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ABSTRACT

In this study, MIL-101 and ZIF-8, two typical highly porous metal-organic framework materials,
were synthesized using the simple one-pot methods for the adsorption of aqueous Congo red (CR).
The study found that highly efficient removal of CR at neutral pH can be achieved with short contact
time. The CR adsorption behaviors of the two adsorbents were studied and found to follow Lang-
muir isotherm and pseudo-second-order kinetic models. The maximum CR adsorption capacities of
MIL-101 and ZIF-8 were up to 2248 and 1381 mg g™ at 298 K, respectively, significantly higher than
most of the adsorbents previously studied. Especially, MIL-101 showed faster kinetics and higher
adsorption capacity when compared to ZIF-8, which can be attributed to the larger porosity and
pore size of MIL-101, and the direct coordination between the unsaturated metal sites in MIL-101
and CR. Thermodynamic studies suggested that the adsorption was a spontaneous and endothermic
reaction. Additionally, MIL-101 and ZIF-8 showed good performance after regeneration. Therefore,
as-prepared MIL-101 and ZIF-8 have great potential as adsorbents for wastewater treatment.
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1. Introduction

Water pollution, especially due to dyeing wastewater,
has received significant attention since several billion tons of
dyeing wastewater are discharged from the textile industry
annually [1]. Many dyes are stable, carcinogenic and difficult
to biodegrade; hence, they can cause adverse human health
impacts. Therefore, it is critical to develop techniques for the
efficient removal of toxic dyes from contaminated water.

As a cost-effective and feasible method, the adsorption
technology has wide applicability in wastewater treatment
and has been extensively applied to the removal of various
organic pollutants from water. Adsorbents such as silica
[2], activated carbon [3], and zeolites [4] have been used for
dye wastewater treatment because of their low cost and/or
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abundance in nature. However, their adsorption capacity is
quite limited, which can be due to low surface area or poor
surface chemistry. Post-synthetic modification approaches
have been used to enhance their efficiency for the removal
of dyes, including magnetic MCM-41 silica particles grafted
with poly (glycidylmethacrylate) brush [5], chitosan/
polyvinyl alcohol/zeolite composite [6], Typha latifolia
activated carbon/chitosan composite [7], etc. Though the
dye adsorption capacity had improved, the wastewater
treatment cost had also increased, limiting their use in
practical applications. Therefore, it is important to develop
adsorbents that are efficient, low cost, easy to synthesize,
with adequate porosity.

Metal-organic frameworks (MOFs) have received
increased research attention as novel porous crystalline
materials due to their large surface areas, high porosities
and tunable pore sizes. In the past few years, MOFs have
been extensively studied for the adsorption of organic dyes
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from aqueous solution. For example, the maximum Congo
red (CR) adsorption capacity of MIL-100(Fe) reached 714.3
mg g with a contact time of over 100 min [8]. Similarly,
Cu-BTC had the adsorption capacity of 12.22 mg g™ for
methylene blue in more than 40 min [9]. The uses of MIL-
68 (In) nano-rods and ZIF-8 nanoparticles for the removal
of aqueous CR have also been reported [10,11]. In these
studies, it was noted that the time taken for adsorption
equilibrium was long, and/or the adsorption capacity was
not high. However, for practical dye wastewater treatment,
the adsorbents should work at a neutral pH, and ambient
temperature with short contact time.

Among the numerous MOFs, chromium based MIL-
101 (MIL: Materials of Institute Lavoisier) and zinc
based ZIF-8 (ZIF: Zeolitic Imidazolate Framework) were
selected for this study. MIL-101, synthesized via a one-
step hydrothermal process, is a mesoporous MOF with
cubic structure, and possesses high specific surface area
(ca. 4000 m? g™), high porosity (ca. 2.0 cm® g™') and large
pore size of about 2.9 and 3.4 nm [12]. Additionally, MIL-
101 has a good chemical resistance to water, common
solvents and high temperature [12,13]. ZIF-8, produced
via a rapid room-temperature synthesis protocol, is a
microporous MOF with sodalite structure, and holds
permanent porosity, high thermal stability, and high
chemical resistance to boiling alkaline water and organic
solvents [14,15]. Due to these excellent properties, they
have been widely studied for their potential applications
in wastewater treatment [11,16,17]. In the previous studies,
MIL-101, synthesized using the hydrofluoric acid-free
method, has been used for the removal of CR and had a
low adsorption capacity of 178.6 mg g for a dosage of
0.1 g L and initial CR concentration of 50 mg L™ [18].
Recently, Jiang et al. [11] also reported that CR adsorption
onto ZIF-8, synthesized through hydrothermal reaction,
took a long time to reach equilibrium, i.e., 100 min for an
initial CR concentration of 80 mg L™ [11]. However, it is
hypothesized that the performance characteristics of MIL-
101 and ZIF-8 would be different if they are synthesized
using different methods.

In this study, MIL-101 was synthesized with the addition
of HE, while ZIF-8 was prepared at ambient conditions.
The detailed synthesis methods and characterization of
MIL-101 and ZIF-8 are described in this paper. Further,
their adsorption performance for CR, which is a widely
used azo dye, was investigated in detail for the first time,
including adsorption kinetics, adsorption isotherms and
thermodynamics. The adsorption mechanisms were also
proposed to explain the excellent CR removal performance
of MIL-101 and ZIF-8.

2. Materials and methods
2.1. Materials

Congo red was supplied by Tianjin Chemicals Co., Ltd.,
while chromium nitrate nonahydrate [Cr(NO,),-9H,0],
terephthalic acid (H,BDC), zinc nitrate hexahydrate
[Zn(NO,),-6H,O] and 2-methylimidazole (MelM) were
purchased from Alfa Aesar China Co., Ltd. Hydrofluoric
acid (HF, 48%) and methanol were supplied by Guangzhou

Chemicals Co., Ltd. All chemicals were used as received
without further purification.

2.2. Synthesis of MIL-101 and ZIF-8

Typically, the synthesis protocol for MIL-101 was similar
to the method followed by Ferey et al. [12]. Cr(NO,),-9H,0
(2.0 g), H,BDC (0.83 g), and HF (0.23 mL) were mixed
with deionized water (24 mL) until complete dissolution
occurred. The mixture was heated at 220°C for 8 h, and
cooled in the atmosphere. MIL-101 powder was filtered
from the solution, and washed with deionized water and
ethanol. Finally, the resulting MIL-101 sample was collected
and dried under vacuum at 150°C for 12 h. ZIF-8 was
prepared following the method adopted by Zhang et al. [15]
with slight modification. In summary, Zn(NO,),-6H,0 (2.933
g) was used to obtain a mixture of Zn/MeIM/methanol
with a molar ratio of 1:8:700. Stirring was stopped after the
solution was mixed evenly, and left for aging for 1 h. The
ZIF-8 samples were separated from the milky solution by
centrifugation, washed with fresh methanol and dried at
room temperature.

2.3. Characterization

The structural and morphological characteristics of the
as-prepared MIL-101 and ZIF-8 samples were characterized
using XRD, SEM, BET-N2, XPS and TEM. The phases of the
products were analyzed using powder X-ray diffraction (XRD)
performed on a Bruker D8 Advance X-ray diffractometer
operated at 40 kV and 40 mA with Cu Ka radiation. The
morphology was investigated by field emission scanning
electron microscope (FESEM) with a MERLIN Compact
instrument. The Brunauer-Emmett-Teller (BET) surface area
was measured by the N2 adsorption-desorption at 77 K with
a Micromeritics ASAP2020 instrument. Pore size distribution
was analyzed by non-local density functional theory
(NLDFT). The chemical composition was investigated by
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250XI). The microstructure was characterized by transmission
electron microscopy (TEM, Tecnai G2 20).

2.4. Evaluation of adsorption performance

CR solutions were prepared to investigate the
adsorption performance of the synthesized MIL-101 and
ZIF-8. The adsorption kinetics studies were conducted by
adding an exact amount of the adsorbents (15 mg) into the
CR solutions (50 mL) with the concentrations of 10, 30 and
80 mg L' without any pH adjustment. The CR solutions
containing the adsorbents were stirred using magnetic
stirrers and maintained for a fixed time between 1 and
60 min at 298 K. After adsorption for a pre-determined
time, the solution was separated from the adsorbents
with a syringe filter (glass fiber, 0.45 pm) and analyzed.
The adsorption isotherm studies were carried out in
batch mode. A series of CR solutions with concentrations
varying from 10 to 1500 mg L™ were prepared and placed
in an incubator shaker at 150 rpm for 12 h at 298 K. For the
thermodynamics study, the adsorption isotherm studies
were conducted at 308 and 318 K in addition to 298 K. After
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equilibrium, the concentration of the CR solutions was
determined using UV-vis spectrophotometer (DR-5000,
HACH) at 497 nm.

3. Results and discussion
3.1. Characterization

The powder XRD patterns of MIL-101 and ZIF-8 are
shown in Fig. 1a, which are generally in agreement with
previous studies [12,15]. The sharp peaks demonstrate
good crystallinity of the as-synthesized MIL-101 and ZIF-8
samples. The N, adsorption-desorption isotherms were
used to examine the pore structure of MIL-101 and ZIF-8
(Fig. 1b) and the results are given in Table S1. As evident

in Fig. 1b, MIL-101 and ZIF-8 displayed typical type-I
isotherm, suggesting intrinsic microporous characteristics.
Further, MIL-101 and ZIF-8 were found to have high BET
surface areas of 3549 and 1591 m?g!, respectively. According
to the pore size distribution plots (Fig. S1), three windows
at about 1.05, 1.19 and 1.43 nm were observed for ZIF-8;
while four aperture sizes at about 0.593, 1.02, 2.27 and 3.06
nm were detected for MIL-101. The textural properties
of as-synthesized MIL-101 and ZIF-8 are consistent with
previous reports [12,15].

SEM, TEM and XPS analyses were conducted to
determine the morphology, microstructure and the chemical
composition of the MIL-101 and ZIF-8 samples. As indicated
in Fig. 1c, the XPS survey spectra of the samples confirm
the existence of C, O and Cr elements in MIL-101, and C, N
and Zn elements in ZIF-8. As evident in Fig. 1d—g, MIL-101
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Fig. 1. (a) XRD patterns, (b) N, adsorption-desorption isotherms, (c) XPS spectra, (d and e) SEM images, and (f and g) TEM images

of MIL-101 and ZIF-8.
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shows well-defined octahedral shape with a size of 200~500
nm, whereas the ZIF-8 displays uniform morphologies of
polyhedral nanocrystals with particle size of 40~50 nm,
similar to previous studies [15,19].

3.2. Adsorption kinetics

To investigate the adsorption kinetics, the CR removal
efficiencies of MIL-101 and ZIF-8 were measured at
different concentrations. As shown in Fig. 2, at low CR
concentrations (10 and 30 mg L), the dyes were completely
removed by the MIL-101 and ZIF-8 within the first 1 and
2 min, respectively. At the high CR concentration up to 80
mg L™, a complete removal was still achieved by MIL-101
within a short period of 5 min, while ZIF-8 nanocrystals
reached the adsorption equilibrium after 40 min. However,
Jiang et al. [11] reported that ZIF-8 nanoparticles took more
than 100 min, indicating that the adsorbents synthesized
in this study have faster uptake rate. These results suggest
that MIL-101 and ZIF-8 are highly efficient for the CR
adsorption, especially MIL-101.

For precise comparison of the adsorption kinetics, the
adsorption data were analyzed using the pseudo-first-
order and pseudo-second-order kinetic models expressed
as follows:
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Fig. 2. Effect of contact time and initial CR concentration on ad-
sorption of CR by (a) MIL-101 and (b) ZIF-8 adsorbents, 15 mg
per 50 mL, neutral pH, 298K; the insets show the CR adsorption
efficiencies of MIL-101 and ZIF-8.

In(q, —q,)=1Ing, -kt 1)
LI SN )
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where g, and g, (mg g') are the amount adsorbed at
equilibrium and time f, respectively. The parameter k,
(min™) and k, (g mg™ min™) are the kinetic rate constants
of pseudo-first-order and pseudo-second-order models,
respectively.

The In(g,-q,) or t/q, versus t kinetic plots are given in Fig.
S2 in Supplementary Information, and Fig. 3, respectively,
and the calculated parameters are given in Table 1. The
pseudo second-order kinetic plots explained the data
significantly better than the pseudo first-order kinetic
model, with the correlation coefficient (R?) above 0.999.
Moreover, calculated g, values from the pseudo second-
order kinetics model are closer to the experimental values,
suggesting that the pseudo-second-order kinetic model is
more suitable for describing the CR adsorption process by
MIL-101 and ZIF-8. Additionally, calculated rate constants
(k,) and adsorption amounts (q,) of MIL-101 are larger
than those of ZIF-8, indicating a higher CR adsorption
performance of MIL-101.
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Fig. 3. Pseudo-second-order kinetics model for CR adsorption
by (a) MIL-101 and (b) ZIF-8.
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Table 1
Pseudo kinetic models parameters for CR adsorption by MIL-101 and ZIF-8
Sample C,(mgL?) ¢, o Pseudo-first-order kinetics Pseudo-second-order kinetics
-1
(mg &™) Torcal k; (min™) R, T, cal k,(g mg™! R,
(mg g™ (mg g™) min™)
MIL-101 10 33.3 217 0.160 0.862 33.6 0.221 0.999
30 100 5.27 0.374 0.873 101 0.168 0.999
80 266 101 0.722 0.942 273 0.0156 0.999
ZIF-8 10 31.6 117 0.0346 0.671 31.6 0.136 0.999
30 96.5 9.33 0.0841 0.984 974 0.0284 0.999
80 261 129 0.0723 0.991 272 0.00128 0.999
3.3. Adsorption isotherms
Adsorption isotherm is used to estimate the adsorption (a) 2500
capacity of adsorbents. Thus, the equilibrium data for CR
adsorption on MIL-101 and ZIF-8 were analyzed using the 2000 -
Langmuir and Freundlich isotherm models expressed as
follows: "o 1500
o
E
¢_¢6 ., 1 3) =, 1000
- ()
Q Q. Qb
500 -
Q=K. 4 o)
where Q, (mg g™) is the adsorption amount at equilibrium ’ 240 i P st e
and Q, (mg g™) is the maximum adsorption capacity. C, (mg C.(mgL’)
L) is the equilibrium concentration. b (L mg™) represents b 1800
the Langmuir affinity constant related to the binding ( )
strength. K, and 7 are constants related to the adsorption 1500 -
capacity and intensity, respectively.
Fig. 4 presents the isotherms for CR adsorption on MIL- _ 1200+
101 and ZIF-8 at 298, 308 and 318 K. The Langmuir and "o
Freundlich plots are separately displayed in Figs. 5 and S3 2 900
in Supplementary Information, and relevant parameters E
for both models are listed in Table 2. Accordingly, the o’ 600-
Langmuir plots describe the isotherm data better than the
Freundlich model, suggesting that the adsorption of CR by 3004
MIL-101 and ZIF-8 is monolayer adsorption. As evident in
Table 2, Q, of ZIF-8 is 1381 mg g at 298 K, which is higher 0
than that of newly reported ZIF-8 (1250 mg g™') at 303 K) Y — ——
[11]. This could be due to the particle size of the latter being 0 100 200 300 400 500 600
0.93 pum, which is around 19 times larger than that of the C. (mg L")

former (50 nm). A similar finding has been reported by Fan
etal. [20].

In the case of MIL-101, an extraordinary adsorption
capacity (Q,) of 2248 mg g was achieved at 298 K, relatively
superior to MIL-101 synthesized by hydrofluoric acid-free
method [18]. Moreover, the maximum adsorption capacities
of MIL-101 and ZIF-8 samples were compared with those
of other reported adsorbents (Table 3). It is seen that the
adsorption capacities of the as-prepared samples in our
study are significantly higher than those of most reported
adsorbents [21-27]. Especially, the Q  of MIL-101 is closer
to the largest value of 2429 mg g7 at 300 K, previously
reported by Xiao et al. [27], further demonstrating the

Fig. 4. Adsorption isotherms for the CR adsorption by (a) MIL-
101 and (b) ZIF-8 adsorbents, 30 mg per 100 mL, neutral pH.

excellent adsorption performance of the as-prepared MIL-
101 in this study.

3.4. Adsorption thermodynamics

Thermodynamic studies can provide important
information about the inherent energetic changes involved
in the adsorption process. Thermodynamic equilibrium
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Fig. 5. Langmuir adsorption isotherms plots for (a) MIL-101 and
(b) ZIF-8.

constant K, and Gibbs free energy change AG (k] mol™) for
the CR adsorption on MIL-101 and ZIF-8 can be calculated
by the following equations:

)

Table 2
Isotherms parameters for CR adsorption by MIL-101 and ZIF-8
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Table 3
Comparison of the maximum CR adsorption capacities of
various adsorbents

Type of adsorbent Q.o Reference
(mg/g)

MIL-101 2248 This work

ZIF-8 1381 This work

CoFe,O, (S5) 2415 [21]

Mesoporous ZrO, fibers 10346  [22]

Hierarchical porous ZnO 334 [23]

microspheres

Ni/Mg/Al layered double hydroxides 1250 [24]

Hierarchical NiO-5iO, composite 204.1 [25]

hollow microspheres

Flake-like NiFe, O, nanoparticles 92.5 [26]

Coordination supramolecular polymer 2429 [27]

[Cu(bipy)(SO,)I,

AG=-RTInK, (6)

where Q (mg g') and C, (mg L) are the adsorption
amount and concentration at equilibrium, respectively.
R is universal gas constant and T (K) is the temperature.
The values of K, were obtained from In (Q,/C) versus Q,
plot and by extrapolating Q_ to zero (Fig. S4) [10]. Table 4
shows negative AG values, indicating the spontaneous CR
adsorption by MIL-101 and ZIF-8.

The enthalpy change AH (k] mol™) and entropy change
AS (J mol™ K™) can be calculated using the following Van't
Hoff equation:

_AS AH

Inb=
R RT

@)

The positive values of AH, calculated from the Van't
Hoff plots (Fig. 6), suggest that the CR adsorption process

Sample T (K) Langmuir model Freundlich model
Q,(mgg") b(Lmg’) R, K; n R,
MIL-101 298 2248 0.251 0.999 518 3.56 0.852
308 2459 0.295 0.999 559 3.43 0.865
318 2526 0.264 0.999 599 3.46 0.855
ZIF-8 298 1381 0.0687 0.997 146 2.41 0.573
308 1535 0.0725 0.994 203 2.79 0.430
318 1700 0.0816 0.996 176 2.27 0.603
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Fig. 6. Van't Hoff plots for CR adsorption over MIL-101 and ZIF-8.

Table 4
Thermodynamic parameters for CR adsorption by MIL-101 and
ZIF-8

Sample T (K) K, AG (K] AH (k]  AS (J mol?
mol™?) mol?) K7
MIL-101 298 10.75 -5.885 0.2193  20.59
308 10.68 -6.064
318 10.82 -6.295
ZIF-8 298 6.307 —4.563 8.812 44.90
308 7.327  -5.099
318 7.881 5458

by MIL-101 and ZIF-8 was an endothermic reaction, which
is consistent with the trends observed in Fig. 4, i.e., the
adsorption capacity increased with increasing temperature.
AS represents the disorderliness of the CR molecules on
MIL-101 and ZIF-8. Therefore, it can be concluded that the
adsorption of CR on ZIF-8 had higher randomness (higher
positive AS) than CR on MIL-101.

3.5. Regeneration and reuse

The reusability of the adsorbents is a critical factor
for practical application. In this study, five consecutive
regeneration cycles with ethanol as the regeneration
agent were carried out to evaluate the reusability of
MIL-101 and ZIF-8. As shown in Fig. 7, the adsorption
capacity of ZIF-8 remained about the same after five
cycles. However, the adsorption capacity of MIL-101
declined during the first three cycles, which may be
attributed to the chemical adsorption in the process. In
the case of MIL-101, numerous potentially unsaturated
chromium sites exist in the framework upon the removal
of coordinated water molecules [28], while the metal ions
in the framework of ZIF-8 are coordinatively saturated

[29]. The Cr(IIl) unsaturated metal sites in MIL-101
can coordinate with the amine groups in CR to form
coordination complexes. The CR molecules absorbed by
coordination cannot be easily eluted, leading to the loss of
adsorption capacity of MIL-101. Nevertheless, adsorption
capacity of MIL-101 was still high at around 2000 mg g
even after five cycles, suggesting good regenerability and
reusability of MIL-101 and ZIF-8 and their potential in
practical applications.

3.6. Adsorption mechanism

As shown in Figs. 2 and 4, MIL-101 showed faster
kinetics and larger capacity for the CR adsorption in
comparison to ZIF-8. This can be attributed to the high
porosity of MIL-101, as the adsorption capacity generally
increases with increasing porosity of the adsorbents
[30,31]. Importantly, pore size and pore availability are
the key factors for the efficient adsorption of CR. Since the
molecular size of CR is 2.66 nm [11], which is significantly
larger than the pore size of ZIF-8, CR could not enter the
pores of ZIF-8 and then only surface adsorption occurred.
For MIL-101, large pores of 3.06 nm are accessible for the CR
adsorption, leading to its better adsorption performance.
Additionally, direct coordination between MIL-101 and
CR is another reason for highly efficient removal of CR
by MIL-101. The nitrogen lone pair electrons on the amine
group in CR can interact with the Cr(Ill) metal sites in the
MIL-101 framework. Similar finding has been reported by
Man et al. and Shu et al. [32,33]. Electrostatic interaction can
be other possible adsorption mechanism since the surface
of MIL-101 and ZIF-8 is positively charged at neutral pH
[16,17], which is the experimental condition in this study.
Therefore, MIL-101 and ZIF-8, which have positive charges,
may electrostatically interact with the negatively charged
sulfonic acid groups in anionic CR molecules, similar to the
interaction of CR with Cu,O [33]. In addition, it is possible
that n-n interactions exist between the phenyl rings of MIL-

2500_ % MIL-101
2000- 7 e
ANl N N Wy
i R R B
=i
i B B BB

5001 %% % % /% /%
L
Wiy

1 2 3 4 5
Recycle times
Fig. 7. Recycling of MIL-101 and ZIF-8 for the removal of CR

(dosage of the adsorbents, 0.3 g L™'; CR, 800 mg L; natural pH;
298 K).
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Fig. 8. Schematic diagram of the adsorption mechanisms on the MIL-101 and ZIF-8.

101 or the aromatic imidazole rings of ZIF-8 and the benzene
rings of CR. Accordingly, the adsorption mechanisms of
MIL-101 and ZIF-8 are given in Fig. 8.

4. Conclusions

Well-defined MIL-101  octahedrons and ZIF-8
nanocrystals were successfully synthesized through
the simple one-pot routes, and were used for the CR
adsorption. The study found that highly efficient removal
of CR at neutral pH can be achieved with short contact time.
Moreover, it was found that the adsorption performance
of MIL-101 and ZIF-8 in this study was better than that of
MIL-101 and ZIF-8 prepared via different methods in the
previous studies. The maximum CR adsorption capacities
of MIL-101 and ZIF-8 were 2248 and 1381 mg g at 298
K, respectively, significantly higher than most adsorbents
previously studied. The CR adsorption process of the two
adsorbents followed the Langmuir isotherm and pseudo-
second-order kinetic models. Thermodynamic studies
found that the CR adsorption onto the two adsorbents was a
spontaneous and endothermic reaction. Furthermore, MIL-
101 and ZIF-8 possessed good regenerability and reusability.
Therefore, the study indicated that MIL-101 and ZIF-8 may
be promising adsorbents for the removal of aqueous organic
contaminants.
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Supplementary Information

Table S1
Pore structure parameters of MIL-101 and ZIF-8

Sample SBET (m?g™) S angmuir (m?g™) Vore (cm?®g™)

MIL-101 3549 4937 1.483
ZIF-8 1591 2084 0.3572
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Fig. S1. Pore size distribution plots of (a) MIL-101 and (b) ZIF-8.
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Fig. S2. Plots of pseudo-first-order kinetics of CR adsorption over (a) MIL-101 and (b) ZIF-8.
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Fig. S3. Freundlich plots of the adsorption isotherms for (a) MIL-101 and (b) ZIF-8.
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Fig. 54. Plots of In(Q,/C)) vs. Q, for CR adsorption by (a) MIL-101 and (b) ZIF-8.
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