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• A novel Cu-doped Mil-101(Fe) was synthesized through a one-step solvothermal
method.
• The Cu-doped Mil-101(Fe) exhibited fast
adsorption rate and high adsorption capacity.
• The adsorption was almost unaffected by
ionic strength and humic acid.
• The as-synthesized material can be readily regenerated by ethanol with excellent
stability.
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a b s t r a c t
Due to the excellent anti-inﬂammatory effect, ibuprofen and naproxen have been widely used in the people's
daily life, which inevitably leads to their pollution in natural water environment. The removal of these chemicals
from water has drawn great interests. Here, a new Cu-doped Mil-101(Fe) was synthesized through a one-step
solvothermal method and successfully applied for the adsorption removal of ibuprofen and naproxen from
water. A series of characterization techniques (FESEM, TEM, N2 adsorption-desorption analysis, XRD and FT-IR)
were applied to explore the physicochemical properties of the prepared Cu-doped Mil-101(Fe). The adsorption
performances of the Cu-doped Mil-101(Fe) for ibuprofen and naproxen, including the adsorption kinetics and
isotherms, and effects of diverse inﬂuencing factors (pH, ionic strength, and natural organic matter) were examined through batch experiments. The adsorption kinetics and isotherms of ibuprofen and naproxen on the Cudoped Mil-101(Fe) ﬁtted well with the pseudo-second-order model and Langmuir model, respectively. The
maximum adsorption capacities of Cu-doped Mil-101(Fe) were 497.3 and 396.5 mg/g for ibuprofen and
naproxen, respectively. The pH of solution in a range of 3-9 exerted no signiﬁcant effects on the adsorption process. The adsorption was almost unaffected by the ionic strength and humic acid. The π-π interaction and hydrogen bond interaction between the adsorbent and adsorbates were found to be accountable for adsorption. The
Cu-doped Mil-101(Fe) was readily regenerated by ethanol and could be repeatedly used.
© 2021 Elsevier B.V. All rights reserved.
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1. Introduction
Pharmaceuticals and personal care products (PPCPs) have been
widely employed in different ﬁelds of medicine, livestock farming,
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In this work, a new Cu-doped Mil-101(Fe) was successfully synthesized through a simple one-step solvothermal technique. Two typical
PPCPs, namely ibuprofen and naproxen, were removed by the Cudoped Mil-101(Fe) for the ﬁrst time. Through batch adsorption experiments, the adsorption behaviors of ibuprofen and naproxen on the material were systematically investigated, which included the adsorption
kinetics and adsorption isotherms. In addition, effects of the adsorbent
amount, pH of solution, ionic strength, and humic acid (HA) on the adsorption of ibuprofen and naproxen were examined. Furthermore, the
reusability of adsorbent was evaluated by recycle experiments.

industry and cosmetics to meet the people's demands in daily life
(Meng et al., 2021; Patel et al., 2019; Wang and Wang, 2016; Yang
et al., 2017). With the extensive use, abuse and random discard, PPCPs
have been found in various natural water bodies worldwide, even in
the remote Antarctic and Arctic regions (Hasan et al., 2012; Meng
et al., 2021; Patel et al., 2019; Rasheed et al., 2020). To fulﬁll the use requirements, PPCPs usually bear a long shelf life, with the continuous
input sources (such as discharge of medical wastewater, domestic
wastewater, and wastewater treatment plant (WWTPs)), which has
made them persistent in the natural water environment (Barceló and
Petrovic, 2007; Zhuang et al., 2019). Research shows that environmental residues of PPCPs pose diverse adverse effects, such as metabolic
modiﬁcations and interfering with hormonal balances, on microorganisms, fauna and ﬂora, which has raised great concern on their potential
risks (Patel et al., 2019; Sun et al., 2019). As two typical antiinﬂammatory drugs, ibuprofen and naproxen have been widely found
in drinking water, tap water, groundwater and natural surface water
at ng/L level, and in WWTPs at ng/L to μg/L level (Patel et al., 2019;
Wang and Wang, 2016). It is reported that ibuprofen and naproxen
exhibit acute or chronic toxicities, such as embryotoxicity, cytogenotoxicity, and inhibition of reproduction and mortality to waterﬂeas
and ﬁsh (David and Pancharatna, 2009; Parolini et al., 2009; Parolini,
2020; Sun et al., 2019). Therefore, it is of great signiﬁcance to remove
various PPCPs, including ibuprofen and naproxen, from water to remain
the security of ecological environment.
Thus far, many efforts have been made to remove PPCPs from
drinking water and WWTPs with various methods, e.g., coagulation–
ﬂocculation, sedimentation, clariﬁcation and ﬁltration (Diemert et al.,
2013; Huerta-Fontela et al., 2011). However, in general the removal efﬁciency of PPCPs by these methods is insufﬁcient (Hasan et al., 2012).
Therefore, several other methods have been developed to remove
PPCPs from water, such as photodegradation (Li et al., 2016a; Liu
et al., 2020), biodegradation (Joss et al., 2006), advanced oxidation processes (AOPs) (Klavarioti et al., 2009) and adsorption technique (Khan
et al., 2013; Seo et al., 2015). Among them, the adsorption technique exhibits simplicity, reliability, and low-cost, showing great promise in the
removal of PPCPs (Bhadra et al., 2017).
Constructed by coordination of metal ions with organic linkers,
metal-organic frameworks (MOFs) are an emerging class of porous materials with high crystallinity. The outstanding features, such as tunable
pore sizes, huge surface areas, large porosities and pore volume, make
MOFs ideal materials in adsorption removal of pollutants (Furukawa
et al., 2013; Hasan et al., 2013; Hasan and Jhung, 2015). So far, many
kinds of metals have been used to synthesize MOF materials
(Furukawa et al., 2013). Compared to other MOFs, Fe-based MOFs are
considered more environmentally friendly and also there is plentiful
Fe in the earth, which endows Fe-based MOFs a certain advantage for
use in removal of pollutants from aqueous solution (Xie et al., 2017).
Due to its high speciﬁc surface area and excellent stability, MIL-101
(Fe) (MIL stands for Matériaux Institute Lavoisier), coordinated by trivalent iron and 1,4-benzenedicarboxylic acid, has been applied in adsorption removal of different pollutants (Li et al., 2019; Thanh et al., 2018).
In order to increase the removal efﬁciency of pollutants, many approaches have been applied to regulate the porosity and pore structure
of MOFs, such as changing length of organic linkers (Wang et al., 2016a),
applying template strategies in the synthesis process (Fattahi et al.,
2021; Hu et al., 2019) and doping of metals (Ao et al., 2018; Jin et al.,
2019). Among these approaches, the synthetic cost tremendously increases and the stability of MOFs usually decreases with the extension
of length of organic linkers, which greatly limits their performance in
adsorption (Kaneti et al., 2017). The template strategies usually involve
removal of template through strong acid or strong base, while these
strategies are not applicable for most MOFs since they are not stable
under such conditions (Huang et al., 2015). Therefore, considering the
synthetic cost and applicability of MOFs, doping of metals in MOFs is
more feasible compared to the two approaches as mentioned.

2. Materials and methods
2.1. Chemicals
Iron chloride hexahydrate (FeCl3·6H2O), hydrochloric acid (HCl,
36%), and sodium chloride (NaCl) were purchased from the Chinese
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) Cupric acetate
anhydrous (Cu(OAc)2) and N,N-dimethylformamide (DMF) were obtained from Macklin Biochemical Co., Ltd. (Shanghai, China) Ibuprofen
and naproxen were provided by J&K Scientiﬁc Co., Ltd. (Beijing, China)
Terephthalic acid (H2BDC) and HA were acquired from Alfa Aesar
Chemicals Co., Ltd. (Shanghai, China) Methanol anhydrous (MeOH)
was procured from Titan Scientiﬁc Co., Ltd. (Shanghai, China) All the
above mentioned reagents and solvents were of analytical grade and
used directly without any further puriﬁcation.
2.2. Synthesis
We employed a simple one-step solvothermal method to synthesize
the Cu-doped Mil-101(Fe). Typically, 1.35 g of FeCl3·6H2O, 415 mg of
H2BDC and different amounts of Cu(OAc)2 (90.8, 181.6 and 272.4 mg)
were ﬁrstly added in 30 mL of DMF. The above substances were fully
dissolved by magnetic stirring for 10 min to obtain a homogeneous
mixed solution, and then it was transferred to a Teﬂon-lined autoclave
and left at 110 °C for 20 h with a heating rate of 5 °C/min. After the reaction was over and the produced mixture was cooled down to room
temperature, the orange solid product was recovered by centrifugation
at 7000 rpm for 5 min. The unreacted compounds in the product were
removed by washing with 50 mL of DMF and MeOH for 1 min under
room temperature three times, respectively. Finally, the product was
put into an oven and dried at 80 °C overnight for further use. The assynthesized Cu-doped Mil-101(Fe) specimens were tagged as
CuMil101-1, CuMil101-2 and CuMil101-3, which correspond to 90.8,
181.6 and 272.4 mg of Cu(OAc)2 added in the synthesis, respectively.
The undoped Mil-101(Fe) was synthesized via the same procedure
without addition of Cu(OAc)2, which is similar to that reported in a previous study (Thanh et al., 2018).
2.3. Characterization of materials
The ﬁeld emission scanning electron microscopy (FESEM; SU-8020,
Hitachi, Japan) was used to observe the morphological structure of asprepared materials. The energy dispersive X-ray spectroscopy coupled
with high-resolution transmission electron microscopy (HR-TEM;
JEM-2100 F, JEOL, Japan) was utilized to obtain the elemental mapping
analysis. The crystalline structures of synthesized materials were
characterized by X-ray powder diffraction (XRD; X'Pert PRO MPD,
PANalytical, Holland) with a scan speed of 5° min−1 in the range of
5°–40°. The Brunauer-Emmett-Teller (BET) surface area, pore volume
and pore size of materials were measured by means of nitrogen
adsorption-desorption isotherms through micropore physisorption analyzer at 77 K (Micromeritics ASAP 2460, USA). The Fourier transformed
infrared (FT-IR) spectra were recorded on a FTIR spectrophotometer
(Nicolet 8700, Thermo Fisher Scientiﬁc, USA). Inductively coupled
plasma mass spectrometry (ICP-MS; SHIMADZU 2030, Japan) was
2
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used to detect the leaching of Cu and Fe in the solution. The X-ray photoelectron spectroscopy (XPS; Thermo ESCALAB 250Xi, USA) was performed to explore the element content of the material.

3. Results and discussion

2.4. General procedures for the adsorption experiments

The morphological structures of the as-prepared Mil-101(Fe) and
CuMil101-2 were characterized by FESEM and HRTEM. It can be seen
from Fig. 1 that Mil-101(Fe) exhibited a typical octahedral structure with
smooth surface and the size of Mil-101(Fe) was approximately 1 μm in
length and 0.6 μm in width, while the morphology of the CuMil101-2
changed into a spindle-shaped structure with a size that 2 times bigger
than that of Mil-101(Fe) (2 μm in length and 1.2 μm in width). The
HRTEM image further echoed the morphology evolution and the size
change of the CuMil101-2, which was the same as the result of FESEM.
Moreover, the EDX-elemental mapping images of the CuMil101-2 showed
that O, Fe and Cu were evenly distributed in the as-prepared CuMil101-2,
which conﬁrms the successful doping of Cu2+ in the synthesis process. The
XPS survey spectrum (Fig. S1a) showed that the as-prepared CuMil101-2
contained Fe, Cu, C, and O elements, with a weight ratio of 13.68%, 0.68%,
59.58%, and 26.06%, respectively. Two peaks centered at 711.8 and
725.6 eV were assigned to Fe 2p1/2 and Fe 2p3/2, which are similar to
the characteristic peaks of α-Fe2O3 (Geng et al., 2021), indicating Fe3+
was the predominant form of Fe in CuMil101-2 (Fig. S1b). The Cu 2p
XPS spectrum peaked at 933.2 and 952.7 eV, with a strong Cu2+ satellite
peak around 943 eV, which are corresponding to the characteristic peaks
of Cu2+ (Fig. S1c) (Monárrez-Cordero et al., 2018).
The crystal structure of CuMil101-2 was determined by the wideangle XRD measurement. The XRD pattern of Mil-101(Fe) (Fig. 2a)
showed that the main diffraction peaks appeared at 5.78°, 8.32°, 8.95°
and 16.36°, which are consistent with those found in a previous study,
conﬁrming the successful formation of highly crystal MIL-101(Fe) (Li
et al., 2019). However, the XRD pattern of CuMil101-2 showed different
diffraction peaks compared with that of the Mil-101(Fe), where the positions of the main diffraction peaks shifted to a large angle. It can be
seen that the main diffraction peaks of CuMil101-2 emerged at 9.30°,
10.17°, 16.68°, and 20.40°, which are similar to those of MIL-53 (Fe)
with a ﬂexible framework (Dong et al., 2015; Yilmaz et al., 2016). It is
worth noting that MOFs with ﬂexible structures may have breathing effect due to the introduction of different guest molecules, resulting in
variations in XRD pattern (Serre et al., 2002; Scherb et al., 2008). The
XRD spectrum of CuMiL101-2 is not completely consistent with that reported in other studies or the simulated pattern of MIL-53(Fe), which
may be due to the unremoved DMF and/or H2O molecules during the
synthesis and puriﬁcation process. In addition, compared with those
of Mil-101(Fe), the peak shape of CuMil101-2 was smoother and the
number of peaks was reduced. This may be ascribed to the disordered
crystal structure caused by the doping of Cu2+ in synthesis, thus making
the crystal structure of the CuMil101-2 different from the MIL-101(Fe)
(Ahmed et al., 2021). However, the diffraction peaks of CuMil101-2
still remained sharp, suggesting the high crystallinity of the CuMil101-2.
To investigate the speciﬁc surface area and pore properties of the asprepared materials, we performed the characterization of N2 adsorptiondesorption isotherms, and the results of Mil-101(Fe) and CuMil101-2
were depicted in Fig. 2. Through the representative type IV curve accompanied by a H3 hysteresis loop, it can be known that there were explicit
mesoporous in the as-prepared adsorbents (Li et al., 2020a). The BET surface area of Mil-101(Fe) was 1636 m2/g with the pore volume of
1.35 cm3/g. However, the BET surface area and pore volume of
CuMil101-2 substantially decreased to 15.48 m2/g and 0.056 cm3/g, respectively. As mentioned above, CuMil101-2 may have a ﬂexible framework similar to MIL-53(Fe), and MIL-53(Fe) only opened its pore in the
presence of guest molecules, resulting in low surface area and porosity
(Devic et al., 2010; Gordon et al., 2012; Yilmaz et al., 2016). Thus, the dramatic decrease in surface area and pore volume of CuMil101-2 measured
by N2 adsorption-desorption isotherm may be attributed to its closed
and inaccessible pores for N2 at 77 K. To verify the existing of pores in
CuMil101-2, we have also performed the CO2 adsorption-desorption

3.1. Characterization of the prepared samples

Generally, the batch adsorption experiments were performed
through adding 5 mg materials into 50 mL ibuprofen or naproxen
water/methanol solutions (ibuprofen and naproxen were stocked in
methanol at concentration of 1000 mg/L). The mixture suspension
was shaken at 250 rpm for 180 min at room temperature. To ﬁlter out
the materials, the 0.22 μm hydrophilic PTFE membrane ﬁlter was used
and the concentrations of ibuprofen and naproxen in the ﬁltered solution
were determined by ultrahigh performance liquid chromatographtandem mass spectrometer (UPLC-MS/MS; AB Sciex, MA, USA). The
adsorbed ibuprofen and naproxen on the as-prepared materials were
calculated through the following equation:
qt ¼

ðC 0 −C t Þ
V
m

ð1Þ

where C0 (mg/L) represents the initial concentration of ibuprofen or
naproxen. Ct (mg/L) is the concentration of the ibuprofen or naproxen
at time t. m (g) and V (mL) are the weight of adsorbent used and the
volume of aqueous solution, respectively.
For the adsorption kinetic experiment, the initial concentration of
ibuprofen or naproxen was 20 mg/L and the samples were taken at
scheduled time intervals (0– 180 min). For the adsorption isotherm experiment, the initial concentrations of ibuprofen and naproxen were in
the range of 1–60 mg/L. The effect of pH was investigated through
adjusting the solution pH in the range of 3–11 by adding 0.1 mol/L
HCl or NaOH solution. NaCl at different concentrations (0–20 mg/L)
was selected as metal salt to determine the effect of ionic strength on
adsorption. The effect of natural organic matters (NOMs) on the adsorption process was examined by selecting HA as a simulated substitution
and the test concentrations of HA were set in the range of 0-50 mg/L.
For 5 cycles of adsorption-desorption tests, the initial concentration of
ibuprofen or naproxen was set at 5 mg/L considering their actual concentrations in the environment. After adsorption, the used adsorbent
was collected through centrifugation at 7000 rpm for 5 min. For desorption, the collected adsorbent was re-dispersed in 50 mL of ethanol,
shaken at 250 rpm for 10 min, recollected through centrifugation at
7000 rpm for another 5 min, and then dried at 80 °C for 8 h in an oven
for the next use cycle.
2.5. Instrumental analysis
The liquid chromatograph conditions and mass spectrometry conditions for the determination of ibuprofen and naproxen were depicted
here. An ACQUITY UPLC BEH C18 analytical column (100 mm ×
2.1 mm, 1.7 μm; Waters, Milford, MA, USA) coupled with a BEH C18
guard column (5 mm × 2.1 mm, 1.7 μm; Waters) was selected for the
chromatographic separation of ibuprofen and naproxen. The mobile
phase was composed of acetonitrile and ultrapure water at the initial
volume ratio of 25:75. The gradient changes of the mobile phase during
the sampling process were as follows: acetonitrile was ﬁrst increased
from 25% to 40% in 4 min, then increased to 95% in 0.5 min and held
for 1.5 min, and ﬁnally decreased to the initial ratio (i.e., 25% acetonitrile) in 0.1 min and held for additional 1 min. The ﬂow rate of mobile
phase was set at 0.3 mL/min in the whole sampling process, and the injection volume was set at 5 μL. The total run time was 7.1 min for each
sample. The MS/MS analysis of ibuprofen and naproxen was performed
in multiple reaction monitoring (MRM) and electrospray ionization
(ESI) negative mode. 550 °C was selected as the ion source temperature,
and -4.5 kV was set for the ionspray voltage. The collision energy was set
at -10 V. Curtain and collision gases were both nitrogen.
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Fig. 1. (a) FESEM image of Mil-101(Fe), (b) FESEM image of CuMil101-2 and (c) HR-TEM and EDX-elemental mapping images of CuMil101-2.

the addition amount of Cu(OAc)2 was 181.6 mg, the as-synthesized
CuMil101-2 had the highest adsorption capacities, with 186.8 and
177.8 mg/g for ibuprofen and naproxen, respectively, which showed a
20.8% and 77.7% improvement compared with the original Mil-101(Fe)
(145.4 and 100.1 mg/g for ibuprofen and naproxen, respectively).
Therefore, the CuMil101-2 was employed in subsequent experiments
about adsorption kinetics, adsorption isotherms and effects of adsorbent
dosage, pH, NaCl and HA on adsorption of ibuprofen and naproxen.

isotherm analysis (Fig. S2). The result showed that CuMil101-2 exhibited
isotherm similar to that of Mil-101(Fe) when using CO2 as the testing atmosphere, manifesting the inherent porosity of the as-prepared
CuMil101-2.
3.2. The effect of content of Cu(OAc)2 on adsorption
Firstly, the effect of added content of initial reagents in synthesis on
the adsorption of ibuprofen and naproxen was investigated through
comparison of adsorption capacities of different as-synthesized materials. As shown in Fig. S3, with the addition of Cu(OAc)2 in synthesis,
the adsorption capacities of Cu-doped materials for ibuprofen and
naproxen were higher than that of pure Mil-101(Fe). In addition, when
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(Fe) and (e) CuMil101-2.
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time on the removal of ibuprofen and naproxen over CuMil101-2, the
adsorption kinetic experiment was carried out and the result was
displayed in Fig. 3a. Owing to the large number of available surface adsorption sites of the CuMil101-2 and the high concentrations of ibuprofen and naproxen in solution, 92.1% ibuprofen and 86.7% naproxen were
rapidly adsorbed during the ﬁrst 5 min. Then, with the sharp decrease of
available surface adsorption sites and the residual concentrations of ibuprofen and naproxen in solution, the adsorption rate sharply slowed
down. Finally, when the adsorption rate of ibuprofen or naproxen gradually appeared equal to the desorption rate, the adsorption reached to
equilibrium and the concentration of ibuprofen or naproxen in solution
was therefore unchangeable. After 3 h, the equilibrium adsorption of
ibuprofen on the CuMil101-2 was 93.4%, which was a little higher
than that of naproxen (88.9%).
To explore the adsorption type of ibuprofen and naproxen on the
CuMil101-2, the pseudo-second-order nonlinear kinetic model, which
can be expressed by the following equation (Zhuang et al., 2019), was
applied for better understanding of the adsorption behavior.
t
1
t
¼
þ
qt k2  q2e qe

Table 1
The pseudo-second-order kinetic parameters for the adsorption of ibuprofen and
naproxen.
Compounds

Ibuprofen
Naproxen

where the qe (mg/g) is the adsorption capacity of ibuprofen or naproxen
at equilibrium; qt (mg/g) is the adsorption capacity of ibuprofen or
naproxen at time t; t (min) stands for the adsorption time, and k2
(g/mg·min) represents the pseudo-second-order kinetic rate constant. Moreover, the initial adsorption rates of the CuMil101-2 for
ibuprofen and naproxen can be calculated through the following
equation:

t/qt (min g/mg)

Ct/C0

0.4
0.2
90

120

150

188.7
175.4

0.999
0.999

186.8
177.8

ð4Þ

ð5Þ

b

0.8

0.6

60

2 × 103
1.13 × 103

qmax  b  C e
1 þ b  Ce

1.0

Ibu
Nap

30

5.62 × 10-2
4.48 × 10-2

where qe represents the amount of ibuprofen or naproxen adsorbed on
CuMil101-2 at equilibrium; Ce is the equilibrium concentration of ibuprofen or naproxen in the solution phase; qmax represents the maximum adsorption capacity of ibuprofen or naproxen per unit weight of
adsorbent; b (L/mg) is the Langmuir adsorption constant; KF (mg/g)
stands for rough indicator of the adsorption capacity and n is the index
of heterogeneity.
Fig. 4a shows the results of adsorption isotherms of ibuprofen and
naproxen over CuMil101-2 and the ﬁtting curves of Langmuir and
Freundlich models. Table 2 summarizes the adsorption isotherm parameters of ibuprofen and naproxen calculated from the Langmuir and
Freundlich models. The results indicated that the adsorption of ibuprofen and naproxen was better ﬁtted by the Langmuir model (R2 were
0.993 and 0.992 for ibuprofen and naproxen, respectively) than the
Freundlich model (R2 were 0.922 for both ibuprofen and naproxen), suggesting that the adsorption of ibuprofen and naproxen over CuMil101-2
was mainly a monolayer adsorption style, which corresponded to the
result of adsorption kinetics. The chemical interaction between the
CuMil101-2 and ibuprofen or naproxen was essential in the adsorption
and there was no further interaction between the adsorbates (Xu et al.,
2012). The maximum adsorption capacities of ibuprofen and naproxen

1.0

0

Experimental qe
(mg/g)

qe ¼ K F  C ne

Fig. 3b was the ﬁtting result of the pseudo-second-order kinetic
model for the adsorption of ibuprofen and naproxen and the pseudosecond-order kinetic parameters calculated from the Fig. 3b were summarized in Table 1. The degrees of ﬁtting (R2) of ibuprofen and
naproxen were both >0.999, which suggests that the pseudo-secondorder kinetic model was able to well depict the adsorption process.
The adsorption of ibuprofen and naproxen over the CuMil101-2 was
mainly a chemical adsorption process (Li et al., 2016b). The initial adsorption rate of the as-prepared CuMil101-2 for ibuprofen (2 ×
103 mg/g·min) was higher than that of naproxen (1.13 × 103 mg/
g·min), which is consistent with the experimental result as mentioned,
where the CuMil101-2 adsorbed more amounts of ibuprofen than
naproxen within the same time. Furthermore, Table S1 shows that the
k2 values of CuMil101-2 for ibuprofen and naproxen were 5.62 × 10-2
and 4.48 × 10-2 g/mg·min, respectively, which are signiﬁcantly higher
than those found for most of the previous reported materials.

0.0

R2

Freundlich model equation:

ð3Þ

0.8

qe
(mg/g)

To explore the relationship between initial concentration and equilibrium concentration of ibuprofen or naproxen, the adsorption isotherm experiments were carried out. Two types of isotherm models,
namely Langmuir and Freundlich models, were used to describe the adsorption process of ibuprofen and naproxen on the CuMil101-2, which
can be expressed as follows (Zhang et al., 2013a):
Langmuir model equation:
qe ¼

a

h
(mg/g·min)

3.4. Adsorption isotherms of ibuprofen and naproxen

ð2Þ

h ¼ k2  q2e
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Fig. 3. (a) The kinetic equilibrium of ibuprofen and naproxen test over time, and (b) the pseudo-second-order kinetic model for the removal of ibuprofen and naproxen. Adsorbent dosage =
0.1 g/L; initial concentration = 20 mg/L.
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Fig. 4. (a) The adsorption isotherms of ibuprofen and naproxen on CuMil101-2 and (b) effects of initial concentrations of ibuprofen and naproxen on the RL values over the CuMil101-2.
Adsorbent dosage = 0.1 g/L; initial concentration = 1– 60 mg/L; adsorption time = 3 h.

disappeared after the adsorption of ibuprofen and naproxen, which suggests the π-π interaction between the CuMil101-2 and ibuprofen or
naproxen (Sun et al., 2019). The peak above 3000 cm-1 was ascribed
to the stretching vibration of –OH. It can be observed that the shape of
the peak was changed after the adsorption, demonstrating the hydrogen bonding interaction in the adsorption process. This may be related
to the fact that there were many oxygen-containing functional groups
(carboxyl groups) in the molecular structures of CuMil101-2 and ibuprofen or naproxen (Li et al., 2020a).

on the CuMil101-2 derived from the Langmuir model were 497.3 and
396.5 mg/g, respectively, which are higher than those of most of the previously reported adsorbents (Table S1). This suggests the outstanding
potential of CuMil101-2 for the adsorption removal of ibuprofen and
naproxen in aqueous solution.
In the Langmuir model, a dimensionless constant is deﬁned as RL,
which represents the favorable degree of adsorption process (Hasan
et al., 2013). To further explore the adsorption characteristics of ibuprofen and naproxen on the CuMil101-2, we have also calculated the RL
values of ibuprofen and naproxen from the following equation (Jung
et al., 2013):
1
1 þ bC 0

ð6Þ

Transmittance (%)

RL ¼

Ibu

Fig. 4b exhibits the calculated RL values of ibuprofen and naproxen
under the adsorption condition. Both ibuprofen and naproxen had the
RL values in the range of 0 to 1, which indicates the favorable adsorption
of ibuprofen and naproxen over the CuMil101-2 (Hasan et al., 2013). In
addition, it can be observed that the RL values of ibuprofen were always
smaller than those of naproxen, suggesting the more favorable adsorption of ibuprofen than naproxen on the CuMil101-2, which is in
accordance with the results of maximum adsorption capacities qmax
(ibuprofen > naproxen).

Fresh CuMil101-2

Ibu-loaded CuMil101-2

4000

3.5. Adsorption mechanism

3500

3000
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1000

500

1000

500

-1

Wavenumber (cm )

The above result of adsorption kinetic experiment manifests that the
adsorption of ibuprofen and naproxen on the CuMil101-2 is mainly a
chemical adsorption process. To further explore the adsorption mechanism, FT-IR was performed to determine the surface organic moieties of
the adsorbent. As shown in Fig. 5, the FT-IR spectra of pure ibuprofen (or
naproxen) powder, fresh CuMil101-2, and CuMil101-2 after adsorption
were compared. The peaks of ibuprofen-loaded CuMil101-2 at 934,
1061, and 1321 cm-1 were corresponding to those of ibuprofen, and
the peaks of naproxen-loaded CuMil101-2 at 674 and 1061 cm-1 were
corresponding to those of naproxen, demonstrating that ibuprofen or
naproxen was adsorbed on CuMil101-2. In addition, the peak at
1656 cm-1, ascribed to the aromatic C_C stretching vibration,

Transmittance (%)

Nap

Fresh CuMil101-2

Nap-loaded CuMil101-2

Table 2
The isotherm parameters of Langmuir and Freundlich models for the adsorption of ibuprofen and naproxen.
Langmuir model

4000

Freundlich model

Compounds

qm (mg/g)

b (L/mg)

R2

Kf (mg/g)

n

R2

Ibuprofen
Naproxen

497.3
396.5

0.437
0.400

0.992
0.993

162.3
122.3

0.383
0.329

0.922
0.922

3500

3000

2500

2000

1500
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Fig. 5. The FT-IR spectra of CuMil101-2 before and after the adsorption of ibuprofen or
naproxen.
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naproxen remarkably decreased. To verify the hypothesis, the FESEM
images of CuMil101-2 after adsorption at pH of 3, 9 and 11 were determined. As shown in Fig. S4, the FESEM images indicated that the
CuMil101-2 after adsorption at pH of 3 and 9 still maintained intact
morphology with smooth surface, while the CuMil101-2 after adsorption at pH of 11 exhibited damaged morphology with rough surface.
In addition, the XRD pattern of CuMil101-2 after adsorption at pH of
11 was totally different from that of fresh CuMil101-2 (Fig. S5). These
results conﬁrmed the hypothesis that CuMil101-2 was not stable
when the pH of solution was 11. However, considering that the pH of
natural waters usually cannot reach to 11 or above, the as-prepared adsorbent possesses a steady adsorption ability in the pH range of 3-9. It
can be rationally concluded that the as-prepared CuMil101-2 is applicable in natural water matrices.

3.6. Effect of adsorbent dosage on adsorption
To investigate effect of adsorbent dosage on the adsorption of ibuprofen and naproxen, different initial adsorbent dosages (1, 2, 5, 10
and 20 mg) were added into 50 mL of 20 mg/L ibuprofen or naproxen
solution. As shown in Fig. 6a, the removal rates of ibuprofen and
naproxen increased with increase in the adsorbent dosage. Additionally,
it can be observed that the removal rates of ibuprofen and naproxen
reached to the maximum when the adsorbent amount was 10 mg,
and further increase in the adsorbent amount could not improve the adsorption removal rate of ibuprofen and naproxen. When the adsorbent
dosage was 10 mg, the maximum removal rates of ibuprofen and
naproxen were 97.5% and 96.9%, respectively. Therefore, considering
the economic cost, there is an optimal adsorbent amount in practical
applications.

3.8. Effect of ionic strength and HA on adsorption
3.7. Effect of pH on adsorption
Studies show that the ionic strength has an important inﬂuence on
adsorption of pollutants (Park et al., 2015). On the one hand, the ions
may have a negative effect on the adsorption of target pollutants
through competitive adsorption on the adsorbent. On the other hand,
the existence of ions can promote the adsorption of target pollutants
on adsorbents through salting-out effect (Zhang et al., 2013b). Hence,
to investigate the effect of ionic strength on the adsorption of ibuprofen
and naproxen over the CuMil101-2, various concentrations of NaCl
ranging from 0 to 20 mg/L were set in the adsorption experiments.
The result displayed that within the test concentration range of NaCl,
the adsorption removal rates of ibuprofen and naproxen were almost
unchanged, which indicates that the ionic strength exhibited negligible
effect on the adsorption of ibuprofen and naproxen over the CuMil1012 (Fig. 6c). On the one hand, this phenomenon may be attributed to the
balance of the abovementioned competitive adsorption and salting-out

1.0

1.0

0.8

0.8
Removal rate

Removal rate

It is known that the pH value of solution can change the surface
charge characteristic of the adsorbent and affect the existing forms of
target pollutants in water (Sun et al., 2019). Therefore, the solution pH
plays an important role in the adsorption process (Li et al., 2020b;
Wang et al., 2016b). The effect of pH on the adsorption of ibuprofen
and naproxen was investigated in the pH range of 3-11. As shown in
Fig. 6b, when the solution pH was in the range of 3 to 9, it exerted little
effect on the adsorption of ibuprofen and naproxen over the CuMil1012, with the removal rates almost unchanged. However, the removal
rates of ibuprofen and naproxen decreased dramatically when the solution pH increased to 11. This may be explained by the fact that
CuMil101-2 was not stable under such condition, due to the reaction between the OH- in the aqueous solution and the carboxyl group in the
material, thus making the adsorption capacities of ibuprofen and

0.6
0.4
0.2
0.0

Ibu
Nap

a

0.6
0.4
0.2
0.0

1 mg 2 mg 5 mg 10 mg 20 mg

Ibu
Nap

b
4

6

1.0

1.0

0.8

0.8

0.6
0.4
0.2

Ibu
Nap

c
0.0

0

5

10

15

8

10

pH

Removal rate

Removal rate

Adsorbent dosage

0.6
0.4
0.2
0.0

20

NaCl (mg/L)

Ibu
Nap

d
0

10

20

30

40

50

HA (mg/L)

Fig. 6. The effects of (a) adsorbent dosage, (b) pH, (c) NaCl and (d) HA on the adsorption of ibuprofen and naproxen. Initial concentration = 20 mg/L; adsorption time = 3 h; solution
volume = 50 mL.
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naproxen in river water were measured. The results showed that
55.9% of ibuprofen and 71.5% of naproxen were removed by adsorption.
The removal efﬁciency of CuMil101-2 for ibuprofen and naproxen in river
water appeared to be lower than that in pure water, which may be ascribed to the adverse effects of the complex matrix (e.g., suspended particles, water microorganisms) in river water on the adsorption of
ibuprofen and naproxen over the CuMil101-2 (Li et al., 2020a).

effect; on the other hand, as mentioned in the adsorption mechanism
section, the adsorption of ibuprofen and naproxen on the CuMil101-2
was mainly π-π interaction and hydrogen bond interaction. It was impossible to form the π-π interaction and hydrogen bond interaction between the CuMil101-2 and Na+ or Cl-. Therefore, the ionic strength
exerted little effect on the adsorption.
There are a large number of NOMs in natural waters, which also
exert signiﬁcant effect on adsorption processes (Zhang et al., 2020).
Therefore, different concentrations of HA (0–50 mg/L), as a simulation
of the NOMs, were selected to assess the effect of HA on the adsorption
of ibuprofen and naproxen over the CuMil101-2. As can be seen from
Fig. 6d, the adsorption removal rates of ibuprofen and naproxen were
nearly consistent with the variation in the HA concentrations, suggesting that the existence of HA had negligible inﬂuence on the adsorption
of ibuprofen and naproxen. This result may be explained by the fact
that there were enough available adsorption sites on the CuMil101-2
for the adsorption of HA and ibuprofen or naproxen, or that there was
a coadsorption between HA and ibuprofen or naproxen on the
CuMil101-2, which has been reported in earlier studies (Wang et al.,
2020; Jin et al., 2018). Therefore, the as-prepared CuMil101-2 is an effective adsorbent for ibuprofen and naproxen, and unaffected by the
NOMs.

4. Conclusions
Overall, we have synthesized a new Cu-doped Mil-101(Fe) through
a one-step solvothermal method and used it for the adsorption of ibuprofen and naproxen for the ﬁrst time. The N2 adsorption-desorption
isotherms indicated that the doping of Cu2+ in the synthesis process increased the average pore size from 3.3 nm of pure Mil-101(Fe) to
14.4 nm of CuMil101-2. The good ﬁtting of pseudo-second-order kinetic
model suggested the chemical adsorption of ibuprofen and naproxen on
the CuMil101-2. In addition, the adsorption isotherms could be well
depicted by Langmuir model, showing that the adsorption of ibuprofen
and naproxen on the CuMil101-2 was a monolayer adsorption. The FTIR spectra of CuMil101-2 before and after adsorption demonstrated that
the π-π interaction and hydrogen bond interaction between the adsorbate and adsorbent played an important role in the adsorption process.
NaCl (0–20 mg/L), HA (0–50 mg/L) and the pH values of solution in the
range of 3 to 9 were found to exert no signiﬁcant effects on the adsorption
of ibuprofen and naproxen over CuMil101-2, although the high pH value
of solution was unfavorable for the adsorption removal. Furthermore,
CuMil101-2 could be readily regenerated by washing with ethanol and
the removal rates maintained almost unchanged for the 5 cycles of
adsorption-desorption tests. The as-synthesized CuMil101-2 exhibits excellent promise in adsorption removal of PPCPs from water.

3.9. Reusability
Consider the economic beneﬁts, the reusability of adsorbent is important for their practical application. Therefore, to investigate the recyclability of CuMil101-2, 5 cycles of adsorption-desorption tests were
carried out. As shown in Fig. S6, the adsorption removal rates of ibuprofen and naproxen on the CuMil101-2 during the 5 cycles of adsorptiondesorption experiments were almost unchanged with the increase in
experimental cycles, which indicates that the as-prepared CuMil101-2
could be readily regenerated via ethanol and the reusability of
CuMil101-2 for the adsorption of ibuprofen and naproxen was excellent. The stability of the CuMil101-2 was investigated after the
adsorption-desorption experiments. Fig. S7 shows the FESEM images
of CuMil101-2 after adsorption of ibuprofen and naproxen and TEM
image of CuMil101-2 after adsorption of ibuprofen. Compared with
the original CuMil101-2, there was no obvious morphological change
in the used CuMil101-2, suggesting that the structure maintained well
without obvious collapse. In addition, it can be seen from the EDXelemental mapping image of the used CuMil101-2 that Cu element
was still uniformly distributed in the used material, demonstrating
the high stability of CuMil101-2. To further verify the stability of
CuMil101-2, the XRD pattern of the used CuMil101-2 was performed.
As shown in Fig. S8, there were minor differences in peaks between
the used CuMil101-2 and fresh CuMil101-2, which may be attributed
to the framework ﬂexibility of the material (Jiang et al., 2020). However,
the overall XRD pattern of the used material roughly corresponded to
that of the fresh material, and the peak shape and intensity were well
maintained, which manifests the excellent stability of CuMil101-2. We
also explored the leaching of Cu and Fe during the 5 cycles of
adsorption-desorption tests. Totally 5.24% of Cu and 1.36% of Fe were
leached during the 5 cycle experiments (Fig. S9), and the relatively
high leaching in the ﬁrst cycle may be due to the adsorbed species rather
than the dissolved part. The above results indicate the promising applications of CuMil101-2 in actual adsorptions due to its high stability and
outstanding reusability.
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3.10. Adsorption of ibuprofen and naproxen in real-water matrix
To investigate the removal performance of CuMil101-2 in real-water
matrix, the adsorption of ibuprofen and naproxen in river water was
carried out as follow: 10 mg of material was added to 50 mL of 5 mg/L
ibuprofen or naproxen solution; then the mix solution was shaken at
300 rpm for 3 h; ﬁnally, the residual concentrations of ibuprofen and
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