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A B S T R A C T

The morphology and structure of metal organic frameworks (MOFs) are closely related to their properties.
Herein, a flower-like morphology MOF (named as MIL-101(Cr/Al)A-f) was rationally designed in a acid-free
environment and the Al3+ was transformed into the framework by the substitution process of cation exchange.
During the preparation process of MIL-101(Cr/Al)A-f, we found that the acidity of the reaction mixture could
regulate the morphology of MIL-101(Cr/Al)A-f by adjusting the coordination of the metal clusters and the ligand
chains. The catalytic performance of MIL-101(Cr/Al)A-f was evaluated by the hydroxyalkylation of phenol with
formaldehyde. Due to the larger surface area and high-density sites, MIL-101(Cr/Al)A-f showed a higher catalytic
activity than the octahedron morphology MIL-101(Cr/Al)A-0.5 which was prepared with traditional method in
acidic environment. In approximately equal Al3+ content, the MIL-101(Cr/Al)A-f showed a remarkably high
yield (97.1%) and a excellent selectivity (98.3%) to bisphenol F at 60 °C for 30min. Finally, a possible me-
chanism for the synthesis of bisphenol F was proposed and the hydroxyalkylation of phenol with formaldehyde
to bisphenol F was fitted by the Langmuir-Hinshelwood kinetic model.

1. Introduction

Porous solid materials are of great importance for catalysis [1], gas
storage [2], liquid separation processes [3], sensing [4], drug delivery
[5], luminescence [6] and magnetism [7]. Continuous efforts from both
industry and academia have been committed to the search for novel
types of porous materials. Among the various candidates explored in
the past two decades, MOFs have attracted a wide range of interests due
to its tailorable and versatile structures, extremely high surface areas
and permanent nanoscale porosities [8–10]. As a relatively novel
crystalline porous material, MOFs are promising for applications in the
fields of catalysis [11–13]. The presence of coordinatively unsaturated
metal sites in MOFs allows its use as a Lewis acid and, more important,
allows its postfunctionalization via grafting of active species. Particu-
larly, these high-density unsaturated metal sites can be uniformly dis-
tributed throughout the MOFs. Regarding the functionalization of
MOFs, there have been four main approaches: a) functionalization of
the organic linkers by pre-modified [14,15], b) functionalization of the
linker sites or organic ligands by post-covalent modification [16,17], c)
post-grafting of coordinatively unsaturated sites with chelators or metal
clusters [18], (d) synthesis of multi-metal frameworks by one-step
method [19–22]. Chui et al. reported that the ligands can be replaced

by other chains, such as pyridine [23]. It has been also reported that the
cavities of framework can be modified by chemical modification
without change of the original crystal structure. Kitagawa and co-
workers proposed that the introduction of functional groups decorates
the sites of the framework. Cristina P. Krap and co-workers reported the
incorporation of metal ions into the metal-organic frameworks by one-
pot for catalysis [19]. In addition, various morphologies can be ob-
tained by different synthetic approaches such as the Kirkendall effect,
template method, microwave radiation method, chemical etching, ions
doping and chemical vapor deposition method [24–30]. In order to
maximize the structure advantage and realize beneficial functionalities,
the rational design of morphology with high-density accessible sites is
highly desirable.

We chose MIL-101-Cr as the platform material because of its high
water/chemical stability and readiness for functionalization via post-
synthetic modification methods, and the morphology of MIL-101-Cr can
be controlled by adjusting parameters during the preparation process.
This hybrid material is composed of supertetrahedral building units,
which are formed from trimeric metal octahedron clusters and rigid
terephthalate ligands [31]. The resulting three-dimensional cage ma-
terial possesses two types of quasispherical mesoporous cages formed
by hexagonal windows and pentagonal windows, respectively. In
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addition, the presence of open metal sites and regular frameworks in
MIL-101 contributes to postfunctionalization via grafting of active
species [32]. The fully accessible porosity, the favorable structural
morphology, together with a high chemical and thermal stability make
MIL-101 an excellent potential for catalytic purposes.

In this paper, a novel strategy has been proposed for preparing MIL-
101(Cr/Al)A-f in a acid-free environment and a substitution process by
cation exchange was carried out to transform the Al3+ into MOFs. We
compared the catalytic properties of the prepared MIL-101(Cr/Al)A-f
with the MIL-101(Cr/Al)A-0.5 in hydroxyalkylation of phenol with for-
maldehyde. In addition, the effect of acidity on the morphology of the
framework during the preparation process was investigated. The MIL-
101(Cr/Al)A-f exhibited a excellent catalytic activity due to its unique
morphology, which was supported by BET, SEM and TEM. Finally, a
possible mechanism for the synthesis of bisphenol F was proposed and
the hydroxyalkylation of phenol with formaldehyde was fitted by the
Langmuir-Hinshelwood kinetic model.

2. Experimental section

2.1. Chemicals

All chemicals were provided from commercially available resources
and were studied without further processing. Chromium nitrate non-
ahydrate (Cr(NO3)3·9H2O), aluminum chloride hexahydrate, nitric acid,
terephthalic acid (BDC, 98%), N,N-dimethylformamide (DMF, 99%),
formaldehyde (37–40%) and phenol were obtained from Sinopharm
Chemical Reagent Co. Ltd., China.

2.2. Synthesis of MIL-101(Cr/Al)A-X

Typical synthetic process was carried out via hydrothermal synth-
esis and described as follows: BDC (1.66 g, 10mmol), Cr(NO3)3·9H2O
(4.0 g, 10 mmol), deionized water (30mL) and nitric acid from 0 to
0.5 g were mixed at room temperature, and then sonicated for 30min.
The mixture was transferred into a 50mL Teflon-lined autoclave and
heated at 220 °C for 18 h. The suspension was centrifuged and the
precipitate was washed with DMF and ethanol. The obtained product
was dried at 150 °C for 12 h. 1 g of sample was refluxed in 50mL of
0.3 m/L AlCl3 aqueous solution at 70 °C for 24 h. Then solid was se-
parated by centrifugation and washed twice with ethanol. Finally, the
samples were vacuum-dried at 150 °C for 12 h, and labeled as MIL-
101(Cr/Al)A-X, where X represents the quality of nitric acid in the
preparation process (0.5 g, 0.3 g, 0.1 g and free).

2.3. Characterization techniques

The crystalline phases of the products were examined by X-ray
diffraction (Bruker D8 Advance diffractometer) with Cu Ka radiation
(working at 40 kV and current 40mA). Diffraction data were recorded
in the 2 h range from 1° to 8° and 10° to 80° (increment: 0.5°). The unit
cell parameters were calculated with a standard least squares refine-
ment technique. NH3-TPD analysis was performed with a Micromeritics
AutoChem II 2920 V3.05 instrument. Prior to analysis, the catalyst
(100mg) was enclosed in a quartz tube and treated at 300 ℃ under
helium flow of 30mLmin−1 for 1 h. The magic angle spinning (MAS)
NMR analysis was performed by a Bruker Avance-400 with a 5mm
zirconia rotor and a spinning frequency of 11 kHz. Spectra for 27Al was
obtained. The porosity was analyzed by N2 adsorption at 77 K using an
ASAP 2010 sorption system. UV–vis diffuse reflectance spectra were
recorded at a Perkin–Elmer Lambda 900 spectrophotometer under
200–800 nm. The binding energies of C, O, Cr and Al of the composite
microspheres were detected on X-ray photoelectron spectroscopy
(Thermo Fisher, USA) using an Al-KX-ray source. Scanning electron
microscopy (SEM) micrographs were obtained on a Hitachi S4800 mi-
croscope operated at 30 kV. Transmission electron microscopy (TEM)

and elemental mapping analysis were collected using a high-resolution
transmission electron microscope (HRTEM, TECNAI F20). Energy-dis-
persive X-ray (EDX) analysis was used to determine the chemical
composition of the samples. Thermogravimetric analysis (TGA) was
recorded on a Mettler-Toledo 1600HT thermoanalyzer under a nitrogen
atmosphere at a heating rate of 10 ℃ min-1. The concentration of alu-
minum was monitored by an atomic absorption spectrophotometer (Z-
2000, Hitachi, Japan).

2.4. Catalytic activity tests

Hydroxyalkylation of phenol with formaldehyde to bisphenol F was
carried out in reactor with magnetic stirring. Typical experimental
processes were summarized as follows: 0.465 g (5.7 mmol) of for-
maldehyde solution, 8.12 g of phenol and 0.12 g of catalyst were added
into the reactor and the reaction mixture was heated to the desired
temperature. After a certain time interval, 0.03 g of the suspension was
taken out and then diluted with 10mL of methanol. The composition of
the product was confirmed by HPLC with a Shimadzu LC-20AT system
connected with a SPD-20A UV/Vis detector and a Phenomenex Luna
C18 column (250× 4.6mm, 5mm); A mixture of methanol and water
with 65:35 v/v was used as the mobile phase with a constant flow rate
of 0.6 mL/min. The injective volume of the sample was 100 μL.

The yield and selectivity of bisphenol F are calculated on the basis of
formaldehyde. The calculation equations are as follows:

= ×Yield(%)
Moles of bisphenol F formed

Expected moles of bisphenol F formed based on formaldehyde consumed
100%

= ×
∑

Selectivity(%) 100%Moles of bisphenol F formed
Moles of all the products

The synthetic route for the formation of bisphenol F by hydro-
xyalkylation of phenol with formaldehyde is shown in Scheme 1.

3. Results and discussion

3.1. Catalyst characterizations

The morphological evolution of MIL-101(Cr/Al)A-X was conducted
by scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM). MIL-101(Cr/Al)A-0.5 (Fig. 1a and b) exhibits single
octahedron morphology with a size around 300 nm, while the flower-
like morphology of MIL-101(Cr/Al)A-0.3 begins to appear in the vicinity
of the octahedron morphology (Fig. S1a–c). With the acidity weak-
ening, more deprotonated carboxyl groups are generated to accelerate
coordination with metal clusters. The appearance of mixed octahedron/
flower-like morphologies may be attributed to the heterogeneous nu-
cleation in the patterns of MIL-101(Cr/Al)A-0.3. During the hetero-
geneous nucleation process, the increased deprotonated carboxyl
groups firstly form flower-like morphology and the remained deproto-
nated carboxyl groups with low concentration form octahedron mor-
phology. The particle size of octahedron morphology in MIL-101(Cr/
Al)A-0.3 (∼150 nm) is about half smaller than that of MIL-101(Cr/Al)A-
0.5 with single octahedron morphology, which may due to the presence
of flower-like morphology in their adjacent areas. In addition, the
particle size of original MIL-101(Cr)A-X is investigated. The particle size
of flower-like MIL-101(Cr)A-f is slightly larger than that of octahedron
MIL-101(Cr)A-0.5 (Fig. S2), which is consistent with the reference [33].
As shown in Table S1 and Fig. S3, the average particle size of MIL-
101(Cr)A-X is analysed using a GaussAmp model. With the decrease of
acidity, the number of the deprotonated carboxyl groups of terephthalic
acid increases, which speeds up the rate of coordination with metal
ions. The increase of the coordination rate makes the coordination tend
to irregular and outward growth, leading to larger particles. With the
decrease of acid from 0.3 to 0.1 g, the growth of flower-like morphology
is easier (Fig. S1d–f). When there is no nitric acid, we get a nearly
perfect flower-like morphology (Fig. 1c–e). The HRTEM images (Fig. 1f)

X. Xia et al. Applied Catalysis A, General 559 (2018) 138–145

139



further reveal that the surface of the ‘flower-like’ is distributed with a
high density of stacking faults. The interfacial spacing of flower-like
morphology is determined to be 0.24 nm, corresponding to the (104)
plane of CrO(OH) (PDF 09-0331), which is absent in the original oc-
tahedron morphology (Fig. S4). Fig. 1g is the corresponding fast Fourier
transform (FFT) pattern of the MIL-101(Cr/Al)A-f samples. In addition,
the elemental maps corresponding to flower-like morphology MIL-
101(Cr/Al)A-f are depicted in Fig. 1h, confirming that the C, O, Cr, Al
are of uniformly distributed in MIL-101(Cr/Al)A-f.

Normally, each Cr or Al ion is six-coordinated by four oxygen atoms
of the bidendate dicarboxylates, one μ3O atom and one oxygen atom
from the terminal water. Octahedra are related through the μ3O oxygen
atom to form the trimeric building unit. A superterahedral building unit
is formed by trimeric metal cations octahedron clusters and rigid ter-
ephthalate ligands, which further constructs a three-dimensional net-
work [32]. In the preparation process, the amount of acid influences the
coordination of MIL-101(Cr/Al)A-X by adjusting the deprotonation of
BDC. During crystal formation, acid has a double function: it slows
down the hydrolysis of metal cations and counteracts the deprotonation
of the dissolved carboxylic acids [34]. In our study, the acidic solution
reduces the deprotonation capacity of carboxylic acids during the pre-
paration process of catalysts, and then slows the coordination rate of
metal ions with ligand chains. Therefore, the system have more op-
portunities to form regular structure morphology. With the amount of
acid decreasing, the morphology tends to be irregular, resulting that a
few flower-like morphologies gradually nucleates in the vicinity of the
octahedron morphology. When there is no nitric acid, we get a nearly
perfect flower-like morphology. The formation mechanism of the MIL-
101(Cr/Al)A-f with flower-like morphology is explored and illuminated
in Scheme 2. The special morphology of MIL-101(Cr/Al)A-f could supply
huge surface areas and a large number of accessible active sites, which
is closely related to the catalytic performance [35]. The elemental
analysis spectroscopy (Fig. 2) reveals that the Al3+ content of MIL-
101(Cr/Al)A-0.5 and MIL-101(Cr/Al)A-f are similar, but the catalytic
activity is lower than the latter (as shown in the section of 3.2). This
phenomenon further illustrates that the morphology of catalysts is
critical for the reaction process.

The structure and composition of the MIL-101(Cr)A-f and MIL-
101(Cr/Al)A-X were confirmed by X-ray diffraction (XRD) and the re-
sults are shown in Fig. 3. The low-angle X-ray diffraction profiles of the
samples in Fig. 3a indicate no obvious collapse of the intrinsic structure
of MIL-101(Cr)A-f after the immobilization of Al3+. The as-synthesized
MIL-101(Cr/Al)A-0.5 exhibits characteristic peaks of CrO(OH) (PDF No.
25-1497) at around 17.89°, 21.69°, 26.93°, and 41.74°, and character-
istic peaks 22.84°, 26.92° and 35.0° also presenting in MIL-101(Cr/Al)A-
0.5 belong to AlO(OH) (PDF No. 48-0890). The XRD pattern with
characteristic peaks at around 19.98°, 37.33°, 48.99°, 62.26° and 66.02°
is detected for MIL-101(Cr/Al)A-f, which is in accordance with CrO(OH)

(PDF No. 09-0331). The characteristic peak at 48.99° is ascribed to the
characteristic peak of AlO(OH) (PDF No. 49-0133) in MIL-101(Cr/Al)A-
f. The acid concentration during the preparation process affects the
crystal growth and further influences the catalytic performance of the
framework.

N2 adsorption-desorption isotherms of the MIL-101(Cr)A-f and MIL-
101(Cr/Al)A-X are shown in Fig. 4. According the IUPAC classification,
the N2 isotherms for MIL-101(Cr)A-f and MIL-101(Cr/Al)A-X are founded
to be of type I and IV, respectively [32]. At very low relative pressures
(P/P0<0.05), only the supertetrahedra are filled. As pressure in-
creases, the medium (P/P0=0.15) and later (P/P0=0.20) the large
cavities are filled [31]. As shown in Table 1, the specific surface area of
MIL-101(Cr/Al)A-X reduces compared to MIL-101(Cr)A-f. The specific
surface area of MIL-101(Cr/Al)A-f is 2037 m2/g, while that of MIL-
101(Cr/Al)A-0.5 is just 1873m2/g. The phenomenon may be due to the
fact that the specific surface area of the flower-like is larger than that of
the octahedron with similar size [36]. In addition, the pore size of MIL-
101(Cr/Al)A-f is larger than that of MIL-101(Cr/Al)A-0.5 (Fig. 4b). The
unit cell parameters of the MIL-101(Cr)A-f before and after modification
are investigated and shown in Fig. S5. Incorporation of Al in the fra-
mework of MIL-101(Cr)A-f decreases the unit cell parameters along the
a-axes. The cell parameters of 9.69% aluminum substituted MIL-
101(Cr)A-f is 20.81 Å, whereas that of MIL-101(Cr)A-f is 21.48 Å. The
slightly change in the unit cell parameter could be anticipated because
the ionic radii of the Al and Cr ions are 0.535 Å and 0.615 Å, respec-
tively [37].

UV-Vis spectroscopy is a sensitive tool for probing any changes in
the composition of the secondary structural. Visible-light absorption is
due to the d–d transitions of the metal trimers, while UV absorption
corresponds to the π–π transitions of the linkers. As shown in Fig. 5, the
characteristic absorption peaks of MIL-101(Cr/Al)A-0.5 appear at
445 nm and 602 nm, while the characteristic absorption peaks of MIL-
101(Cr/Al)A-f appear at 442 nm and 601 nm, respectively. Compared
with MIL-101(Cr), incorporation of Al in the framework leads to the
change of characteristic peaks, which is consistent with the literature
[36]. The shift of peaks is due to the fact that different metal ions have
different electronic configurations, and Al is a p-metal that should have
an effect on the d-d transition of the metal chromium sites. Besides, the
XPS spectrum of MIL-101(Cr/Al)A-f shown in Fig. S6 demonstrates that
Al3+ presents in the framework. The 27Al NMR spectrum is shown in
Fig. S7. The presence of one single signal at δ=0ppm demonstrates
that the Al in the sample has an octahedral coordination [38].

The TG pattern of the samples is shown in Fig. 6 and used to
quantify the thermal degradation of MIL-101(Cr/Al)A-0.5 and MIL-
101(Cr/Al)A-f. It can be seen that the thermal stable temperature of both
MIL-101(Cr/Al)A-f and MIL-101(Cr/Al)A-0.5 can reach 400 °C. The
weight loss of the samples is obviously divided into two stages. The first
stage of weight loss at 100 °C is related to the removal of water

Scheme 1. Hydroxyalkylation of phenol with formaldehyde to bisphenol F.
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molecules, while the weight loss up to 400 °C may correspond to de-
composition of the three-dimensional frameworks [39].

3.2. The catalytic performances of MIL-101(Cr/Al)A-f

The properties of catalysts are evaluated by the hydroxyalkylation
of phenol with formaldehyde to bisphenol F. As shown in Table 2, MIL-
101(Cr)A-f shows a lower catalytic activity for the synthesis of bisphenol
F (5.9%) compared to MIL-101(Cr/Al)A-X, although the former has a
relatively large pore size. It’s reported that the hydroxyalkylation of
phenol with formaldehyde strongly depends on the strength of the acid
and the structure of the catalyst [40]. Due to the Al-containing metal
organic framework has stronger acidity than the Cr-containing

Fig. 1. (a) SEM and (b) TEM images of MIL-101(Cr/Al)A-0.5; (c, d) SEM, (e) TEM, (f) HRTEM, (g) FFT and (h) Element mappings images of MIL-101(Cr/Al)A-f.

Scheme 2. Proposed plausible mechanism for morphological evolution.
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framework, the catalytic activity of the MIL-101(Cr/Al)A-X is sig-
nificantly enhanced in the synthesis of bisphenol F [41,42]. The cata-
lytic activity of MIL-101(Cr/Al)A-f and MIL-101(Cr/Al)A-0.5 with the
similar amount of Al3+ is compared here. The results reveal that MIL-
101(Cr/Al)A-f (97.1%) has better catalytic activity than MIL-101(Cr/
Al)A-0.5 (88.7%), which is attributed to more acidic sites in the MIL-
101(Cr/Al)A-f (Fig. S8). The sites at the edges and corners are generally
considered to be more accessible and more active than the sites in the
middle of platelets for acidic catalyzed reactions [35]. The presence of
high-density acidic sites at the edges of the flower-like allows MIL-
101(Cr/Al)A-f to have more favorable structures than the octahedron

MIL-101(Cr/Al)A-0.5, thereby it enables the catalytic reaction pro-
ceeding smoothly. As shown in Fig. S9, The influences of various re-
action parameters like reaction temperature, reaction time, mole ratio
and catalyst concentration on the hydroxyalkylation of phenol with

Fig. 2. EDX spectrum of (a) MIL-101(Cr/Al)A-f and (b) MIL-101(Cr/Al)A-0.5.

Fig. 3. XRD patterns of MIL-101(Cr)A-f and MIL-101(Cr/Al)A-X.

Fig. 4. (a) N2 adsorption-desorption curves of MIL-101(Cr)A-f and MIL-101(Cr/Al)A-X; (b) pore size distributions of MIL-101(Cr)A-f and MIL-101(Cr/Al)A-X.

Table 1
Structural data of MIL-101(Cr)A-f and MIL-101(Cr/Al)A-X.

Samples Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Pore size
(nm)

MIL-101(Cr/Al)A-0.5 1873 1.37 1.7, 2.2
MIL-101(Cr/Al)A-f 2037 1.41 1.9, 2.4

Fig. 5. UV–Vis spectra of MIL-101(Cr/Al)A-0.5 and MIL-101(Cr/Al)A-f.
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formaldehyde to bisphenol F over MIL-101(Cr/Al)A-f have also been
investigated. The 4,4 isomer of bisphenol F may be kinetically con-
trolled while the 2,4 and 2,2 isomer are thermodynamically controlled.
The 4,4 isomer of bisphenol F is readily produced at low temperature
and the 4,4 isomer is transformed to the 2,4 and 2,2 isomer at high
temperature. Compared with MIL-101(Cr/Al)A-f, bisphenol F synthe-
sized in hydroxyalkylation reaction by MIL-101(Cr/Al)A-0.5 has slightly
higher 4,4 isomers and slightly lower 2,4 isomers (Fig. S10). The re-
cyclability of MIL-101(Cr/Al)A-f is shown in Fig. S11. It is observed that
the morphology of the catalyst after recycling maintains flower-like
(Fig. S12). The recovery of MIL-101(Cr/Al)A-f after 3 cycles calculated
based on the leaching amount of aluminum ions was shown in Fig. S11.
The contribution of homogeneous aluminum ions to the catalytic per-
formance is almost negligible, which further proves the stability of the
catalyst. In view of characterization analysis and performance tests, it
can be deduced that the microenvironment during the preparation
process is crucial for the morphology of the framework, which further
influences its catalytic activity.

In order to further investigate the effect of the inherent structure of
the catalyst on the reaction performance, several catalysts are selected
for the synthesis of bisphenol F. As shown in Table 2, it can be seen that
MIL-101(Cr/Al)A-f has relatively high catalytic activity although the
amount of Al3+ is lower than conventional Al-based catalysts. Since
chemical reactions are determined by the availability of the active sites
rather than the number of the active sites, the significantly enhanced
catalytic activity of the MIL-101(Cr/Al)A-f could be mainly attributed to
three factors : (i) the large pore volume and specific surface area of the
MIL-101(Cr/Al)A-f promote the evacuation process of the substrate and
product. (ii) active ingredients can be better involved in the carrier to
improve its structural properties. (iii) the good interconnection of the
nano-spacing in the three-dimensional cage of MIL-101(Cr/Al)A-f makes
it easier that high-density active sites in MIL-101(Cr/Al)A-f can be ex-
posed in the system. Therefore, the MIL-101(Cr/Al)A-f is found to be
more effective in the conversion of phenol and formaldehyde, which in
turn illustrates that the ionic activity and the intrinsic structure of the
catalyst are two indispensable factors in the chemical process.

Fig. 6. TG patterns of (a) MIL-101(Cr/Al)A-0.5, (b) MIL-101(Cr/Al)A-f.

Table 2
Catalytic activities of MIL-101(Cr)A-f, MIL-101(Cr/Al)A-X and other Al-based catalysts for bisphenol F. Reaction conditions: phenol/formaldehyde molar ratio, 15 : 1;
catalyst concentration, 0.3 wt%; reaction temperature, 333 K; reaction time, 30min.

Catalyst Reaction time/min Reaction temperatur/°C Al conten/wt% Yiel/% Selectivit/% Ref.

MIL-101(Cr)A-f 30 60 0 5.9 96.6 This study
MIL-101(Cr/Al)A-0.5 30 60 10.05 88.7 96.7 This study
MIL-101(Cr/Al)A-f 30 60 9.69 97.1 98.3 This study
Al-SPC 40 60 27.2 87.3 97.6 [43]
Al-MMT 30 110 34.9 55.7 89.2 [44]
Al-MCM 240 90 30 88.3 90.7 [45]
Al-H-beta 60 90 25 91.2 91.4 [46]

Fig. 7. Kinetic plot of -ln(1 - X) vs time. Reaction conditions: molar ratio of
phenol to formaldehyde, 15:1; catalyst amount, 0.3 wt%.

Fig. 8. Arrhenius plot of -ln k vs T−1.

Scheme 3. Proposed plausible mechanism for hydroxyalkylation of phenol
with formaldehyde to bisphenol F.
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3.3. Kinetics study

After validating the catalytic performance of MIL-101(Cr/Al)A-f in
the hydroxyalkylation of phenol with formaldehyde, the experimental
data are further used to establish a kinetic model based on the
Langmuir-Hinshelwood mechanism. In the bimolecular equilibrium
system, the concentration of phenol and formaldehyde is theoretically
related to its reaction rate. The kinetic equation is written in Eq. (1),
where k represents the reaction rate constant, r represents the reaction
rate, t represents the reaction time, Cphenol represents the concentration
of phenol, Cformaldehyde represents the concentration of formaldehyde, X
represents the conversion of formaldehyde, α and β represent the re-
action order. Although the reaction is accompanied by the occurrence
of side reactions in this system, the conversion rate of formaldehyde is
approximately equal to the yield due to the high selectivity of bisphenol
F. Since phenol is far more than formaldehyde, we assume that the
reaction is a pseudo-first-order reaction of formaldehyde. Based on the
analysis above, we have simplified the equation for the hydroxylation
of phenol with formaldehyde as Eq. (2).

In order to analyze the kinetics of system, the standard first-order
kinetic equation is written as Eq. (3). In addition, the Arrhenius equa-
tion is used to estimate the activation energy of the reaction system (Eq.
(4)), where R represents the universal gas constant, Ea represents the
activation energy, and T represents the reaction temperature of the
system.

To validate the above assumptions, five straight lines are simulated
at temperatures of 318 K, 323 K, 328 K, 333 K and 338 K, respectively.
As shown in Fig. 7, the slope of these lines is k which shows a good
linear relationship and the linearity of the plots with correlation coef-
ficient R2 > 0.99. In addition, the rate constant k increases with the
increase of the temperature in a certain range, indicating that the high
temperature is favorable for the reaction. It means that the rate of the
hydroxyalkylation is the Langmuir-Hinshelwood type over MIL-101(Cr/
Al)A-f with respect to the formaldehyde. The Arrhenius plot of -ln k1 vs
1/T is shown in Fig. 8, and the activation energy is calculated to be
80.5×103 J/mol.

R= -dC/dt= kCα
phenolCβ

formaldehyde (1)

R= -dC/dt= kCα (2)

- ln(1-X)= kt+ b (3)

lnk= -Ea/RT+ lnk0 (4)

3.4. Reaction mechanism

Based on the results discussed above, a possible mechanism for
hydroxyalkylation of phenol with formaldehyde is presented in Scheme
3. Firstly, the formaldehyde is activated by a proton from the MIL-
101(Cr/Al)A-f to form hydroxymethyl carbocation (1) with release of a
water molecule. Then, the hydroxymethyl carbocation interacts with
the carbon atoms of phenol to form the hydroxyl oxygen cation (2)
which is unstable. This is followed by a proton transfer from the car-
bocation to catalyst and hydroxybenzyl alcohol (3) is obtained with
regeneration of the catalyst. Hydroxybenzyl alcohol is further reacted
with the active acid sites of the MIL-101(Cr/Al)A-f to form hydro-
xybenzyl carbocation (4). In the final stage, the hydroxybenzyl carbo-
cation continues to attack another carbon atom of phenol to form an
unstable intermediate (5). The intermediate is easy to lose protons, and
eventually the 4,4′-isomer of bisphenol F is obtained.

4. Conclusion

A flower-like MIL-101(Cr/Al)A-f was successfully synthesized by
adjusting the acidity of the reaction mixture. The composition and
morphology of the MIL-101(Cr/Al)A-X were characterized by XRD, 27Al

NMR, XPS, SEM, and TEM. We found that with an increase of acid
content, the structure of the MOF attempted to form flower-like mor-
phology. When used as the catalyst of hydroxyalkylation of phenol with
formaldehyde, the MIL-101(Cr/Al)A-f showed a higher yield and se-
lectivity than MIL-101(Cr/Al)A-0.5, which were 97.1% and 98.3% re-
spectively, while the controlled MIL-101(Cr/Al)A-0.5 had only 88.7%
and 96.7% at 60 ℃ for 30min. The other controlled catalysts were also
used to evaluate catalytic activity with the similar Al content. The large
surface area and high-density sites of MIL-101(Cr/Al)A-f could be re-
sponsible for the excellent catalytic activity in the hydroxyalkylation of
phenol with formaldehyde to bisphenol F. A possible mechanism was
proposed and the hydroxyalkylation was in good agreement with the
Langmuir-Hinshelwood kinetic model over MIL-101(Cr/Al)A-f.
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