gov/pubmed/26469934
http://dx.doi.org/10.1016/j.jhazmat.2013.03.024
http://www.ncbi.nlm.nih.gov/pubmed/23644019
http://dx.doi.org/10.1016/j.apsusc.2009.12.140
http://dx.doi.org/10.1021/cr5002589
http://www.ncbi.nlm.nih.gov/pubmed/25264821
http://dx.doi.org/10.1016/j.apsusc.2016.08.027
http://dx.doi.org/10.1016/j.apsusc.2016.08.111
http://dx.doi.org/10.1016/j.apcata.2009.09.040
http://dx.doi.org/10.1039/C3CS60472A
http://www.ncbi.nlm.nih.gov/pubmed/24638055
http://dx.doi.org/10.1039/B618320B
http://www.ncbi.nlm.nih.gov/pubmed/18197340
http://dx.doi.org/10.1039/C4CS00101J
http://www.ncbi.nlm.nih.gov/pubmed/24875583
http://dx.doi.org/10.1002/pi.5315
http://dx.doi.org/10.1021/la3035352
http://www.ncbi.nlm.nih.gov/pubmed/23057691
http://dx.doi.org/10.1002/ange.201104285
http://dx.doi.org/10.1021/ja8057953
http://www.ncbi.nlm.nih.gov/pubmed/18817383
http://dx.doi.org/10.1002/chem.201003596
http://www.ncbi.nlm.nih.gov/pubmed/21714013


Materials 2017, 10, 205 11 of 11

37. Tai, S.J.; Zhang, W.Q.; Zhang, J.S.; Luo, G.X.; Jia, Y.; Deng, M.L.; Ling, Y. Facile preparation of UiO-66
nanoparticles with tunable sizes in a continuous flow microreactor and its application in drug delivery.
Microporous Mesoporous Mater. 2016, 220, 148–154. [CrossRef]

38. Zhao, X.; Bu, X.; Wu, T.; Zheng, S.T.; Wang, L.; Feng, P. Selective anion exchange with nanogated isoreticular
positive metal-organic frameworks. Nat. Commun. 2013, 4, 2344. [CrossRef] [PubMed]

39. Katz, M.J.; Brown, Z.J.; Colón, Y.J.; Siu, P.W.; Scheidt, K.A.; Snurr, R.Q.; Hupp, J.T.; Farha, O.K. A facile
synthesis of UiO-66, UiO-67 and their derivatives. Chem. Commun. 2013, 49, 9449. [CrossRef] [PubMed]

40. Tsai, F.-C.; Xia, Y.; Ma, N.; Shi, J.-J.; Jiang, T.; Chiang, T.-C.; Zhang, Z.-C.; Tsen, W.-C. Adsorptive removal
of acid orange 7 from aqueous solution with metal-organic framework material, iron (III) trimesate.
Desalination Water Treat. 2016, 57, 3218–3226. [CrossRef]

41. Lagergren, S. Zur Theorie der Sogenannten Absorption Gelöster Stoffe; PA Norstedt & Söner: Stockholm, Sweden,
1898; pp. 1–39.

42. Ho, Y.S.; Mckay, G. Pseudo-second order model for sorption processes. Process Biochem. 1999, 34, 451–465.
[CrossRef]

43. Langmuir, I. The constitution and fundamental properties of solids and liquids. Part II.—Liquids. J. Am.
Chem. Soc. 1915, 38, 102–105. [CrossRef]

44. Freundlich, H. Over the adsorption in solution. J. Phys. Chem. 1906, 57, e470.
45. Bulut, Y.; Tez, Z. Adsorption studies on ground shells of hazelnut and almond. J. Hazard. Mater. 2007, 149,

35–41. [CrossRef] [PubMed]
46. Liu, Y.; Liu, Y.J. Review—Biosorption isotherms, kinetics and thermodynamics. Sep. Purif. Technol. 2008, 61,

229–242. [CrossRef]

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.micromeso.2015.08.037
http://dx.doi.org/10.1038/ncomms3344
http://www.ncbi.nlm.nih.gov/pubmed/23949115
http://dx.doi.org/10.1039/c3cc46105j
http://www.ncbi.nlm.nih.gov/pubmed/24008272
http://dx.doi.org/10.1080/19443994.2014.982199
http://dx.doi.org/10.1016/S0032-9592(98)00112-5
http://dx.doi.org/10.1016/S0016-0032(17)90088-2
http://dx.doi.org/10.1016/j.jhazmat.2007.03.044
http://www.ncbi.nlm.nih.gov/pubmed/17467899
http://dx.doi.org/10.1016/j.seppur.2007.10.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Powder X-ray Diffraction (PXRD) 
	Adsorption Kinetic Studies 
	Adsorption Isotherm Studies 
	Adsorption Thermodynamics 

	Conclusions 

