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ater treatment. In this study, PDA/Zr-MOFs/PU foam was constructed by growing Zr-MOFs
nanoparticles on a dopamine-modified polyurethane foam substrate by in-situ hydrother-
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strated that the polydopamine coating improves the dispersion of the Zr-MOFs nanoparti-
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cles on the substrate and enhances the interaction between the Zr-MOFs nanoparticles and

Polyurethane foam

the PU foam substrate. As a result, compared with Zr-MOFs/PU foam, the prepared PDA/Zr-

Dye

MOFs/PU foam exhibits higher adsorption capacity for crystal violet (CV) (63.38 mg/g) and
rhodamine B (RB) (67.73 mg/g), with maximum adsorption efficiencies of CV and RB of 98.4%
(pH=11) and 93.5% (pH=7), respectively, at a concentration of 10 mg/L. The PDA/Zr-MOFs/PU
foam can simultaneously remove CV and RB from the mixed solution. Moreover, the PDA/ZrMOFs/PU foam still exhibits high stability and reusability after five cycles.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Dyes have a wide range of applications in industry, such as
in food, textiles, dyestuffs, paint and paper (Almeida et al.,
2017). However, pollution by dye wastewater is a serious threat
to human health, ecosystems, and sustainable economic development (He et al., 2018; Loera-Serna et al., 2013) because

∗

most dyes are highly toxic and cannot be degraded naturally.
For example, they eventually accumulate in the human body
through the food chain and are harmful to health (Haque et al.,
2011; Li et al., 2011; Mahmoodi et al., 2010). Therefore, Therefore, it is imperative to develop a feasible method to remove
dyes from aqueous media.
Recently, chemical precipitation (Zhang and Honaker.,
2018), adsorption (Gong et al., 2009), membrane separation
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(Zhang et al., 2013), biological treatment (De Graaff et al., 2011)
and ion exchange (Chour et al., 2018) technologies have been
developed to remove dyes from aqueous solutions. Among
these methods, the adsorption technique is regarded as a
promising method for water treatment because of its simple
operation, fast separation, high efficiency and economic feasibility (Haque et al., 2011; Li et al., 2019). In recent years, a variety of adsorbents, such as activated carbon (Rafatullah, Sulaiman, Hashim, and Ahmad, 2010), silica (Woolard et al.,
2002), zeolites (Akgül and Karabakan., 2011) and graphene oxide nanosheets (Yu et al., 2013) have been synthesized and
used for dye adsorption. However, these materials are limited
by their low adsorption capacity and tedious recycling processes, so they cannot fully meet the practical demand in industrial applications. Hence, searching for a novel adsorbent
with excellent adsorption capacity, great regenerability and
economic feasibility is the key to solving the problem of dye
wastewater.
Metal-organic frameworks (MOFs) are a kind of novel
porous crystalline polymers that consist of organic linkers and
inorganic metal ions or ion clusters connected by coordination bonds (Fan et al., 2018; Sun et al., 2017). Recently, MOFs
materials have attracted considerable attention due to their
large surface areas, tunable pore size, permanent porosity, and
a large number of metal active sites (Liu et al., 2015). The
unique structure of MOFs materials makes them widely applicable in gas storage (Fan et al., 2018), biosensors (Hao and Li.,
2019), chemosensors (Yao et al., 2018), heterogeneous catalysis
(Cui et al., 2019; Wu and Zhao, 2017), separation (Meek et al.,
2011; Yu et al., 2017, Cui et al., 2020), drug delivery (Wu and
Yang., 2017), adsorption (Gao et al., 2019; Zhang et al., 2013b)
and other fields. However, most MOFs materials suffer from
the common challenge of destruction of the MOFs structure
after exposure to aqueous conditions, which hinders the use
of MOFs for water treatment (Sun et al., 2017).
Zirconium-based MOFs (Zr-MOFs), composed of zirconium
atoms and carboxylate oxygen by strong coordination bonds,
have drawn considerable attention because of their remarkable thermal, aqueous and acid stabilities (Kandiah et al.,
2010; Li et al., 2017; Sini et al., 2018). For the past few years,
Zr-MOFs and their derivatives have been widely applied in a
variety of wastewater treatment processes, especially in the
capture of heavy metals (Ahmed et al., 2019; Huang et al.,
2018), antibiotic cleanup (Zhou et al., 2019), adsorption of dyes
(Ge et al., 2016; Zhang et al., 2017) and oil/water separation
(Zhang et al., 2016). In addition, a large number of studies
have revealed the adsorption mechanism of Zr-MOFs for dyes,
mainly including electrostatic interactions, hydrogen bonding
and π -π interactions (Haque et al., 2011; Hasan and Jhung.,
2015). However, Zr-MOFs are mainly obtained in the form of
powder or colloidal crystals (Jiang et al., 2018), which are difficult to separate from liquid media after adsorption.
Recently, to easily separate MOFs nanoparticles from aqueous media without secondary pollution, MOFs nanoparticles
were combined with functional substrates, such as carbon
nanotubes, graphene oxide, carboxymethylcellulose sodium
aerogel and polyurethane foam (Abdi et al., 2017; Engels et al.,
2013; Li et al., 2018; Ying et al., 2017). Noticeably, polyurethane
(PU) foam is a 3-D porous material that has unique physical mechanical properties, excellent elasticity, good chem-

ical stability and low cost and is considered an ideal substrate material to support MOFs (Engels et al., 2013). For example, Li et al. (2018) successfully fabricated a Zr-MOFs-PU
foam membrane for dye adsorption, and the PU foam was pretreated by chromic acid to improve its adhesion and wettability during the fabrication process. However, the pretreatment
process would lead to partial collapse of the PU foam.
Dopamine has abundant functional groups and can be deposited onto various substrates in aqueous solution by selfpolymerization to steadily form a polydopamine coating, thus
enhancing the connection between the grafted nanoparticles
and substrate materials (Fang et al., 2017; Lee et al., 2007; Liang
et al., 2019). Compared with chromic acid treatment, this
method is milder and easier to perform. In this work, for the
first time, Zr-MOFs nanoparticles were successfully grafted
onto dopamine-modified PU foam to construct a novel composite material – PDA/Zr-MOFs/PU foam – for dye adsorption.
For comparison, PDA/PU and Zr-MOFs/PU foams were also prepared. Two typical dyes, crystal violet (CV) and rhodamine
B (RB), were selected for this study. The removal efficiencies
of pristine PU and three as-prepared PU foams (PDA/PU, ZrMOFs/PU, and PDA/Zr-MOFs/PU foams) and the adsorption kinetics of the Zr-MOFs/PU and PDA/Zr-MOFs/PU foams were
studied. Then, the influences of the dye concentration and solution pH on the adsorption performance of the Zr-MOFs/PU
and PDA/Zr-MOFs/PU foams were investigated systematically.
In addition, the static adsorption of the CV/RB mixed solution
and the reusability of these two foams were also studied.

1.

Experimental section

1.1.

Materials

All the chemicals and solvents were used as received without further purification. Zirconium chloride (ZrCl4 , AR, 98%),
1,2,4,5-benzenetetracarboxylic acid (H4 BTEC, AR, 98%), RB
(AR) and CV (AR) were obtained from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). Industrial grade
PU foam was purchased from Lianda Technology Industrial Co., Ltd. (Shenzhen, China). Before modification, the PU
foam was cut into pieces with dimensions of approximately
10 × 10 × 10 mm. Dopamine hydrochloride (98%) and tris (hydroxymethyl) aminomethane (Tris–HCl, ACS, ≥99.8%) were obtained from Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China).

1.2.

Sample preparation

Preparation of polydopamine-modified PU (PDA/PU) foam: The
raw PU foam was immersed in deionized water for 0.5 hr.
Then, the PU foam was dried at 60 °C in an air oven for 6
hr. Dopamine was dissolved in Tris–HCl (pH=8.5) in a beaker.
The dried PU foam was soaked into the prepared solution and
shaken for 24 hr at room temperature, leading to deposition
of polydopamine on the surface of the PU foam. Finally, the
PDA/PU foam was washed with deionized water, followed by
drying in air for 12 hr.
Preparation of Zr-MOFs precursors: Zr-MOFs nanoparticles were prepared based on the procedure reported by
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Fig. 1 – Schematic illustration of fabrication of PDA/Zr-MOFs/PU foam.

Li et al. (2018). Specifically, 50 mmol of ZrCl4 and 4.25 mmol
of H4 BTEC were dispersed in 50 mL of deionized water by ultrasonic treatment, followed by continuous stirring for 3 hr
at room temperature. Finally, Zr-MOFs precursors were prepared. In addition, to characterize the structure of the Zr-MOFs
nanocrystals, the above solution was placed in the reactor and
kept at 100 °C for 24 hr, centrifuged, washed, and then dried at
60 °C for 8 hr.
Fabrication of Zr-MOFs/PU and PDA/Zr-MOFs/PU foams:
The PDA/Zr-MOFs/PU foam was fabricated by the hydrothermal synthesis method (Li et al., 2015), and the preparation process is described in Fig. 1. Concisely, PDA/PU foam (approximately 2 g) was added to a Teflon-lined reactor (100 mL) filled
with 50 mL of Zr-MOFs precursor solution, followed by keeping at 100 °C for 24 hr. After the hydrothermal reaction and
cooling to room temperature, the obtained PDA/Zr-MOFs/PU
foam was washed with deionized water to cautiously remove
the loose powders on its surface. Finally, the PDA/Zr-MOFs/PU
foam was dried at 60 °C for 12 hr. For comparison, the ZrMOFs/PU foam was prepared under the same conditions as
the PDA/Zr-MOFs/PU foam.

1.3.

Characterization

The morphologies of the foams were observed using scanning
electron microscopy (SEM) (S4800, Hitachi, Tokyo, Japan). The
surface chemical compositions of the Zr-MOFs and the foams
were obtained by Fourier transform infrared spectroscopy (FTIR) (NICOLET, Thermo, USA) in the range of 500–4000 cm−1 .
X-ray diffraction (XRD) data of the Zr-MOFs, the PU and the
PDA/Zr-MOFs/PU foams were conducted by means of a Bruker
D8Advance X-ray diffractometer. X-ray photoelectron spectroscopy (XPS) of the Zr-MOFs was performed by a Thermo Scientific K-Alpha. The concentrations of CV and RB in the solution were analyzed by a UV–vis spectrophotometer (TU-1950,
PERSEE, Beijing, China). The zeta-potential of the Zr-MOFs was
measured by a particle size-zeta potential analyzer.

1.4.

Adsorption studies

In this study, the adsorption abilities of the prepared foams
toward RB and CV were investigated. Adsorption experiments

were conducted by adding 20 mg of foam to 20 mL of 10 mg/L
dye solution, and then shaking at 150 r/min at room temperature. Then, the concentration of dye in the remaining solution
was measured using UV–vis spectrophotometry. The dye removal efficiency (%) was determined by
Removal efficiency = (C0 − Ce )/C0 × 100%

(1)

where C0 (mg/L) and Ce (mg/L) are the initial and equilibrium
dye concentrations, respectively.
The kinetics of dye adsorption on the prepared foams were
performed by adding 50 mg of foam to 50 mL of dye solution in
an Erlenmeyer flask. These solutions were shaken at 150 r/min
at room temperature. The concentrations of dye in the solution at different adsorption times (10, 20, 30, 40, 60, 120, 180,
240, 360 and 540 min) were analyzed by UV–vis spectrophotometry. The influence of the initial dye concentration on the
removal of dye from solution was carried out by adding 20 mg
of prepared foam into 20 mL of dye solution with concentrations ranging from 10 to 90 mg/L. To investigate the influence
of pH on the removal of dye from the solution, adsorption experiments were carried out at pH values ranging from 3 to 11.
In addition, the adsorption by the foams of the CV and RB from
the mixed solution was also studied.
The adsorption capacities (Qe ) of the foam for dyes were
calculated by
Qe = [(C0 − Ce )/m] × V

(2)

where Qe (mg/g) is the adsorption capacity for dyes, V (mL)
is the volume of dye solution, and m (mg) is the mass of the
foams. If not specified, the concentration of the selected solutions was 10 mg/L. All of the adsorption experiments were
performed for three times and the adsorption capacities were
determined as the averages of the experimental results.

2.

Results and discussion

2.1.

Characterization of pda/zr-mofs/pu foams

The SEM images of PU, Zr-MOFs/PU and PDA/Zr-MOFs/PU
foams at different magnifications are shown in Fig. 2. As
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Fig. 2 – SEM images of (a, b, c) pristine PU, (d, e, f) Zr-MOFs/PU and (g, h, i) PDA/Zr-MOFs/PU foams.

shown in Fig. 2a, the PU foam exhibits an interconnected
open-celled structure. A higher magnification allows observation of a smooth cell wall. Compared to the pristine PU
foam, both Zr-MOFs/PU and PDA/Zr-MOFs/PU foams retain
their original open-celled structure (Fig. 2d and g). However, after loading Zr-MOFs nanoparticles, the cell wall of the PU foam
becomes rough, and abundant Zr-MOFs nanoparticles become
crowded and emerge on the cell wall of the foams (Fig. 2e and
h). Further observation of the magnified micrographs for the
Zr-MOFs/PU and the PDA/Zr-MOFs/PU foams, it can be seen
that the microspheres are clustered together and distributed
unevenly on the cell wall of the Zr-MOFs/PU foam, while the
microspheres on the cell wall of the PDA/Zr-MOFs/PU foam
display good dispersion and a uniform distribution (Fig. 2f
and i). This could be attributed to the fact that dopamine has
abundant functional groups and strong adhesion ability. The
treatment of PU foam with dopamine strengthens the adhesion between Zr-MOFs particles and the PU substrate, which
improves the distribution of Zr-MOFs particles and decreases
their agglomeration on the PU substrate.
The PDA/Zr-MOFs/PU foam after adsorbing dyes was
named PDA/Zr-MOFs/PU-dye (CV or RB) foam. Photographs
of the PDA/Zr-MOFs/PU, PDA/Zr-MOFs/PU-CV and PDA/ZrMOFs/PU-RB foams are presented in Appendix A Fig. S1ac. To evaluate the stability of the PDA/Zr-MOFs/PU foam, the

morphologies of PDA/Zr-MOFs/PU foam after one-time dye
adsorption and desorption experiments were observed, and
the results are shown in Appendix A Fig. S1d-g. By comparing PDA/Zr-MOFs/PU foam with PDA/Zr-MOFs/PU-dye foam
(Fig. 2i), it can be seen that no significant change is observed (Appendix A Fig. S1d and e). In addition, after desorption by ethanol, PDA/Zr-MOFs/PU-dye (CV or RB) foam can
still maintain its complete structural form (Appendix A Fig.
S1f and g), suggesting that PDA/Zr-MOFs/PU foam has good
stability.
FT-IR analysis was conducted to investigate the chemical
structures and functional groups, and the results are shown
in Fig. 3. For the PU foam, the weak peak at 1710 cm−1 corresponds to the C = O stretching vibration (Li et al., 2018).
In the spectrum of Zr-MOFs powders, the peaks at approximately 3390 and 1710 cm−1 are attributed to the -OH and
C–O stretching vibrations, respectively (Fu et al., 2019; Li et al.,
2018). The two peaks at 1581 and 1400 cm−1 belong to the
O–C–O symmetric and asymmetric stretching vibrations of the
carboxylate groups, which confirms the relation between COOH and Zr (IV) (Li et al., 2019). In addition, the characteristic peak around 658 cm−1 is attributed to the stretching vibration of Zr–O in Zr-MOFs nanocrystals, and the characteristic peak at 1510 cm−1 is caused by the C–C stretching vibrations of the benzene ring in the Zr-MOFs crystal structure
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Fig. 3 – FT-IR spectra of Zr-MOFs, PU, Zr-MOFs/PU and PDA/Zr-MOFs/PU foams.

Fig. 4 – XRD patterns of (a) Zr-MOFs and (b) PU and PDA/Zr-MOFs/PU foams.

(Azhar et al., 2017). Characteristic peaks of the Zr-MOFs crystals are also observed in the spectra of the Zr-MOFs/PU and
PDA/Zr-MOFs/PU foams. The above results demonstrate that
the Zr-MOFs particles were successfully grafted onto the PU
foam substrate via in-situ hydrothermal synthesis.
Fig. 4 displays the XRD patterns of the PU, Zr-MOFs, and
PDA/Zr-MOFs/PU foams. It can be seen that there are three
characteristic peaks at 7.4°, 8.5° and 25.2° in the pattern of the
Zr-MOFs (Fig. 4a), which is consistent with those reported in
previous works (Li et al., 2018; Yang et al., 2017). Furthermore,
three characteristic peaks appear at 7.4°, 8.6° and 26.1° in the
pattern of the PDA/Zr-MOFs/PU foam (Fig. 4b). The foregoing
demonstrates that Zr-MOFs and the PDA/Zr-MOFs/PU foam
were both successfully synthesized.

The XPS spectra of the Zr-MOFs are shown in Fig. 5. It can
be seen that the full spectrum of the Zr-MOFs exhibits characteristic peaks at 532.08, 346.68, 333.08, 285.09, 183.08 and
30.88 eV, corresponding to O 1 s, Zr 3p1, Zr 3p3, C 1 s, Zr 3d
and Zr 4p, respectively (Fig. 5a). This indicates that O, C and Zr
exist in the Zr-MOFs (Chen et al., 2017). The results are consistent with those of previous works (Chen et al., 2017; Li et al.,
2018). Specifically, the C 1 s spectrum of the Zr-MOFs (Fig. 5b)
has three peaks at 288.48, 286.43, and 284.68 eV, corresponding to O = C–O, C–O and C–C, respectively (Li et al., 2018). This
is consistent with the FT-IR results. The Zr 3d spectrum of the
Zr-MOFs has two peaks at 185.03 and 182.59 eV (Fig. 5c), which
are attributed to Zr 3d3/2 and Zr 3d5/2 , respectively (Chen et al.,
2017).
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Fig. 5 – XPS spectra of Zr-MOFs: (a) full view; (b) C 1 s; (c) Zr 3d

The resiliency of the PDA/Zr-MOFs/PU foam was also investigated. Appendix A Fig. S2 shows the shape evolution of the
PDA/Zr-MOFs/PU foam upon applying and removing stress. It
can be seen that the PDA/Zr-MOFs/PU foam is easy to bend out
of shape when applying stress and can recover to its original
shape immediately when the stress is removed.

2.2.

Adsorption performance comparison

To investigate the adsorption ability of the as-prepared foams
toward CV and RB, PU, PDA/PU, Zr-MOFs/PU and PDA/ZrMOFs/PU foams were added to dye solutions with 10 mg/L,
respectively. Appendix A Fig. S3 presents the UV–vis spectra
of the CV and RB solutions before and after adsorption by the
foams. Before adsorption, the UV–vis spectra of the CV and
RB solutions display one strong characteristic peak at 585 and
554 nm, respectively. However, after adsorption by the prepared foams, the intensity of the peak in the UV–vis spectra
becomes weak, and the color of the solution fades. The CV
and RB solutions after adsorption by Zr-MOFs/PU and PDA/ZrMOFs/PU foams display weaker peak intensity than those after adsorption by PU and PDA/PU foams. Moreover, the CV and
RB solutions after adsorption by the PDA/Zr-MOFs/PU foam

both display the weakest peak intensity and their peaks even
disappear, accompanied by colorless of both solutions (Appendix A Fig. S3a and b).
To more intuitively compare the adsorption properties of
these four foams, their removal efficiencies for the dye solutions are presented in Fig. 6. It can be observed that the removal efficiencies for CV and RB by the untreated PU foam
are only 38.4% and 57.8%, respectively. Grafting of PDA and
Zr-MOFs nanoparticles onto the PU foam both improve the removal efficiencies for CV and RB. Moreover, compared with the
Zr-MOFs/PU foam, the PDA/Zr-MOFs/PU foam displays higher
CV and RB removal efficiencies, which are 97.0% and 93.5%,
respectively. This could be attributed to the presence of the
dopamine coating, which enhances the distribution of ZrMOFs particles on the PU substrate, thus leading to the improved adsorption ability. In addition, dopamine has a large
number of functional groups, resulting in a certain adsorption
for dye molecules.

2.3.

Adsorption kinetics

The adsorption kinetics of CV and RB onto the Zr-MOFs/PU
and PDA/Zr-MOFs/PU foams are displayed in Fig. 7. The ad-
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Fig. 6 – Removal efficiency of PU, PDA/PU, Zr-MOFs/PU and
PDA/Zr-MOFs/PU foams for CV and RB (initial concentration
of CV and RB: 10 mg/L).

sorption of dye increases gradually with increasing time and
finally reaches equilibrium within 240 min. To further explore the adsorption kinetics, pseudo-first-order and pseudosecond-order kinetic models Eqs. (3) and (4), respectively) were
utilized to research the adsorption mechanism (Ho and McKay
et al., 1999; Shao et al., 2016).
ln(Qe − Qt ) = ln Qe − K1 t

(3)

t
1
t
=
+
Qt
Qe
K2 Qe 2

(4)

where Qe (mg/g) is the amount of dyes at equilibrium, Qt
(mg/g) is the amount of dyes adsorbed at time t, t is the adsorption time, and K1 (1/min) and K2 (g/(mg min)) are the pseudofirst-order and the pseudo-second-order rate constants, respectively.
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The static adsorption experimental data are fitted to the
pseudo-first-order and pseudo-second-order kinetic model
(Fig. 8). The calculated kinetic constants are listed in Table 1.
The results show that the value of R2 (0.999) for the pseudosecond-order kinetic model is higher than that of the pseudofirst-order kinetic model. Moreover, the theoretical adsorption value of Qe calculated by the pseudo-second-order kinetic equation is in agreement with the experimental value.
The above results indicate that the pseudo-second-order kinetic model is better for fitting the adsorption processes of
CV and RB onto the foams than the pseudo-first-order kinetic model. It is safe to conclude that the adsorption of dyes
by these two foams belongs to chemical adsorption process,
which is mainly due to the interaction between surface functional groups of the adsorbent and dyes (Yang et al., 2017). In
addition, compared with the Zr-MOFs/PU foam, the PDA/ZrMOFs/PU foam has a higher K2 value for the dyes (Table 1),
indicating that the latter foam has a stronger affinity for dyes
than the former foam. It is also demonstrated that the adsorption ability of the PDA/Zr-MOFs/PU foam is better than that of
the Zr-MOFs/PU foam.

2.4.

Effect of dye concentration

To further understand the adsorption process, the effect of
the dye concentration on the adsorption performance of the
foams was investigated. Fig. 9 shows that the adsorption capacities of CV and RB on the Zr-MOFs/PU and the PDA/ZrMOFs/PU foams increase gradually as the dye concentration
increases, and the adsorption capacities of the dyes reach
maximum values at an initial dye concentration of approximately 70–80 mg/L. These results can be explained as follows. Increasing the dye concentration improves the driving
force of the concentration gradient, which enhances the adsorption capacities of dyes on the foams (Hua et al., 2019).
At low dye concentrations, the number of available active adsorption sites on the foams is higher than the quantity of initial dye molecules. The dye molecules are strongly adsorbed
on the surface of the foams and adsorption reaches equilib-

Fig. 7 – Kinetic adsorption plots of Zr-MOFS/PU and PDA/Zr-MOFs/PU foams toward (a) CV and (b) RB in static adsorption
experiments (initial concentration of CV and RB: 10 mg/L).
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Fig. 8 – Plots of pseudo-first-order kinetics of CV (a) and RB (b), and pseudo-second-order kinetics of CV (c) and RB (d) by
Zr-MOFs/PU and PDA/Zr-MOFs/PU foams (initial concentration of CV and RB: 10 mg/L).

Table 1 – Adsorption kinetic parameters of CV and RB on Zr-MOFs/PU and PDA/ Zr-MOFs/PU foams in static adsorption
experiments.
Adsorbent

ZrMOFs/PU
PDA/ZrMOFs/PU

Adsorbent

CV
RB
CV
RB

Pseudo-first-order

Pseudo-second-order

Qe (exp) (mg/g)

K1

Qe (cal) (mg/g)

R2

K2

Qe (cal) (mg/g)

R2

9.17
8.89
9.67
9.33

1.49 × 10−2
8.85 × 10−3
7.76 × 10−3
7.82 × 10−3

4.61
2.03
2.66
2.14

0.994
0.894
0.934
0.946

8.0 × 10−3
1.61 × 10−2
1.17 × 10−2
1.48 × 10−2

9.39
8.94
9.71
9.35

0.999
0.999
0.999
0.999

rium quickly. Consequently, the adsorption behavior is independent of the initial dye concentration. Nevertheless, the adsorption of dyes would depend on the initial concentration at
a high initial concentration. When the dye concentration increases to a certain value, the available active adsorption sites
might be exhausted, thus leading to saturation (Abdi et al.,
2017; Crini et al., 2008; Wang et al., 2018).
Further observation of the adsorption capacity of the two
foams at different initial concentrations, as shown in Fig. 9,
it is clearly visible that the saturated adsorption capacities
of the Zr-MOFs/PU foam for CV and RB are 53.1 mg/g and
59.3 mg/g, respectively, while the PDA/Zr-MOFs/PU foam exhibits high saturated adsorption capacities for CV (63.4 mg/g)
and RB (67.7 mg/g). This phenomenon may be attributed to

the fact that dopamine coating improves the dispersity of ZrMOFs particles on the PU foam substrate (Fig. 2e and h) and
provides a large number of functional groups that might interact with dye molecules.

2.5.

Effect of solution pH value

The initial solution pH value plays a significant role in the
adsorption performance, because the pH value may affect
the surface charge of the foams and the form of the dye
(Feng et al., 2018). The zeta potentials of Zr-MOFs at different pH values were measured, and the results are shown in
Appendix A Fig. S4. The isoelectric point of the Zr-MOFs is
about 2.03. Thus, Zr-MOFs are negatively charged when the
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Fig. 9 – Effect of initial dye concentration on adsorption capacity of (a) CV and (b) RB on Zr-MOFs/PU and PDA/Zr-MOFs/PU
foam.

Fig. 10 – Effect of pH on (a) CV and (b) RB removal by Zr-MOFs/PU and PDA/Zr-MOFs/PU foams (initial concentration of CV
and RB: 10 mg/L).

pH value is higher than 2.03. As a result, the surface of the
PDA/Zr-MOFs/PU foam is negatively charged in the pH range
from 3 to 11 (Li et al., 2018).
To study the influence of the solution pH value on dye
adsorption by the foams, the experiments were carried out
at different pH values ranging from 3 to 11. As shown in
Fig. 10a, the removal efficiencies of CV by the Zr-MOFs/PU and
the PDA/Zr-MOFs/PU foams gradually increase from 72.8% to
97.1% and from 97.1% to 98.4%, respectively, as raising the pH
value from 3 to 11. The above phenomenon could be attributed
to the fact that CV mainly exists in cationic form, therefore
the adsorption of CV is mainly due to the electrostatic interaction. The adsorption process might be a result of the excess H+ ions competing with CV for the adsorption sites. In
addition, the amount of OH− ions increases and the amount
of H+ decreases with the increase in the pH value, leading
to strong electrostatic attraction between CV and the foams
(Hameed et al., 2008; Li et al., 2011).

Compared with CV, RB exhibits a different trend in the removal efficiency. As shown in Fig. 10b, the removal efficiency
of RB first increases and then decreases with increasing the
pH Value. As the solution pH increases from 3 to 7, the removal efficiencies of RB by Zr-MOFs/PU and PDA/Zr-MOFs/PU
foams increase from 60.3% to 88.4% and from 63.2% to 93.5%,
respectively. However, the removal efficiencies of RB by ZrMOFs/PU and PDA/Zr-MOFs/PU foams decrease from 88.4% to
65.9% and from 93.5% to 72.1% with, respectively, as the pH increases from 7 to 11. The above results might be contributed to
the fact that the form of the RB molecule is influenced by the
pH of the aqueous solution. RB has both the carboxyl group
(-COOH) and the amino group (-NHR2 ). RB mainly exists in
the form of cations and monomer molecules at pH<4. However, the zwitterionic form of RB increases with the increase
of the pH at pH>4, leading to electrostatic repulsion between
the carboxyl group of RB and the as-prepared foams (Li et al.,
2010; Shivaprasad et al., 2019).
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Adsorption experiments for mixed dyes

To further investigate the adsorption performance of PDA/ZrMOFs/PU foam toward mixed dyes, 10 mg/L CV and RB solutions with the same volume were mixed for static adsorption
experiments. Appendix A Fig. S5 displays the UV–vis spectra of the CV/RB mixed solution before and after treatment
with four foams. It is clearly visible from Appendix A Fig. S5
that the UV–vis spectrum of the mixed solution before adsorption exists two strong characteristic peaks at 585 and 554 nm,
which represent CV and RB, respectively. However, after treatment with the foams, the characteristic peaks of CV and RB
are both weakened. The pristine PU foam shows little adsorption to the mixed dyes and the color of the mixed solution
changes slightly. The peaks decrease considerably by the ZrMOFs/PU foam adsorption, and the color of CV/RB mixed solution changes from purple-pink to light purple. It is worth
noting that after adsorption by the PDA/Zr-MOFs/PU foam, the
characteristic peaks of CV and RB tend to disappear, which is
accompanied by a change in the color of the mixed solution
from the original purple-pink to colorless. The above results
indicate that the PDA/Zr-MOFs/PU foam could concurrently
efficiently remove CV and RB from the mixed solution, and
has potential applications in the treatment of the wastewater
with mixed dyes.

2.7.

Recyclability study

The recyclability of the adsorbent is an important factor for
assessing its commercial viability. To investigate the regeneration and reusability of the PDA/Zr-MOFs/PU foam as an adsorbent, a circulation experiment was conducted. Specifically,
10 mg of the PDA/Zr-MOFs/PU foam was added to 10 mL of
dye solution (10 mg/L). After adsorption saturation, the foam
loaded with dye was put into an ethanol solution for 3 hr.
Then, the foam was washed with water and kept at 60 °C
for 10 hr. The obtained foam was used for the next adsorption. For comparison, the regeneration and reusability of ZrMOFs/PU foam was investigated under the same circulation
experiment. Appendix A Fig. S6 shows the recyclability of the
Zr-MOFs/PU and PDA/Zr-MOFs/PU foams for CV and RB. The
adsorption capacities of the Zr-MOFs/PU and PDA/Zr-MOFs/PU
foams decrease slightly as the number of cycles increases.
However, after five adsorption-desorption cycles, the removal
efficiencies of the PDA/Zr-MOFs/PU foam decrease less than
that of Zr-MOFs/PU foam, and the removal efficiencies of CV
and RB on the PDA/Zr-MOFs/PU foam remain above 90% and
80%, respectively. The above results indicate that the PDA/ZrMOFs/PU foam has both excellent adsorption ability and recyclability.

3.

Conclusions

In this study, Zr-MOFs/PU and PDA/Zr-MOFs/PU foams were
successfully synthesized by an in situ hydrothermal synthesis method. The results showed that the removal efficiencies
of CV and RB for the Zr-MOFs/PU foam are 91.6% and 88.5%,
respectively, while the removal efficiencies of CV and RB for

the PDA/Zr-MOFs/PU foam reach up to 97.0% and 93.5%, respectively (pH=7). This may be attributed to the fact that the
polydopamine coating improves the distribution of Zr-MOFs
nanoparticles on the substrate because of the enhancement of
the relationship between the Zr-MOFs nanoparticles and the
PU substrate, and meanwhile provides a number of adsorption sites. The adsorption kinetics experiments revealed that
the pseudo-second-order model is better for fitting the adsorption behavior of PDA/Zr-MOFs/PU foam than the pseudofirst-order model, indicating that the adsorption mechanism
of dyes by PDA/Zr-MOFs/PU foam belongs to chemisorption. In
addition, the influences of the original solution concentration
and pH value on the adsorption process of the foams were investigated. The results showed that the removal efficiency of
CV slightly increased and the removal efficiency of RB first increased and then decreased as the pH increased from 3 to 11,
which confirms that the electrostatic interaction has an important effect on the dye adsorption process. Compared with
the PU, PDA/PU and Zr-MOFs/PU foams, the PDA/Zr-MOFs/PU
foam exhibited higher adsorption performance for mixed dye
solutions. Moreover, the prepared PDA/Zr-MOFs/PU foam is
easy to recycle and can be reused even after five cycles. Based
on these studies, the PDA/Zr-MOFs/PU foam is considered a
promising adsorbent in dye wastewater treatment.
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