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Introduction

Rapid and selective adsorption of a typical aromatic
organophosphorus flame retardant on MIL-101-
based metal—organic frameworks+

Hui Su, Jiaxin Lv, Liansheng Yang, Li Feng, Yongze Liu, Ziwen Du* and Ligiu Zhang@‘*

The pollution of aromatic organophosphorus flame retardants (aromatic OPFRs) in aquatic environments
has drawn great attention over the last few years. Two MIL-101-based metal-organic frameworks (Cr-
MIL-101 and Fe-MIL-101-NH;,) which possess ordered mesoporous cavities (2.9 and 3.4 nm) and
aromatic structures were chosen and prepared to selectively adsorb a typical aromatic OPFR [triphenyl
phosphate (TPhP)] from aqueous solution. Pore distribution analysis showed that Cr-MIL-101 and Fe-
MIL-101-NH, had both a mesoporous structure (2-3.5 nm) and microporous structure (1-2 nm),
conducive to diffusion and adsorption of TPhP molecules. Compared with Fe-MIL-101-NH, as well as
commercial activated carbon, Cr-MIL-101 showed rapid and efficient adsorption for TPhP, and its initial
sorption velocity (vo) calculated from the pseudo-second-order model was up to 568.18 pmol g~* h™%
The adsorption equilibrium of TPhP on the Cr-MIL-101 was almost achieved within 12 h, while the
equilibrium time of other adsorbents required more than 48 h. The study of selective adsorption found
that Cr-MIL-101 had a higher sorption amount for aromatic OPFRs than alkyl-OPFRs and other aromatic
compounds with different chemical structures. Cr-MIL-101 was able to keep a steady selective
adsorption for TPhP in the presence of co-existing aromatic compounds. Based on the analysis of Ko,
molecular structure and further density functional theory calculations, hydrophobic interactions may play
a dominant role in the selective adsorption process of TPhP, and - interactions may be also involved.
Cr-MIL-101 exhibits reusability and promising potential to rapidly and selectively remove aromatic OPFR
in environmental remediation.

in the environment® is widely used in various aspects of life.
Besides as a flame retardant, TPhP is also added in cosmetic
products as an elasticizer. TPhP has been detected in several

With the widespread use of synthetic materials, such as plastics,
and the development of stringent fire protection standards, the
application of flame retardants is increasing significantly. The
demand for organophosphorus flame retardants (OPFRs) which
are new alternatives for traditional brominated flame retardants
is continuing to increase." The global consumption proportion
of OPFRs has increased from 16% in 2013 to 18% in 2016, with
an average annual consumption of 4.05 x 10° tons.> Among
OPFRs, aromatic OPFRs are ubiquitous in water environ-
ments>* and easier to be further enriched on solid surfaces such
as soil and organisms® due to their relatively higher hydro-
phobicity, leading to extra pollution and health risks. Triphenyl
phosphate (TPhP) which is most frequently detected aryl-OPFR
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different water bodies such as wastewater, groundwater, oceans
and drinking water around the world.>” The concentration of
TPhP in surface water was found to be able to reach about
14 000 ng L™ " in Norway.® TPhP has the longest half-life among
OPFRs? and can persist in water for 5.5 years under neutral
condition. Toxicological research found that TPhP has repro-
ductive toxicity,® carcinogenicity® as well as chronic toxicity,’
and may lead to biological genetic defects.® Due to its toxicity
and potential risks, such OPFR has been listed as a highly
concerned pollutant by European Union and United States.*
However, since aromatic OPFR is a new type of emerging
pollutant, reports on this substance mainly focus on the
investigation in different environmental mediums, as well as
the establishment of analytical methods, environmental
hazards and toxicity analysis. To date, only a few studies
regarding the removal of aromatic OPFRs from aquatic envi-
ronments have been reported. Some degradation techniques
such as using acclimatized electrode biofilm" and activated
peroxymonosulfate (or persulfate) oxidation' exhibited effi-
cient TPhP removal from water environment, but the
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degradation decreased as the co-existing ions existed and the
major products were found to be other types of aromatic OPFRs
like diphenyl phosphate (DPhP) and hydroxyl triphenyl phos-
phate (OH-TPhP)."* Studies have shown that the removal of
aromatic OPFRs by adsorption technology is a potentially
effective method, but limited reports have been published.****
Yan et al.*® found that the removal of aromatic OPFRs from
water by carbon nanotubes was higher than that of alkyl-OPFRs,
which might be attributed to the stronger hydrophobic inter-
actions and w7 interactions. It was reported that the adsorp-
tion capacity of porous polymer adsorbents (resins) could reach
about 400 pmol g~ ' with the TPhP initial concentration of 2.5
umol L~'. However, the adsorption equilibrium time of resins
required at least 192 h, and the removal of TPhP was signifi-
cantly influenced by the competition from the co-existing
organic matters.'® Therefore, the study of efficient, especially
rapid and selective, adsorption for TPhP is very important, and
exploring the adsorbent with above performance is a critical
challenge.

Metal-Organic Frameworks (MOFs) are organic-inorganic
hybrid porous materials assembled from metal ions or metal
clusters and organic ligands. MOFs have the advantages of high
specific surface area, high and adjustable porosity, diverse
structural composition, hydrophobic benzene structures, etc.
They were used for adsorption of gaseous substance first and
then have been applied to adsorb pollutants from water in
recent years.'”'* MIL series of MOF materials are formed by
coordination of metal ions such as AI’**, Cr*" and Fe*' with
dicarboxylic acid ligand in a benzene-containing compound.
Compared with other types of MOFs, the materials of MIL series
possess higher stability in water environment and nanopores at
the range of about 1-4 nm (ref. 19) which may be conducive to
the sorption of TPhP molecules whose maximum molecular
diameter is about 1.14 nm (calculated by Gaussian 09 software).
Besides, the benzene structures in such MOFs can form 7—7
interactions with aromatic substances.?” It have been reported
that some flame retardants can be encapsulated in MOFs,*"*
but the amount of relevant studies is still limited. Li et al.*
found that MIL-based MOFs showed the effective adsorption of
a typical brominated flame retardant, hex-
abromocyclododecane, from aquatic environment via hydro-
phobic interactions. Accordingly, MIL-based MOFs probably
have potential for efficient removal of aromatic OPFRs. MOFs
have been more widely studied and applied in water treatment
techniques over the last few years,**** but whether MOFs are
effective and selective for the removal of aromatic OPFRs from
aquatic environments is unclear.

The objectives of the study are to prepare MIL-101 who has
mesoporous cavities (2.9 and 3.4 nm) as a high-efficiency
adsorbent for the removal of a typical aromatic OPFR, TPhP,
and to elucidate the adsorption behaviors as well as mecha-
nisms. The MIL-101 materials were synthesized by hydro-
thermal method, and the structure of materials was
characterized. The adsorption kinetics, isotherms, and the
effects of solution pH, inorganic salts as well as co-existing
organic compounds including other types of OPFRs and
common aromatic pollutants on TPhP adsorption were
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investigated, and the selective adsorption mechanisms using
density functional theory (DFT) calculations were also studied
and proposed. Finally, the adsorbent reusability and regenera-
tion were evaluated.

Materials and methods
Chemicals and materials

Chromic chloride hexahydrate, iron(u) chloride hexahydrate,
sodium hydroxide, sodium chloride, calcium chloride and N,N-
dimethylformamide (DMF, 98%) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). The ter-
ephthalic acid (H,BDC, 99%), 2-aminoterephthalic acid
(H,BDC-NH,, 99%), bezafibrate (>97%), phenol (>99%) and
2,4,6-trimethylphenol (>98%) were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China). TPhP (99%) was purchased
from Micxy Reagent Co., Ltd. (Chengdu, China), and its
molecular structure was shown in Fig. 1. Tris(2-chloroethyl)
phosphate (TCEP, 99%), tris(1-chloro-2-propyl) phosphate
(TCPP, 99%), tri-isobutyl phosphate (TiBP, 99%) and DPhP
(99%) were also purchased from Micxy Reagent Co., Ltd.
(Chengdu, China), and the physicochemical properties of above
compounds are shown in Table S1.f

Preparation of adsorbent material

In this study, Cr-MIL-101 material was synthesized by hydro-
thermal method.? First, 1.33 g of CrCl;-6H,0 (5.0 mmol) and
0.83 g of H,BDC (5.0 mmol) were added into 36 mL of deionized
water and mixed for 30 min under sonic vibration to make the
solute evenly dispersed. The solution was transferred to a reac-
tion kettle and placed in a muffle furnace previously heated to
100 °C, and then reacted at 210 °C for 24 h. After the reaction
was completed, the solution was centrifuged at 8000 rpm for
10 min, and the supernatant was discarded to obtain a green
precipitate. The green precipitate was washed using DMF for
three times, and each washing was conducted for 3 h to remove
unreacted H,BDC. The residual DMF was then removed by
ethanol. Finally, the green mixture was vacuum dried and
ground into powder, which is the Cr-MIL-101 adsorbent
prepared via the above procedure.

Fe-MIL-101-NH, material was also prepared by hydrothermal
method.” The specific procedure is as follows: 811.5 mg of
FeC1;-6H,0 (3.0 mmol) and 543 mg of H,BDC-NH, (3.0 mmol)

®
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O

Fig. 1 TPhP molecular structure.
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were dissolved in DMF solution. After fully dissolved, the
mixture was transferred to the reactor and placed in a muffle
furnace which was pre-heated to 120 °C for 10 h at constant
temperature. After hydrothermal reaction, the product was
centrifugally separated from DMF solvent, and then the solid
product was washed with DMF for several times to remove the
residual impurities. Then the product was stirred for 3 h in
methanol at 60 °C in water bath, then filtered and separated,
and the product was washed again using methanol. Finally, the
washed product was vacuum dried and ground into powder,
which is the Fe-MIL-101-NH, adsorbent.

Characterization of MOFs

The prepared Cr-MIL-101 and Fe-MIL-101-NH, materials were
characterized by X-ray diffractometer (Model 7000, Shimadzu
Corporation, Tokyo, Japan) equipped with a Cu-Ko radiation
source (scanning range between 5° and 60° (26) at a step width
of 0.02°) to analyze the crystal structure and composition.
Brunauer-Emmett-Teller (BET) nitrogen adsorption method
was used for the determination of specific surface area, and the
pore size distribution was determined using the DFT model.
Before the measurement, the MOFs materials were vacuum
degassed for 6 h, and then the adsorption as well as desorption
curve of nitrogen was measured at 77 K using a gas adsorption
instrument (Autosorb iQ, Quantachrome Corp., USA). A zeta
potentiometer (Zetasizer Nano ZS system, Malvern Instruments)
was used to analyze the zeta potentials of material. The Fourier
transform infrared (FT-IR) spectroscopy was recorded on Bruker
Vertex 70 FTIR Spectrometric Analyzer using KBr pellets. Ther-
mogravimetric analysis (TGA, UK) was carried out on a Perki-
nElmer TG/DTA thermo-gravimetric analyzer with a rate of
10 °C min~ ' in nitrogen atmosphere at the range of 25-800 °C.

Sorption and regeneration experiments

Adsorption experiments were carried out at room temperature
(25 °C) at pH 7.0 in glass flasks. Parallel experiments were
performed in each set of experiments, and the data obtained
were averaged. The results of blank controls indicated that the
mass loss of adsorbates during adsorption process was negli-
gible. A fixed amount of the adsorbents from 1 to 20 mg was
added into the flasks. The sorption kinetic experiments of TPhP
on different adsorbents were conducted at an initial concen-
tration of 3.06 umol L', To obtain the sorption isotherms, the
test solutions of the solutes at various concentrations (0-4.9
umol L") for TPhP were prepared by spiking the stock solutions
into the background solution containing 200 mg L~ " NaN; to
avoid any possible biodegradation. The solution amounts in the
both adsorption kinetics and equilibrium experiments were 480
mL. After equilibrium (48 h), 5.0 mL of the mixed samples were
withdrawn from each vial and filtrated using a 0.45 um poly-
ethersulfone (PES) membrane (the first 3.5 mL of the filtrate was
discarded). The analysis of control experiments showed that the
sorption of TPhP on the PES membrane was insignificant
(recovery > 99%). For the experiment of pH effects, the solution
pH was adjusted to be 3.0-9.0 using HCI and NaOH. To prepare
the MOFs loaded with TPhP, the MOFs materials were added
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into the TPhP solution, and the detailed adsorption conditions
were controlled to be consistent with that of sorption kinetic
experiments. After adsorption, the adsorbent materials were
separated from the solution and vacuum dried.

In order to evaluate the selectivity of Cr-MIL-101 for TPhP
and study the mechanism of selective adsorption, the removal
of TPhP was compared with that of other OPFRs and several
common aromatic compounds. In single solute experiments,
the initial concentrations of different OPFRs and aromatic
compounds were same (3.06 pmol L™ '). In double solute
experiments, bezafibrate, phenol, 2,4,6-trimethylphenol with
the same initial concentration were mixed with TPhP. To make
all sorbates reach the adsorption equilibrium, the whole
adsorption time was 48 h.

For the regeneration experiments, 5 mg of Cr-MIL-101
adsorbent was added into TPhP solution with initial concen-
tration of 4.9 pmol L™! and the solution was shaken for 24 h.
After adsorption, the adsorbent material was filtered and
collected, then regenerated in 50 mL of methanol for 24 h. The
regenerated adsorbent was reused for the above adsorption
process, and the whole experimental procedure was cycled for 5
times.

Analytical method

The concentration of OPFR was determined by high perfor-
mance liquid chromatography-tandem mass spectrometry (LC-
MS/MS). API 3200 triple quadrupole mass spectrometer (AB
SCIEX, ON, Canada) connected with an UltiMate 3000 HPLC
(Dionex by Thermo Fisher Scientific Inc., MA, USA) was used for
detection. The volume of injection sample was 50 pL. The initial
mobile phase was 40% methanol containing 10 mM ammo-
nium acetate for 1 minute. A gradient ramp followed over 6 min
to 100% methanol, which was held for 3.5 min, and then
balanced in 40% methanol for 2.5 minutes. The more detailed
HPLC-MS/MS running parameters were described elsewhere.'®
The concentrations of bezafibrate, phenol and 2,4,6-trimethyl-
phenol were analyzed by HPLC (Shimadzu LC-2030, reversed-
phase C18 column, 5 um, 4.6 mm X 250 mm, Japan) with
a diode array detector operated at different wavelengths. Iso-
cratic elution was used to determine the concentration at a flow
rate of 1 mL min ' with a mobile phase consisted of 70%
methanol and 30% water.

Computational method

The MOFs adsorption complexes (ACs) models were built in
Materials Studio 7.0, and geometry optimization was supported
by Vienna ab initio simulation package (VASP). The crystal
structure of Cr-MIL-101 material used in this study was ob-
tained from the Cambridge Crystallographic Data Centre
(CCDC), and because of the complexity of its structure, only one
basic structural unit was used to calculate the adsorption
energy. In the DFT calculations, a 25 x 25 x 25 A® grid box was
built. After the convergence test, the encut value was set to be
520 eV, and the threshold was set as 10~°® eV. Binding energies
(AEpinging) between Cr-MIL-101 and different sorbates were
calculated by the following formula:

This journal is © The Royal Society of Chemistry 2020
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AEyinding = E(AC) — E(B) — E(Cr-MIL-101)

where B is the optimized energy of sorbate, and AC represents
the total energy of the adsorption complexes.

Results and discussion

Characterizations of MOFs

The structure and composition of Cr-MIL-101 and Fe-MIL-101-
NH, were analyzed by X-ray diffraction (XRD), and the patterns
are illustrated in Fig. S1.7 Significant characteristic absorption
peaks of Cr-MIL-101 were at 5.8°, 8.4°, 9.0° and 16.4° (Fig. S1af),
while the peaks of Fe-MIL-101-NH, appeared at about 5.98°,
8.54°, 9.08° and 16.54° (Fig. S1b}). The peak patterns and the
positions of the characteristic peaks were basically same to the
reported studies,”®* indicating the successful preparation of
the MOF crystal structures. It can be also seen that the char-
acteristic peaks of Cr-MIL-101 and Fe-MIL-101-NH, were sharp,
suggesting the high crystallinity of both two prepared MOF
materials. The specific surface areas of MOFs were determined
by BET nitrogen adsorption method, and the results are clearly
shown in Fig. S2 and Table S2.1 The type of nitrogen adsorption
curves of Cr-MIL-101 and Fe-MIL-101-NH, were between type I
and IV,* indicating that the materials had microporous and
mesoporous structures. Table S2f showed that the prepared Cr-
MIL-101 and Fe-MIL-101-NH, possessed large specific surface
areas, and specifically the specific surface areas as well as pore
volumes of Cr-MIL-101 were higher than Fe-MIL-101-NH,, and
commercial activated carbon in this study. Pore size distribu-
tion of Cr-MIL-101 and Fe-MIL-101-NH, materials is shown in
Fig. 2. It can be found that both Cr-MIL-101 and Fe-MIL-101-
NH, materials had large pore volumes at the pore width range
between about 1 nm and 3.5 nm. Compared with Fe-MIL-101-
NH,, the pore volume of Cr-MIL-101 at 1-3.5 nm pores was
almost twice as that of Fe-MIL-101-NH,, consistent with their
specific surface areas. Based on the pore size analysis (Fig. 2),
two peaks of distribution were found at the pore size ranges of
1-2 nm and 2-3.5 nm, respectively, which is close to the cavity
sizes (2.9 and 3.4 nm) of MIL-101 calculated from its crystal
structure. It can be concluded that Cr-MIL-101 and Fe-MIL-101-
NH, prepared in this study had both microporous structures
(less than 2 nm) and mesoporous structures (2-3.5 nm), and
this also explained why the nitrogen adsorption-desorption
curve produced a hysteresis loop.**
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The FT-IR and TGA analysis were also conducted, and the
results are shown in Fig. 3. It can be seen from the FT-IR spectra
that Cr-MIL-101 and Fe-MIL-101-NH, had strong bands at
1460 cm™ " and 1260 cm™ ', corresponding to symmetric O-C-O
vibrations.*> The bands observed between 600 and 1240 cm ™"
were due to benzene ring,* including the deformation vibra-
tions (C-H) at about 1104, 1018, 890, and 750 cm ™' (Fig. 3a).
Different from Cr-MIL-101, Fe-MIL-101-NH, showed a FT-IR
peak around 3400 cm™ ", which was attributed to the vibration
adsorption of the N-H group.** The band from 1640 to
1700 cm ', assigned to the characteristics of C=0 group, was
not found in the FT-IR spectra of both MOFs.* It indicated that
the pores of MIL-101 materials almost did not contain DMF
solvent and H,BDC or H,BDC-NH, ligand molecules.

As shown in Fig. 3b, Cr-MIL-101 displayed three stages of
weight loss during the heating process. The first stage of weight
loss at 40-150 °C corresponded to the removal of water mole-
cules in the macropores. The second stage of gravity loss (150-
300 °C) might be also due to the removal of guest water mole-
cules in the mesopores.*® The weight loss, in the range of 300-
600 °C, was about 40%, which might result from the decom-
position of the framework. The major difference of TGA curves
between Fe-MIL-101-NH, and Cr-MIL-101 was that the weight
loss of Fe-MIL-101-NH, was much lower than Cr-MIL-101,
probably due to the lower specific area of Fe-MIL-101-NH,, for
water adsorption from atmosphere.

Sorption kinetics and isotherms

The adsorption kinetics of prepared Fe-MIL-101-NH, and Cr-
MIL-101 were compared with commercial activated carbon
(Fig. 4). At the beginning of the adsorption, the three materials
adsorbed TPhP fast and the adsorption amount increased
rapidly. When the adsorption time reached 12 h, the adsorbed
amount on Cr-MIL-101 tended to be flat, indicating that the
adsorption basically achieved an equilibrium. Comparatively,
the adsorption equilibrium time of TPhP on Fe-MIL-101-NH,
and activated carbon was much longer, more than 48 h (Fig. 4a).
The kinetic data were fitted by the pseudo-second-order model
(Table 1), and it is noted that the initial sorption velocity (v,) of
TPhP on the Cr-MIL-101 was much higher than other two
adsorbents, suggesting that TPhP was more inclined to be
adsorbed by Cr-MIL-101. The v, of TPhP on the adsorbents
followed the order of activated carbon (105.04 umol g~ h™") <
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Fig. 2 Cr-MIL-101 (a) and Fe-MIL-101-NH; (b) pore size distribution (DFT model).
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Fe-MIL-101-NH, (170.36 pmol g ' h™') < Cr-MIL-101 (568.18
umol g~ h™") (Table 1), consistent with the sequence of their
specific surface area values (Table S1t). The equilibrium
adsorbed amount of TPhP by Cr-MIL-101 was also much higher
than that of Fe-MIL-101-NH, and activated carbon. From the
results of pore size distribution, Cr-MIL-101 had a greatly high
pore volume at the pore size range (1-3.5 nm), which probably
contributed to high capture capacity for TPhP whose maximum
molecular diameter is approximately 1.14 nm (calculated by
Gaussian 09 software). In comparison with the other reported
absorbents (carbon nanotubes' and resins'®), Cr-MIL-101 also
possessed shorter adsorption equilibrium time, rapid sorption
speed and higher sorption equilibrium amount for TPhP
pollutant, implying that Cr-MIL-101 would be a promising
adsorbent for TPhP removal.

Studies have shown that the adsorption process on porous
adsorbent materials may mainly depend on intraparticle diffu-
sion.” In order to further analyze the adsorption kinetics data
of TPhP, the intraparticle diffusion model was used to fit the
experimental data. The fitting results are shown in Fig. 4b and
Table 1. According to the intraparticle diffusion model, the
adsorption process of TPhP on three materials can be linearly
fitted into two or three stages. In the first stage, the fitting
straight line of TPhP adsorption on activated carbon almost
passed through the origin with the very small value of ¢, sug-
gesting that intraparticle diffusion may be the rate-limited step
during the adsorption process on activated carbon. Cr-MIL-101

and Fe-MIL-101-NH, have the mesoporous cavities (2.9 and 3.4
nm), and thus the intraparticle diffusion of TPhP (about 1.14
nm) was faster (higher &, intraparticle diffusion rate constant)
than activated carbon. In addition, the straight fitting lines of
the two MOFs in the first stage did not pass through the origin,
and the absolute values of ¢ (Table 1) were much away from
zero. This result demonstrated that the intraparticle diffusion
was not the only rate-limited step to control the adsorption
speed of TPhP on the MOF materials. In the second or the third
stage, the values of ¢ were higher than those in the first stage for
all three adsorbents, but the slope values (k,) became much
smaller, suggesting that the adsorption became slower and the
boundary layer diffusion might have comparable effects on the
final sorption process.*”

Adsorption isotherm can be used to describe the adsorption
characteristics of sorbates and evaluate the adsorption perfor-
mance of adsorbents. The adsorption isotherms of TPhP by
three materials are illustrated in Fig. 5 and the data were fitted
by Langmuir and Freundlich models (Table 2). As summarized
in Table 2, both Langmuir model and Freundlich model could
fit the adsorption isotherms of TPhP on all three adsorbents,
but Freundlich model had higher correlation coefficients (R* =
0.98 and 0.99) for Cr-MIL-101 and Fe-MIL-101-NH, than Lang-
muir model. Langmuir model is based on the assumption that
all the sorption sites present on sorbent surfaces have equal
sorption affinity for solutes and monolayer coverage of
adsorption has occurred on sorbent surfaces. Cr-MIL-101 and
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Fig. 4 Adsorption kinetics of TPhP and fitting results using the pseudo-second-order equation (a) and intraparticle diffusion model (b).
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Table 1 Fitting parameters of the pseudo-second-order model and intraparticle diffusion model for adsorption of TPhP on adsorbents

Pseudo-second-order parameters®

Intraparticle diffusion parameters”

Adsorbent materials ge (umol g™) v (wmol g7 ' h™) R® k, (nmol g~* h™%?) ¢ (umol g7) R?

Cr-MIL-101 312.50 568.18 0.96 342.3 —170.6 0.94
Fe-MIL-101-NH, 76.86 170.36 0.90 30.5 36.3 0.92
Activated carbon 72.46 105.04 0.90 20.2 14.9 0.98

“ pseudo-second-order model: ¢/q, = 1/(k,qc>) + t/ge = 1/vo + t/g.. ” Intraparticle diffusion model: g, = kpt” >+

1000
o
//!7/
800 - =
m Cr-MIL-101
b 600 - v Fe-MIL-101-NH,
% »  Activated carbon
g | = Freundlich
5 400 - —— Langmuir
= Y
200 - v _ _ g---——~""9
7 -=-"@
0 y 1 1 1 1 1

0.0 0.5 1.0 2.0 2.5 3.0

1.5
C, (nmol/L)

Fig. 5 Adsorption isotherms of TPhP on three different adsorbents
and fitting results using Langmuir model and Freundlich model.

Fe-MIL-101-NH,, consisted of benzene rings as well as metal
oxide clusters, and apparently the sorption sites had different
affinity for TPhP, which was unsuitable for the use of Langmuir
model. Freundlich model is an empirical model, reflecting both
monolayer and multilayer adsorption. Therefore, the better
fitting by Freundlich model suggested that both monolayer and
multilayer coverage of TPhP were probably involved in the
adsorption on Cr-MIL-101 and Fe-MIL-101-NH,. According to
Freundlich model, the affinity coefficient (Kf) of Cr-MIL-101
sorbing TPhP was highest, exhibiting a higher adsorption
affinity for TPhP compared to Fe-MIL-101-NH, and activated
carbon. The calculated non-linear factors (n) of three adsor-
bents were 0.36-0.54, and thus the adsorption isotherm of TPhP
was non-linear. It also indicated that chemical interactions
occurred during TPhP adsorption process, probably responsible
for the non-linearity of adsorption isotherms.*® As shown in
Fig. 5, when the concentration of TPhP increased at the lower

Table 2 Fitting parameters of adsorption isotherm models for TPhP

concentration range, the equilibrium adsorbed amount of TPhP
increased greatly, but when the concentration continued to
reach a certain level, the increase of TPhP adsorbed amount
became gentle. Obviously, the adsorption amount did not
become a relatively stable value, and thereby the adsorbents
materials were not saturated at the whole TPhP concentration
range in this study. Nevertheless, it can be still found that the
maximum adsorption capacity of TPhP at such concentration
range on three adsorbents decreased in the order of Cr-MIL-101
> Fe-MIL-101-NH, > activated carbon (Fig. 5), in agreement with
the order of K; value (Table 2). The maximum adsorption
capacity of Cr-MIL-101 was about three times as that of Fe-MIL-
101-NH,, but the specific surface areas of Cr-MIL-101 were
approximately twice as that of Fe-MIL-101-NH,. Clearly, the
adsorption sites on the surfaces of Cr-MIL-101 and Fe-MIL-101-
NH, had different affinity for TPhP molecules. H,BDC and
H,BDC-NH, were the organic linkers for Cr-MIL-101 and Fe-
MIL-101-NH,, respectively. NH, is a hydrophilic group and
decreased the hydrophobicity of MOF surface as well as the
potential hydrophobic attraction for TPhP, resulting in the
lower adsorption capacity of Fe-MIL-101-NH,. Besides, the
inorganic building unit of Cr-MIL-101 and Fe-MIL-101-NH, is
different, due to the different reactivity of their metals. Cr*" is
an inert cation, while Fe*" is more active. The report found that
the stability of Fe-MIL-101-NH, was poorer in water solution
and the part of its structure was more ready to collapse, due to
its higher reactivity.” This might lead to the lower adsorption
for TPhP.

To further investigate the stability of two MOFs, the N,
porosimetry, XRD, TGA and FT-IR analysis before and after
TPhP adsorption at pH 7 were compared (Fig. S3-S77). As shown
in Fig. S3a,T adsorption of TPhP resulted in the disappearance
of some bands and the weaker intensity of peaks in the XRD
pattern of Cr-MIL-101. This may be caused by the load of TPhP

Langmuir parameters®

Freundlich parameters”

Adsorbent materials gm (pmol g™ ) b (L umol ) R K ((umol g~ 1)/(umol L)) n R

Cr-MIL-101 1030.12 1.93 0.95 636.47 0.36 0.98
Fe-MIL-101-NH, 402.63 1.41 0.95 220.37 0.54 0.99
Activated carbon 215.25 2.95 0.98 141.54 0.47 0.96

¢ Langmuir model: ge = gmCe/(1/b + Ce). b Freundlich model: ge = K¢Ct.
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molecules on the Cr-MIL-101. The phenomenon is consistent
with the report regarding the XRD change of MIL-101 after the
adsorption of organic pollutant from the solution.*® The char-
acteristic peaks of Cr-MIL-101 at around 5.8°, 8.4°, 9.0° and
16.4° still existed, indicating that Cr-MIL-101 maintained good
crystallinity. Comparatively, the XRD pattern of Fe-MIL-101-NH,
changed greatly after adsorption (Fig. S3bf), suggesting the
collapse of its crystalline structure.

As illustrated in the two FT-IR spectra (Fig. S4t), the intensity
of infrared absorption bands became weak, probably due to the
coverage of TPhP molecules on the adsorbent surfaces. The
major spectra shapes of MOFs were not significantly changed. A
new peak appeared around 1036 cm™ ' (P-0),***' indicating
TPhP adsorbed on the both MOFs. Although the crystalline
structure of Fe-MIL-101-NH, collapsed, most of surface groups
still maintained after adsorption. TGA curves of Cr-MIL-101
showed significant difference between before and after TPhP
adsorption (Fig. S5t). The decrease of weight loss below 380 °C
after adsorption may be due to the decrease of water molecules.
The adsorption of hydrophobic TPhP molecules could increase
the hydrophobicity of Cr-MIL-101 and prevent Cr-MIL-101 from
water molecules, decreasing the adsorption of water molecules.
The weight loss of adsorbed TPhP may occur after 380 °C,
because its boiling point is about 370 °C.*> However, the TGA
curve of Fe-MIL-101-NH, displayed a slight change after TPhP
adsorption, probably due to the lower adsorbed amount of
TPhP molecules. Comparing Fig. S61 and 2, it can been seen
that the porosities of both MOFs decreased after TPhP adsorp-
tion. The major reason may be that the block of encapsulated
TPhP in the pores decreased the determined pore volumes of
MOFs. For Fe-MIL-101-NH,, the collapse of the structure may
also negatively influence its porosity. The specific area of MIL-
101-Cr decreased about 23%, while that of Fe-MIL-101-NH,
decreased above 45%. This may indicate the influence of pore
collapse in the Fe-MIL-101-NH,.

The stability investigation showed that Cr-MIL-101 was able
to keep more stable in the solution than Fe-MIL-101-NH,. From
the adsorption kinetics and isotherms, it can be seen that Cr-
MIL-101 had superior performance for TPhP, not only the
sorption velocity but also the sorption capacity, to Fe-MIL-101-
NH, and activated carbon. Therefore, Cr-MIL-101 was selected
as the typical MIL-101 adsorbent for the following experiments.

Effect of solution pH

The effect of different pH values of solution on the adsorption of
TPhP by Cr-MIL-101 material was studied (Fig. 6). The adsorp-
tion of TPhP by Cr-MIL-101 increased with the increase of pH
from 3.0 to 9.0. When the pH increased from 6.0 to 7.0, the
adsorption of TPhP on the Cr-MIL-101 increased most sharply.
Surface properties of adsorbent and protonation of TPhP
pollutant® in solution were affected by solution pH. The zeta
potentials of Cr-MIL-101 at different pH values were measured
(Fig. 6b). It can be found that the zeta potentials decreased
gradually with the increasing solution pH, and the pH at the
point of zero charge was about 6.53. Hence, the surface charge
of MIL-101 was positive at pH values below 6.53 and negative at
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pH values above 6.53. To our best knowledge, the specific pK,
value of TPhP is currently unavailable. But it has been reported
that the pK, values of phosphonic esters are commonly at the
range of 6.1-16.4.* The estimated pK, value of diethyl phos-
phite was reported to be about 13. As a similar type of phos-
phonic ester, TPhP (triphenyl phosphate) may possess a similar
pK, value. Besides, in the chemical structure of TPhP, the
oxygen atoms on the phosphoric acid group have a high elec-
tron cloud density, so they have a strong affinity for protons in
water, which makes TPhP easy to protonate at low pHs."* When
the solution pH was low, the protonated TPhP had a positive
charge, and there was probably electrostatic repulsion between
the protonated TPhP and positive Cr-MIL-101, leading to the
lower adsorption amounts. With the increase of solution pH,
the amount of positive charge of Cr-MIL-101 decreased (Fig. 6b),
resulting in the weaker electrostatic repulsion and the increase
of TPhP adsorption.

To investigate the stability of Cr-MIL-101 in the basic solu-
tion, the XRD and FT-IR before and after TPhP adsorption at pH
9 were compared. It can be seen from the Fig. S7af that the
intensity of peaks in the XRD curve became weaker after
adsorption at pH 9. But the characteristic peaks still main-
tained, suggesting that the crystalline structure may be
preserved. Similarly, the FT-IR pattern showed the weaker
intensity after adsorption at pH 9, which probably was due to
the adsorption of TPhP. It has been reported that some Cr-
based MOFs have a stable property in the basic solutions,
since Cr*" is an inert metal.** Nevertheless, it should be noted
that the stability of Cr-MIL-101 may be a problem when it is
used under basic conditions.

Effects of ion strength and organic solvent

NaCl and CacCl, were used to study the effect of ionic strength
on the adsorption of TPhP by Cr-MIL-101, and the results are
displayed in Fig. 7a. The removal of TPhP by Cr-MIL-101
increased with the increase of ion strength in NaCl and CacCl,
solution. Comparing the effects of the two salts, it can be seen
that TPhP removal increased slightly when the NaCl concen-
tration increased in solution, consistent with the previous
report that Na* had little influence on TPhP uptake.'® However,
the more significant influence made by CaCl, was found.
Specifically, TPhP removal increased from 59.1% to 90.2% by
Cr-MIL-101 with increasing Ca®" concentrations from 0 to
5 mmol L', The hydration of cations have influence on the
aqueous solubility of hydrophobic organic compound. The
solubility of hydrophobic organic compound declined after
salts added, making more molecules separated from bulk
solution onto the adsorbents, namely salting-out effect.***” This
may lead to the increase of hydrophobic TPhP adsorption with
the increase of ion strength. According to the report,*® phos-
phonic esters can be cationized by cations in the solution,
which is similar to the protonation process, and may form
[phosphonic ester + Na]" or [phosphonic ester + Ca]**, due to the
high electron cloud density of oxygen atoms of phosphonic
ester. Since Cr-MIL-101 has been reported to adsorb Ca”*,** Cr-
MIL-101 may also adsorb the [phosphonic ester + Ca]**. In the

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Effect of pH on the adsorption of TPhP by Cr-MIL-101 material (a) and zeta potentials of Cr-MIL-101 at different pH values (b).

process, Ca>* played a role of the bridge. This similar divalent
cation-bridging effect has been widely reported,**** which may
explain the significant adsorption increase of TPhP after the
addition of Ca*".

To further explore the hydrophobic interactions between
TPhP and Cr-MIL-101, the effect of organic solvent on TPhP
adsorption was also investigated using methanol. The removal
of TPhP by Cr-MIL-101 in different solutions containing certain
proportion of methanol is shown in Fig. 7b. As can be seen, the
removal percentage of TPhP by Cr-MIL-101 decreased from
61.7% to 22.5% with the increasing proportion of methanol up
to 10% in the mixed solution. It has been reported that Cr-MIL-
101 presents a high affinity for methanol molecules.**** The
amount of methanol in the solution is greatly higher than that
of TPhP, and the molecular size of methanol is smaller.
Therefore, the adsorption sites might be occupied by methanol
molecules during the adsorption process, making less TPhP
adsorbed by Cr-MIL-101. In addition, with the change of
methanol ratio, the solubility of TPhP in aqueous solution was
influenced. Aromatic compounds have higher solubilities in
organic solvent.*®** The solubility of TPhP in water is only
1.9 mg L™ ',** while TPhP is much more soluble in methanol.
Therefore, the solubility of hydrophobic TPhP in the solution
increased with the presence of methanol. TPhP molecules
preferred staying in the bulk methanol solution to being
distributed to the Cr-MIL-101 solid.
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Selective adsorption

TPhP are commonly detected with other types of OPFRs
together in the aquatic environments. Thus, adsorption of
different OPFRs on the Cr-MIL-101 was also studied. As shown
in Fig. 8, the adsorbed amount of OPFRs on the Cr-MIL-101,
except DPhP, decreased with the decrease of their log K,
value, proving the dominant role of hydrophobic interactions.
As listed in Table S1,7 all five kinds of OPFRs have similar
phosphorus functional groups, but different organic carbon
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Fig.8 Adsorption of different OPFRs with their log Ko, on the Cr-MIL-
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Fig. 7 Effects of ion strength (a) and methanol (b) on TPhP removal by Cr-MIL-101.
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structures linked to phosphorus head. Although the log K.,
(3.6) of TiBP is much higher than that of DPhP (log K, = 2.88),
the adsorbed amount of TiBP was only slightly higher than
DPhP. Such result implied that other adsorption interactions,
besides hydrophobic effects, might influence the adsorption
process. The major difference between aromatic OPFRs (DPhP
and TPhP) and alkyl-OPFRs is that the two aromatic OPFRs
possess benzene rings which can generate 7-7 interactions
with the benzene structures on Cr-MIL-101. Therefore, -7
interactions might also enhance the adsorption of aromatic
OPFRs onto the Cr-MIL-101. It can be summarized that Cr-MIL-
101 showed a better selective adsorption for aryl-OPFRs
compared to alkyl-OPFRs.

To further explore the selectivity of Cr-MIL-101 for TPhP
adsorption, three common aromatic compounds including
phenol, bezafibrate and 2,4,6-trimethylphenol were selected for
comparison. Those sorbates have different structures and
chemical properties (Table S1t), and the Cr-MIL-101 material
exhibited different adsorption ability for them (Fig. 9a). Cr-MIL-
101 showed more excellent removal for TPhP than other
compounds, and specifically the removal percent of TPhP was
about 8-fold of that of phenol and 4-fold of that of 2,4,6-trime-
thylphenol. As listed in Table S1,t the log K, values which
show the hydrophobicity of organic compound followed the
order of phenol (logK,, = 1.46) < 24,6-trimethylphenol
(log Kow = 2.73) < bezafibrate (log Ko = 4.25) < TPhP (log Ko, =
4.59), consistent with their removal rates by the Cr-MIL-101
(Fig. 9a). This result indicated that the hydrophobic effects
might play a dominant role on the selective adsorption of Cr-
MIL-10l for TPhP compared to other aromatic compounds.
The adsorption of TPhP on Cr-MIL-101 material in a double-
solute system (bezafibrate, phenol and 2,4,6-trimethylphenol
mixed with TPhP, repectively) was also conducted. It can be
seen from Fig. 9b that the removal efficiency of TPhP by Cr-MIL-
101 decreased very slightly in the presence of phenol and 2,4,6-
trimethylphenol, in comparison with TPhP in single-solute
solution. The TPhP removal had no obvious change when
bezafibrate coexisted in the solution, whereas the removal of
bezafibrate decreased significantly from 71.7% to 58.4% in such
dual-solute solution. Clearly, the four aromatic compounds may
share the partial sorption sites of Cr-MIL-101. Despite of the
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both high K, values of TPhP and bezafibrate (Table S1%), the
bezafibrate molecule has a larger molecular size than TPhP.
Consequently, more significant steric hindrance made bezafi-
brate molecules lagging behind TPhP molecules during the
competitive adsorption onto the sorption sites of Cr-MIL-101.
All in all, Cr-MIL-101 could still maintain a stable selective
adsorption and high removal efficiency for TPhP in mix-solute
system with co-existing compounds.

In order to investigate and verify the selective mechanisms
of TPhP adsorbed onto Cr-MIL-101, four sorption scenarios
with corresponding binding energies of TPhP, bezafibrate,
phenol, 2,4,6-trimethylphenol sorbed respectively on single
unit of Cr-MIL-101 were calculated using VASP and are illus-
trated in Fig. 10. The molecules of all four pollutants were
more close to benzene structures of Cr-MIL-101 than metal
unit. The minimum distances between four compounds and
the benzene structures were 2.821-3.296 A, while those
between four compounds and metal complex structures were
from 3.083 to 4.005 A. Even though the hydrophilic active sites
(chromium oxo-clusters) on the framework of Cr-MIL-101 can
chemisorb some water molecules and form hydroxyl groups
which may further form hydrogen bondings with oxygen
atoms in above four compounds, the bulk water molecules
around the hydrophilic surfaces of metal clusters will cover the
hydrogen-bonding sites for other compound molecules.>® As
shown in Fig. 10, the oxygen parts of compounds all were far
away from the chromium oxo-clusters of Cr-MIL-101. Those
results indicated that the major adsorption form of four
different aromatic compounds mainly occurred on the
hydrophobic benzene rings of Cr-MIL-101. Comparing the
values of AEy,inging calculated from four sorption scenarios, the
AEpinding Of TPhP on the Cr-MIL-101 was —0.069 eV, signifi-
cantly higher than other pollutants, consistent with the results
of the selective adsorption. TPhP is more hydrophobic, and its
higher AEyinqing value means the more stable adsorption
system and higher binding affinity to Cr-MIL-101. The
sequence of AEpinging values in different system followed as
TPhP > bezafibrate > 2,4,6-trimethylphenol > phenol, which
was same as the sequence of their log K,,, values. Above results
proved that the hydrophobic interactions played the major

role in the selective adsorption process. Besides, the
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Fig. 9 Comparison of removal rates of TPhP by Cr-MIL-101 in single solute (a) and double-solute system (b).
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Fig. 10 Optimized conformations, binding energies and interatomic distances of MOFs adsorption complexes (ACs) (AC1, MOFs-TPhP; AC2,
MOFs-bezafibrate; AC3, MOFs-phenol; AC4, MOFs-2,4,6-trimethylphenol; Cr, dark blue; C, grey; O, red; H, white; F, light blue; P, purple; C|,

green; N, cerulean).

adsorption morphologies of above four compounds displayed
that all the benzene rings of pollutants were mainly vertical to
the benzene plane of Cr-MIL-101 (Fig. 10), suggesting that -7
interactions occurring between two parallel benzene rings
might not be the major role.

Regeneration of Cr-MIL-101

The regeneration and reuse properties of Cr-MIL-101 were
evaluated using methanol as regeneration agent, and the
regeneration efficiency as well as reuse of the adsorbent in 5
cycles were presented in Fig. S8 and S9.} It can be found that the
regeneration efficiency of each time was not significantly
reduced after reuse, and the values were between 93% and 97%.
Obviously, methanol could desorb TPhP from Cr-MIL-101,
basically in line with the decrease of TPhP adsorption in the
methanol solution, as found in the former section. After the
regeneration process, the material still maintained a high
adsorption performance and exhibited a good reusability
(Fig. S97). Specifically, the Cr-MIL-101 showed a slight decrease
(approximately 6.8%) in the adsorbed amount of TPhP after 5
cycles of reuse. The methanol as a regenerating solvent can be
recovered and reused after distillation, thus reducing the cost of
the actual adsorbent regeneration process.>®

Conclusions

In this study, the MIL-101-based MOF adsorbent capable of
rapid and efficient adsorption for TPhP was successfully
prepared. MIL-101-based MOF possessed a high pore volume at
the pore size range of 1-3.5 nm which was conducive to TPhP
diffusion and adsorption. The initial adsorption velocity of Cr-

This journal is © The Royal Society of Chemistry 2020

MIL-101 could reach 568.18 umol g~ ' L™, significantly faster
than Fe-MIL-101-NH, and activated carbon. The TPhP adsorp-
tion equilibrium on Cr-MIL-101 was able to be basically ach-
ieved within 12 h, while the equilibrium time on Fe-MIL-101-
NH, and activated carbon was more than 48 h. Cr-MIL-101
showed a better adsorption performance for TPhP than alkyl
OPFRs and other aromatic compounds, and this performance
could keep stable in the competition systems. The rapid, high
and selective adsorption was attributed to the hydrophobic
interactions and potential -7 interactions between TPhP and
the benzene interfaces of Cr-MIL-101. Spent Cr-MIL-101 can be
regenerated using methanol, and reused for several cycles with
a high adsorption amount of TPhP. Cr-MIL-101 showed a good
reusability, greatly rapid and selective adsorption for TPhP, and
would be a promising adsorbent for the removal of aromatic
OPFRs.
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