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g r a p h i c a l a b s t r a c t
� Ni-doped MIL-53(Fe) nanoparticles
were applied to remove doxycycline
for the first time.

� RSM was used to determine the op-
timum adsorption conditions for
doxycycline removal.

� Electrostatic and p-p stacking in-
teractions were possible adsorption
mechanisms.

� Ni-doped MIL-53(Fe) was suggested
as a reusable and efficient adsorbent.
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a b s t r a c t

This study proposes a facile one-pot solvothermal method to prepare Ni-doped MIL-53(Fe) nanoparticles
as high-performance adsorbents for doxycycline removal. The morphology and structure of the samples
were characterized by scanning electron microscopy, transmission electron microscopy, X-ray diffraction,
X-ray photoelectron spectroscopy, fourier transform infrared spectrum and thermogravimetric analysis.
These results reveal that nickel was doped into MIL-53(Fe) successfully via a facile reaction, and the
obtained Ni-doped MIL-53(Fe) nanoparticles showed excellent stability. The adsorption activities were
evaluated in terms of the removal efficiencies of doxycycline (DOX) in aqueous solution. According to the
response surface quadratic model (RSM), the optimal adsorption conditions were concentration of DOX
100mg/L, temperature 35 �C, ionic strength 5 g/L and pH 7. The as-synthesized Ni-doped MIL-53(Fe)
nanoparticles showed better adsorption capacity of 397.22mg/g compared with other adsorbents. The
investigation of adsorption mechanism demonstrated that the adsorption process was dominated by
electrostatic and p-p stacking interactions. The Ni-doped MIL-53(Fe) nanoparticles with improved
adsorption activities would have a great potential in DOX removal from aqueous environment.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

As a typical antibiotic, doxycycline (DOX) is an emerging
pollutant that has beenwidely used in human therapy of infectious
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diseases and cultivation industry because of its specific antimi-
crobial property (Song et al., 2017; Chao et al., 2014). However,
30e90% of doxycycline-contained wastewater has been detected in
the aqueous environment due to its lower bioavailability and good
solubility, which leaded to increased antimicrobial resistance of
microorganisms and impacted on human health (Zaidi et al., 2016;
Liu et al., 2017). It is urgent need to find a solution to removal
doxycycline pollution in the water.

In general, DOX removal methods include photodegradation
(Zhou et al., 2018; Cao et al., 2018; Liu et al., 2019), Fenton-like
(Cheng et al., 2019), electrochemistry (Xu et al., 2014, 2018;
Zhang et al., 2015), ionic treatment (Mudgal et al., 2013; Chen et al.,
2015; Wan et al., 2018), membrane separation (Homayoonfal and
Mehrnia, 2014) and adsorption (Chao et al., 2014; Liu et al., 2017).
Among them, some methods are limited in their application
because of high energy consumption, low treatment efficiency and
secondary pollution (Senta et al., 2011; Naeimi and Faghihian,
2017). Adsorption is considered as one of the most suitable
methods in practical application because of its easy operation, low
expense, nontoxicity and high efficiency (Cheng et al., 2018; Xiong
et al., 2017; Xu et al., 2012a, 2012b; Tang et al., 2014; Long et al.,
2011; Ren et al., 2018). Compared with graphene (Rostamian and
Behnejad, 2018; Deng et al., 2013), carbon nanotubes (Zhang
et al., 2016a; Gong et al., 2009), activated carbon (Fang et al.,
2018), biochar (Lee et al., 2018; Tan et al., 2015; Liang et al., 2017;
Wu et al., 2017), chitosan particles (Zhai et al., 2018) and clay
mineral (Ayari, 2018), metal-organic frameworks (MOFs) are a class
of porous crystal compounds with large porosity, easy tunability of
their pore size, and easy to be modified, which enhances their
adsorptive capacity by strengthening the interaction with the ob-
ject molecules (Khan and Jhung, 2012; Stock and Biswas, 2011;
Ahmed et al., 2014c; Xiong et al., 2018a). Therefore, we focus on the
adsorption of DOX onto modified MOFs.

Over the past few decades, modifiedMOFs with transition metal
ions have been reported in the literature. Montazerolghaem et al.,
2016 synthesized two kind of Ni-MIL-101(Cr) and Cu-MIL-101(Cr)
to improve the absorption capacity of CO2 and adsorbent cyclabil-
ity. However, they reported the BET surface area and pore volume of
above modified MIL-101 (Cr) were less than MIL-101(Cr). Some
researchers (Fu et al., 2016) reported Ni-doped NH2-MIL-125(Ti) as
a catalyst for photocatalytic oxidation of aromatic alcohols. They
showed that the doping of Ni into MOFs could improve charge-
separation and electron-transport to the enhanced photocatalytic
activity. Li et al. (2012) found that Ni-doped MOF-5 not only
exhibited larger surface areas and pores than MOF-5, but also
improved its hydrostability. Besides, H2 adsorptions of the Ni-
doped MOF-5 could hold steady for four days. Si et al. (2011) re-
ported a new strategy by doping Ammonia borane in Ni modified
MIL-101 for hydrogen storage. This was the first report of such a big
decrease (40 �C) in the pyrolysis temperature of Ammonia borane
for AB/Ni@MIL-101. Ahmed et al. (2014a, b) loaded Lewis acid and
CuCl into MIL-100(Fe) and MIL-100(Cr) for the adsorptive deni-
trogenation of model fossil fuels, respectively. Although the
porosity of AlCl3/MIL-100(Fe) and CuCl/MIL-100(Cr) were reduced,
the adsorption of quinolone and nitrogen-containing compounds
increased, respectively. To the best of our knowledge, the vast
majority of work has been focused on the modification of MOFs for
application of gas storage, photocatalytic degradation and fossil
fuel purification, MOFs modified with transition metal ions as an
adsorbent for contaminant removal are relatively scarce in aqueous
environment.

MIL-53(Fe) as one of the most intensively investigated materials
with high chemical stability and multifunctional property has been
researched for its potential applications (Naeimi and Faghihian,
2017). In this study, Ni-doped MIL-53(Fe) was synthesized for
adsorption removal of doxycycline in aqueous solutions. What's
more, response surface methodology (RSM) as a popular optimi-
zation method was used to assess the relationship between a set of
parameters, including DOX concentration, temperature, pH and
ionic strength, and the observed response of adsorption removal of
DOX. In addition, adsorption kinetics, isotherms, thermodynamics
and adsorption mechanisms were investigated in detail. This study
provides valuable information into the design of modified MOFs
adsorbents for antibiotic removal in aqueous environment.

2. Experimental section

2.1. Chemicals and syntheses of adsorbents

Chemical reagents, Nickel (II) chloride hexahydrate
(NiCl2$6H2O, 98%), iron (III) chloride hexahydrate (FeCl3$6H2O,
99%), N, N-dimethylformamide (DMF, 99.5%), ethanol (99.5%) and 1,
4-benzenedicarboxylic acid (1,4-BDC) (99%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Doxycy-
cline hydrochloride (DOX) was obtained from Bomei biotechnology
Co., Ltd (Hefei, China). All the chemical reagents were analytical
grade and used without further purification. The ultra-pure water
(resistivity of 18.25MU cm�1) was used throughout the whole
experiments.

Ni-MIL-53(Fe) was prepared by a one-step solvothermal
method. In a typical procedure, FeCl3$6H2O, 1, 4-BDC and DMF
solution with the molar ratio of 1:1:280 were mixed. Proper
amount of NiCl2$6H2O (NiCl2$6H2O and FeCl3$6H2O with the molar
ratio of 1:1, 1:3, 1:5, 1:7) was added in above mixture and then
stirred for 2 h at room temperature. The resulting solution was
transferred into a 100mL Teflon-lined bomb and heated at 170 �C
for 24 h. The powder was collected by centrifugation, washed with
DMF and ethanol, and dried under vacuum at 100 �C for 12 h. The
obtained powder was named as Ni-MIL-53(Fe)-X (X¼ 1, 3, 5 and 7,
which represents for the NiCl2$6H2O: FeCl3$6H2O mole ratio). For
comparison, the MIL-53(Fe) was synthesized according to the same
method.

2.2. Characterization

The morphology of Ni-MIL-53(Fe)-1 was examined via the
scanning electron microscope (SEM, Carl Zeiss, EVO-MA10) and
transmission electron microscope (TEM, JEOL JEM-2100F). The
crystal phase of Ni-MIL-53(Fe)-X was analyzed by an X-ray
diffractometer (XRD; Bruker, Germany). The surface composition of
Ni-MIL-53(Fe)-1 was studied by an X-ray photoelectron spectrum
(XPS) (Thermo Fisher Scientific-ESCALAB 250Xi, USA). The ther-
mostability of materials was measured by a Mettler TGA/SDT Q600
analyzer. The Fourier transform infrared spectrum (FT-IR) mea-
surements were obtained from a Nicolet 5700 Spectrometer in KBr
pellet at room temperature (Nicolet, USA).

2.3. Adsorption experiments

The stock solution for DOX (150mg/L) was prepared by dis-
solving 0.15 g of C22H24N2O8 in water and diluted to different
concentrations of solutions (5e150mg/L). All of the adsorption
experiments were carried out in 50mL conical flasks containing
50mL of DOX solution of desired concentrations. Before the
experiment, the adsorbents of Ni-MIL-53(Fe)-X were dried at
100 �C for 8 h in a vacuum oven and used for the adsorption of DOX
from water. The adsorbent (10mg) was added to each solution
(50mL) in a conical flask and the mixture was stirred at a constant
speed (200 rpm) at different temperatures. The solutions were then
centrifuged at 5000 rpm for 5min and filtered by 0.45 mm PVDF
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disposable filters, and the concentration of pretreated solutions
was determined by UV spectrophotometer (at 346 nm, UV-2700,
SHIMADZU, Japan). The detailed equations and models, such as
kinetics, isotherm and thermodynamic models were shown in
Table S1. The experimental factors, including pH, ionic strength and
humic acid, were taken into account. The recyclability of Ni-MIL-
53(Fe)-1 for DOX was evaluated by washing with water/acetone
and dried in a vacuum oven.

2.4. Doxycycline removal using a RSM experimental design model

The central composite design model (CCD) was employed to
evaluate the factors which made sense on the adsorption capacity
of doxycycline. In this design, four factors were the pH (x1), con-
centration of doxycycline (x2), temperature (x3) and ionic strength
(x4), each at five levels (�2, �1, 0, 1, 2). The response variable (y)
that represented adsorption capacity was fitted by a second-order
model in the form of quadratic polynomial equation (Yang et al.,
2009):

y¼ b0 þ
Xm

i¼1

bixi þ
Xm

i< j

bijxixj þ
Xm

i¼1

biix
2
i (1)

where y is adsorption capacity of doxycycline, b0 is the model co-
efficient, bi is the linear coefficient, bij is the interaction coefficient,
bii is the quadratic coefficient, xi, xj are the independent variables
which determine y, m is the number of independent variables.
Response surface methodology (RSM) experiments were analyzed
using the statistic software (version, 8.0.6).

3. Results and discussion

3.1. Characterization of the adsorbents

The morphology and compositions of Ni-MIL-53(Fe)-1 were
determined by SEMwith EDS analysis in Fig. 1. It was observed that
the Ni-MIL-53(Fe)-1 was crystallized in spindle structures (Fig. 1a).
Meanwhile, the EDS mappings for the prepared adsorbent were
also shown in Fig. 1ceg. The elements of C, Fe, O and Ni were
observed on the surface. Subsequently, the structures of the testing
products were characterized by TEM (Fig. 1b). Based on the ob-
tained results presented in Fig. 1b, obvious black spots can easily be
identified, suggesting that the presence of the oxidative Ni in the
nanoparticles.

The structures of virgin MIL-53(Fe) and Ni-MIL-53(Fe)-X were
characterized with XRD. As shown in Fig. S1a, the XRD pattern of
theMIL-53(Fe) was analogous to the reported in previous literature,
confirming the successful synthesis of MIL-53(Fe) (Gao et al., 2017).
In order to give a better comparison, the XRD patterns of Ni-MIL-
53(Fe)-1, Ni-MIL-53(Fe)-3, Ni-MIL-53(Fe)-5 and Ni-MIL-53(Fe)-7
were included. The virgin MIL-53(Fe) and Ni-doped MIL-53(Fe)
exhibited good crystallinity, which demonstrated that the structure
of MIL-53(Fe) was remained after Ni-doped. However, the charac-
teristic peak of nickel wasmore andmore obvious with the increase
of nickel doping, and made no difference to the diffraction peak
positions of MIL-53(Fe), these results indicated the Ni-doped
modification did not influence the crystallinity of MIL-53(Fe).

For a more in-depth study, The FT-IR spectroscopy of the virgin
and Ni-doped MIL-53(Fe) was presented in Fig. S1b. The five sam-
ples exhibited similar spectra because of the extremely low nickel
content, further confirming the isostructure (Li et al., 2012). It is
obvious that characteristic peaks of MIL-53(Fe) were observed. For
instance, the band at 538 cm�1 was assigned to Fe-O vibration.
Bands at 1390 and 1540 cm�1 were attributed to C-O vibration, and
the band at 1650 cm�1 was assigned to C]O vibration (Xiong et al.,
2018b). The MIL-53(Fe) framework kept integrated after Ni-doped,
which was in consistent with the results of XRD analysis. The TGA
curves of virgin and Ni-dopedMIL-53(Fe) displayed twomain steps
of weight loss in Fig. S2. The first step could be attributed to the loss
of solvents from the framework. The second step was due to the
decomposition of structural organic ligands. Compared to that of
virgin MIL-53(Fe), the second step of weight loss occurred faster.
This phenomenon indicated that the doping of nickel played an
important role in keeping a good structure.

X-ray photoelectron spectroscopy (XPS) was applied to confirm
the surface chemical state of Ni-MIL-53(Fe)-1. As shown in Fig. 2,
the XPS survey spectrum of Ni-MIL-53(Fe)-1 was composed of Ni,
Fe, C and O elements, which was consistent with analysis of
elemental mappings in Fig. 1ceg. As presented in Fig. 2b, the C 1s
peak of Ni-MIL-53(Fe)-1 could be fitted into two peaks at 284.85 eV
and 288.71 eV, which was mainly attributed to benzoic rings (C]C)
and the carboxylate groups on the H2BDC linkers (C]O), respec-
tively (Tam et al., 2005). Fig. 2c showed that the O 1s peakwas fitted
into two peaks at 531.86 and 532.38 eV, whichwas attributed to the
carboxylate groups and the Fe-O bonds and Ni-O bonds of Ni-MIL-
53(Fe)-1 (Liang et al., 2015). In the XPS Fe 2p spectrum (Fig. 2d), the
appearance of two peaks at 725.83 eV and 712.87 eV were attrib-
uted to Fe 2p1/2 and Fe 2p3/2, whichwere characteristic of ferric iron
in Ni-MIL-53(Fe)-1 (Du et al., 2011). The Ni 2p spectrumwas shown
in Fig. 2e, the two binding energies of 855.26 eV and 874.32 eVwere
ascribed to Ni 2p3/2 and Ni 2p1/2 respectively, indicating that
oxidative Ni existed in Ni-MIL-53(Fe)-1 (Fu et al., 2016).

3.2. Adsorption studies

Different mole ratios of Ni-MIL-53(Fe)-X presented different
adsorption capacities to DOX. As shown in Fig. S3, the adsorption
capacity of Ni-MIL-53(Fe)-1 was much greater than MIL-53(Fe), Ni-
MIL-53(Fe)-3, Ni-MIL-53(Fe)-5 and Ni-MIL-53(Fe)-7, indicating that
the adsorption capacity of adsorbents enhanced with the increase
of nickel doping. Hence, Ni-MIL-53(Fe)-1 was used as the best
adsorbent throughout the research.

3.2.1. Adsorption kinetics and isotherms
The adsorption experiments of DOX from aqueous solutions by

Ni-MIL-53(Fe)-1 were conducted at different temperatures (15, 35
and 55 �C) and concentrations of pollutants (5, 10, 20, 40, 60, 80,
100, 120 and 150mg/L). The experimental results analyzed by
pseudo first-order and pseudo second-ordermodels were shown in
Fig. 3 and Table S2. All correlation coefficients (R2) of pseudo first-
second equation were much higher. Compared to pseudo-first-
order model, the pseudo-second-order model exhibited a better
fitting with the experimental results, which demonstrated that the
chemical adsorption might be the major limiting step in the
adsorption of DOX.

As shown in Fig. S4, the equilibrium adsorption capacity of DOX
on Ni-MIL-53(Fe)-1 increased with the enhancive temperature and
initial DOX concentration. Langmuir and Freundlich models were
used to analyze adsorption mechanism, and all obtained results
were presented in Fig. 4 and Table S3. In this research, separation
factor (RL) and heterogeneity factor (1/n) were all below 1, which
indicated that the favorable adsorption between DOX and Ni-MIL-
53(Fe)-1 (Wang et al., 2017; Tang et al., 2018). It was evident that
the correlation coefficients (R2) of Langmuir model were much
higher than that of Freundlich isotherm model, indicating that
monolayer chemical adsorption played amajor role. In addition, the
maximum adsorption capacity of Ni-MIL-53(Fe)-1 for DOX was
reaching to 684.32mg/g at 55 �C, which was much higher than
other adsorbents in Table S4.



Fig. 1. The SEM images of Ni-MIL-53(Fe)-1 (a); the TEM images of Ni-MIL-53(Fe)-1 (b); and corresponding elemental maps of Ni-MIL-53(Fe)-1 (ceg).
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3.2.2. Thermodynamic analysis
The experimental data were fitted by Gibbs-Helmholtz equa-

tion, and the results of thermodynamic analysis were shown in
Table S5. The negative values of DG at different experimental
temperature proved that DOX adsorption on Ni-MIL-53(Fe)-1 was
spontaneous and endothermic. Furthermore, the DG value
decreased from �2.289 to �3.371 (kJ/mol) with the increase of
temperature, revealling that the adsorption performance was more
favorable at a relatively higher temperature. The positive value of
DH indicated that adsorption was an endothermic process, which
was consistent with the results of previous adsorption isotherm.
The positive value of DS manifested that the affinity and the
randomness at the adsorbent-adsorbate interface increased.

3.2.3. The effect of ionic strength, humic acid and pH
Salts and humic acid exist in most of actual waters. In this study,

a typical cation Naþ (1, 3, 5, 7 and 9 g/L) and HA (10, 20, 30, 40 and
50mg/L) were set separately inside solutions to investigate the
competitive effect on the adsorption of DOX on Ni-MIL-53(Fe)-1. As
shown in Fig. S5a, NaCl obviously decreased adsorption capacity of
DOX. The higher concentration of sodion, the less DOX was adsor-
bed by Ni-MIL-53(Fe)-1. This is because Naþ may compete with
DOX for the same active site of Ni-MIL-53(Fe)-1 via donor-acceptor
interaction.
Y ¼ �262:31þ 52:16X1 þ6:16X2 þ3:33X3 �1:06X4 �0:08X1X2 �0:26X1X3 �0:13X1X4

þ0:05X2X3 �0:12X2X4þ0:19X3X4 �2:78X2
1 �0:02X2

2 �0:07X2
3 þ0:11X2

4

(2)
The effect of humic acid on the DOX sorption on Ni-MIL-53(Fe)-
1 was displayed in Fig. S5b. The adsorption capacity of Ni-MIL-
53(Fe)-1 only decreased about 10% with high HA concentration
(50mg/L), indicating that humic acid has little effect on adsorption
capacity. The little influence caused by humic acid could be inter-
preted by competition for adsorption sites on Ni-MIL-53(Fe)-1.

The influence of pH on adsorption of DOX on Ni-MIL-53(Fe)-1
was shown in Fig. S6. As can be seen, the pH ranging from 2.0 to
11.0was amajor factor that affected the adsorption capacity of DOX.
As pH increased from 2.0 to 4.0, the adsorption capacity of DOX
increased rapidly from 48.27 to 86.43mg/g. However, when the pH
further increased from 4.0 to 10.0, the adsorption capacity of DOX
decreased slightly from 86.43 to 79.99mg/g. When the pH was
greater than 10.0, the adsorption decreased quickly from 79.99 to
72.60mg/g.

3.3. Experimental results of response surface methodology

Four key parameters affecting adsorption capacity of DOX on Ni-
MIL-53(Fe)-1 were selected as variables of the design matrix in
Table S6. The response variable, such as adsorption capacity, ac-
quired from 30 groups of experiments including parallel control
groups were shown in Table 1.

3.3.1. Analysis of variance (ANOVA)
The adsorption capacity of DOX in the experimental results

ranged between 92.19mg/g and 397.22mg/g. The quadratic poly-
nomial equation between adsorption capacity (y) and four vari-
ables (x1�x4) was used for regression analysis, as follows:
The analysis of variance (ANOVA) for response surface quadratic
model was shown in Table 2. The p-value of themodel was less than
0.0001 and determination coefficient R2 reached 0.9991, indicating
that the second order equation model fitted well. The F values of
X1(P< 0.0001), X2(P< 0.0001), X3(P< 0.0001), X4(P< 0.0001),
X1X2(P< 0.0001), X1X3(P< 0.0001), X2X3(P< 0.0001),
X2X4(P< 0.0001), X3X4(P< 0.0001), X2

1(P< 0.0001), X2
2(P< 0.0001)



Fig. 2. The XPS spectra of Ni-MIL-53(Fe)-1: (a) the full XPS spectra of Ni-MIL-53(Fe)-1, (b) C 1s, (c) O 1s, (d) Fe 2p and (e) Ni 2p.
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and X2
3(P< 0.0001) were statistically significant, Nevertheless,

X1X4(P¼ 0.3468) and X2
4(P¼ 0.3165) were not significant. Accord-

ing to the response surface quadratic model, the effect of each
parameter on adsorption capacity of DOX on Ni-MIL-53(Fe)-1 was:
concentration of DOX＞temperature＞pH＞ionic strength. The
optimal adsorption conditions were concentration of DOX 100mg/
L, temperature 35 �C, ionic strength 5 g/L and pH 7. The adsorption
capacity of DOX reached 397.22mg/g under the optimal adsorption
conditions.
3.3.2. Effects of interaction on the adsorption of DOX
The response surfaces for the interaction between the variables

on adsorption of DOX are displayed in Fig. 5aef, respectively. As
shown in Fig. 5a, the change of adsorption capacity with pH and
concentration of DOX, while temperature and ionic strength were
kept at central level. The figure of the curve indicated that pH has
visible quadratic effect on the adsorption of DOX, which was
consistent with the previous study considering pH value only.
Moreover, the adsorption capacity increased with the concentra-
tion of DOX. According to Fig. 5b, adsorption of DOX increased
considerably when the temperature increased, no matter what
happened to pH. This phenomenon indicated that the adsorption
was an endothermic process. Fig. 5c showed that, when the tem-
perature and concentration of DOX were at central level, the
adsorption of DOX decreased slightly when the ionic strength
increased, which indicated that there was competition for



Fig. 3. The pseudo-first order plots for DOX (a, 15 �C; b, 35 �C; c, 55 �C) adsorption; the pseudo-second order plots for DOX (d, 15 �C; e, 35 �C; f, 55 �C) adsorption. Reaction
conditions: adsorbent loading¼ 0.2 g/L; initial pH¼ 7.

Fig. 4. The Langmuir isotherm model for DOX (a) adsorption; the Frendich isotherm model for DOX (b) adsorption. Reaction conditions: adsorbent loading¼ 0.2 g/L; initial pH¼ 7.
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adsorption sites at different pH values (Lin et al., 2018). Fig. 5d and e
indicated that the influence of concentration of DOX on its
adsorptionwas greater than that of temperature and ionic strength,
and this was in accordance with above-mentioned analysis of
variance. In addition, the effect of temperature on adsorption was
greater than that of ionic strength (Fig. 5f).
3.4. Mechanisms for DOX adsorption

It can be seen from the above single-factor analysis and multi-
factor analysis that pH has a great influence on adsorption.
Consequently, it is important to further study the adsorption
mechanism. The dissociation constants (pKa) of DOX were 3.3, 7.7
and 9.7, indicating that DOX has positive charge at pH< 3.3, neutral
charge at 3.3< pH< 7.7, negative charge at pH> 7.7 (Zhang et al.,
2016b). As shown in Fig. S6, with the pH< 4.0 or pH> 10.0, the
adsorption capacity of DOX decreased obviously, demonstrating
that electrostatic interactions existed between the DOX and Ni-
MIL-53(Fe)-1 and became the main factor affecting adsorption. As
pH increased from 4.0 to 10.0, DOX existed mainly in the form of
zwitterions (Chao et al., 2014). Electrostatic adsorption and elec-
trostatic repulsion were difficult to play a role in this case. And p-p
stacking interactions acted as a dominant driving force, due to the
structure of aromatic rings existing in both DOX and Ni-MIL-53(Fe)-
1. In conclusion, electrostatic and p-p stacking interactions were
the main mechanisms.
3.5. Reusability of Ni-MIL-53(Fe)-1

Reusability as an important factor should be taken into
consideration for commercial applications. Regeneration of Ni-MIL-
53(Fe)-1 was evaluated after washing the used adsorbents with
methanol and drying them at 100 �C in a vacuum oven. As displayed
in Fig. S7, the adsorption capacity of DOX had no significant
decrease after the fifth recycling cycles. The results demonstrated
that the synthesized Ni-MIL-53(Fe)-1 is reusable and thus canmeet
the requirements of a large number of water treatment
applications.



Table 1
Experimental design matrix for removal of DOX.

Run x1 x2 x3 x4 y

Observeda Predictedb

1 9.00 40.00 45.00 3.00 168.30 168.16
2 7.00 60.00 35.00 5.00 283.33 283.21
3 7.00 60.00 55.00 5.00 275.70 273.99
4 7.00 20.00 35.00 5.00 92.19 90.53
5 5.00 80.00 25.00 3.00 328.47 326.10
6 5.00 80.00 45.00 7.00 362.10 359.54
7 5.00 80.00 25.00 7.00 304.13 304.55
8 7.00 60.00 35.00 5.00 282.86 283.21
9 5.00 40.00 25.00 3.00 176.41 176.16
10 7.00 60.00 35.00 5.00 283.33 283.21
11
12

5.00 40.00
60.00

25.00
35.00

7.00
5.00

174.51
235.62

173.57
11.00 233.56

13 7.00 60.00 35.00 9.00 280.95 279.40
14 9.00 80.00 25.00 7.00 300.32 302.17
15 7.00 60.00 35.00 5.00 282.86 283.21
16 9.00 80.00 25.00 3.00 328.47 325.86
17 7.00 60.00 35.00 1.00 289.30 290.53
18 9.00 40.00 25.00 3.00 186.20 188.80
19 7.00 60.00 35.00 5.00 283.33 283.21
20 5.00 80.00 45.00 3.00 364.49 365.94
21 7.00 60.00 35.00 5.00 283.57 283.21
22 7.00 60.00 15.00 5.00 238.25 239.64
23 9.00 40.00 25.00 7.00 185.24 184.07
24 7.00 100.00 35.00 5.00 397.22 398.53
25 9.00 80.00 45.00 3.00 344.21 345.18
26 5.00 40.00 45.00 7.00 185.72 188.60
27 3.00 60.00 35.00 5.00 242.06 243.81
28 9.00 80.00 45.00 7.00 336.10 336.64
29 5.00 40.00 45.00 3.00 177.85 176.04
30 9.00 40.00 45.00 7.00 176.18 178.58

a Experimental values of response.
b Predicted values of response by RSM.

Table 2
ANOVA for response surface quadratic model.

Source Sum of squares Df Mean square F Value p-value Prob> F

Model 153218.03 14 10944.15 2239.75 <0.0001
X1 185.89 1 185.89 38.04 <0.0001
X2 132295.41 1 132295.41 4518.17 <0.0001
X3 1770.00 1 1770.00 362.24 <0.0001
X4 157.83 1 157.83 32.30 <0.0001
X1X2 165.94 1 165.94 33.96 <0.0001
X1X3 420.88 1 420.88 86.13 <0.0001
X1X4 4.61 1 4.61 0.94 0.3468
X2X3 1596.57 1 1596.57 326.74 <0.0001
X2X4 359.66 1 359.66 73.61 <0.0001
X3X4 229.46 1 229.46 46.96 <0.0001

X2
1

3399.18 1 3399.18 695.65 <0.0001

X2
2

2565.45 1 2565.45 525.03 <0.0001

X2
3

1194.74 1 1194.74 244.51 <0.0001

X2
4

5.25 1 5.25 1.07 0.3165

Residual 73.29 15 4.89
Lack of Fit 72.87 10 7.29 85.37 <0.0001
Pure Error 0.43 5 0.09
Cor Total 143291.33 29
R2 0.9991
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4. Conclusion

In conclusion, Ni-MIL-53(Fe) nanoparticles have been prepared
via a solvothermal process, characterized and used as an adsorbent
for adsorption in DOX from aqueous solutions. The optimized Ni-
MIL-53(Fe)-1 exhibited much higher adsorption capacity of DOX
than other adsorbents reported in the literature. The
thermodynamic parameters indicated that the adsorption DOX
adsorption on Ni-MIL-53(Fe)-1 was spontaneous and endothermic.
According to the response surface quadratic model, the effect of
each parameter on adsorption capacity of DOX on Ni-MIL-53(Fe)-1
was: concentration of DOX＞temperature＞pH＞ionic strength.
Electrostatic and p-p stacking interactions were the main mecha-
nisms for DOX adsorption onto Ni-MIL-53(Fe)-1. Considering this



Fig. 5. Surface graphs for the effect of different variables on DOX removal: (a) C(DOX)-pH, (b) T-pH, (c) C(NaCl)-pH, (d) C(DOX)-T, (e) C(DOX)-C(NaCl) and (f) T-C(NaCl).
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simple synthetic strategy, high absorbability and good recyclability,
the Ni-MIL-53(Fe)-1 is a promising and practical adsorbent for
removal of DOX in aqueous solutions.
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