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ABSTRACT: The introduction of defects into hierarchical porous
metal—organic frameworks (HP-MOFs) is of vital significance to
boost their adsorption performance. Herein, an advanced

template-assisted strategy has been developed to fine-tune
phosphate adsorption performance of HP-MOFs by dictating

the
the

type and number of defects in HP-UiO-66(Zr). To achieve this,
monocarboxylic acids of varying chain lengths have been employed
as template molecules to fabricate an array of defect-rich HP-UiO-

66(Zr) derivatives following removal of the template. The

as-

prepared HP-UiO-66(Zr) exhibits a higher sorption capacity and
faster sorption rate compared to the pristine UiO-66(Zr).
Particularly, the octanoic acid-modulated UiO-66(Zr) exhibits a
high adsorption capacity of 186.6 mg P/g and an intraparticle diffusion rate of 6.19 mg/g-min’, which are 4.8 times and 1.9 times
higher than those of pristine UiO-66(Zr), respectively. The results reveal that defect sites play a critical role in boosting the
phosphate uptake performance, which is further confirmed by various advanced characterizations. Density functional theory (DFT)
calculations reveal the important role of defects in not only providing additional sorption sites but also reducing the sorption energy
between HP-UiO-66(Zr) and phosphate. In addition, the hierarchical pores in HP-UiO-66(Zr) can accelerate the phosphate
diffusion toward the active sorption sites. This work presents a promising route to tailor the adsorption performance of MOF-based

adsorbents via defect engineering.

HP-Ui0-66(Zr)
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B INTRODUCTION

Metal—organic frameworks (MOFs) are organic—inorganic
hybrid crystalline porous materials composed of a regular
array of metal ions (or clusters) linked by organic ligands.'
The intriguing properties of MOFs, including permanent
porosity, high chemical stability, and excellent tunability,‘"5
have rendered them as highly attractive sorbents toward
environmental remediation.”” Compared with traditional
adsorbents, such as activated carbon and metal oxides, MOFs
exhibit highly tunable structures, compositions, and pore sizes
(at atomic and molecular levels).*™'° However, most reported
MOFs are highly microporous (e.g., pore size <2 nm) 't which
may block the molecules of interest (e.g., tetrahedral phosphate
anions) from entering the cavities within the frameworks."” For
instance, the phosphate adsorption capacity of UiO-66(Zr) has
been reported to be rather limited (74.5 mg P/g).13

One potential solution to increase the phosphate adsorption
capacity of MOFs is to fabricate hierarchical porous MOFs (HP-
MOFs).'* For instance, Deng et al. reported that the pore
aperture of MOF-74 could be expanded from the microporous
to mesoporous range by extending the number of phenylene ring
links."® This facilitated the utilization of inaccessible active sites
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within the micropores. Another promising strategy to improve
the phosphate sorption performance is by introducing additional
bonding sites via defect engineering.'®'” Defects are often
associated with unoccupied coordination sites at metal clusters
of MOFs, which tend to be exposed on the introduced pores of
MOFs. By understanding and controlling the type and level of
defects within MOFs, the adsorption performance can be
enhanced through the introduction of enlarged pores (e.g,
mesopores) and abundant sorption active sites (e.g., unsaturated
coordination centers)."® Currently, template-assisted routes are
commonly adopted to fabricate HP-MOFs,"” which incorporate
sacrificial templates (e.g., surfactants,”” nanoparticles,2 and
metal—organic assemblers”") during the fabrication of MOFs,
and enlarged cavities can be created following removal of the
template. This strategy introduces engineered mesopores
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together with crystal defects within specific frameworks;
however, the template removal step may cause collapse of the
frameworks. Another alternative template-based strategy takes
advantage of the tunability of MOFs to introduce labile chemical
bonds (e.g., using modulators as terminal ligands to coordinate
with the metal clusters) to synthesize robust HP-MOFs.”>*’
The introduced chemical bonds can be easily removed by a
subsequent activation process to create unsaturated coordina-
tion centers inside the HP-MOFs. Recently, Zhou and co-
workers have reported such a strategy to construct HP-PCN-250
with abundant surface and internal mesopores.'' However, very
few reports are available on the defect engineering of HP-MOFs
to tune their structure—property relationship toward adsorption
applications.

Herein, an advanced strategy is adopted to introduce both
defects and hierarchical pores in UiO-66 and to fine-tune its
adsorption behavior toward phosphate. Several monocarboxylic
acids of varying chain lengths (XA, with high pK,) are selected to
precoordinate with Zr—O clusters, which can be partially
replaced with insufficient ligands (H,BDC, with low pK,),
followed by further assembly into the UiO-66(Zr)-XA nano-
particles. Increased defect density and expanded pores can be
introduced in the preformed MOFs by removing the fatty acid
linkers during the activation process. We have chosen phosphate
as the target aqueous contaminant to evaluate the efficacy of the
as-fabricated HP-UiO-66(Zr) due to its hazardous nature
toward aquatic ecosystems and drinking water supply. HP-
UiO-66(Zr) with stoichiometrically deficient BDC linkers is
hypothesized to (i) dramatically improve the phosphate mass
transport, (ii) afford additional unsaturated sorption sites, and
(ili) mitigate the secondary contamination owing to the
replacement of carboxylic acid ligands during phosphate uptake.
To the best of our knowledge, this work is among the very few
studies undertaken to explore the defect engineering of HP-
UiO-66 to boost its phosphate sorption performance. The
findings of this study can provide mechanistic insights into the
defect engineering of HP-MOFs for environmental applications.

B MATERIALS AND METHODS

Chemicals. Dimethylformamide (DMF), hydrochloric acid
(HCI, 36—38%), methanol (MeOH), sodium sulfate (Na,SO,),
sodium nitrate (NaNO,), sodium chloride (NaCl), sodium
phosphate dibasic dodecahydrate (Na,HPO,-12H,0), sodium
bicarbonate (NaHCOj;), sodium hydroxide (NaOH), potassi-
um selenate (K,SeQ,), activated alumina (Al,O;, diameter: 6—9
mm), polystyrene anion exchanger D201 (diameter: 0.6—0.9
mm), zirconia (ZrO,) (diameter: 200 nm), and iron oxide
(Fe,O5) (diameter: 200 nm) were supplied by Sinopharm
Chemical Reagent Co., Ltd. (China). Formic acid (HCOOH),
butyric acid (C,HgO,), octanoic acid (CgH,0,), palmitic acid
(C16H3,0,), 1,4-benzenedicarboxylic acid (BDC), humic acid
(HA), and zirconium(IV) chloride (ZrCl,) were purchased
from Sigma-Aldrich. All aqueous solutions were prepared with
ultrapure water (18.25 MQ cm) produced from a Milli-Q Direct
8 purification system (Millipore, USA).

Synthesis of Hierarchically Porous UiO-66(Zr). The
synthetic procedures of hierarchically porous UiO-66(Zr)-XA
(HP-UiO-66(Zr)-XA) were similar to those of UiO-66(Zr)
(details are available in the Supporting Information, Section S1)
except by adding desired aliphatic monocarboxylic acids (e.g,
formic acid (FA), butyric acid (BA), octanoic acid (OA), and
palmitic acid) into the DMF solution in advance of BDC at a
fixed molar ratio (Zr/BDC/monocarboxylic acid = 1:0.5:25).

The as-obtained white precipitate was rinsed with DMF three
times to remove the remnant monocarboxylic acid. To further
remove the monocarboxylate acids, the sample was placed into
80 mL of solution of 1.25% HCl and 98.75% DMEF at 90 °C for
12 h, and this step was repeated three times. The final product
was collected by centrifugation, washed sequentially with DMF
and methanol, and then subjected to solvent exchange by
immersing the product in methanol twice, each time for 24 h.
Finally, the product was dried at 75 °C for 12 h under vacuum.

Batch Sorption Experiments. For isotherm experiments,
10 mg of the sample was introduced into a 150 mL flask
containing 100 mL of phosphate solution (3—30 mg P/L) and
shaken for 24 h with a speed of 200 rpm to achieve sorption
equilibrium at 25 °C and pH 6.5. The isotherm curves were
fitted with Langmuir and Freundlich models (Supporting
Information, Section S1). The kinetic experiments were
conducted under the same conditions, except that the
concentration of phosphate was 3 mg P/L and shaking time
was reduced to 240 min. The kinetic curves were fitted with
Weber—Morris intraparticle diffusion models (Supporting
Information, Section S1). After centrifugation (8500 rpm, 10
min), the supernatant was filtered using a 0.22 ym Millipore
filter. The residual phosphate concentration was quantified with
an ICS 5000 ion chromatograph (Thermo Fisher Scientific,
Waltham) equipped with an Ion Pac AS11-HC column (250
mm X 4 mm).

To examine the regeneration efficacy of HP-UiO-66(Zr)-OA,
10 mg of the exhausted sample was regenerated by chemical
washing with 100 mL of NaOH solution (0.01 mol/L) at 25 °C
and stirring at 600 rpm for 8 h. Then, the regenerated adsorbents
were dried in a vacuum oven at 120 °C for 12 h before the next
cycle. All sorption experiments were performed in triplicate to
ensure good reproducibility. The impacts of common
competitive anions (e.g,, SO,>~, CI”, and NO;") and natural
organic matter (NOM, e.g, HA) on the phosphate sorption
performance of HP-UiO-66(Zr)-OA, AL Os, and polystyrene
anion exchanger D201 were comparatively investigated (details
are provided in Table S1).

Column Experiments. Fixed-bed column experiments were
performed in a glass column (</> = 65 mm and <d> = 8 mm).
The column was filled with a certain amount of adsorbent, and
the bed volume was 4.5 mL. The empty bed contact time was 3
min as controlled by a peristaltic pump (DH1766A-1, China).
The samples were subjected to regeneration by chemical
washing with 0.01 mol/L NaOH solution at 25 °C followed
by subsequent washing with deionized water until the effluent
was neutral. The Zr content in the effluent was determined by
the inductively coupled plasma—optical emission spectrometry
(ICP-OES) technique to examine the loss of Zr during the
column test.

Characterization. The physicochemical properties of the
as-designed materials were analyzed by X-ray diffraction (XRD),
field emission scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), X-ray absorption spectroscopy (XAS),
Brunauer—Emmett—Teller (BET) specific surface area, dynam-
ic light scattering (DLS), photoluminescence, 'H nuclear
magnetic resonance ('H/NMR), electron paramagnetic reso-
nance (EPR) spectroscopy, an elemental analyzer, thermogravi-
metric analyses (TGA), and differential scanning calorimetry
(DSC). In addition, the used samples after phosphate uptake
were further characterized by Fourier transform infrared (FTIR)
spectroscopy, XPS, XRD, and EPR techniques. Further details of
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Figure 1. (a) N, adsorption—desorption isotherms of UiO-66(Zr) and various HP-UiO-66(Zr)-XA samples obtained with different aliphatic acids
(filled data markers represent adsorption, and open data markers represent desorption) and (b) corresponding pore size distribution. (c) EPR spectra
and (d) fluorescence emission spectra of UiO-66(Zr) and various HP-UiO-66(Zr)-XA samples. Formation schematic of (e) pristine UiO-66(Zr) and

(f) defective HP-UiO-66(Zr).

the characterization techniques and density functional theory
(DFT) calculations are provided in the Supporting Information.

B RESULTS AND DISCUSSION

Defective HP-UiO-66(Zr) Evolution. SEM and powder X-
ray diffraction (PXRD) were employed to characterize the as-
prepared HP-UiO-66(Zr) derivatives. With the increasing alkyl
chain length, the surface morphologies of these samples become
rough, and the particle size exhibits a volcanic-type variation
tendency (Figure Sla—e), and the defect content is gradually
increased (Figure S1f). Furthermore, the main peaks in the
FTIR spectra of HP-UiO-66(Zr)-XA are consistent with those

13211

of UiO-66(Zr), indicating that the original UiO-66 structure is
still maintained after the modulation of monocarboxylic acid
(Figure S2). N, adsorption—desorption isotherms and the
corresponding pore size distribution plots were used to analyze
the effect of the carbon chain length of the monocarboxylic acids
on the pore dimensions of HP-UiO-66(Zr)-XA. As shown in
Figure la, the pristine UiO-66(Zr) shows a Type I isotherm,
which is typical of a microporous structure. The HP-UiO-
66(Zr)-FA sample also displays a large uptake of N, gas in the
low-pressure range, which supports the presence of micropores.
Another uptake of N, gas with a hysteresis loop in the pressure
range of 0.8—1.0 is attributed to the presence of macropores,
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Figure 2. (a) Phosphate adsorption isotherms and (b) kinetic curves fitting with Weber and Morris intraparticle diffusion models of UiO-66(Zr) and
HP-UiO-66(Zr)-XA. (c) Breakthrough curves of UiO-66(Zr), HP-UiO-66(Zr)-OA, ALOs, and polystyrene anion exchanger D201. (d) In situ
regeneration curves of UiO-66(Zr) and HP-UiO-66(Zr)-OA. Experimental conditions: sorbent dose = S0 mg, [P] = 2.5 mg/L, initial pH = 6.5, T =25

°C, and bed volume: 4.5 mL.

which do not affect the pore size distribution in micro- and
mesopore ranges (Figure 1b). More interestingly, both HP-
UiO-66(Zr)-BA and HP-UiO-66(Zr)-OA exhibit mesopores
ranging from 2.0 to 7.0 nm and 2.5 to 16 nm, respectively. From
Figure 1b, it is revealed that the size of the mesopores increases
with increasing carbon chain length of aliphatic acids. In
addition, the pore volume of mesopores increases from 38.8 to
64.3% as the chain length of the fatty acids is increased from C1
to C8 (Table S2).

EPR and fluorescence spectroscopy were employed to explore
the effects of elongated monocarboxylic acids on the structural
characteristics of UiO-66(Zr) and its derivatives. As shown in
Figure lc, the EPR spectrum of the UiO-66(Zr) shows a
negligible peak, which may be attributed to inherent defects.
Once monocarboxylic acids are introduced, the spectra show a
distinct peak at g = 2.003, indicating the existence of a significant
amount of uncoupled Zr(IV) centers, which serve as defects in
the frameworks.”*~2° Additionally, the level of defects increases
considerably with the increasing chain length (from FA to OA),
most likely due to the steric hindrance of the precoordinated
fatty chains. Likewise, the fluorescence spectra also confirm the
presence of defects (Figure 1d). The intensity of fluorescence
signals (ex/em = 280 nm/395 nm) follows the order of UiO-
66(Zr) > HP-UiO-66(Zr)-FA > HP-UiO-66(Zr)-BA > HP-
UiO-66(Zr)-OA. This phenomenon can be explained by the fact
that the fluorescence intensity can be mediated by the
coordination numbers of Zr—O clusters and BDC in the UiO-
66(Zr).”’ Combining the above results, Zr atoms in pristine
UiO-66 are coordinately saturated with ligands (BDC),
resulting in the formation of uniform micropores (Figure le).
When sufficient aliphatic acids (C1—C8) were added in
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advance, their elongated alkyl chains with a higher pK, can be
regarded as capping agents to precoordinate with Zr atoms in
Zr—O clusters. This is because the increased alkyl chain may
hamper the monocarboxylic replacement by the insufficient
BDC and coordination with the adjacent Zr(IV) via steric
hindrance, thus leading to larger pore dimensions and
unsaturated sites upon the eventual activation process (Figure
1f). Based on these results, it is confirmed that porous HP-UiO-
66(Zr)-XA with extended pore diameters (0.7—15 nm) and
many coordinative unsaturated active centers (Zr(IV)) are
successfully synthesized.

Tunable Phosphate Adsorption by HP-UiO-66(Zr)-XA.
Figure 2a displays the phosphate adsorption capacities of the
tested adsorbents as a function of phosphate concentration. The
isotherms fit well with both Langmuir and Freundlich models
(Langmuir R* > 0.97; Freundlich R* > 0.97), indicating that the
adsorption process originates from an integrated monolayer and
chemisorption.”®”” The maximum phosphate adsorption
capacity (q,,) estimated by the Langmuir model follows an
order of HP-UiO-66(Zr)-OA (186.6 mg P/g) > HP-UiO-
66(Zr)-BA (80.2 mg P/g) > HP-UiO-66(Zr)-FA (45.3 mg P/g)
> Ui0-66(Zr) (37.7 mg P/g) (Table S3). These results suggest
that the phosphate adsorption capacity is more strongly
influenced by the defect level of HP-MOFs rather than their
surface areas (Figure 1c; Table S2). The g,, value of HP-UiO-
66(Zr)-OA for phosphate removal is comparable or higher than
that of previously reported MOFs, ZrO,, and hierarchical
zeolite-based adsorbents (Table $4).°*°7** Moreover, the
phosphate sorption capacity of HP-UiO-66(Zr)-XA before
activation is decreased with the increasing chain length and
follows the sequence UiO-66(Zr) (38.1 mg P/g) > UiO-66(Zr)-

https://doi.org/10.1021/acs.est.1c01723
Environ. Sci. Technol. 2021, 55, 13209—13218


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01723/suppl_file/es1c01723_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01723/suppl_file/es1c01723_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01723/suppl_file/es1c01723_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01723/suppl_file/es1c01723_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01723?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01723?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01723?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01723?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c01723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

FA (38.7 mg P/g) > UiO-66(Zr)-BA (34.2 mg P/g) > UiO-
66(Zr)-OA (30.5 mg P/g) (Figure S3). This trend can be
attributed to the large number of monocarboxylic acids
remaining in the nonactivated samples ("H/NMR analyses,
Figures S4 and SS), which not only occupy the coordinatively
unsaturated Zr atoms but also deteriorate the mass-transport
kinetics.

The phosphate adsorption kinetics of UiO-66(Zr) and HP-
UiO-66(Zr)-XA were also compared. The Weber—Morris
intraparticle diffusion model was employed to investigate the
intraparticle diffusion process. As presented in Figure 2b,
compared to the pristine UiO-66(Zr), the enhanced liquid film
diffusion rate (k;) of HP-UiO-66(Zr)-XA (Table SS) may be
caused by the increased zeta potential on its surface (Figure S6).
More importantly, the internal diffusion rate (k,) is increased
with the increase of the alkyl chain length and follows the order
HP-Ui0-66(Zr)-OA (6.19 mg/g-min’”) > HP-UiO-66(Zr)-BA
(5.47 mg/g'min®*) > HP-UiO-66(Zr)-FA (5.18 mg/g'min*?) >
Ui0-66(Zr) (3.22 mg/g:min’’). Owing to the enlarged pore
dimensions, the time required to achieve the phosphate sorption
equilibrium is shortened from 180 min (UiO-66(Zr)) to 120
min (HP-UiO-66(Zr)-XA), revealing that the generated
hierarchical pores can dramatically improve the mass transport
of phosphate within HP-UiO-66(Zr). Based on the adsorption
isotherms and kinetics, the HP-UiO-66(Zr)-OA sample has the
highest adsorption capacity and the fastest intraparticle diffusion
rate at the same molar ratio of Zr/BDC/XA (1:0.5:25). DLS
results reveal that there are no obvious correlations between the
MOF particle size and the phosphate sorption capacity as well as
the removal kinetics (Figure S7). Given that BDC is responsible
for the generation of the hierarchical porous structure, the effect
of the BDC concentration on the formed MOFs was evaluated.
The phosphate adsorption performance of HP-UiO-66(Zr)-OA
(Y) prepared with different BDC stoichiometric ratios (Y = 0.3,
0.5,0.8) is presented in Figure S8 and Table S6. The crystallinity
of the sample obtained with a BDC/Zr ratio of 0.3 is lower than
that obtained with other ratios (Figure S9). In addition, the pore
size increases from 7.5 to 12 nm as the BDC/Zr ratio is increased
from 0.3 to 0.8. These results clearly indicate that the formation
of mesopores and the low surface area are caused by the reduced
amount of BDC ligand (Figure S10). The phosphate sorption
capacity presents a volcanic-type trend and follows the sequence
HP-UiO-66(Zr)-OA (0.5, 186.6 mg P/g) > HP-UiO-66(Zr)-
OA (0.8, 60.9 mg P/g) > HP-UiO-66(Zr)-OA (0.3, 58.0 mg P/
g) > Ui0-66(Zr) (1.0, 37.7 mg P/g). Based on this trend, it is
clear that the ideal phosphate adsorbent is obtained at an
optimal Zr/BDC/OA ratio of 1:0.5:25, which is used as the
default parameter for HP-UiO-66(Zr)-OA hereafter, unless
suggested otherwise.

A fixed-bed filtration device was employed to further
exemplify the practicality of HP-UiO-66(Zr)-OA for phosphate
adsorption. The results suggest that the effective treatment
volume of HP-UiO-66(Zr)-OA (50 mg) is ~3400 BV, one order
of magnitude higher than that of UiO-66(Zr) (50 mg, ~450
BV), activated AL,O; (50 mg, ~302 BV), polystyrene anion
exchanger D201 (50 mg, ~371 BV), ZrO, (100 mg, ~1890 BV),
and Fe,O; (100 mg, ~2560 BV) under similar conditions
(Figures 2c and S11). Subsequently, these samples were
subjected to in situ regeneration by washing with 0.01 M
NaOH solution at 20 BV/h. The HP-UiO-66(Zr)-OA sample
exhibits excellent regeneration performance (up to 95% of the
phosphate is desorbed) as seen in Figure 2d. Furthermore, the
Zr loss of the HP-UiO-66(Zr)-OA sample during the column

tests is measured to be 3.5 ug/L Zr based on the effluent
collected at the 7500 BV (Figure S12). In addition, batch
experiments of sorption/desorption were performed to evaluate
the reusability of HP-UiO-66(Zr)-OA, as shown in Figure S13.
Impressively, the regenerated HP-UiO-66(Zr)-OA can maintain
almost 90% of the initial phosphate removal efficiency after three
consecutive sorption/desorption experiments. In addition, EPR
spectra of the regenerated HP-UiO-66(Zr)-XA(P) sample show
the reappearance of uncoupled Zr(IV) (g = 2.003, Figure S14),
suggesting that phosphate is mainly coordinated with the
unsaturated Zr—O clusters within HP-UiO-66(Zr)-XA. The
specific surface area of HP-UiO-66(Zr)-OA after phosphate
sorption and regeneration is slightly decreased to 505 m?*/g.
However, their mesopores remain intact (Figure S15). Overall,
these results confirm the excellent robustness and high sorption/
desorption performance of HP-UiO-66(Zr)-OA. Therefore, it
can be envisaged for the long-term phosphate adsorption
applications.

Mechanism of Phosphate Removal Using HP-UiO-
66(Zr)-OA. TEM and the corresponding elemental mapping
reveal the uniform distribution of P throughout the HP-UiO-
66(Zr)-OA sample. The Zr K-edge X-ray absorption near-edge
structure (XANES) analysis indicates the existence of a strong
interaction between phosphate and HP-UiO-66(Zr)-OA
(Figure S16). Notably, the characteristic peaks in the range of
900—1200 cm™}, corresponding to —OH binding vibrations
involved in the formation of Zr,-clusters in UiO-66(Zr) and HP-
UiO-66(Zr)-OA, become weaker after phosphate uptake
(Figure S17, FTIR spectra). Concurrently, the broad and
intense vibration bands at 1150 and 1076, 990, and 545 cm ™ are
clearly observed in HP-UiO-66(Zr)-OA-(P), which can be
attributed to the formation of P—=O, P—OH, and O—P-0O
bonds.*® This indicates the plausible complexation between Zr—
OH groups in HP-UiO-66(Zr)-OA and phosphate via Zr—O—P
coordination bonds.** In addition, an obvious absorption peak
at 430 cm™" (u5-OH vibration of the solvent H,O molecules) is
observed in HP-UiO-66(Zr)-OA(P),” indicating that the
hydroxyl groups originated from the Zr—O cluster and solvent
H,O may participate in the phosphate adsorption. XPS analysis
was further performed to unveil the key mechanism driving the
host (UiO-66(Zr) or HP-UiO-66(Zr)-OA)—guest (phosphate)
interactions (Figures S18 and S19). Compared with the
reference spectrum of KH,PO, (about 134.0 V), the intensity
of the P 2p peak in HP-UiO-66(Zr)-OA is strong and blue
shifted to 133.8 eV, thus indicating the occurrence of chemical
bonding between phosphate and HP-UiO-66(Zr)-OA (Figure
$18).%° More importantly, a prominent binding energy signal
appears at 191.3 eV in the Zr 3d spectrum of HP-UiO-66(Zr)-
OA-(P), which is attributed to the electronic interactions
between the Zr atom and phosphate (Figure S19b).*” In the O 1
s XPS peak, the Zr—OH peak (531.8 eV) of UiO-66(Zr) and
HP-UiO-66(Zr)-OA after phosphate adsorption can be
deconvoluted into P—OH (533.2 eV), Zr—O—P, and P=0
(531.5 eV) (Figures S19c and $19d),”” revealing that the
hydroxyl groups play a key role in the phosphate adsorption
process via strong complexation. Meanwhile, the area ratios of
P—Zr (134.5 eV) to P—O (133.6 eV) in the UiO-66(Zr)-(P)
and HP-UiO-66(Zr)-OA-(P) samples are 0.2 and 0.12 (Figures
S19e and S19f),”**” respectively, indicating that the sequestra-
tion of phosphate by the coordinatively unsaturated Zr center in
HP-UiO-66(Zr)-OA via Zr—P bonds is unlikely to be the
dominant mechanism for the phosphate sorption. The large
number of Zr—OH groups mainly originates from the defects
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Figure 3. (a) XANES and (b) EXAFS spectra of the Zr K-edge in UiO-66(Zr) and HP-UiO-66(Zr)-OA. Experimental and calculated curves are
displayed as black/red lines and black/red open circles, respectively. (c,d) TGA-DSC thermograms of UiO-66(Zr) and HP-UiO-66(Zr)-OA.

present in Zr—O clusters;'® thus, terminal ligands (OH™/H,0)
are required to compensate for the defects in the HP-UiO-
66(Zr)-OA framework.

To further ascertain the experimental findings, three
complementary characterization techniques were employed to
identify the defect-compensating ligands of the prepared HP-
MOF samples. First, previous studies””** have suggested that
the defect-compensating ligands mainly originated from
chloride (ZrCl,),"" OH™/H,O (environment or solvent),*” or
monocarboxylates (the added modulators, octoate).*> Never-
theless, in this study, both chloride and monocarboxylates can be
ruled out on the basis of "H/NMR (Figures S4 and S5) results. A
series of measurements was performed to investigate the
possible introduction of OH™/H,0 for the defect formation in
the HP-UiO-66(Zr)-OA. To identify this, the contents of Zr, C,
H, and O in these samples (mass percent) were analyzed by the
ICP-OES technique and elemental analyzer (Table S7). Based
on the chemical formula of pristine UiO-66(Zr)
(Zrs0,(OH),(BDC);), the mean coordination number of
BDC linkers in HP-UiO-66(Zr)-OA is 2.4, which is lower
than that of the as-prepared UiO-66(Zr) (5.04) and pristine
Ui0-66(Zr) (6). The minimum number of BDC linkers
required to form a continuous three-dimensional UiO-66
network is 3. In other words, each cluster is coordinated by at
least six linkers (3 X 2). This finding indicates the presence of
more missing cluster defects in HP-UiO-66(Zr)-OA, consistent
with the pore size distribution analysis. Furthermore, XAS was
used to ascertain the oxidative states and coordination
environment of Zr in UiO-66(Zr) and HP-UiO-66(Zr)-OA.
As shown in Figure 3a, after modulation by OA, the Zr oxidation

13214

state does not significantly change. The EXAFS spectra reveal
the local coordination environment around the Zr atoms,
showing two dominant peaks at 1.7 and 3.1 A, attributed to Zr—
O and Zr—Zr, respectively (Figure 3b, Tables S8—S12, and
Figures $20 and S21). No significant differences are observed in
the peak position between UiO-66(Zr) and HP-UiO-66(Zr)-
OA; however, the intensity and symmetry of the Zr—O peak are
decreased in the latter as compared to UiO-66(Zr). This
evolution may be attributed to the introduction of (OH™/H,0)
into the framework.

With this in mind, TGA-DSC was used to qualitatively
characterize the thermal decomposition behaviors of the
samples. Three well-resolved weight loss regions are observed
in the TGA curves (end weight normalized to 100%) (Figure
3c,d). The observed weight loss steps are assigned to (i) physical
absorption (30—100 °C);** (ii) dehydroxylation of the Zrg
cornerstones (200—350 °C);* and (iii) framework decom-
position (420—560 °C) accompanied by an intense exothermic
peak in the DSC thermogram.*® The mass losses of hydroxyl
groups in UiO-66(Zr) and HP-UiO-66(Zr)-OA are 6 and 13%
in the temperature region of 200—350 °C, respectively (detailed
discussion on the TGA results is given in the Supporting
Information, Section S1). Meanwhile, the coordination numbers
of Zr—OC in UiO-66(Zr) and HP-UiO-66(Zr)-OA are S.1 and
2.5, respectively, which are in good agreement with the
elemental analysis results. Based on these results, the defect-
induced ligand-compensation (—OH) model is suitable to
describe the phosphate adsorption behavior of HP-UiO-66(Zr)-
OA, as the Zr—OH (—OH, originating from the solvent) can be
swiftly replaced by the more electronegative phosphate ions.

https://doi.org/10.1021/acs.est.1c01723
Environ. Sci. Technol. 2021, 55, 13209—13218


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01723/suppl_file/es1c01723_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01723/suppl_file/es1c01723_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01723/suppl_file/es1c01723_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01723/suppl_file/es1c01723_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01723/suppl_file/es1c01723_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01723?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01723?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01723?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01723?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c01723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

DFT Calculations. To further elucidate the role of defects
(i.e., linker missing and cluster missing) in HP-UiO-66(Zr)-XA
toward phosphate adsorption, the possible interaction scenarios
between the perfect unit cell (Figure 4a), missing linker unit cell

O _f{
f‘ ‘ﬁ‘a
-0351 eV
P f Zr-O-P(BB)
AN ‘?‘f 221A TE ‘yé;f 1.79A
{5 J’ {3 }Jr{ﬁﬁﬂf}{
?‘“@{1 81A

o~y

0.537 eV -1.567 v 1729 eV
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Figure 4. DFT calculation models for different structures: (a) Perfect
Ui0-66(Zr) unit cell, (b) Zr—O—P (MM) coordination between
perfect UiO-66(Zr) and H,PO,”, (c) missing linker defect of the UiO-
66(Zr) unit cell, (d—f) Zr—O—P (MM), Zr—P, and Zr—O—P (BB)
coordination between the missing linker defect and phosphate
(H,PO,7), (g) missing cluster defect of the UiO-66(Zr) unit cell,
(h—j) Zr—O-P (MM), Zr—P, and Zr—O—P (BB) coordination
between the missing cluster defect and H,PO,~ (prasine for P, cyan for
Zr, and red for O from the Zr—O cluster, amaranth for O from
phosphate, gray for C, white for H from UiO-66(Zr), and yellow for H
from H,PO,7).

(Figure 4c), and the missing cluster unit cell of UiO-66(Zr)
(Figure 4g) with phosphate (H,PO,”, as the computational
model) were investigated at the molecular level through DFT
calculations. The adsorption energy of Zr—O—P (MM,
mononuclear monodentate, Figure 4b) coordination is —0.351
eV, indicating a spontaneous adsorption process. After
modulation with monocarboxylic acids, the optimal config-
urations between the missing linker defects and H,PO,” are
shown in Figure 4d—f Apart from the Zr—O—P (MM)
coordination (adsorption energy: —0.537 eV), other sorption
pathways are observed as well (e.g,, Zr—P and Zr—O—P (BB,
binuclear bidentate)). The Zr—P coordination reveals that these
unsaturated Zr atoms (caused by the missing linker) are capable
of directly interacting with H,PO," to form an inner spherical
complex (Figure 4e, the locally magnified image is shown in
Figure S22). The defect-compensating ligands (—OH) are
replaced by H,PO,™ ions to coordinate with residual defective
Zr atoms, leading to the Zr—O—P (BB) coordination
interactions (Figure 4f, the locally magnified image is given in
Figure S22). These results indicate that the missing linker
defects not only provide additional sorption sites but also reduce
the adsorption energy of the original active sites. For the missing
cluster defects, a large space is available in the unit cell due to the
absence of the Zr—O cluster, which accelerates the transport of
H,PO,” toward sorption active sites. This is supported by the
kinetic studies and the selenate adsorption experiments. The
experimental results show that HP-UiO-66(Zr)-OA with the
largest pore dimension has the fastest intraparticle diffusion

kinetics among the prepared HP-UiO-66(Zr) samples (Figure
2b; Table SS). In addition, HP-UiO-66(Zr)-OA demonstrates a
higher selenate (SeO,*”) removal efficiency (11.5%) in the
presence of sulfate (SO,*”) than pristine UiO-66(Zr) (5.0%)
(Figure S23). In addition, similar sorption pathways are
observed with the missing linker defects toward phosphate
adsorption (Figure 4h—j). More importantly, the corresponding
adsorption energies in the missing cluster and missing linker
defects are lower than those in the perfect UiO-66(Zr) unit cell
(Figure 4). These results clearly reveal that the created defects in
HP-UiO-66(Zr)-XA play a significant role in boosting the
adsorption affinity toward phosphate by forming newly
dominant adsorption sites and strengthening the mass transport
of phosphate within HP-UiO-66(Zr)-XA to reduce the time
required to achieve the phosphate sorption equilibrium (Figure
2b). These results confirm the excellent phosphate performance
of HP-UiO-66(Zr)-OA with elevated defect levels, which are in
good agreement with both experimental and recent research
findings (Figures 1 and 2, and Table $3).7

Environmental Implications. Given the complex nature of
actual environments, solution pH, coexisting anions, and NOM
may significantly deteriorate the phosphate uptake eflicacy. As
shown in Figure $24, the HP-UiO-66(Zr)-OA sample exhibits a
superior phosphate removal efficiency (>90%) to UiO-66(Zr)
in the pH range of 2.0—6.0. Further increasing the solution pH
to alkaline conditions leads to a clear decline in the phosphate
removal efficiency to 60% at pH = 8.0. The observed
phenomenon is expected as the point-of-zero-charge of HP-
UiO-66(Zr)-OA is 7.8, and the pK, values of phosphate
molecules are 2.1, 7.2, and 12.3, respectively.29 Thus, HP-UiO-
66(Zr)-OA becomes negatively charged under alkaline con-
ditions and exhibits strong repulsion toward anionic phosphate
molecules. A similar trend is observed for UiO-66(Zr). The
robustness of UiO-66(Zr) and HP-UiO-66(Zr)-OA was further
examined by detecting the Zr leaching rate as a function of pH
(Figure S25). Both HP-UiO-66(Zr)-OA and UiO-66(Zr) show
<2% of Zr loss under acidic and neutral conditions. In addition,
no obvious changes are identified in the XRD patterns of UiO-
66(Zr) and HP-UiO-66(Zr)-OA before and after phosphate
sorption, further confirming the robustness of these materials
(Figure S26). To further explore the selectivity of HP-UiO-
66(Zr)-OA for phosphate removal in practical environments,
the phosphate sorption behavior in the presence of several
common anions (e.g,, CI™ (3.32 A), NO;™ (3.35 A), and SO,*~
(3.79 A)) and NOM (e.g, HA) was examined as well. As
displayed in Figure S, the distribution coeflicients (K, details are
given in the Supporting Information, Section S1) of HP-UiO-

300
H,PO,/HPO-P cr
B SO-S NO,-N
pH=6
272.7 CI™: 250 mg/L
gﬂ SO, 250 mg/L
;} NO;™: 45 mg/L
P: 5 mg/L
] 67.2
250 HA: 5 mg/L
504 37.2
27 210
11.3
01 —
HP-Ui0-66(Zr)-0A  ALO; D201

Figure 5. Impact of competitive anions and NOM on the phosphate
uptake by HP-UiO-66(Zr)-OA, ALO;, and polystyrene anion ex-
changer D201.
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66(Zr)-OA, Al,0, and D-201 toward phosphate follow the
sequence HP-UiO-66(Zr)-OA (272.7 L/g) > AL,O; (22.7 L/g)
> D-201 (11.3 L/g). In addition, the K; value of HP-UiO-
66(Zr)-OA in the mixtures of common anions and NOM
follows the order HPO,*"/H,PO,” (272.7 L/g) > NO;~ (37.2
L/g) > ClI” (3.8 L/g) > SO,*” (3.6 L/g). Generally, a high K,
value indicates a high ion uptake by the sorbent.”” These results
demonstrate that HP-UiO-66(Zr)-OA has a higher selectivity
toward phosphate ions in the simulated wastewater relative to
Al,O; and polystyrene anion exchanger D-201. This phenom-
enon may be attributed to the predominant phosphate sorption
mechanism in HP-UiO-66(OA), which originates from the
formation of Zr—O-—P bonds. Therefore, these common
coexisting anions, such as CI7, SO,*, and NO;~, exert
insignificant inhibition on the phosphate uptake.**

In conclusion, an array of defect-induced hierarchical porous
UiO-66(Zr) derivatives have been rationally designed by
employing different monocarboxylic acid modulators. The
pore dimension and phosphate sorption performance of the
developed UiO-66 materials can be fine-tuned by controlling the
type and level of defects. Among the as-prepared HP-UiO-
66(Zr)-XA adsorbents, HP-UiO-66(Zr)-OA exhibits the best
performance with porous nanospherical morphology, large
volume percentage of mesopores (64%), broad size distribution
of mesopores (2.5—-16 nm), maximum adsorption capacity
(186.6 mg P/g), desirable stability (less than 2% of Zr leaching
under acidic and neutral conditions), and excellent phosphate
selectivity in simulated wastewater (pH = 6). This study
provides new insights into the phosphate sorption mechanism of
defective MOFs with hierarchical porous structures. The DFT
results reveal the significant role of the created defects in HP-
UiO-66(Zr)-XA for boosting the adsorption affinity toward
phosphate by forming newly active bonding sites and
strengthening the mass transfer of phosphate in HP-UiO-
66(Zr)-XA interior. The findings in this study will provide useful
guidance for designing defect-rich MOF-based adsorbents with
high adsorption performance for practical adsorption applica-
tions.
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