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Abstract: The chromium-benzenedicarboxylate metal–organic framework (MOF), MIL-101(Cr), is
one of the most well-investigated and widely used prototypical MOFs. Regarding its synthesis, the
use of a toxic modulator (usually HF) and high reaction temperature (220 ◦C) are the main factors
hindering its further expansion of production and utilization. In fact, high quality MIL-101(Cr)
crystals can be prepared at a much lower temperature (160 ◦C) with spherical morphology via an
additive-free approach. Compared to traditional octahedral MIL-101(Cr), the spherical MIL-101(Cr)
possesses higher adsorption performance toward dye molecules, including methyl orange (MO) and
rhodamine B (RB). The results suggest that toxic additives and high reaction temperatures are not
essential in the synthesis of MIL-101(Cr), and the fabrication of spherical MIL-101(Cr) may offer a
facile and effective pathway for the large-scale industrial application of MIL-101(Cr).

Keywords: spherical MIL-101(Cr); morphology control; dye adsorption; industrial application

1. Introduction

Metal–organic frameworks (MOFs) are a kind of three-dimensional porous crystalline
material which are formed by metal ions or metal clusters with organic ligands [1,2]. Com-
pared to traditional porous crystalline materials, MOFs have the characteristics of high
specific surface area [3], large porosity [4], and good chemical/thermal stability [5]. In
addition, most MOFs have the advantages of mild reaction conditions, simple synthesis ap-
proaches, and easy availability of raw materials. Therefore, MOFs have broader application
prospects than traditional porous materials, such as gas storage/separation [6,7], energy
storage/conversion [8,9], drug delivery [10,11], catalysis [12,13], fluorescence [14,15], mag-
netic [16], clinical diagnosis [17], chemical sensors [18], etc.

MIL-101(Cr) is one of the most representative porous materials among chromium-
based MOFs. It has a high pore volume, large specific surface area, and excellent chem-
ical/water stability, with an empirical formula [Cr3(O)X(BDC)3(H2O)2] (where BDC is
terephthalic acid and X is OH− or F−) [19]. Its structure is similar to MTN zeolite topology
by the coordination of Cr3O ion clusters and terephthalate (BDC2−). MIL-101(Cr) has
two types of mesoporous cage cavities with diameters of 29 Å and 34 Å (Figure S1), sepa-
rately, and the max aperture window can reach 16 Å, with a high specific BET surface area
of 4100 m2 g−1. The terminal connected water molecules of MIL-101(Cr) can be removed
under high temperature or vacuum conditions, which creates potential Lewis acid sites [20].
Hence, MIL-101(Cr) demonstrates quite good water stability, which makes it suitable for
wide applications, especially in the presence of moisture/water conditions, such as cataly-
sis [21,22], adsorption [23,24], separation [25,26], drug delivery [27,28], gas storage [29,30],
water pollution treatment [31], and mixed matrix membranes [32,33], among others.

The traditional synthesis of MIL-101(Cr) reports an additive-free route, but also the
adding of an equimolar amount of hydrofluoric acid (HF) to Cr3+ and H2BDC, and the
products are isostructural [19]. The HF route shows better crystallinity and porosity for

Inorganics 2022, 10, 33. https://doi.org/10.3390/inorganics10030033 https://www.mdpi.com/journal/inorganics

https://doi.org/10.3390/inorganics10030033
https://doi.org/10.3390/inorganics10030033
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0003-0745-1405
https://doi.org/10.3390/inorganics10030033
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com/article/10.3390/inorganics10030033?type=check_update&version=1


Inorganics 2022, 10, 33 2 of 12

the products; thus, most of the other groups follow the HF approach to synthesize MIL-
101(Cr) [19,34–37]. However, both of the above reaction routes occur at 220 ◦C, the yield are
relatively low (~50%), and the added HF is a chemical toxicant, which are not advantageous
for large-scale industrial syntheses [38]. Thus, the price of high-quality commercial MIL-
101(Cr) products can reach over 570 $/g, which is much higher than other commonly used
MOFs (such as ZIFs, UiOs, HKUST-1, etc.). The detailed price list is shown in Table S1.

In the previous study, most of the researchers followed the HF route to prepare MIL-
101(Cr) by Férey et al. [19]. Apart from HF, the researchers also tried to use other modulators
to replace HF in MIL-101(Cr) synthesis, including acetic acid, nitric acid, hydrochloric acid,
sulfuric acid, sodium hydroxide, benzoic acid, sodium acetate, tetramethylammonium
hydroxide, etc. [36,39–44] (see details in Table S2). Nevertheless, all these procedures still
need extra additives, conducted at high temperature, and contain tedious purification pro-
cesses. Conversely, the study of additive-free synthesis for MIL-101(Cr) is ignored, because
of its low crystallinity and low BET surface area in the original report by Férey et al. [19].

Herein, we carefully investigated the fluorine-free route of MIL-101(Cr) synthesis
via hydrothermal reaction at various temperatures (220–160 ◦C). The results showed that
high-quality MIL-101(Cr) products also can be prepared at temperatures as low as 160 ◦C
with spherical morphology, which possessed high specific BET surface area (3021 m2 g−1)
and quite good yield (>52%). More importantly, among all samples, spherical MIL-101(Cr)
exhibited the highest adsorption capacity toward dyes MO and Rhodamine B (RB), with
maximum uptakes of 444.3 mg g−1 and 230.3 mg g−1, respectively.

2. Experimental
2.1. Materials and Reagents

Cr(NO3)3·9H2O (99.5%, AR) and terephthalate (H2BDC, 99%, AR), were bought from
Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). N,N-Dimethylformamide (DMF,
99.5%, AR), and Ethanol (99.7%, AR) was acquired from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

2.2. Additive-Free Synthesis of MIL-101(Cr)

MIL-101(Cr) was synthesized by hydrothermal method. Typically, Cr(NO3)3·9H2O
(0.8 g) and H2BDC (0.332 g) were dissolved in distillated water (10 mL) and stirred for
30 min. Then the mixture was placed in a 25 mL autoclave and heated at different temper-
atures (220–160 ◦C) for 8 h. When the reaction was complete, the autoclave was cooled
down to room temperature naturally. The green solids were collected and washed with
DMF and ethanol twice (8 h) with stirring. The final products were dried under vacuum at
120 ◦C for 2 h and labeled as 220-MIL-101, 200-MIL-101, 180-MIL-101, and 160-MIL-101
separately (the numbers stand for the reaction temperatures).

2.3. Characterization

The micromorphologies of the samples were characterized using Zeiss Gemini
300 scanning electron microscopy. Transmission electron microscopy (TEM) was per-
formed on an FEI Talos F200X electron microscope. The BET specific surface areas of
the samples were measured with N2 adsorption isotherms on a specific surface analyzer
(NOVA-4200e, Quantachrome, Boynton Beach, FL, USA). X-ray diffraction (XRD) mea-
surements were performed using a Bruker D8 Advance X-ray diffractometer with CuKα

radiation (λ = 1.5418 Å), operating at 30 kV, with a scanning speed of 2 (◦)/min and a
scanning range of 5–50◦. Dye concentrations of the test samples were obtained by UV–vis
spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan).

2.4. Dye Adsorption Experiment

The adsorption capacities of the products were assessed by MO and RB. Dye adsorp-
tion experiments were conducted by adding 5 mg of adsorbent into 10 mL of different
initial concentrations of dye solutions at room temperature (298 K).
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The concentrations of remaining MO and RB in the solution were explored using a
UV–vis spectrophotometer at wavelengths of 300 and 700 nm, separately. The amount of
adsorbent to dye (qe, mg g−1) was calculated according to Equation (1) [45]

qe =
(C0 − Ce)V

m
(1)

where C0 is the original concentration of the dye (mg L−1), Ce is the remaining concentration
of the dye (mg L−1), V is the volume of the dye solution (L), and m (g) is the mass of
the adsorbent.

2.5. Adsorption Kinetic Model

To investigate the process of dye adsorption by the adsorbent, pseudo-first-order
and pseudo-second-order kinetic models were adopted to fit the adsorption data [46,47],
respectively. The linear expressions of the pseudo-first-order kinetic equation and the
pseudo-second-order kinetic equation were shown in Equations (2) and (3) [48,49]

ln(qe − qt) = ln qe − k1t (2)

t
qt

=
t
qe

+
1

k2q2
e

(3)

where qt is the adsorption capacity at time t (h), and the k1 (min−1) and k2 (g mg−1 min−1)
are adsorption rate constant of the pseudo-first-order and pseudo-second-order kinetics
models, respectively.

2.6. Adsorption Isotherm Model

The Langmuir isotherm adsorption model assumed that adsorption occurred uni-
formly at all active sites of the adsorbent and that the dye was adsorbed as a monolayer on
its surface [50]. The Freundlich isotherm adsorption model assumed that the surface energy
of the adsorbent was not uniform and that the dye was not adsorbed in a single monolayer
on the adsorbent surface [51]. The Tempkin adsorption isotherm model assumed a linear
decreased heat of adsorption of the dye by the adsorbent [52]. These isotherm adsorption
models equations are shown as follows [53–55].

Langmuir :
Ce

qe
=

Ce

qm
+

1
qmkL

(4)

Freundlich : ln qe =
1
n

ln Ce + ln kF (5)

Tempkin : qe = B ln Ce + B ln A (6)

where qm (mg g−1) and kL (L mg−1) represent the maximum adsorption capacity of adsor-
bents and Langmuir constant, separately; the kF [(mg g−1)(L mg−1)1/n] and n are Freundlich
constants representing adsorption capacity and adsorption intensity, separately; B = (RT/b)
is related to the heat of adsorption, and A (L g−1) is the equilibrium constant.

2.7. Cyclic Adsorption Experiment

After the model dye was adsorbed, 20 mg of adsorbent was washed ultrasonically
with 20 mL of ethanol for 30 min and centrifuged 5 times, then dried at 120 ◦C (under
vacuum) for 2 h. The purified adsorbent was then used for the next adsorption process.

3. Results and Discussion
3.1. Characterization of Samples

The TEM and SEM images of the sample are shown in Figure 1. The morphologies of
220-MIL-101, 200-MIL-101, and 180-MIL-101 were regularly octahedral crystals. According
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to the particle size distribution (Figure S2), it could be seen that 220-MIL-101 possessed
the largest particle size about 382 nm, while the particles of 200-MIL-101 (153 nm) and
180-MIL-101 (215 nm) were much smaller. Therefore, 160-MIL-101 revealed a spherical
morphology with an average particle size of about 265 nm. Because the crystal formation
process was controlled by kinetic factors, that shape is the final morphological structure.
Under low-temperature reaction conditions (160 ◦C), the surface energy of crystal growth
was insufficient, the morphology would not be able to form an angled regular octahedron
and cause spherical crystals.
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The XRD patterns of 220-MIL-101, 200-MIL-101, 180-MIL-101, and 160-MIL-101 were
consistent with the simulated MIL-101 pattern, which confirmed that all samples were
MIL-101(Cr) (Figure 2). The low-angle region of the PXRD patterns also gave an additional
confirmation that all the MIL-101(Cr) compounds are practically pure (Figure S3).

The N2 adsorption–desorption isotherms of 220-MIL-101, 200-MIL-101, 180-MIL-101,
and 160-MIL-101 were presented in Figure 2. 160-MIL-101 showed the highest BET surface
area of 3021 m2 g−1, 200-MIL-101 and 180-MIL-101 showed slightly smaller BET surface
areas of 2926 and 2909 m2 g−1, respectively. While 220-MIL-101, which followed the initial
literature [19], displayed the lowest BET surface area of 2862 m2 g−1 (Table 1). Interestingly,
the yields of all samples were over 50%, which was higher than the reported HF route
(~50%) [32–34]. Most notably, with 200-MIL-101, the yield was above 95%, which might be
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the highest value ever reported. Hence, the additive-free route for MIL-101(Cr) at lower
temperatures could be considered as an alternative for industrial production.
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Table 1. Yield, particle size, surface area, and pore volume of samples.

Sample Yield/
% a

Particle Size/
nm b

SBET/
(m2 g−1) c

SLangmuir/
(m2 g−1)

Vpore/
(cm3 g−1) d

220-MIL-101 76.6 382 (8) 2862 4038 1.6
200-MIL-101 95.6 153 (3) 2926 4651 1.5
180-MIL-101 77.8 215 (3) 2909 4080 1.5
160-MIL-101 52.7 265 (3) 3021 4183 1.5

a The yield is based on Cr:BDC ratio is always 1:1. b The average particle size obtained by Gaussian model
statistics, the value in parentheses is the standard deviation. c Calculated in the pressure range 0.05 < p/p0 < 0.2
from N2 sorption isotherms at 77 K with an estimated standard deviation of ± 50 m2 g−1. d Calculated from N2
sorption isotherms at 77 K (p/p0 = 0.95) for pores ≤ 20 nm.

3.2. Adsorption Capacity of Spherical MIL-101(Cr) for Dyes

Currently, dyes are widely used in daily life—in applications such as food industry,
packaging, and printing—and nearly 10–15% of the consumed dyes are directly discharged
into the aqueous environment [56,57]. The dumped dyes not only compromise water
quality, but they also do great harm to human health [58,59]. Thus, it is important to develop
valid technologies for the removal of dyes from wastewater before being discharged into
the environment. The adsorption method is considered one of the most promising removal
strategies, due to its high efficiency, lower secondary pollution, and low cost [59,60].
MIL-101(Cr), a kind of high water/chemical MOF with high porosity and large pore
volume, meets the demands of dye adsorption applications as an adsorbent. For instance,
MIL-101(Cr) showed high adsorption efficiency toward MO in an aqueous solution [61].
Yang et al. reported that MIL-101(Cr) can be used as an adsorbent for the removal of Congo
red (CR) [62]. Chen et al. found that MIL-101(Cr) exhibited high uptake toward xylenol
orange (XO) [63].

Herein, we select methyl orange (MO) and rhodamine B (RB) as the model compounds
for the adsorption experiments of MIL-101(Cr)s. Obviously, spherical MIL-101(Cr) (160-
MIL-101) exhibited the best adsorption capabilities toward MO and RB among all samples,
with maximum uptakes of 444.3 mg g−1 and 230.3 mg g−1, respectively (Figure S4). Espe-
cially for the adsorption of MO, the uptake of 160-MIL-101 is significantly higher than that
of other adsorbents which have been reported in recent years (Table 2) [64–72]. The uptake
of 160-MIL-101 is also significantly higher than other MIL-101 and MIL-101 composites
from several studies (Table S3) [23,61,73–78].
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Table 2. Adsorption capacities (qmax) of MO on several adsorbents.

Adsorbents qmax (mg g−1) Ref.

Hyper-cross-linked aromatic Triazine porous polymer 249.3 [64]
UiO-66-NH2 184.4 [65]

CoFe-nitrate-layered double Hydroxides 27.6 [66]
Nitrogen-doped nanoporous carbon 222.2 [67]

Cd-based MOF 167 [68]
ZIF-67 composite 180 [69]

Fe3O4@SiO2@UiO-66 219 [70]
Zwitterionic MOFs@CNF 49.2 [71]
PANI@ Activated Carbon 192.5 [72]

160-MIL-101 444.3 This work

Figure 3 revealed the maximum adsorption capabilities of 160-MIL-101 toward MO
and RB. Absolutely, 160-MIL-101 presented a higher adsorption capability of MO than
that of RB. This result implied that the adsorption performance was dye-specific and also
closely associated with the MIL-101(Cr) characteristics and the molecular dye structures.
The structures of MO and RB were shown in Figure S5, MO was anionic dye, whereas
MB was cationic. The RB molecule possessed more aromatic rings than MO, while MO
had a smaller molecular size in comparison with RB. The zeta potential of the spherical
MIL-101(Cr) crystallite was 19.1 mv (Figure S6), which indicated that the surfaces of 160-
MIL-101 were positively charged. Thus, the difference could significantly affect the π-π
interactions, electrostatic interactions, and steric hindrance between the MIL-101(Cr)s and
the dyes (Figure 4).
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The possible mechanism of improvement of MO adsorption by spherical MIL-101(Cr)
may be attributed to its higher surface area and the positive charge may be more evenly
distributed on the surface. The former could significantly increase the adsorption capability
of MO, while the latter is also conducive to promoting adsorption of anionic MO. Thus, in
our case, the spherical MIL-101(Cr) (160-MIL-101) presented higher adsorption capability
of MO than other octahedral MIL-101(Cr).

The time-dependent adsorption capacity of 160-MIL-101 for dyes was investigated, as
shown in Figure S7. The adsorption kinetics curves which were fitted with Equations (2) and (3)
were displayed in Figure 5, and the corresponding parameters are listed in Table S4. Obviously,
the correlation coefficients (i.e., R2 values) of the pseudo-second-order kinetics model were
higher than those of the pseudo-first-order model, and the theoretical equilibrium adsorption
capacity, theoretical qe, was highly consistent with the experimental data (Table S4). Thus, it is
indicated that the adsorption of MO and RB by 160-MIL-101(Cr) was mainly a pseudo-second-
order procedure.
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The Langmuir, Freundlich, and Tempkin isotherm models were employed to fit the
experimental data (the models were described in Experimental 2.6). Figure 6 revealed the
equilibrium adsorption isotherms for MO and RB, and the related fitting parameters were
listed in Table S4. For the adsorption of MO and RB by 160-MIL-101, the experimental
adsorption data were in good agreement with the Langmuir isotherm model, especially in
the case of MO, the correlation regression coefficient of R2 was over 0.99, which was higher
than that of Temkin and Freundlich models (Figure 6, Table S4). Moreover, according to the
Langmuir model, the theoretical maximum adsorption capability of 160-MIL-101 toward
MO was in line with the experimental data (Table S4).
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The regeneration and reusability of the MIL-101(Cr) adsorbent will be important
for the industrial applications. Thus, the regeneration of 160-MIL-101 adsorbent was
investigated by using ethanol as an extracting regenerating agent. After five successive
adsorption–desorption cycles, the adsorption uptake of 160-MIL-101 toward MO decreased
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by <10%, indicating that MIL-101(Cr) exhibited excellent reusability toward dye adsorption
(Figure S8).

4. Conclusions

In conclusion, we have demonstrated an additive-free strategy for control of the
morphology of MIL-101(Cr) by hydrothermal synthesis at relatively lower temperatures.
Spherical MIL-101(Cr) could be obtained at a relatively lower temperature at 160 ◦C. It
showed good adsorption capacity toward MO (444.3 mg g−1) and RB (230.3 mg g−1).
The analyzed results suggested that a plausible adsorption mechanism was attributed to
the synergetic interplay based on porosity, π-π interactions, electrostatic interactions, and
steric hindrance influence. Hence, an alternative strategy for the industrial fabrication of
MIL-101(Cr) is proposed, with potential for the extension of the application of MIL-101(Cr)
in effluent treatment fields, mixed matrix membranes, and other contexts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics10030033/s1, Figure S1: Building blocks for MIL-
101(Cr); Figure S2: Particle size distribution of samples; Figure S3: The low-angle region of the PXRD
patterns of all MIL-101(Cr)s; Figure S4: The adsorption capabilities of all MIL-101(Cr)s toward MO
and RB; Figure S5: Dye molecule diagram, (a) MO and (b) RB; Figure S6: Zeta potential of 160-MIL-101
directly dispersed in water; Figure S7: Impact of the time on the adsorption of (a) MO and (b) RB
onto 160-MIL-101; Figure S8: Recycle of the removal efficiency of 160-MIL-101 for MO; Table S1: Price
parameters of MIL-101(Cr) sold by various manufacturers; Table S2: BET specific surface area, pore
volume and yield of MIL-101(Cr) synthesized by various additives; Table S3: Adsorption capacities
(qmax) of MO on other MIL-101 and MIL-101 composite; Table S4: Characteristic parameters of the
adsorption of dyes on the 160-MIL-101.
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