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A B S T R A C T

MIL-88A, a Fe-based MOF, with different sizes was prepared successfully at room-temperature, which was
characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR) and UV–vis diffuse reflectance spectroscopy (UV–vis DRS). Water played an important role
in the room-temperature synthesis as water could facilitate the deprotonation of fumaric acid and hydrolysis of
iron salt to accelerate crystal nucleation, and this room-temperature preparation is beneficial to the large-scale
synthesis and is imperative to push forward the development of the MIL-88A. The as-prepared MIL-88A ex-
hibited excellent photo-Fenton catalytic performance towards rhodamine B and bisphenol A removal under
visible light irradiation (LED). The main active specie was investigated, the degradation mechanism and BPA
degradation pathway were proposed. Furthermore, the as-prepared MIL-88A displayed good reusability, and
there was no obvious decline of degradation performance after five cycles.

1. Introduction

Organic dyes and pharmaceuticals and personal care products
(PPCPs) are typical organic pollutants in water pollution, which pose
risks to the ecological environment and human health [1,2]. It is re-
ported that organic pollutants, including dyes and PPCPs, widely ex-
isted in surface water, ground water, and even drinking water due to
their widespread use. Currently, various methods have been applied to
the treatment of organic pollutants in water, such as adsorption [3,4],
biodegradation [5], photocatalysis [6–8], advanced oxidation processes
(AOPs) [9–12] and so on. Among these methods, AOPs is considered to
be a promising technology for organic contaminants removal.

Metal-organic frameworks (MOFs), an emerging porous crystalline
material constructed from metal and organic linker, with the merits of
large surface area and tunable pore size, received widespread attention
in many fields, such as sensor, [13–15] gas storage [16,17], gas se-
paration,17,18] adsorption, [19–21] electrochemistry [22], catalysis
[23], and photocatalysis [24,25]. Fe-based MOF, as a heterogeneous
photo-Fenton materials, has been widely investigated [26]. Liang and
coworkers prepared Pd@MIL-100(Fe) to accomplish outstanding pho-
tocatalytic activity for PPCPs (theophylline, ibuprofen and bisphenol)
degradation with the help of H2O2 [27]. Li and coworkers prepared

Fe3O4@MIL-100(Fe) that exhibited excellent removal efficient of di-
clofenac sodium via adsorption removal and the consequent photo-
catalytic degradation in the presence of H2O2 [28]. Recently, Fe-based
MOFs, such as MIL-100 [29,30], MIL-101 [31,32], MIL-53 [33,34],
MIL-88A [35], and MIL-88B [36,37] as visible-light-driven photo-
catalysts and photo-Fenton catalysts had attracted great attention.
Among these Fe-based MOFs, MIL-88A, built from Fe3+ and fumaric
acid, was a good candidate for the scale applications because of the low
price.

Currently, there are a large number of MOFs being synthesized via
solvothermal method [38,39]. However, much concerns should be put
on the facile preparation method of MOFs, which can not only reduce
energy consumption but also facilitate the development and application
of the MOFs [40,41]. In this work, a room-temperature preparation
method of MIL-88A was firstly reported, in which the sizes of MIL-88A
can be easily controlled by changing the amounts of the reactants. The
obtained MIL-88A presented excellent photo-Fenton degradation effi-
ciency towards rhodamine B (RhB) and bisphenol A (BPA) under visible
light irradiation. Furthermore, the MIL-88A can be recycled without
obvious decrease of the degradation efficiency.
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2. Experimental section

2.1. Reagents

Fumaric acid, bisphenol A (BPA) and isopropanol (IPA) was bought
from J&K Scientific Ltd. FeCl3·6H2O, ethylenediaminetetraacetic acid
(EDTA) and terephthalic acid were bought from Sinopharm.
Rhodamine B (RhB) was bought from Beichen Founder Reagent
Factory. All the reagents were used directly without further treatment.

2.2. Preparation of MIL-88A

10mmol fumaric acid and 10mmol FeCl3·6H2O were dissolved in
75mL ethanol and 75mL ultrapure water, respectively. The two solu-
tions were mixed, and stirred for 24 h at room temperature. The pro-
ducts (MIL-88A-1) were washed by ethanol and separated with the aid
of centrifugation. As well, MIL-88A-2 was prepared using the similar
method by replacing 10mmol fumaric acid and 10mmol FeCl3·6H2O
with 20mmol fumaric acid and 20mmol FeCl3·6H2O.

2.3. Characterization

X-ray diff ;raction (XRD) patterns were recorded on a
Dandonghaoyuan DX-2700B diff ;ractometer using Cu Kα radiation.
Hitachi SU8020 scanning electron microscope (SEM) was used to
measure the morphology of the samples. UV–vis diffuse-reflectance
spectra (UV–vis DRS) were obtained on a Perkin Elmer Lambda 650S
spectrophotometer. Fluorescence spectra were conducted on a Hitachi
F-7000 and Techcomp FL970 spectrophotometer in the range of
350−600 nm.

2.4. Photo-Fenton catalytic experiment

10mgMIL-88A-1 or MIL-88A-2 was dispersed in 50mL 10mg/L
RhB (or BPA) solution with the help of ultrasound. After stirring under
dark condition for 60min, 100 μL 30 % H2O2 was added in, and soon
the solution was irradiated by 350mW LED visible light source
(PCX50A, Beijing Perfect Light Technology Co., Ltd.). At a certain time
interval, 1.5 mL solution was extracted from the reactor by a 0.22 μm
filter, which was quenched with 20 μL IPA. UV–vis absorption spec-
troscopy was used to measure the residual RhB concentration. A UPLC
(Waters) equipped with a TUV detector was used to determine the
concentration of BPA. The analytes were separated by a C18 column
(1.7 μm, 2.1 mm×50mm), and acetonitrile and water (V:V=65:35)
were used as mobile phase A and B, respectively. To understand the
degradation pathway of BPA, A LC (Thermo scientific Vanquish) cou-
pled with a MS (Q Exactive Focus) was used to identify the inter-
mediates using a column (Hypersil Gold aQ, 100× 2.1mm, 1.9 μm).

3. Results and discussions

As reported, Fe3+ can react with fumaric acid to form MIL-88A at
high temperature [42]. In our case, MIL-88A can be harvested via the
reaction between aqueous solution of FeCl3 and alcohol solution of
fumaric acid at room temperature, which was affirmed by the XRD
patterns, FTIR spectra and SEM images as illustrated in Fig. 1. It can be
seen from Fig. 1a that the XRD characteristic diffraction peaks of the
MIL-88A-1 and MIL-88A-2 matched well with those of the simulated
one [43,44]. It was reported that guest molecule affected the XRD
pattern of MIL-88A [45]. In our case, the MIL-88A was washed with
ethanol twice in order to be dried within a short time. As shown in Fig.
S1, the XRD pattern of MIL-88A washed with ethanol is different from
that washed with water, and the main difference was the intensities of
peaks at about 10.8° and 12°. The intensity of the former peak was
higher than that of the later one when ethanol as washing solvent,
while the later peak was higher than that of the former one when water

as washing solvent. When the product was firstly washed with water
and then washed with ethanol, the intensities of the two peaks are si-
milar (Fig. S1). Because the MIL-88A washed with water is difficult to
be dried, ethanol was used as washing solvent during the preparation
process in order to obtained the MIL-88A within a short time.

SEM images (Fig. 1b and c) show that the obtained MIL-88A present
spindle-like shape, and the length and width of MIL-88A-1 were about
1000 and 500 nm, respectively, while 500 and 300 nm for the MIL-88A-
2, respectively, indicating that reactant concentration exerts no influ-
ence to the morphology. However, high concentrations of the reactants
facilitate to reduce the particle size of MIL-88A, which corresponds well
with the previous literature [46]. FTIR spectra were also conducted, as
shown in Fig. 1d. The bands at 1396 and 1603 cm−1 can be attributed
to the symmetric and asymmetric vibration of the carboxyl group
(−COOH), respectively [47,48]. The band at 672 cm−1 can be assigned
to vibration mode of Fe-O [47].

It is worthy to note that no obvious precipitation was seen by naked
eyes when ethanol was used as the sole solvent while brick-red products
were precipitated immediately in the presence of water, indicating that
water played an important role in the room-temperature preparation
process. It is speculated that H2O could accelerate deprotonation of
fumaric acid and hydrolysis of iron salt to promote crystal nucleation of
MIL-88A, as reported in the literature [49]. Wang’s group [50] found
that zirconium- and hafnium -based MOF nanocrystals were synthe-
sized under mild condition in the presence of water and acetic acid. As
far as we know, it is the first report of the room-temperature prepara-
tion of MIL-88A. This room-temperature preparation method is green as
just water and ethanol were used as solvents, and the large-scale
synthesis can be easily realized by using larger reactor, which is ben-
eficial to scale application of MIL-88A.

UV-Vis DRS (Fig. 2a) was used to characterize the optical absorption
property of the MIL-88A. There are obvious absorption peaks at
200−600 nm of the two samples, and Eg was approximately 2.02 eV
(Fig. 2b), which is similar to the previous literature [51,52]. RhB was
selected as the target pollutant to study the catalytic performance under
visible light. As depicted in Fig. 3a, both MIL-88A-1 and MIL-88A-2 had
little adsorption capacity toward RhB, and only approximately 10 %
RhB adsorption was accomplished after 30min under dark condition. It
can be seen that mostly complete degradation of RhB was accomplished
after 80min and 60min irradiation under visible light in the presence
of H2O2 for the MIL-88A-1 and MIL-88A-2, respectively, indicating
good visible-light-driven catalytic activity of the prepared MIL-88A.
The catalytic activity of the MIL-88A-2 was better than that of the MIL-
88A-1, which could be attributed to the smaller size and more active
sites of the MIL-88A-2 [53].

To further confirm the as-synthesis MIL-88A with good visible-light-
driven catalytic performance, control experiments were conducted. As
shown in Fig. 3b, after 120min irradiation under visible light, self-de-
gradation of RhB was about 15 %, and only 21 % degradation were
realized just with the addition of MIL-88A-2. RhB degradation with the
oxidation of H2O2 under visible light was just 28 %. The RhB de-
gradation was also conducted under dark condition in the presence of
MIL-88A-2 and H2O2. The results show that the RhB degradation was
also limited, and 37 % RhB degradation was accomplished, which could
be ascribed to the effect of Fenton-like catalysis due to the existence of
Fe-O clusters on the surface of MIL-88A. When both MIL-88A-2 and
H2O2 were added under visible light, a markedly increase of the RhB
degradation appeared. The Fe content measured by ICP-OES (ICP-5000,
Focused Photonics (Hangzhou) Inc.) in the solution was 1.6 ppm after
photodegradation, and it can be observed from Fig. S2 that the de-
gradation efficiency of RhB was 58 % within 60min in the presence of
1.6 ppm Fe3+ under visible light, which is far lower than that of the
MIL-88A-2, implying the good catalytic degradation of MIL-88A-2
under visible light irradiation.

The initial concentration of target pollutants and H2O2 dosage are
important parameters for the degradation of organic contaminants.
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Therefore, the effects of these factors on the RhB degradation were
studied. Fig. 4a shows the degradation efficiency of various initial
concentration of RhB ranging from 10 to 100mg/L under visible light
irradiation. It can be clearly seen that the almost completely degrada-
tion of RhB was accomplished after 60, 60 and 80min irradiation when
the initial concentration of RhB was 10, 20 and 50mg/L, while just
reached 95 % for 100mg/L after 120min irradiation, implying that the
degradation efficiency decreased as the increasing of the RhB con-
centration. The effect of H2O2 dosage ranging from 50−200 μL on the
RhB degradation efficiency was shown in Fig. 4b. The degradation ef-
ficiency of RhB was 92.5 %, 98.0 % and 99.4 % when the H2O2 dosage

was 50, 100 and 200 μL, indicating that the increase of H2O2 dosage did
not result in great enhancement of RhB degradation efficiency.

PPCPs, as a kind of emerging pollutants, pose serious threats to the
ecological environment and even human health, and the control of
PPCPs is of great significance. Therefore, BPA was also selected as
target pollutant to study the catalytic performance of the as-synthesis
MIL-88A. The results (Fig. 5a) show that MIL-88A-1 and MIL-88A-2
exhibited excellent catalytic activity towards BPA degradation, and the
degradation of BPA was 95 % and 100 % for the MIL-88A-1 and MIL-
88A-2, respectively after 80min irradiation. It can be observed from
Fig. 5a that the degradation efficiency of the MIL-88A-2 was better than

Fig. 1. (a)XRD patterns of simulated MIL-88A, MIL-88A-1 and MIL-88A-2, (b–c) SEM images of (b) MIL-88A-1 and (c) MIL-88A-2, (d) FTIR spectra of MIL-88A-1 and
MIL-88A-2.

Fig. 2. (a) UV–vis DRS and (b) Eg plots of MIL-88A-1 and MIL-88A-2.
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that of the MIL-88A-1, which also could be due to its smaller size and
larger active sites. Fig. 5b shows that self-degradation of BPA was about
2 % after 120min irradiation under visible light, only 17 % degradation
was realized just with the addition of MIL-88A-2, and only 25 % de-
gradation was acquired just with H2O2. When both MIL-88A-2 and
H2O2 were added under dark condition, 50 % degradation was ac-
quired, while a markedly increase of the catalytic activity appeared
under visible light irradiation in the presence of the MIL-88A-2 and
H2O2. These results are similar to those of the RhB degradation.

Except for MOF-5, most MOFs belong to molecular photocatalysts,
which could be described as highest occupied molecular orbital
(HOMO) - lowest unoccupied molecular orbital (LUMO) theory. Upon
the visible light irradiation, electron (e−) is excited from HOMO to

LUMO, leaving a hole (h+) on the HOMO. The h+ can react with H2O2

to form ·OH, and e− can react with dissolved O2 to form ·O2
−. The h+,

·OH and ·O2
− all could lead to the oxidation of organic pollutants.

However, the photocatalytic degradation of RhB and BPA is limited in
the absence of H2O2, as shown in Fig. 3b and b, which could be at-
tributed to the rapid recombination of h+ and e−, and weak oxidative
capacity of the h+ and radicals. With the addition of H2O2 and MIL-
88A-2 under dark condition, the degradation of RhB and BPA was in-
creased (Fig. 3b and 5b), which could be attributed to the increase of
·OH as Fe-O clusters on the surface of the MIL-88A can activate H2O2 by
Fenton-like reaction, which was described as Eq. (1) and (2). However,
the increase of RhB and BPA degradation by Fenton-like catalysis is
limited. Upon visible light irradiation, MIL-88A could generate h+ and

Fig. 3. (a) The degradation efficiency of RhB by MIL-88A-1 or MIL-88A-2 and (b) the comparative experiments of degradation of RhB by MIL-88A-2.

Fig. 4. The effect of (a) RhB concentration, (b) H2O2 dosage on degradation efficiency of MIL-88A-2.

Fig. 5. (a) The degradation efficiency of BPA by MIL-88A-1 or MIL-88A-2 and (b) the comparative experiments of degradation of BPA by MIL-88A-2.
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e- through Eq. (3). H2O2, as the electron acceptor, can capture the e− to
form •OH radical, inhibiting the recombination of h+ and e− and finally
the improving the RhB and BPA degradation, which was described as
Eq. (4). From the above discussion, it can be concluded that the photo-
Fenton reaction were the main mechanism for the degradation of RhB
and BPA.

Fe3+ + H2O2 → Fe2+ + •HOO + H+ (1)

Fe2+ + H2O2 → Fe3+ + •OH+OH− (2)

MIL-88A+hv → h+ + e- (3)

e− + H2O2 → •OH+OH− (4)

To verify this mechanism, active species experiments were con-
ducted. 0.5mM EDTA and IPA were introduced to capture h+ and •OH
radical, respectively. As shown in Fig. 6a, the RhB degradation was

greatly restricted after introduction of IPA. While, in the presence of
EDTA, the RhB decomposition was improved because of the inhibition
of the recombination of h+ and e−, and the enhancement of the for-
mation of •OH. These results implied that the main active specie should
be •OH radical. It is reported that the concentration of •OH radical can
be determined by fluorescence method [54]. ·OH can be effectively and
selectively trapped by terephthalic acid to form 2-hydroxy terephthalic
acid that can emit fluorescence at 425 nm when excited at 315 nm, as
reported in the literature [54,55], and the intensity of the peak at
426 nm is proportional to the concentration of the •OH radical. The
experiment is similar to the photocatalytic process except that a solu-
tion of 0.5 mM terephthalic acid and 2mM NaOH replace the RhB so-
lution. After 30min irradiation under visible light, some solution was
extracted, and the fluorescence spectra was recorded on Techcomp
FL970 fluorescence spectrometer with an excitation wavelength of

Fig. 6. (a) Effect of different scavengers on the degradation of RhB by MIL-88A-2, and (b) Fluorescence emission spectra of •OH radicals generated during the
catalytic process at 315 nm on contrast experiments.

Fig. 7. The proposed pathway for the degradation of BPA.

H. Fu, et al. Materials Research Bulletin 125 (2020) 110806

5



315 nm. Fig. 6b indicates that there is no signal just with the addition of
MIL-88A-2, implying that the photogenerated h+ can’t lead to the
formation of •OH radical. A small peak appeared only with H2O2 under
light irradiation, which means that the RhB degradation by the oxida-
tion of H2O2 existed. An increase was found with the introduction H2O2

and MIL-88A-2 under dark condition, meaning that •OH radical gen-
erated through Eq. (1) and (2) played a role in the degradation of or-
ganic pollutants. The intensity of the PL peak increase greatly in the
presence of H2O2 and MIL-88A-2 under visible light irradiation,

suggesting the formation of more •OH radical and the improvement of
the degradation efficiency. It corresponds well with the results of
Fig. 3b and 5 b, further confirming the important role of •OH radical in
the degradation process.

To understand the degradation pathway of BPA, LCeMS analysis
was conducted to identify the intermediates. The possible oxidation
products were identified (Table S1), and several possible degradation
pathways were proposed, as shown in Fig. 7. The CeC bond of BPA
between benzene rings and isopropyl was ruptured to generate phenol
and 4-isopropylphenol that could be converted into 4-iso-
propenylphenol and 4-hydroxybenzoic acid [56–59]. The detected
species with m/z=244 could be monohydroxylated BPA that could
further react with ·OH to cause the bond cleavages and produce the
intermediates of isopropylhydroquinone and phenol [58–60]. These
intermediates with low molecular weights would be further oxidized to
ring opened products, and finally CO2 and H2O.

Reusability is a significant parameter to evaluate catalysts. RhB was
selected as the target pollutant to study the reuse of the MIL-88A. After
the first cycle, the MIL-88A-2 was centrifuged and re-dispersed in RhB
solution, and it can be seen from Fig. 8 that there is no obvious decline
of the degradation efficiency after five cycles. XRD pattern of MIL-88A-
2 after catalytic experiment was shown in Fig. 9a. It can be seen that the
diffraction pattern of the used MIL-88A-2 was similar to that of the as-
prepared MIL-88A-2 washed with water, indicating the good stability of
the MIL-88A. SEM image (Fig. 9b) show that the MIL-88A-2 after photo-
Fenton degradation of RhB was similar to the as-prepared MIL-88A-2.
Furthermore, XPS spectra (Fig. 9c), TGA curves (Fig. 9d) and EDS re-
sults (Table S2) of MIL-88A-2 were not changed obviously before and
after photo-Fenton reaction, and the difference of the loss weight
(Fig. 9d) could be attributed to the changes of the guest molecules in
MIL-88A. These results suggested the good reusability and the long-
term operation of the MIL-88A.

Fig. 8. The cyclic experiments of catalytic degradation of RhB over the MIL-
88A-2.

Fig. 9. (a) XRD patterns, (b) SEM image, (c) XPS spectra and (d) TGA curves of MIL-88A-2 before and after photo-Fenton reaction.
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4. Conclusion

In conclusion, MIL-88A with different sizes was prepared success-
fully at room temperature. This method is green and facilitates the
large-scale synthesis, which is imperative to push forward development
of MIL-88A. During the preparation process, water played an important
role as water could facilitate the deprotonation of fumaric acid and
hydrolysis of iron salt to accelerate crystal nucleation. Both MIL-88A-1
and MIL-88A-2 exhibited excellent photo-Fenton catalytic degradation
efficiency towards RhB and BPA in the presence of H2O2 under visible
light, and MIL-88A-2 with smaller size had better photo-Fenton cata-
lytic activity than MIL-88A-1. H2O2, as an electron acceptor, greatly
improve the degradation of RhB and BPA, in which the main active
specie was •OH generated from the reaction between e− and H2O2, and
the Fenton-like reaction. In addition, the as-synthesis MIL-88A pos-
sessed good reusability, and there was no obvious decline of the de-
gradation efficiency after five cycles. This work taped a new door to
produce MIL-88A under ambient temperature and mild condition,
which will provide a new possibility for its large-scale application.
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