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ARTICLE INFO ABSTRACT

Keywords: Excessive discharge of phosphorus (P) to natural watercourses not only causes eutrophication of water bodies but
Metal-organic frameworks also results in the loss of P resources. P-containing wastewater is a crucial secondary P resource. Zirconium-based
Ui0-66

metal-organic frameworks (MOFs), particularly UiO-66 has been shown great promise in efficiently capturing P
from water. In this study, a group of UiO-66@sponge composites was prepared by a facile layer-by-layer in-situ
growth approach using melamine sponge (MS) as scaffolds. The as-prepared UiO-66@sponge composites exhibit
high chemical and dimensional stability when used as adsorbents for reclaiming P from wastewater. Batch
adsorption results show that one UiO-66@sponge composite exhibited the highest phosphorus adsorption ca-
pacity of 83.55 mg g~ at pH 6.0, outperforming most other UiO-66 adsorbents under environmentally relevant
conditions. The intrinsic mechanical flexibility and chemical stability of these UiO-66@sponge composites
enable us to efficiently enrich phosphorus from a dilute solution by a rapid adsorption-desorption operation. This
work provides a promising strategy to integrate MOFs with dimensionally stable and flexible sponges for rapid
adsorption and recovery of phosphate from wastewater and could be potentially expanded to the recovery of

Phosphorus recovery
Water purification

other value-added or technology-critical elements from waste streams.

1. Introduction

Phosphorus (P) is an essential element for biological growth, but its
excessive discharge can lead to serious environmental concerns [1].
Phosphorus in nature occurs mainly in the form of phosphate ore, which
is a non-renewable resource that is currently being depleted at an
alarming rate [2,3]. As most of the phosphorus is released into the
environment through wastewater, which is likely to result in eutrophi-
cation of the receiving water bodies (e.g., lakes, reservoirs), destruction
of aquatic ecosystems, deterioration of water quality, and threatening
drinking water safety [1,2,4]. From the perspective of circular economy,
phosphorus-containing wastewater is also an important secondary
phosphorus resource. The research and development of phosphorus re-
covery techniques from wastewater can not only effectively solve the
water pollution problem caused by phosphorus discharge, but also avoid
the one-way loss of phosphorus resources, which is therefore of great

significance for the sustainability of our society [1,5].

Among the various phosphorus removal and recovery technologies,
adsorption plays an important role because of its simplicity of operation,
cost-effectiveness, and wide adaptability to various effluents [6,7]. In
the attempts to develop effective adsorbents for phosphate uptake, a
range of materials such as graphene [8], metal (hydrated)oxides [9,10]
and metal-organic frameworks (MOFs) [11-14] have been extensively
explored for phosphate adsorption. It is well-established that MOFs have
a high affinity toward phosphate due to the strong bonding between the
phosphate anion and the metal center [11-13,15]. Water-stable MOFs
such as UiO-66, NU-1000, and MIL-101 have been widely used as ad-
sorbents for phosphate removal and recovery [16-20]. For instance,
Guan et al. investigated the adsorption of phosphate from acidified urine
by four UiO-66 and found that zirconium content, pore size, and crys-
tallinity were the main factors affecting the adsorption process [21]. Xie
and colleagues explored the P adsorption behavior of two iron-based
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MOFs, i.e., MIL-101(Fe) and NH5-MIL-101(Fe), and observed that the
grafting amine groups to MIL-101 demonstrated a higher affinity toward
phosphate [22]. Such enhancement in affinity by the amine group was
also observed in Zr-based UiO-66 adsorbents elsewhere [23]. However,
these micro- or nano-sized MOFs are usually in powder form and
therefore tend to agglomerate in solution, making them difficult to
reclaim from aqueous systems [19]. Moreover, the decomposition of
such MOFs can lead to the release of many finer particles and thus may
pose potential toxic impacts on aquatic organisms in the receiving water
body [24,25]. In addition, their poor reusability largely limits their
practical application [24,26].

To address the above issues and the shortcomings of powdered ad-
sorbents, implanting or anchoring such powders onto porous rigid
scaffolds (e.g., biochar, ion exchange resins, etc.) offers a very promising
solution [10,27-29]. However, these rigid supports are often difficult to
synthesize, tend to wear out after long-term operation, and thus are not
cost-effective as expected [29]. In contrast, melamine sponge (MS) has
the advantages of low density, low cost, good flexibility, adjustable
surface properties, and high chemical stability in diverse environments,
making it an ideal macroporous scaffold for the preparation of various
functional materials [28,30-32]. For example, Liu et al. developed an
aluminum functionalized MS composite as a cost-effective adsorbent for
phosphate, which can be separated directly from the solution after
adsorption and exhibited good recoverability [28]. More recently, both
iron (hydroxyl)oxide-loaded MS (FeOOH@MS) and NH,-MIL-101(Fe/
Ce)-anchored MS composites were prepared for P capture from water,
respectively [19,32], and both adsorbents demonstrated good perfor-
mance and great feasibility in practical applications. As mentioned
above, UiO-66 has been extensively investigated as an adsorbent for
phosphorus removal [18,21,23,33], but the feasibility of anchoring such
MOFs within MS scaffolds for phosphorus capture from wastewater has
not been explored so far.

Inspired by the aforementioned studies, we herein present a facile
layer-by-layer (LbL) in-situ growth approach to prepare UiO-66-
anchored MS composites (denoted as UiO-66@sponge) for capturing P
from both synthetic and real wastewater under environmentally rele-
vant conditions. The adsorption performance of such UiO-66@sponge
composites toward P has been comprehensively evaluated via batch
adsorption tests. In particular, benefitting from the mechanical flexi-
bility of these UiO-66@sponge composites, a rapid adsorption-
desorption enrichment operation within a syringe was used to recover
phosphate from a low-P solution. Moreover, the mechanism of phos-
phate uptake over UiO-66@sponge has been illustrated using various
molecular spectroscopic techniques. This work presents a promising
platform approach to integrate MOFs with macroporous elastic scaffolds
for rapid and efficient recovery of P from wastewater. This strategy is
hopefully to be expanded to capture and reclaim other elements of in-
terest from waste streams, offering a new promising avenue to urban
mining.

2. Materials and methods
2.1. Chemicals

Zirconium tetrachloride (ZrCly, >98 %), dopamine hydrochloride
(DA, 98 %), and heptane (98 %) were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Monopotassium
phosphate (KHoPO4, >99.0 %), and terephthalic acid (TPA, 99.9 %)
were obtained from Macklin Biochemical Co., Ltd. (Shanghai, China). N,
N-dimethylformamide (DMF, >99.5 %), hydroxyl-terminated poly-
dimethylsiloxane (PDMS, >98 %), and tetraethyl orthosilicate (TEOS,
99.9 %) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All chemicals were used as received. Ultrapure water
(18.2 MQ-cm, 25 °C) was employed for preparing solutions.
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2.2. Preparation of UiO-66@sponge composites

Before preparing UiO-66@sponge composites, the melamine sponge
(MS) cubes with a size of 1 cm x 1 cm x 1 cm were soaked in a 5 M
NaOH solution at 65 °C for 30 min, followed by washing with excessive
deionized water and drying in a vacuum oven at 65 °C for 12 h. Using
these clean MS cubes as scaffolds, the composites were then synthesized
using a facile method illustrated in Fig. 1a. Briefly, the MS cubes were
soaked in a 2 mg L~! DA solution prepared by dissolving 1 mg of
dopamine hydrochloride in a 250 mL of 10 mM Tris-HCl buffer (pH 8.5).
This DA coating process lasted for 12 h to ensure a full self-
polymerization of DA within the surface of MS scaffolds to form a pol-
ydopamine (PDA) film. Then, the PDA-coated MS (denoted as MS@PDA)
was rinsed with deionized water and ethanol, followed by drying in a
vacuum oven at room temperature for 24 h. Next, the MS cubes were
alternately immersed in an ethanolic solution of ZrCl4 (10 mM) for 15
min and then in an ethanolic solution of TPA (10 mM) for 30 min at
room temperature (~25 °C) for anchoring of UiO-66 particulates within
MS scaffolds via a layer-by-layer (LbL) in-situ growth approach. Be-
tween each in-situ growth step, the MS scaffolds were rinsed with
ethanol for 10 min to remove excess reagent and dried in a nitrogen
stream for 5 min. After 5, 10, and 20 cycles of in-situ growth, a fraction
of the as-prepared cubes (denoted as UiO-66@PDA-5, UiO-66@PDA-10,
and UiO-66@PDA-20, respectively) were collected, dried at room tem-
perature and stored in a glass desiccator for further use.

Likewise, the PDMS-coated MS can be made by simply replacing the
PDA solution with a pre-crosslinked PDMS solution prepared by dis-
solving 1 wt% of PDMS (viscosity = 20,000 mPa-s) and 0.1 wt% of TEOS
in n-heptane. Following the same in-situ growth procedure, PDMS-based
UiO-66@sponge composites (denoted as UiO-66@PDMS-5, UiO-
66@PDMS-10, and UiO-66@PDMS-20, respectively) were prepared in
sequence. For comparison, UiO-66@MS sponge composites were also
prepared following the same procedure as UiO-22@PDA composites.

2.3. Characterization of adsorbents

X-ray diffraction (XRD) analysis was performed on an XRD-6100
diffractometer (Shimadzu, Japan) with Cu-Ka radiation. The tube
voltage was 40 kV and the tube current was 30 mA, while the step size
and the scanning rate were set to 0.02° and 5° min?, respectively. A
DELTA DC 4000 analyzer (Olympus, USA) with soil mode was used for
X-ray fluorescence spectroscopy (XRF) analysis. Fourier transform
infrared (FT-IR) spectroscopy was recorded using the KBr pellet method
on a Nicolet iS5 spectrometer (Thermo Fisher, USA). The microscopic
morphology of the adsorbent was collected on an SU1510 scanning
electron microscope (SEM, Hitachi, Japan) at a 1.5 kV acceleration
voltage. X-ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI 5000 spectroscope (Versa Probe, UIVAC-PHI, Japan). The in-
strument is equipped with a monochromatized Al Ka X-ray source (hv =
1486.6 eV). The C 1s binding energy (284.8 eV) is used for the cali-
bration of the binding energy value of other elements. The contact angle
of water droplets on the surface of both pristine and P-loaded UiO-
66@sponge composites was also measured at room temperature using
a CAM 200 optical contact angle meter (KSV, Finland).

2.4. Phosphate adsorption experiments

The stock solution of 1000 mg PO%’ Lt (equivalent to 10.5 mM) was
prepared by dissolving the desired amount of monopotassium phosphate
in ultrapure water and stored in a refrigerator at 4 °C for further dilution.
All the batch adsorption experiments were carried out in triplicate and
at room temperature (approximately 25 °C). The pH effect experiments
were performed in 20 mg PO~ L ™! solutions with a constant adsorbent
dosage of 1 g L™! over the pH range of 4 to 10. The procedure was the
same as described elsewhere [19]. The concentration of P was deter-
mined using a JH723PC visible spectrophotometer (Jinghua Instrument
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Fig. 1. (a) Schematic illustration of the preparation of UiO-66@sponge composites; (b) XRD patterns, (c) XRF spectra, and (d) FT-IR spectra of MS, UiO-66 and UiO-

66@sponge composites.

Co. Ltd., China) according to the ascorbic acid method [34]. P adsorp-
tion capacity was calculated using the formula expressed below as Eq.
(1):

(Co *Ce) xV
m

0= (@)
where Q denotes the adsorption capacity (mg PO3~ g~ '), m represents
the adsorbent mass (g), Cyp indicates the original P concentration (mg
PO3~ LY, C. refers to the P concentration in solution after 24 h of
adsorption when an equilibrium state was assumed to be reached, V
stands for the total volume of solution (L).

According to the existing formulations for P adsorption on common
inorganic adsorbents [6,17], the adsorption kinetics study was per-
formed in 20 mg PO%’ L~ solutions (pH = 6.0 £ 0.1). The adsorbent
dosage was 1 g L™! and the contact time ranged from 0 to 20 h. The
experimental data were fitted with the pseudo-first order (Eq. (2)),
pseudo-second order (Eq. (3)) and intraparticle diffusion (IPD, Eq. (4))
models formulated as follows:

n(Qe — Q1) = InQ. — kit )
t 1 t

o - 3
0 ko 0. 3
0 =kt'?+C &)

where Q; refers to the adsorption capacity at contact time t (h), Q. de-
notes the adsorption capacity at equilibrium; k1, k2, and k;, stand for the
pseudo-first, pseudo-second order, and IPD rate constants, respectively;
C is a constant for any experiment in mg g™ 1.

Similarly, in a group of solutions of original P concentration varying
from 5 to 100 mg L! (pH = 6.0 £+ 0.1), the adsorption isotherm ex-
periments were performed in triplicate with a constant adsorbent dosage
of 1 g L1, The contact time was set to 24 h assuming that adsorption
equilibrium was reached. To fit the isotherm data, the Freundlich (Eq.
(5)), Langmuir (Eq. (6)), and Sips models (Eq. (7)) shown below were
applied:

1
Q. = keClr )

_ kLQmCe
Q= 1+K.C. (6)
0. — kG @)

(14 (ksCe)")

where kg (in (mg' ™ L") g™1) and n denote the Friedrich constants, ky,
refers to the Langmuir adsorption energy constant (L mg 1), kg indicates
the Sips adsorption energy constant (L mg™ ') and Qn refers to the
theoretical maximum adsorption capacity (mg PO3~ g™ 1.

2.5. Rapid adsorption-desorption recycling and enrichment tests

According to the same procedure outlined previously [35-37], our
preliminary tests showed that 0.1 M NaOH solution provided optimum
desorption efficiency. Therefore, 0.1 M NaOH solution was used as the
eluent for rapid adsorption-desorption recycling tests. Both the simu-
lated (P =20 mg L) and the real sewage (P =13 mg L’l, see Table S1)
were used for testing. For the rapid adsorption-desorption test in a 10 mL
syringe [19], UiO-66@PDA-10 and UiO-66@PDMS-10 of cylinders (®
15 mm, H 5.6 mm) were used. Briefly, the syringe with a piece of UiO-
66@PDA-10 or UiO-66@PDMS-10 cylinder was imbued with 10 mL of P
solution, followed by statical adsorption of 5 min before the solution was
squeezed out. The P-loaded adsorbent was then regenerated with 5 mL
of 0.1 M NaOH solution for 5 min, resulting in a P-enriched eluate and a
regenerated adsorbent, which was then sequentially reused in the above
adsorption-desorption cycle. For the adsorption-desorption recycling
test, fresh NaOH solution was used for each desorption cycle, whereas
the same NaOH solution was repeatedly used as eluent over 10 cycles in
the case of adsorption-desorption enrichment testing.

3. Results and discussions
3.1. Characteristics of UiO-66@sponge composites

Fig. 1b shows the XRD patterns of UiO-66@MS as a function of the
number of in-situ growth with both the UiO-66 powder and the MS
scaffold as references. By comparison with the standard reflections of
UiO-66 (the topmost green curve in Fig. 1b), it is clear that UiO-66
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particulates can be anchored onto the surface of the MS scaffold by the
layer-by-layer in-situ growth approach regardless of whether the MS
scaffold has been precoated organically or not. It is recalled that the MS
scaffold has been pretreated by 5 M NaOH before anchoring UiO-66. The
resulting hydroxyl-terminated MS scaffold is beneficial to bond positive
ions (e.g., Zr** ions), thus facilitating the nucleation and growth of UiO-
66 particulates on its surface [31]. The intensities of three typical re-
flections, i.e., (400), (244), and (335) increased with the number of in-
situ growth apparently, indicating the consecutive growth of the UiO-66
crystals. In addition, the diffusion reflections at 20-30° ascribed to the
amorphous MS scaffold were observed in all UiO-66@sponge compos-
ites, validating the stability of the MS scaffold and thereby the feasibility
of the LbL in-situ growth approach in preparing such composites. Note
that the peak intensities of the organically coated MS scaffolds (i.e., UiO-
66@PDA and UiO-66@PDMS series) are greater than those of the bare
MS scaffold with the same number of in-situ growth, e.g., the intensity of
(335) reflection declines in the order UiO-66@PDMS-10 > UiO-
66@PDA-10 > UiO-66@MS-10. This observation indicates that both the
PDMS and PDA coatings acted as the nucleation center for UiO-66
deposition and growth [38], thereof facilitating the anchoring and
growing of UiO-66 particulates over the organically coated MS scaffolds.
This enhancement in UiO-66 anchoring by organic-coating is further
validated by the XRF spectra (Fig. 1c), showing much more Zr elements
(the two principal K-shell emission lines) loading over the two organi-
cally coated MS scaffolds compared to the bare MS scaffolds.

FT-IR spectroscopy was used to analyze the evolution of surface
functional groups of the MS scaffolds after UiO-66 anchoring and growth
(Fig. 1d). The characteristic IR bands at 749, 812, 880, 1126, 1300,
1695, and 3414 cm ! are associated with stretching vibrations of O—H,
C—H, C—0, C—N, C=N, and N—H, respectively [39,40]. While the IR
peaks at 1420 and 1584 cm™! are attributable to the symmetric and
asymmetric stretching vibrations of O—C=0, respectively [18]. The
weak band at 1506 cm ™ is assignable to the stretching vibration of C=C
in the benzene ring. The band at ~541 and 1018 cm ™! is the stretching
vibration of the Zr—O bond in the UiO-66 framework [18]. Notably,
there was no significant decrease in the intensity of the fingerprinted IR
bands of the MS scaffold (e.g., band at 812 cm’l, yellow shaded) after
anchoring of UiO-66, further confirming the stability of the MS scaffolds
and the feasibility of the LbL in-situ growth approach for preparing these
UiO-66@sponge composites.

The microstructure and morphology of both the pristine MS and the
UiO-66@sponge composites were characterized using scanning electron
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microscopy, and the results are shown in Fig. 2. SEM images (Fig. 2a)
show that the pristine MS has a relatively smooth surface with a three-
dimensional (3D) macroporous structure. These 3D skeletons can act
as a platform and support for anchoring UiO-66 particulates. After
anchoring and in-situ growth of UiO-66, the surfaces of these MS scaf-
folds were deposited with UiO-66 crystals of diverse sizes and shapes
(yellow arrows, Fig. 2b—d), which has also been observed previously in
cases of other MOFs [38]. Note that the original smooth sponge fibers
became rough and bumpy after anchoring UiO-66, thereof endowing
them with more active sites to capture the target P ions from water [19].
Additionally, all composites maintained the original 3D frameworks
upon continuous alkaline washing, anchoring, and drying operations,
implying the chemical and dimensional stability of the MS scaffold. It is
noteworthy that, upon 10 cycles of successive in-situ growth, much
more UiO-66 crystals were deposited over the surface of PDA-coated MS
scaffolds, followed by those of PDMS-coated and bare MS scaffolds. This
observation further confirms that PDA is an efficient nucleation center
for MOFs [38] and also suggests that the UiO-66@PDA composite is
likely to offer optimal performance for phosphorus adsorption.

3.2. Effect of pH on phosphorate adsorption

To screen the best composite adsorbent, all the as-prepared UiO-
66@sponge composites were used for adsorption testing with an initial
phosphate concentration of 20 mg PO~ L™! (pH = 6.0, adsorbent
dosage =1¢g L7Y, T = 25 °C, contact time = 24 h), and the results are
shown in Fig. 3a. Note that the group of UiO-66@PDA adsorbents
(yellow shaded, Fig. 3a) outperformed the other two groups of adsor-
bents overall in capturing P from water, with UiO-66 @PDA-10 showing
the highest adsorption capacity (Q) of 15.77 mg g~ '. In contrast, the
adsorption capacities of all UiO-66@MS adsorbents were <5 mg g7,
validating the above speculation from the micromorphological results
(Fig. 2b-d). Interestingly, the P adsorption capacities of both UiO-
66@MS and UiO-66@PDMS increased monotonically with the number
of in-situ growth clearly, whereas UiO-66@PDA exhibited a different
trend of increasing first and then declining with the number of in-situ
growth. A plausible explanation for this observation is that the sur-
faces of both the PDMS-coated and the bare MS scaffolds were partially
covered by UiO-66 crystals after 10 cycles of in-situ growth (see Fig. 2b,
d), and more crystals can be anchored upon continued in-situ growth,
thereof leading to an increasing P adsorption capacity. However, the
surface of UiO-66@PDA-10 was almost fully occupied (see Fig. 2c),

Fig. 2. SEM images of (a) MS scaffold, (b) UiO-66@MS-10, (c) UiO-66@PDA-10, and (d) UiO-66@PDMS-10. The yellow arrows indicate the UiO-66 particulates
anchored on the MS surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) Comparison of P adsorption over different UiO-66@sponge composites with varying loadings of UiO-66; (b) the ¢ potential profile of powder UiO-66;
effects of initial solution pH on P adsorption and the corresponding pH profiles of (c) UiO-66@PDA-10 and (d) UiO-66@PDMS-10.

further anchoring UiO-66 may result in multilayer deposition with less
exposure of active binding sites, thus suppressing its adsorption per-
formance. Therefore, both UiO-66@PDA-10 and UiO-66@PDMS-10
were used for further evaluation of their adsorption performance to-
ward phosphate.

Zeta () potential analysis on a Zetasizer Nano ZS90 meter (Malvern,
UK) reveals that the surface of UiO-66 was negatively charged over the
pH range tested (Fig. 3b), indicating the existence of intrinsic Coulomb
repulsion between the composite adsorbents and adsorptive ions that
are dominated in the anionic form over the pH range of 4-10 [41]. The
effect of the initial solution pH on P adsorption and the final pH of the
solution is shown in Fig. 3c-d. Notably, the final pH values deviated
profoundly from the initial values by 1-6 units for both UiO-66@sponge
composites (labeled by the red dashed line). This deviation of initial pH
is likely due to the release of protons (H") from the ligand exchange
reactions between the dominant H,POy4 ions and the protonated surface
metal hydroxyls (i.e., >Zr-OH3) of adsorbents at low pH region, and the
moderate uptake of free hydroxyl ions from the solution by the UiO-
66@sponge composites at high pH region [19,42].

Note that the adsorption capacity of UiO-66@PDA-10 for P showed a
trend of increasing with pH over the pH range of 4 to 6, and then
decreasing in pH 6-10. The UiO-66@PDMS-10, however, demonstrated
a negative correlation of adsorption with pH, with Q decreasing from
12.0 mg g~ ! at pH 4 to 8.8 mg g~ ! at pH 10. Because dilute nitric acid
was used to adjust the solution pH, quite a lot of nitrate ions were added
in the suspension of adsorbent-adsorptive particularly in low pH region,
which appears to compete with phosphate for the binding sites (see the
following section). This seems to be a reasonable explanation of the P
adsorption edge over UiO-66@PDA-10 at pH 4-6. However, further
increasing the initial pH would turn the dominant phosphate species

from H,PO; to HPO3  and PO3~ ions, which lowered phosphorus
adsorption due to the enhanced Coulomb repulsion between more
negatively charged ions and the negatively charged UiO-66@sponge
composites (Fig. 3c-d). This observation is in good agreement with
previous reports [23,43]. For UiO-66@PDMS-10, the P adsorption edge
is likely to be solely governed by the increasing Coulomb repulsion with
initial pH due to the hydrophobic surface of PDMS that is resistant to the
adsorption of small molecules [44]. Nevertheless, both composites
demonstrated a good adsorption capacity at pH 6, i.e., 18.4 and 10.8 mg
g~ ! for UiO-66@PDA-10 and UiO-66@PDMS-10, respectively. There-
fore, the subsequent experiments were conducted at pH 6 where HoPO4
is the predominant phosphate species.

3.3. Effect of coexisting species

From a practical perspective, an excellent adsorbent should show
good selectivity for the target species and be capable of resisting the
interference of most complex coexisting species in the actual waste-
water. It is well known that CI~, NOg3, SO%’, HCO3, and dissolved
organic matter (DOM,; e.g., humic acid, HA) species commonly found in
actual wastewater may compete with phosphate for binding sites [6],
thereby affecting the adsorption performance of the adsorbent for
phosphate. Therefore, studying the effect of coexisting ions has been a
common protocol for evaluating adsorbent selectivity toward a specific
ion [42].

Competitive adsorption experiments of coexisting ions were per-
formed separately with a mixture of phosphate (20 mg L™!) and an in-
dividual competing species (0, 10, and 100 mg L_l), and the results are
shown in Fig. S1 (Supporting Information). All coexisting ions demon-
strated competition with phosphate to some extent, with bicarbonate
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ions (HCO3) showing the greatest competition and nitrate ions the least
for both composites. Specifically, the coexistence of HCO3 significantly
affected phosphate adsorption, especially at high concentrations. For
example, UiO-66@PDA-10 showed a decrease in Q from 16.51 to 6.19
mg g~ ! in the presence of 100 mg L™} of HCO3. Likewise, the presence of
such a high concentration of HCO3 also led to a reduction in Q of UiO-
66@PDMS-10 by 75 %. It is believed that the competing ions often
exhibited affinity to the binding sites through ligand exchange and the
Coulomb attraction, thereof decreasing the uptake of P [18,26]. Also,
HA shows a remarkable inhibition in phosphate adsorption, and the
adsorption capacities of UiO-66@PDA-10 and UiO-66@PDMS-10 were
decreased by 42.7 % and 48.9 %, respectively in the presence of 100 mg
L~! of HA. This is likely since HA can interact with surface >Zr-OH
groups to form stable complexes, which in turn results in a decrease in
binding sites for phosphate [45].

3.4. Adsorption kinetics

Intuitively, the adsorption kinetic experimental data (Q) of both the
UiO-66@PDA-10 and the UiO-66@PDMS-10 composites (gray and red
balls) showed a clear logarithmic relationship with the contact time
(Fig. 4a—c). Specifically, P adsorption on both UiO-66@sponge com-
posites was initially rapid (i.e., within the first 1 h) followed by slow
reactions over the next few hours and beyond. For instance, the Q of
Ui0-66@PDA-10 increased from 0 to 14.8 mg g~ ! as the contact time
increased from O to 1 h, while further increasing the contact time to 20 h
only led to an increase in Q by 1.7 mg g~ ! (11.5 %). A similar trend was
observed for UiO-66@PDMS-10 as well. Such adsorption behavior is
termed a biphasic process, in which the rapid adsorption step is ascribed
to chemical reaction and film diffusion processes, with a great large
portion of the adsorption occurring within this rapid process [46].

To describe the adsorption behavior of P on both UiO-66@sponge
composites, pseudo first-, second-order, and intraparticle diffusion
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models were employed to fit the experimental data. The best-fit kinetic
parameters and the fitted curves are presented in Tables S2-S3 and
Fig. 4a—c, respectively. The pseudo-first- and second-order kinetic
models are suitable for describing the adsorption processes at controlled
rates of physisorption and chemisorption, respectively [47]. Note that
the pseudo-second-order kinetic model demonstrated larger correlation
coefficients, R? (0.955 and 9.935 for UiO-66@PDA-10, and UiO-
66@PDMS-10, respectively) compared to the pseudo-first-order kinetic
model (Tables S2). Additionally, the adsorption capacity values at a
presumed equilibrium state (Q.) calculated by the pseudo-second-order
model (i.e., 15.83 and 7.89 mg g~ for UiO-66@PDA-10, and UiO-
66@PDMS-10, respectively) were in general agreement with the
actual Q values (i.e., 16.51 and 9.91 mg g™ '), confirming that the
pseudo-second-order kinetic model is better to describe P adsorption
phenomenon over both UiO-66@sponge composites compared to the
pseudo-first-order model. Collectively, it is reasonable to speculate that
phosphate adsorption on both UiO-66@sponge composites was
controlled by a chemisorption process [18].

It is noteworthy that the intraparticle diffusion model for phosphate
adsorption of both Ui0-66@PDA-10 and UiO-66@PDMS-10 is nonlinear
over the whole time range, and the obtained plots present multi-
collinearity with an initial linear part followed by an intermediate linear
part and a plateau (Fig. 4c), indicating that two or more steps occur in
the adsorption process [48]. The P adsorption process on both com-
posites can be divided into three stages (labeled with numbers in
Fig. 4c). The first stage is external surface adsorption, in which intra-
particle diffusion is not the only rate-controlling process and may
involve other mechanisms such as initial external mass transfer or
chemical reactions [49]. The second stage is the gradual adsorption
stage. The last stage is the equilibrium adsorption stage, where intra-
particle diffusion starts to slow down due to the decrease in phosphate
concentration and the occupation of the binding sites of the adsorbent.
The multicollinearity of the curves indicates that surface adsorption and
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intraparticle diffusion occur simultaneously [49]. Phosphate is often
initially adsorbed on the outer surface of the adsorbent, then migrates
slowly into the particles by surface or intraparticle diffusion, and finally
is retained within the pores. The best-fit intraparticle diffusion rate
constants k and C are tabulated in Table S3. Note that UiO-66@PDA-10
showed a larger C value than UiO-66@PDMS-10, implying better
intraparticle diffusion performance and thereof superior P adsorption
behavior in UiO-66@PDA-10 compared to UiO-66@PDMS-10 [43].

3.5. Adsorption isotherms

To investigate the interaction between P species and adsorbents and
estimate the adsorption capacity of adsorbents, Freundlich, Langmuir,
and Sips models are applied to the equilibrium adsorption data. The
best-fit isotherm parameters and the relevant correlation coefficients
(R?) are tabulated in Table S4, and the fitted plots are depicted in
Fig. 4d—f. Note that both composites showed an increased Q as the
equilibrium P concentration (C.) increased, which is a typical L-shaped
isotherm and indicative of a higher affinity of both adsorbents for P at
low concentrations [50]. Clearly, UiO-66@PDA-10 demonstrated a
quite higher uptake for P compared to UiO-66@PDMS-10, which is
likely due to the intrinsic difference between the two coatings — PDA
and PDMS — since PDA has a strong affinity for P, whereas PDMS does
not [51].

In terms of the correlation coefficient values (R% > 0.9, Table S4), all
three models, Langmuir, Freundlich, and Sips, appear to describe the
adsorption isotherm experimental data well (see Fig. 4d-f). However, R2
values obtained from the Langmuir equation are much closer to 1
compared to other models, suggesting that the Langmuir model is more
appropriate to define the adsorption isotherm data. Since the Langmuir
equation is based on an assumption of monolayer adsorption [50], the P
adsorption processes on both composites are likely to proceed in a
monolayer manner. The maximum adsorption capacity (Qn) values
calculated by the Langmuir equation (Eq. 6) are 83.55 and 53.13 mg g~
for UiO-66@PDA-10 and UiO-66@PDMS-10, respectively (Table 1).
Theoretically, the maximum P adsorption capacity of the pristine MS
scaffold (i.e., 17.32 mg g~ !) has been significantly increased by about 5-
fold by surface coating of PDA and subsequent anchoring of UiO-66,
thereof demonstrating the feasibility and effectiveness of this LbL in-
situ growth strategy. More importantly, in terms of maximum adsorp-
tion capacity under environmentally relevant conditions, both of our
UiO-66@sponge composites outperform most other UiO-66-based ad-
sorbents in the literature in capturing phosphorus from water (Table 1),
demonstrating the great promise of using such UiO-66@sponge adsor-
bents for efficient phosphorus removal and recovery.

3.6. Rapid adsorption-desorption recycling and enrichment performance

As shown in Fig. 5a, the P adsorption capacity of UiO-66@PDA-10
decreased by 10 % after five cycles of consecutive rapid adsorption-
desorption operation in treating simulated effluent (P = 20 mg L™1).
Likewise, it was found that the corresponding desorption efficiency
decreased from 69 % to 51 %. It is believed that the deterioration in both

Table 1
Comparison of maximum P adsorption capacity of UiO-66-based adsorbents.

Adsorbent ID pH Temperature Adsorption capacity Ref.
cQ (mg PO§~ g™")
MFC@UiO-66 6.5 30 16.95 [43]
HCI-UiO-66 4.0 N.A. 53.30 [55]
straw@UiO-66 4.5 25 69.30 [33]
Ui0-66 4.0 20 74.50 [21]
HP-UiO-66(Zr) 6.5 25 80.20 [20]
Ui0-66 N.A. 20 85.00 [17]
Ui0-66@PDA-10 6.0 20 83.55 This study
Ui0-66@PDMS-10 6.0 25 53.13 This study
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the adsorption and the desorption efficiencies is primarily due to the
quite short operation duration (i.e., 5 min adsorption followed by 5 min
desorption) [19]. A validation attempt to extend the adsorption-
desorption operation to a total of 20 min showed that the adsorption
efficiency has decreased from 89 % to 81 % (declined by 8.9 %). Hence,
a tradeoff between recycling performance and adsorption-desorption
operation duration is apparent, and a total of 10 min of rapid
adsorption-desorption operation is adopted. When applying to the
actual sludge dewatering liquid of the Nanjing Qiaobei Wastewater
Treatment Plant with a complex composition (Table S1), UiO-66@PDA-
10 showed a similar trend of both adsorption and desorption efficiencies
(declined by 16.1 % of the adsorption efficiency versus 32.5 % of the
desorption efficiency after 5 cycles of recycling operation, Fig. 5c).
Equally, UiO-66@PDMS-10 demonstrated a comparable recycling per-
formance (Fig. S2a, c) with previous reports of UiO-66-based adsorbents
[17,33,43]. It is interesting to note that the P adsorption efficiency has
been significantly improved in the case of treating actual sludge dew-
atering liquid, which is most likely due to the presence of quite a large
amount of calcium (Ca®") and magnesium (Mg2+) ions that can promote
the removal of phosphate [52]. Collectively, both UiO-66@sponge ad-
sorbents demonstrated good recyclability in treating either the simu-
lated or the actual wastewater effluents regardless of its compositional
complexity.

When the same NaOH solution is used repeatedly as an eluent to up-
concentrate P from a dilute solution, a P-rich eluate can be obtained for
further recovering P via struvite crystallization [37]. To this end, both
UiO-66@sponge adsorbents were employed to enrich P from both
simulated and actual wastewater. As shown in Fig. 5b, our results show
that after 10 cycles of the enrichment operation, a P-rich eluate (P =
26.6 mg L~ 1) was achieved with UiO-66@PDA-10 as the adsorbent, with
an enrichment factor of 1.33 to the initial P concentration of the simu-
lated wastewater (i.e., 20 mg L™1). Equally, an enrichment factor of 1.31
was attained for enriching the actual sludge dewatering liquid (P = 13
mg L™1) irrespective of its complex composition (Fig. 5d). In compari-
son, UiO-66@PDMS-10 demonstrated a slightly poor enrichment factor
for both effluents, i.e., 1.11 for simulated effluent versus 1.27 for actual
effluent (Fig. S2b, d). Moreover, no zirconium can be detected in both
eluates by an Optima 8000 inductively coupled plasma optical emission
spectrometer (ICP-OES, PerkinElmer, Inc., USA), indicating the chemi-
cal stability of these adsorbents. Additionally, the SEM images of both
adsorbents after 10 cycles of rapid adsorption-desorption operation
(Fig. S3) also verify their dimensional stability. However, applying this
syringe-based adsorption-desorption operation on a full scale could be
quite challenging currently. Nonetheless, in terms of the above merits of
these UiO-66@sponge adsorbents, such rapid adsorption-desorption
operation with these adsorbents is expected to be used in certain
point-of-use (POU) scenarios, such as remediation of specific toxic spills.

3.7. Adsorption mechanism

To illuminate the underlying mechanism of P adsorption, XRD, XRF,
FT-IR, and XPS analyses were performed before and after P adsorption
using UiO-66@PDA-10 as the adsorbent of interest. As shown in Fig. 6a,
the XRD profile of UiO-66@PDA-10 remained essentially unaffected
upon P adsorption, with three diffraction peaks of almost the same in-
tensity and 20 position, confirming the structural integrity of the
adsorbent. Note that a weak peak at 2.01 keV ascribed to the Kg;-shell
emission line of phosphorus was detected in the XRF spectrum of P-
loaded adsorbent (blue curve, inset in Fig. 6b), indicative of the suc-
cessful uptake of P on UiO-66@PDA-10. Additionally, the strength of
infrared bands at 1695, 1584, 1420, and 743 cm ! increased apparently,
while the IR band at 1018 cm ™%, attributed to the overlap of both the
stretching vibration of Zr—O bond and the antisymmetric stretching of
phosphate, v3(PO4) [37], was slightly enhanced upon P adsorption
(Fig. 6¢). The former observation indicates that the C=H, 0—C=O0, and
O—H groups are involved in P adsorption, whereas the latter suggests
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of the proposed P adsorption mechanism.

the success in complexing phosphate over the surface of UiO-66@PDA-
10, most likely through the Zr—O—P coordination [53,54].

Moreover, XPS spectra also verified that P was successfully captured
by UiO-66@PDA-10 according to the arising of a weak P 2p peak in the

XPS survey spectrum (also see the inset atomic table in Fig. S4a) and the
apparent splitting of the P 2p peak into two spin-orbit peaks centered at
133.3 eV (2p3,2) and 132.5 eV (2p3/2), respectively (Fig. 6d). Interest-
ingly, the Zr 3d spin-orbit peaks shifted slightly to the high-energy
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region and the fraction of oxygen species assignable to Zr—O—Zr or
P—O increased from 4.3 to 6.7 % (~530.0 eV) after P adsorption
(Fig. S4b, d), confirming the Zr— O— P coordination once again. Note
that a slight increase in the N 1s peak intensity occurred upon P
adsorption, implying the amino groups of PDA coating might be
chemically involved in P uptake. In effect, it has been shown that the
catechol and amino groups on the PDA coating have a strong affinity for
phosphate [51]. To further visualize the impact of surface hydrophilicity
or hydrophobicity of these adsorbents on P uptake, contact angle mea-
surements were performed and the results are given in Fig. S5.
Evidently, all UiO-66@sponge adsorbents were hydrophobic before P
adsorption, with contact angles declining in the order UiO-66 @PDMS-
10 > UiO-66@MS-10 > UiO-66@PDA-10 (top row, Fig. S5). However,
upon P adsorption, both UiO-66@MS-10 and UiO-66@PDA-10 became
hydrophilic, while UiO-66@PDMS-10 remained hydrophobic due to the
high hydrophobicity of the PDMS coating [44]. This could explain the
relatively poor adsorption performance of UiO-66@PDMS-10 for phos-
phorus. Collectively, it is reasonable to attribute the principal mecha-
nisms of P adsorption over UiO-66@PDA-10 to i) ligand exchange
between phosphate and surface metal hydroxyl groups (i.e., >Zr-OH,
>Zr-O7), and ii) ligand exchange and hydrogen bonding between
phosphate and surface groups of PDA coating (i.e., >NH, >C-OH,
Fig. 6e).

4. Conclusions

In summary, zirconium-based MOFs — UiO-66 particulates have
been successfully anchored within melamine sponge scaffolds precoated
with PDA or PDMS using the layer-by-layer (LbL) in-situ growth method.
The as-prepared UiO-66@PDA-10 and UiO-66@PDMS-10 show high
chemical and dimensional stability when used as adsorbents for phos-
phate recovery from water. Batch adsorption results demonstrate that
both UiO-66@sponge composites have high adsorption capacity for
phosphate, with maximum phosphate adsorption capacities of 83.56
and 53.13 mg g71 for Ui0-66@PDA-10 and UiO-66@PDMS-10,
respectively. Benefit from their inherent mechanical flexibility and
chemical stability, these UiO-66@sponge composites can efficiently
enrich phosphate from a dilute solution through a rapid adsorption-
desorption operation, attaining an enrichment factor of 1.31 after 10
cycles of operation for an actual sludge dewatering liquid (P = 13 mg
L™ regardless of its complex composition. This work could provide
some valuable insight into the rational integration of MOF materials
with sponge-like supports for reclaiming some value-added or
technology-critical elements from waste streams, thereby facilitating
further practical applications of such materials toward a sustainable
society.
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