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A B S T R A C T

Improving the performance of metal–organic frameworks (MOFs) through modifications is an important issue to
expand their potential applications. In the current study, multi-walled carbon nanotube functionalized MIL-
101(Fe) (CNT@MIL-101(Fe)) was synthesized and used to construct a visible-light photocatalysis system for
elimination of ciprofloxacin. CNT@MIL-101(Fe) has a lower band gap energy (2.19 eV) than MIL-101(Fe)
(2.46 eV), rendering it the visible light absorption from 400 nm to 565 nm. In the CNT@MIL-101(Fe)-photo-
catalysis system, some optimized reaction conditions were: CNT doping ratio= 5%, pH=3.0, [H2O2] vs.
[CNT@MIL-101(Fe)] mass ratio= 11.3. Under 2.0 mW cm−2 visible light irradiation, degradation of cipro-
floxacin followed an apparent pseudo-first-order kinetic reaction rate at 6.85×10−4 s−1. Using CNT@MIL-
101(Fe), faster activation and electron transfer were achieved due to the high conductibility of CNT, resulting in
a higher removal efficiency of ciprofloxacin (3.02 μM, ~90% at 45min) than using MIL-101(Fe) (~65%).
Furthermore, the iron ions leakage of CNT@MIL-101(Fe) was only half the one of MIL-101(Fe), suggesting a
better stability in water. The reactive mechanism was confirmed to be %OH oxidation, in which visible photo-
catalysis was the dominant reaction. Generally, CNT@MIL-101(Fe) has enhanced performance and stability,
which can act as potential catalyst of organic contaminants.

1. Introduction

Metal–organic frameworks (MOFs) have become one of the most
attractive novel classes of materials for scientists and engineers due to
their good crystallinity, tunable structure, high porosity and large sur-
face area [1]. Common structures of MOFs contain organic linkers (li-
gands) and metal-core nodes, which are constructed by covalent bonds.
Theoretically, MOFs can have infinite structures. Any metallic element
in the periodic table can be selected as alternative metal nodes, while
various carboxylic and other organic matters can be applied as linkers
for MOF synthesis. These diverse combinations and easily tailored
structures result in their extensive potential applications, including
catalytic synthesis [2], gas storage/separation [3], biomedical appli-
cations [4] and heterogeneous photocatalysis [5].

Photocatalysis represents an attractive potential to not only remedy
polluted waters, but also utilize harness solar energy [6–9]. Recently,
increasing researches have attempted to use MOFs for photocatalysis
degradation of organic contaminants in aqueous mediums [10–12].
Among various MOFs, Fe-MOFs could be one practicable class photo-
catalyst. Advantages of Fe-MOFs includes environment-safety, cost-

effective and photoresponsive feature. The most familiar Fe-based
MOFs are the MIL series (MIL-101, MIL-100 and MIL-53, etc.) [13].
Under light irradiation, an excitation of electrons from HOMO (oxygen
and/or nitrogen orbitals) to LUMO (metal cluster) occurs, followed by
the electron transport from the MOF interface to donors (such as H2O2).
These processes generate highly reactive radicals species (such as hy-
droxyl radicals %OH), which degrade and even mineralize organic
contaminants in water [14]. Therefore, Fe-based MOFs have the po-
tential to act as photocatalysts for water treatment.

However, MOFs (also for Fe-based MOFs) exhibit a few weak points
that impede their full potential as photocatalysts in water treatment.
The poor stability, especially for some MOFs with low valence metal
cores, could be the most critical issue [15]. It was reported that sig-
nificant decomposition of some MOFs, including Zn-DMOF-1, Zn-
UMCM-1, Cu-BTC (HKUST-1) and MOF-5 series, occurred even under
moist air [16,17], not to mention in water. Furthermore, the large di-
mension and semiconductor feature render pristine MOFs the low ef-
ficient solar light harvesting, charge separation and transportation ca-
pacity, which were not conducive to photocatalytic reactions [18]. To
mitigate these drawbacks, several strategies have been developed. One
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approach is selecting combinations with strong chemical-bands to form
steady MOFs [19]. For example, high valence metals, including Ti, Zr,
Fe, Al and Cr, were selected to form core nodes, as well as strong or-
ganic acids to form the ligands. Based on Pearson's hard/soft acid/base
principle, these strong acid-basic combinations will be more stable in
acid and neutral aqueous conditions [20]. Another approach is mod-
ifying MOFs with some substrates, such as semiconductor nanoparticles
[21], carbon nanotubes (CNT) [22], graphene oxide (GO) [23], etc.
Addition of these substrates may improve the performance of MOFs. For
example, semiconductor nanoparticles can enhance the separation of
electrons and holes. GO can improve the dispersion and firmness of
MOFs in water, while CNT addition may provide a better electrons
transportation performance.

To date, only a few researches have synthesized CNT functionalized
MOFs for photocatalysis [22,24]. For Fe-based MOFs, the detailed in-
formation about the performance improvement as photocatalyst after
doping CNT is still unclear. In this study, CNT functionalized MIL-
101(Fe) (named CNT@MIL-101(Fe)) was fabricated and characterized.
A typical antibiotic, ciprofloxacin (CIP), was selected as the target,
while a visible light photocatalysis system using CNT@MIL-101(Fe) and
H2O2 was developed and optimized for CIP degradation. Comparison of
the degradation efficiency and stability between CNT@MIL-101(Fe)
and its parent MIL-101(Fe) was conducted. The reaction mechanism
was investigated using electron paramagnetic resonance (EPR). This
study can provide useful information for the specific application of
CNT@Fe-based MOFs as photocatalysts in aquatic mediums.

2. Materials and methods

2.1. Chemical materials

Multi-walled carbon nanotube (MWCNT,> 98%) was obtained
from Chengdu Organic Chemicals CO. LTD., Chinese Academy of
Sciences. Its outer diameter is 10–20 nm, and its length is 0.5–2.0 μm.
CIP (98%, HPLC grade), benzene-1,4-dicarboxylic acid (H2BDC, HPLC
grade), N, N-dimethylformamide (DMF) and 2,2,6,6-tetra-
methylpiperidine (TEMPO, 98%), 5,5-dimethyl-1-pyrroline N-oxide
(DPNO, 99%) were obtained from TCI. Analytical grade H2O2 (30%)
and FeCl3·6H2O (98%) were purchased from Sinopharm. Ultrapure
water with 18.2MΩ was used to prepare solutions.

2.2. Synthesis and characterization of CNT@MOFs

MIL-101(Fe) was fabricated using a similar hydrothermal reaction
[25]. The typical synthesis procedure was: 2.026 g FeCl3·6H2O
(7.5 mmol), 0.622 g (3.75 mmol) H2BDC and 45mL of DMF were mixed
and undergone ultrasonic treatment (15min). This DMF mixture was
transferred to a steel autoclave. After heating at 120 °C (24 h), the
product was washed by DMF and 60 °C EtOH until the raw stuff was
removed. A drying (70 °C, 30min) and an activation (150 °C, 10 h)
procedures were conducted subsequently.

For CNT@MIL-101(Fe) synthesis, a similar process was performed
with some modifications. Typically, different amount (2, 5, 10, 15,
20 wt%) MWCNT was added into 9mL EtOH, and this suspension was
undergone ultrasonic treatment (10min) to disperse the MWCNT.
Subsequently, this suspension was mixed with H2BDC and FeCl3·6H2O
in DMF together. After a 5min ultrasonication, this mixture was
transferred to a steel autoclave. After heating at 120 °C (24 h), the fol-
lowing purification processes were similar to MIL-101(Fe).

Characterization of MOFs included the following parameters. A
scanning electron microscope (EVO18, Zeiss) was applied to obtain the
high-resolution scanning electron microscope (HRSEM) of MOFs. A
iS50 infrared spectrometer (Thermo) was applied to measure the
Fourier transformed infrared (FT-IR). A UV-3600+ spectrophotometer
(Shimadzu) was used to determine 200–850 nm ultraviolet-visible
spectrum. A D2 Phaser X-ray diffraction device (Bruker) was employed

to characterize the XRD feature, while a ThermoFisher K-Alpha in-
strument was used to record X-ray photoelectron spectroscopy (XPS).
The specific surface areas of MOFs were measured by the
Brunauer–Emmett–Teller (BET).

2.3. Photocatalysis degradation experiments

An irradiation device equipped with light-emitting diodes (white
light LEDs, 360–830 nm) was assembled, which was constituted by a
replaceable light source, supporting framework and reactor vessel.
Irradiation<400 nm was cut by a 400 nm filter, thus, only visible light
was utilized in photocatalysis experiments. The total irradiation in-
tensity was determined to be 2.0mW cm−2 on the top of reaction so-
lution, which was measured by an illuminometer. The supporting fra-
mework was fabricated using 3D-print, while the reactor vessel
contained a series of customized Petri dish.

At first, pH of CIP solution ([CIP]0 at 3.02 μM) was maintained using
H3PO4, NaOH and KH2PO4 mixed buffered solution. In each group,
20mL solution in the reactor vessel was shaken orbitally (60 rpm)
under particular temperatures (288–308 K). After adding given amount
of MOFs, a 60-min pre-absorption was conducted. Photocatalysis ex-
periments were started by adding given amount of H2O2 solution (30%)
and lighting up the LEDs. At each pre-set time point, 1.0 mL sample was
collected, and then was mixed with equivalent sodium sulfite solution
to quench potential radicals. The mixture was filtrated by poly-
ethersulfone filter, and then stored in brown amber tubes.

2.4. Quantitative and qualitative analysis of organic pollutant

Quantitative analysis of CIP was carried out by a TripleQuad 5500
HPLC/MS2 (AB-Sci). Qualitative analysis of transformation products
was conducted by a TOF 6600+ high resolution mass spectrometry
(AB-Sci). The determined products were defined to be tentative candi-
dates [26]. Other determination procedures are shown in supplemen-
tary materials. A systematic intermediate screening procedure is dis-
cussed in our previous study [27].

2.5. Recyclability/stability experiments

In recyclability experiments, the main procedure was similar to the
basic photocatalysis degradation experiment (Section 2.3). After the
first reaction cycle, the used MOFs powder was separated by cen-
trifugation. The mud was purified with 300mL deionized water. The
slurry was dried at 50 °C (12 h), and then the powder was weighted and
used for the next cycle. In stability experiments, the total iron ion (ferric
and ferrous) concentrations were determined by an inductive coupled
plasma emission spectrometer. XRD and FT-IR were measured fol-
lowing similar methods (Section 2.2).

2.6. Influence factor and mechanism exploration experiments

Four influence factors, including CNT ratio, pH, temperature,
[H2O2] vs [GO@IL-101(Fe)] mass ratio, were tested by changing the
particular factor based on the basic experiment in Section 2.2. EPR was
used to determine reactive radicals. DPNO was used as the spin-trap-
ping agent for %OH. EPR instrument parameters were: power at
11.52mW; modulation amplitude at 1.00 G; time constant at 78.94ms;
sweep width at 120 G; conversion time at 40ms; resolution in X at
1024; resolution in Y at 20–45; sweep time at 39.46 s. TEMPO was
applied as the radical standard in the quantitative analysis. The spin
adduct concentrations were determined using a reported method [28].

2.7. Degradation using actual water matrix

Actual water matrix was obtained from a wastewater treatment
plant (WWTP) in Guangzhou City, China. The main treatment processes
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of this WWTP included pre-sedimentation, activated sludge biological
treatment (anaerobic-anoxic-oxic process), second sedimentation and
disinfection (chlorine+ultraviolet). The source water and final ef-
fluent were obtained, and the analysis procedure of water parameters is
presented in Text S2. Degradation experiment was conducted by adding
pre-determined amounts of CIP and CNT@MIL-101(Fe) into the actual
water matrix, and the main experimental procedure was similar to
Section 2.3.

3. Results and discussion

3.1. Characterization

Fig. 1 shows the HRSEM images of CNT, MIL-101(Fe) and CNT@
MIL-101(Fe). CNTs are dense tubes stacked together by dispersive
forces (Fig. 1a). MIL-101(Fe) consists of 1.0–2.0 μm regular polyhedron
(Fig. 1b). The morphology of CNT@MIL-101(Fe) presents a hybrid
feature, as the CNT winding on the MIL-101(Fe) crystal (Fig. 1c). Fur-
thermore, the hybrid CNT@MIL-101(Fe) presents an increasing size
than MIL-101(Fe) due to the attachment and reinforcement of CNT.
Similar phenomenon was also reported in a previous study [22]. The
BET specific surface area were measured. Pure MWCNT had a higher
BET (132.846m2 g−1) than MIL-101(Fe) (101.650m2 g−1). After the
modification with MWCNT, the BET specific surface area of CNT@MIL-
101(Fe) increased. This increasing BET could improve the adsorption
capacity of MOFs.

The FT-IR spectroscopy of CNT showed no evident characteristic
peak (Fig. 2a), while MIL-101(Fe) presented a distinct FT-IR pattern
with peaks at 750, 1020, 1396, 1583 and 1680 cm−1. Peak 750 cm−1

indicated the CeH bond in benzene. Peaks 1396 cm−1 and 1583 cm−1

suggested the existence of carboxyl (eCOOe). Peak 1680 cm−1 origi-
nated from C]O bonds in carboxyl. These peaks indicated the existence
of ligand dicarboxylate linker in MIL-101(Fe). After adding CNT, no
evident shifting of characteristic peak was observed. However, the in-
tensity of FT-IR peaks decreased gradually when CNT doping ratio in-
creased. This may be due to the shielding effect induced by CNT around
MIL-101(Fe).

Fig. 1b shows the XRD spectrums of MIL-101(Fe) and CNT@MIL-
101(Fe). MIL-101(Fe) have four characteristic peaks at 2θ=8.5°, 9.6°,
19.5° and 21.5°, while CNT@MIL-101(Fe) containing different ratio
CNT demonstrated similar patterns, indicating that the addition of CNT
did not impede the generation of the MIL-101 crystals. However, the
intensities of these peaks gradually decreased when the CNT doping
ratio increased, which may be due to the partial distortion of the MIL-
101(Fe) framework and the winding of CNT.

The addition of CNT may change the absorption spectrum of MIL-
101(Fe), which was measured using Ultraviolet-visible diffuse-re-
flectance spectrum (UV–Vis DRS, Fig. 2c). For CNT, only a weak re-
flection was presented in 200–900 nm. In the contrary, MIL-101(Fe)
had a significant light reflectance in the range of 550–900 nm. After

adding CNT, the reflectance ratio in these range gradually decreased,
suggesting a potential enhancement of visible light absorption. To
evaluate the photo utilization capacity, band gap energy (Eg) was cal-
culated based on a reported method [29]. MIL-101(Fe) has an Eg at
2.46 eV (Fig. 2d), indicating that light irradiation< 520 nm can be
absorbed and valence electrons can be converted into conduction
electrons. For CNT@MIL-101(Fe), Eg was determined to be around
2.19 eV (~565 nm), indicating an expansion of upper absorption wa-
velength limit. Considering that natural water bodies contained various
natural organic matter and anions, which have significant shielding to
UV irradiation but not visible light, this expansion would be benefit to
improve the utilization efficiency of visible light for CNT@MIL-101(Fe)
photocatalysis system in actual water treatment.

The XPS of CNT@MIL-101(Fe) are presented in Fig. 2. In the survey
spectrum of CNT@MIL-101(Fe), peaks representing C, O and Fe ele-
ments were observed (Fig. 2e). As shown in Fig. 2f, the C1s peak can be
divided into three peaks at 284.9 eV, 285.8 eV and 288.8 eV, which
represented the carbon atoms bond (CeC) and carbon organic linkers
(CeO and OeC]O) of CNT@MIL-101(Fe). The O1s peak can be de-
convoluted into three peaks at 531.2, 531.9 and 533.2 eV, which re-
lated to the oxygen atoms in the FeeO bonds, CeO linkers and C]O
linkers, respectively (Fig. 2g). For the Fe2p spectrum, four peaks were
observed (Fig. 2h). Among them, peaks at 711.6 eV and 724.8 eV were
the characteristic peaks of Fe2p3/2 and Fe2p1/2, respectively, proving
the existence of FeO bonds in CNT@MIL-101(Fe). These characteriza-
tions, including SEM, FT-IR, XRD, XPS, as well as UV–Vis DRS, in-
dicated that the successful syntheses of MIL-101(Fe) and CNT@MIL-
101(Fe), and the performance of the later one as photocatalyst may be
improved.

3.2. Basic performance and kinetics

To prove the enhanced performances of CNT@MIL-101(Fe), several
control experiments were performed. First, adsorption, H2O2 oxidation
and sole light irradiation were considered. MIL-101(Fe) adsorbed 19%
CIP (initial concentration at 3.02 μM) with an equilibrium within
60min. For 5% CNT@MIL-101(Fe), this value was 21%, which may be
due to the slight increasing BET. Thus, a 60min pre-adsorption was
performed in all the subsequent experiments. Sole H2O2 oxidation and
sole light irradiation had little degradation of CIP. For visible light/
H2O2 experiment, since visible light cannot activate the splitting of
H2O2, no CIP degradation was observed. Similar phenomenon was
observed in the light/CNT system without radical generation. Light/
MIL-101(Fe) and light/CNT@MIL-101(Fe) seemed to have slight de-
gradation of CIP. After 120-min reaction, only 6% and 9% CIP was
removed in these two systems. Although short wave visible light can
activate these two MOFs to excitation states, the low irradiation in-
tensity (2.0 mW cm−2) and low quantum yield in MOFs [18] limited the
degradation efficiency.

CNT/H2O2, MIL-101(Fe)/H2O2 and CNT@MIL-101(Fe)/H2O2 were

Fig. 1. HRSEM of MWCNT (a), MIL-101(Fe) (b) and CNT@MIL-101(Fe) (c).

D. Yan, et al. Applied Surface Science 498 (2019) 143836

3



evaluated (Fig. 3a). No degradation was observed in the CNT/H2O2

system. For MIL-101(Fe)/H2O2, ~28% CIP was removed by MIL-
101(Fe)/H2O2 after 120-min reaction, while CNT@MIL-101(Fe)/H2O2

presented a lower removal efficiency at ~16%, indicating that both
MOFs may induce a Fenton-like reaction. Light/CNT/H2O2 was tested,
and a negligible removal was observed, suggesting that no

photocatalysis occurred.
Higher removal efficiencies were observed in light/MIL-101(Fe)/

H2O2 and light/CNT@MIL-101(Fe)/H2O2 systems (CNT doping ratio
5%, Fig. 3a). CIP degradation in the light/MIL-101(Fe)/H2O2 system
presented an S-shape curve (Fig. 3a), which presented an initial slow
stage, following by a rapid stage. A slow degradation was observed in

Fig. 2. Characterization of MOFs. (a) FT-IR, (b) XRD, (c) UV–Vis DRS, (d) band-gap, (e) XPS-survey, (f) XPS-C1s, (g) XPS-O1s, (h) XPS-Fe2p.
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the former stage (~30min), which was reported in previous researches
[30,31]. This stage was defined as the induction period, which can be
attributed to surface activation of catalysts [32]. Another study sup-
posed that adsorption of reactants on catalysts happened in this stage
[31]. On the other hand, the later stage demonstrated a rapid de-
gradation, which may be a radical oxidation stage. Furthermore, phy-
sically mixed CNT-MIL-101(Fe) was also prepared with CNT doping
ratio at 5%. The removal efficiency of CIP in this light/physically mixed
MOF/H2O2 system demonstrated similar pattern compared to the light/
MIL-101(Fe)/H2O2 system, implying that physical mixture had little
improvement on the MIL-101(Fe) performance.

For light/CNT@MIL-101(Fe)/H2O2 system, there is no induction
period. Thus, its degradation efficiency was higher during the early
stage. For instance, the CIP removal reached 58% and 90% with CNT@
MIL-101(Fe) at 20min and 45min, while the ones were 10% and 65%
with MIL-101(Fe). After fitting calculation, the degradation of CIP in
the light/CNT@MIL-101(Fe)/H2O2 system presented a pseudo-first-
order kinetic curve. In the control system (light
intensity= 2.0 mW cm−2, [H2O2]0= 165mM, temperature= 298 K,
[CIP]0= 3.02 μM, [CNT@MIL-101(Fe)]m=0.5 g L−1, CNT doping
ratio= 5%, pH=3.0), the apparent rate constants kobs reached
6.85×10−4 s−1 (Table 1). The enhanced performance of CNT@MIL-
101(Fe) may be due to the fast generation and separation of charge
carriers (electrons and holes) induced by CNT. When visible light is
absorbed and activates the sites on CNT@MIL-101(Fe), electrons start
to transfer from HOMO (oxygen and/or nitrogen orbitals) to LUMO
(metal cluster), and then CNT acts as the electrons transport highway,
inducing an efficient separation of photogenerated electrons and holes.
Finally, a high efficient catalysis of H2O2 into %OH is achieved for CIP

degradation. Of note, the kobs in the current study was close to those
reported in the literatures using other photocatalysts. For UV/TiO2,
apparent rate constants kobs in the range of 0.80–7.50×10−4 s−1 were
reported for CIP degradation (254 nm, total irradiation power: 8W,
TiO2 concentration: 25–200mg L−1) [33]. In another study using
500mg L−1 P25 TiO2, the kobs was confirmed to be 3.67× 10−4 s−1

[34]. Considering that normal TiO2 can only be activated by ultraviolet,
whereas CNT@MIL-101(Fe) can utilize visible light, the light/CNT@
MIL-101(Fe)/H2O2 system would be a promising method for CIP re-
moval in water.

Fig. 3. Removal efficiencies of CIP in CNT@MIL-101(Fe) photocatalysis reactions. (a) basic performance, (b) effect of CNT doping ratio, (c) effect of pH, (d) effects of
temperature. Common experimental conditions: irradiation intensity= 2.0mW cm−2, [H2O2]0= 165mM, [CIP]0= 3.02 μM, [CNT@MIL-101(Fe)]m=0.5 g L−1,
temperature= 298 K, CNT doping ratio= 5%. All the experiments were carried out in triplicate with error bars representing the standard error of the mean.

Table 1
Apparent kinetic constant kobs in light/CNT@MIL-101(Fe)/H2O2 systems.

Systems kobs (× 10−4 s−1)

pH=3.0 (control) 6.85
pH=5.0 1.65
CNT doping ratio= 2% 5.07
CNT doping ratio= 5% (control) 6.85
CNT doping ratio= 10% 6.10
CNT doping ratio= 15% 3.98
CNT doping ratio= 20% 3.63
T=288 K 5.03
T=298 K (control) 6.85
T=308 K 8.22

Control experiment condition: irradiation intensity= 2.0mW cm−2, [H2O2]
0= 165mM, [CIP]0= 3.02 μM, [CNT@MIL-101(Fe)] m= 0.5 g L−1,
temperature= 298 K, CNT doping ratio= 5%, pH=3.0.
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3.3. Effects of CNT doping ratio, pH, temperature and reactant ratio

CNT doping ratio may have effects on the photocatalysis perfor-
mance of CNT@MIL-101(Fe). The degradation efficiency increased and
reached a peak value with doping ratio at 5% (Fig. 3b). CNT doping can
enhance separation of the photogenerated electron-hole pairs and the
electron transformation efficiency. Approximate 100% CIP was de-
graded in the 5% CNT@MIL-101(Fe) photocatalysis system at 60min.
However, as the CNT doping ratio increased (from 5% to 20%), ex-
cessive CNT addition can bind outside the MOF, reducing its light ab-
sorption surface. Thus, a decline of degradation efficiency was observed
(Fig. 3b). In the subsequent experiments, 5% CNT@MIL-101(Fe) was
applied.

Effects of pH value, temperature and reactant ratio were tested.
Variation of initial pH value had a significant influence (Fig. 3c). Under
strong acid condition (pH=3.00), the fastest degradation rate was
achieved. As pH increased (pH=5.00), the degradation efficiency de-
creased but still presented a similar kinetics pattern. Under neutral and
alkaline conditions, the degradation of CIP can be negligible. Effect of
pH can be attributed to the status variations of CNT@MIL-101(Fe) and
H2O2. The abundant H+ in the acid reaction system resulted in the
protonation and positive charging of CNT@MIL-101(Fe). Surface pro-
tonation attracted more H2O2 to achieve a faster reaction. To the con-
trary, under the alkaline condition, protonation of CNT@MIL-101(Fe)
weakened. H2O2 can react with OH– to produce hydroperoxyl ions
(HO2

−, Eq. (1)), reducing the available H2O2 [35]. Furthermore, OH–

can attach onto Fe(III) clusters, decreasing the activated cites of CNT@
MIL-101(Fe). Therefore, acid condition is favorable for the light/CNT@
MIL-101(Fe)/H2O2 system, and pH=3.0 was applied in the subsequent
experiments.

+ ↔ +
− −H O OH HO H O2 2 2 2 (1)

Temperature of reaction solution would be another influencing
factor. As the temperature increased from 283 K to 303 K, degradation
efficiency increased slightly (Fig. 3d). High temperature can accelerate
the reactant transmission and electron transfer. However, the effect of
temperature seemed to be limit under ambient temperature (283 K to
303 K, Table 1). The ratio of [H2O2]m vs. [CNT@MIL-101(Fe)]m also
affected the reaction. The ratio at 11.3 was the optimal. Raising the
H2O2 concentration can provide more oxidant donors to generate %OH.
On the other hand, the recombination of %OH aggravated when ex-
cessive H2O2 was added, which reduced the available %OH. Similar
phenomenon was also observed in other study using UV/H2O2 [36].

3.4. Recyclability and stability

Recyclability and stability are important for the MOFs application in
water treatment. A three times repetitive experiment was conducted
(Fig. 4a). Approximate 100% CIP was removed within 60min in the
first cycle, while it reduced to 96% and 90% in subsequent two cycles,
indicating a slight inactivation of CNT@MIL-101(Fe). Leakage of iron
ion (Fe3+ and Fe2+) was measured for the evaluation of CNT@MIL-
101(Fe) decomposition (Fig. 4b). During one reaction cycle (120min
reaction) of CNT@MIL-101(Fe) in deionized water (pH=3.0),
~0.21mg L−1 iron ion was released, contributing ~0.04% to the total
additional mass. For MIL-101(Fe), up to 0.59mg L−1 iron ion was de-
tected under the same condition. Of note, this slight iron ion leakage
would induce a weak Fenton-like reaction in the presence of H2O2,
which may be the reason for the slight degradation of CIP in MIL-
101(Fe)/H2O2 and CNT@MIL-101(Fe)/H2O2 systems (Fig. 3a). The FT-
IR and XRD before and after the three-times repetitive experiment are
presented in Fig. 4c–f. For CNT@MIL-101(Fe), FT-IR and XRD patterns
and characteristic peaks were preserved, while the characteristic peak
intensity of MIL-101(Fe) decreased evidently. All these results indicated
that CNT@MIL-101(Fe) is more steady than MIL-101(Fe) for the pho-
tocatalysis application in aqueous medium.

3.5. Degradation mechanism

To confirm the dominant reaction mechanism in CNT@MIL-101(Fe)
photocatalysis, EPR was applied for the determination of radicals using
DPNO as the trapping agent. Only %OH was detected in the light/CNT@
MIL-101(Fe)/H2O2 system (Fig. 5a). The intensity variation of %OH is
shown in Fig. 5b. For MIL-101(Fe)/H2O2 and CNT@MIL-101(Fe)/H2O2

systems, only slow increases were observed, suggesting a weak Fenton-
like reaction in the presences of Fe2+ and H2O2. This is consistent with
the concentration variation of iron ion (Fig. 4b) and the slight de-
gradation of CIP in these two systems (Fig. 3a). For light/MIL-101(Fe)/
H2O2 system, the generation of %OH followed a slow-fast pattern, which
was also consistent with the degradation pattern of CIP (Fig. 3a). This
also verified the slow induction period in the initial stage was lack of
radicals, while the later rapid degradation stage was attributed to %OH
oxidation. Of note, the intensity of %OH increased rapidly within 30min
in the light/CNT@MIL-101(Fe)/H2O2 system, suggesting a significant
acceleration of %OH generation after CNT doping, which increased the
electron separation and transport in hybrid CNT@MIL-101(Fe).

The dominant reactive radical in light/CNT@MIL-101(Fe)/H2O2

system was confirmed to be %OH. Based on the above results, %OH can
be generated through two pathways. First, the Fenton reaction con-
tributed a minor part (Fig. 3a). Second, the light induced photocatalysis
was the pre-dominant one. The detailed mechanism involved: visible
light irradiation (400–565 nm) induced the excitation of electrons from
HOMO (oxygen orbitals in ligands) to LUMO (Fe(II)/Fe(III)), followed
by the electron transport between the MOF interface and H2O2. Clea-
vage of H2O2 generated reactive %OH for the degradation of CIP. CNT
wrapping enhanced this photocatalysis process.

3.6. Degradation products and pathways

The degradation pathway of CIP can be speculated to be %OH oxi-
dation. Products identification procedure included molecular weight
and MS2 fragment comparison. After this procedure, five products were
identified (Fig. 6). The extracted ion chromatograms (EICs) and MS2

chromatograms (fragment data) are obtained. The predominant trans-
formation mechanism may include cleavage, hydroxylation and car-
bonylation of CIP induced by %OH. Product A may be the hydroxyl
substituted product of CIP at site 1. %OH can also attack the piperazine
ring, resulting in product B. On the other hand, cleavage on piperazine
ring generated product C. The elimination of a H2O molecule may occur
on sites 13 and 14 of product C and remain a double bond, resulting in
product D. Furthermore, %OH would attack site 6 to generate product E.
These degradation products and pathways further proved the %OH
oxidation reaction.

3.7. Performance in actual wastewater

Degradation of CIP was tested using actual WWTP water as back-
ground matrixes. The basic water quality parameters were determined,
and the degradation efficiencies of CIP are presented in Fig. 7. The
initial pH value of ultrapure water was 5.80, and it reduced to 3.71
after adding 0.5 g L−1 CNT@MIL-101(Fe). Thus, a reasonable removal
efficiency was achieved using ultrapure water without pH adjustment,
yet, it was still lower than the one under pH=3.0. For the WWTP
source water and effluent, after adding CNT@MIL-101(Fe), their pH
reduced from 7.54 to 7.12 and from 6.97 to 6.31, respectively, which
may be due to their intrinsic buffering effect. Unsurprisingly, no re-
moval of CIP was observed in these two water matrixes due to the high
pH conditions. In another three reaction groups, pH was adjusted and
maintained at ~3.0 using buffer solution. High removal efficiencies of
CIP with similar patterns were observed in these three groups, sug-
gesting that the impurities in WWTP actual matrixes had little effect on
the performance of CNT@MIL-101(Fe) photocatalysis. These results
also confirmed that the light/CNT@MIL-101(Fe)/H2O2 system was
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susceptive to the pH of aqueous mediums.

4. Conclusions

Synthesized CNT@MIL-101(Fe) has a lower band gap energy
(2.19 eV) than its parent MIL-101(Fe), resulting in an expansion of
visible light absorption from 520 nm to 565 nm. Under given reaction
conditions (2.0 mW cm−2, pH=3.0, [H2O2] 0= 165mM,
[CIP]0= 3.02 μM, [CNT@MIL-101(Fe)] m= 0.5 g L−1, CNT doping
ratio= 5%), degradation of CIP in the light/CNT@MIL-101(Fe)/H2O2

photocatalysis system followed a pseudo-first-order kinetic pattern with
a kobs at 6.85×10−4 s−1. The light/CNT@MIL-101(Fe)/H2O2 system
had a higher CIP removal efficiency (90% at 45min) than the light/
MIL-101(Fe)/H2O2 system (65%), which may be due to the fast gen-
eration and separation of charge carriers (electrons and holes) induced

by CNT. The reactive mechanism in the light/CNT@MIL-101(Fe)/H2O2

system was confirmed to be %OH oxidation, in which visible photo-
catalysis was the dominant contributor and Fenton reaction was the
minor one. Furthermore, CNT@MIL-101(Fe) presented a better stability
than MIL-101(Fe) in aqueous medium. Generally, hybrid CNT@MIL-
101(Fe) has an enhanced performance to be a potential photocatalyst
for water treatment.
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Fig. 4. Recyclability and stability of MOFs. (a) recyclability experiment, (b) iron ion concentration, (c) FT-IR of CNT@MIL-101(Fe) before and after recyclability
reaction, (d) XRD of CNT@MIL-101(Fe) before and after recyclability reaction. (e) FT-IR of MIL-101(Fe) before and after recyclability reaction, (f) XRD of MIL-
101(Fe) before and after recyclability reaction. Common experimental conditions: irradiation intensity= 2.0mW cm−2, [H2O2]0= 165mM, [CIP]0= 3.02 μM,
[CNT@MIL-101(Fe)]m= 0.5 g L−1, temperature= 298 K, CNT doping ratio= 5%.
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Appendix A. Supplementary data

Detailed descriptions of methods, supporting figures and tables.
Contents: Quantitative analysis of CIP and qualitative analysis of

intermediate products (Text S1), Actual water matrix sampling and
analysis (Text S2), Operational parameters of mass spectrum (Table S1),
BET data (Table S2), Basic water parameters of ultrapure water and
actual water matrixes (Table S3), Multiple wavelength LED irradiation

Fig. 5. Degradation mechanism. (a) EPR, (b) relative intensity variation of %OH.

Fig. 6. Proposed generation pathways of CIP degradation products.
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module (Fig. S1), Control experiments-1 (Fig. S2), Control experiments-
2 (Fig. S3), Effect of [H2O2]m vs. [CNT@MIL-101(Fe)]m (Fig. S4),
Extracted ion spectra of observed products (Fig. S5), MS2 spectrum of
observed products (Fig. S6). Supplementary data to this article can be
found online at https://doi.org/10.1016/j.apsusc.2019.143836.
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