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Cu and Fe based metal-organic frameworks (Cu-BTC and Fe-BTC) were synthesized via a simple solvothermal
method and innovatively utilized to remove a typical nonionic brominated flame retardant,
hexabromocyclododecane (HBCD), from aquatic environment. Results show that over 80% of HBCD was removed
by Cu-BTC within 5 h, which is 1.3 times higher than removal by Fe-BTC. Thermodynamic analysis confirms spon-
taneous adsorption of HBCD onto the metal-organic frameworks (MOFs). Furthermore, the Gibbs free energy of
Cu-BTC (—9.11 kJ/mol) is more negative than that of Fe-BTC (— 5.04 k]/mol). Both adsorption isotherms of HBCD
onto Cu-BTC and Fe-BTC followed the Langmuir model, indicating a typical monomolecular-layer adsorption
mechanism. In addition, the water stability test of these MOFs shows that the collapse of the Cu-BTC crystal struc-
ture is significantly hindered in the aquatic environment due to adsorption of the hydrophobic HBCD. The pro-
posed adsorption mechanism includes van der Waals and hydrophobic interactions. These findings
demonstrate that Cu/Fe-BTC are promising adsorbents for the removal of hydrophobic organic pollutants from
aquatic environments, and may further improve the understanding of MOF materials for environmental
applications.
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1. Introduction

As one of the high production volume of brominated flame
retardants (BFRs), 1,2,5,6,9,10-hexabromocyclododecane (HBCD) is
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frequently used for fire protection of laminates in printed circuit boards,
and plastics in electrical and electronic equipment (Marvin et al., 2011).
It is estimated that the production volume of HBCDs was 28,000 tons in
2011, with the main market share in Europe and China (UNEP, 2013).
Due to widespread use, HBCD is frequently detected in various environ-
mental matrices. In particular, HBCD is found at very high levels in water
near e-waste dismantling sites (Gao et al., 2011) and in areas where this
compound is produced or used (Eguchi et al., 2013, Li et al., 2012).
Growing evidence indicates that HBCD affects the nervous system,
lipid metabolism, oxidative stress and the reproductive processes of
aquatic organisms (Cantén et al.,, 2008, Ema et al., 2008, Saegusa et al.,
2009). Additionally, due to its persistent and accumulative properties,
in 2013 HBCD was listed in the Stockholm Convention as a persistent or-
ganic pollutant (POP) (UNEP, 2013). Therefore, it is highly desirable and
imperative to identify a cost-effective technology to remove HBCD from
aquatic environments.

Removal of HBCD from contaminated water using adsorption, bio-
transformation and photocatalytic degradation has been previously
studied (Gerecke et al., 2006, Heeb et al., 2013, Peng et al., 2015,
Zhang et al,, 2014, Zhou et al., 2014). Among these methods, adsorption
technology has proven to be a competitive method due to its low cost,
simplicity of design and low harmful secondary products (Khan et al.,
2013). To date, conventional adsorbents, such as active carbons,
organoclays, bio-chars and polymeric resins have been employed to re-
move organic contaminants from aquatic environments
(Cabreralafaurie et al., 2015; Fasfous et al., 2010; Hofer, 2011; Solanki
and Boyer, 2017; Zhang et al., 2013). Unfortunately, these alternative
strategies seem to still suffer from inherent limitations, such as a small
adsorption capacity, lack of selectivity and an inability to be recycled
(Xiao et al,, 2014).

Porous metal-organic frameworks (MOFs) are promising materials
for adsorption-related applications in environmental fields. Particularly,
copper- and iron-benzene-1,3,5-tricarboxylate (Cu-BTC and Fe-BTC)
are important MOF materials due to their thermal stability up to 240
°C and their large square-shaped pores, which confers huge porosity
(Bo Xiao et al., 2007, Chui and Williams, 1999, Dathe et al., 2005, Karra
and Walton, 2008, Liang et al., 2009, Petit and Bandosz, 2012). Cu/Fe-
BTC have demonstrated good gas storage performance by adsorbing
small gas molecules, such as NH3, H,S, NO,, SO,, CO, and CO (Bo Xiao
et al.,, 2007, Dathe et al., 2005, Karra and Walton, 2008, Li et al., 2011,
Liang et al., 2009, Petit and Bandosz, 2012). Furthermore, they are
promising compounds for adsorptive separation of light hydrocarbons
from the gas phase (Autie-Castro et al,, 2015; Zukal et al., 2015).

Although there has been extensive research into the application of
Cu/Fe-BTC for gas adsorption, few reports have focused on the capabil-
ities of these compounds to remove contaminants from the aqueous
phase. These compounds were considered unstable in aqueous systems
because Cu/Fe-BTC coordination bonds were thought to be easily
attacked by water molecules. Additionally, existing research in aquatic
environments shows the adsorption of arsenic (As®> ") over Fe-BTC
and explains the MOF adsorption mechanism acting as host-guest inter-
actions (Zhu et al., 2012); however, electrostatic interactions are the
dominated mechanism during adsorption of methylene blue over Cu-
BTC (Lin et al., 2014b). Overall, these results mainly focused on the ad-
sorption of ionic pollutants through electrostatic/charge interactions;
however, most emerging contaminants, such as BFRs, are nonionic
and the electrostatic/charge interactions between the pollutants and
the MOF might be very weak. Accordingly, little is known about the ad-
sorption effect of nonionic organic contaminants on MOFs. Moreover,
the existing MOF adsorption mechanisms of various contaminants in
aquatic environments are still unclear.

Thus, the objective of this study was to develop an effective adsorp-
tion technology for removing nonionic emerging contaminants, such as
HBCD, from aquatic environments using synthesized Cu-BTC and Fe-
BTC. To that end, a complete profile of the adsorption mechanism was
obtained, including detailed adsorption behaviors and kinetics, as well

as the adsorption thermodynamic performance of HBCD onto the MOF
materials. In addition, the stability of Cu/Fe-BTC in the solute-water sys-
tem was thoroughly evaluated. X-ray diffraction, scanning electron mi-
croscopy, X-ray energy dispersive spectrometer and X-ray
photoelectron spectroscopy analysis were employed to characterize
the changes in crystal structure of MOFs before and after the adsorption
processes. Finally, the adsorption mechanism of HBCD onto MOF mate-
rials was proposed.

2. Materials and methods
2.1. Materials

HBCD (C;,H;8Brg, 97%) was purchased from Sigma-Aldrich Chemical
Co., Ltd. (USA). The structural formula of HBCD is given in Fig. S1. HPLC
grade methanol was obtained from Thermo-Fisher Co., Ltd. The ultra-
pure water was obtained directly from a Nanopore UV deionization sys-
tem (Barnstead/Thermolyne Co., Ltd.; Dubuque, IA, USA). All other
chemicals were of analytical grade, unless the stated otherwise.

2.2. Synthesis of Cu/Fe-BTC

Cu-BTC and Fe-BTC were synthesized according to the previously re-
ported procedures (Loera-Serna et al., 2012; Zhu et al., 2012). Briefly,
benzenetricarboxylic acid (0.42 g, 2.00 mmol) and CuNOs-3H,0
(0.88 g, 3.65 mmol) or FeCls-6H,0 (0.66 g, 2.43 mmol) were dissolved
in 30 mL DMF/EtOH/H,0 (1:1:1 v/v/v) or 30 mL EtOH/H,0 (1:1 v/v).
The resulting mixtures were autoclaved at 105 °C for 24 h and then
allowed to cool to room temperature. The blue or dark red powder
was collected, washed with 100 mL EtOH/H,0 (1:1 v/v/v), and then
dried at 60 °C for 24 h to obtain purified Cu-BTC or Fe-BTC, respectively.

2.3. Characterization of Cu/Fe-BTC

The crystal phase composition of the MOFs before and after adsorp-
tion were characterized by X-ray powder diffraction (XRD) using a
Rigaku D/MAX2200 diffract meter operated at 30 kV and 30 mA with
Cu Ka radiation. The XRD patterns were recorded from 4 to 40 °C of
26 with a scan speed of 4°/min. MOF surface areas (BET) and pore size
distributions were measured by N, adsorption-desorption isotherms
at 77 K using Micromeritics ASAP 2020 analyzer. Additionally, the sur-
face structure of the MOFs before and after adsorption were measured
by scanning electron microscopy (SEM) using a Gemini Leo 1550 instru-
ment attached with an X-ray energy dispersive spectrometer (EDS). Be-
fore scanning, all samples were dried and coated with gold to enhance
the electron conductivity. Surface chemical properties were also inves-
tigated by X-ray photoelectron spectroscopy (XPS) using an
ESCALab250 spectrometer with 150 W Al-Ka radiation. The binding en-
ergies were referenced to the C1s line at 284.8 eV from adventitious
carbon.

The adsorption mixture was analyzed after incubating Cu/Fe-BTC in
the HBCD solution for 24 h at room temperature to obtain the adsorp-
tion products. The soaked solids were then dried at 45 °C for later
characterization.

2.4. Batch adsorption experiments

HBCD stock solutions were prepared by dissolving a known amount
of HBCD in methanol. Batch reactions containing the MOF-HBCD mix-
tures were conducted in 20 mL glass vials sealed with Teflon lined
septa. Due to the low solubility of HBCD and the analytical limitations
of the instruments, a co-solvent, such as methanol was generally used
in the adsorption experiments. The initial concentration of HBCD
(methanol:H,0 = 50%:50%) in the final batch reactions was set at ap-
proximately 10 mg/L. At selected time intervals, aliquots were with-
drawn and then HBCD was extracted using hexane to determine the
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final concentration by GC-ECD. Results are quoted as average values of
all adsorption experiments, which were performed in triplicate. The
HBCD uptake onto MOFs was calculated by Eq. 1:

g, — Co=CV (1)

m

where ¢, is the adsorbed amount of HBCD (mg/g); Co and C; are the con-
centrations (mg/L) at the initial and time t (min), respectively; V is the
volume (L) of solution; and m is the mass (g) of the MOFs.

2.5. Analytical methods

The concentration of HBCD was quantified using a GC/UECD
(SHIMADZU, 2014C) equipped with a DB-5HT column (15 m x
0.25 mm, 0.1 um film). The injector temperature was set at 260 °C,
with a flow rate of 1.0 mL/min. The oven temperature was maintained
at 100 °C for 2 min, increased to 280 °C at a rate of 20 °C/min, main-
tained at 280 °C for 5 min, increased to 310 °C at a rate of 15 °C/min,
and then maintained at 310 °C for 10 min. The detector temperature
was set at 330 °C.

3. Results and discussion
3.1. Adsorption kinetics of HBCD onto MOFs

Two kinds of MOF adsorbents, Cu-BTC and Fe-BTC, were synthesized
under mild conditions and then characterized by SEM, XRD and BET
analysis. The XRD patterns showed well-resolved diffraction lines for
Cu-BTC, while weak and wide diffraction peaks were observed for Fe-
BTC (Fig. S2). Morphologies obtained from SEM exhibited relatively reg-
ular block-like particles for Cu-BTC and irregular particles for Fe-BTC
(Fig. S3). The BET surface area, pore diameter and volume estimates
from N, isotherms (Fig. S4) are listed in Table S1. Results demonstrate
that the two MOF materials could be synthesized under the mild solvent
conditions, as shown in the supplementary materials.

A comparison of the adsorption capacities of the MOFs and activated
carbon (Fig.S5) demonstrates that the Cu-BTC removal efficiency of
HBCD was 81.5%, which is close to that of the activated carbon
(82.36%). These results indicate that Cu-BTC exhibits an excellent ability
to remove HBCD from the liquid phase. In addition, MOFs are more se-
lective in adsorptive removal of various toxic components because of
their facile functionalization and tunable porosities. The variety of cen-
tral metal may increase the selectivity for a specific compound from
the liquid phase. Thus, the adsorption of HBCD on MOFs was performed
in this study. The adsorption kinetics of Cu-BTC and Fe-BTC were tested
atan initial HBCD concentration of 10 mg/L in a pH ranging from 4 to 10.
The HBCD removal efficiencies of the MOF adsorbents increase as a
function of contact time, until a constant value is reached due to the

HBCD adsorption onto MOFs (Fig. 1). Adsorption by Cu-BTC took
>2.0 h to reach equilibrium, whereas the adsorption equilibrium of Fe-
BTC was reached within 0.5 h, indicating a rapid surface adsorption.
Thus, it can be concluded that the time to reach the adsorption equilib-
rium for Cu-BTC is relatively slower than Fe-BTC. However, the opposite
trend was observed for the HBCD removal efficiencies of the two MFOs
(Fig. 1). Specifically, the highest removal efficiency of Cu-BTC was found
to be closed to 80%, which is 1.3 times higher than that of Fe-BTC, there-
by indicating that Cu-BTC had a higher adsorption capacity than Fe-BTC.
Moreover, this elevated adsorption capacity probably contributes to the
higher BET surface area of Cu-BTC (Fig. S4 and Table S1). The regular
cubic crystalline material of Cu-BTC results in a highly porous open-
framework metal coordination polymer, containing an intersecting
three-dimensional system of large square-shaped pores (9 A) (Chui
and Williams, 1999). In this present study, the pore diameter was mea-
sured as 8.9 A for Cu-BTC and 5.3 A for Fe-BTC (Table S1). Furthermore,
the diameter of HBCD was calculated as 7 A using density functional
theories (DFT; supporting information). These data suggest that along
with surface adsorption, HBCD molecules may diffuse into the large
square-shaped pore system of Cu-BTC. Accordingly, more time is re-
quired to reach the adsorption equilibrium as the HBCD molecules dif-
fuse into the pore system. Meanwhile, the large Cu-BTC pores increase
the available adsorption active sites and enhance the adsorption capac-
ity of Cu-BTC. Conversely, it is difficult for HBCD molecules to enter into
the narrow Fe-BTC pore system due to its irregular particles and ag-
glomerated crystals (Fig. S2). The adsorption of Fe-BTC mainly occurs
on the limited surface active sites of the adsorbent, thus the adsorption
equilibrium is established quickly. Consequently, Cu-BTC displays a rel-
atively slower adsorption equilibrium time than Fe-BTC.

To further understand the adsorption dynamics of HBCD onto the
MOFs, HBCD adsorption kinetics data were fitted with two different ki-
netic models including pseudo-first-order and pseudo-second-order ki-
netic models as reported (Chen et al,, 2012), as described in Egs. (2) and
(3), respectively.

In(ge—q;) = Inge—kqt )

t 1 t

= +7
d: kg Qe

3)

where ¢, is the adsorption amount (mg/g) at equilibrium; g, is the ad-
sorption amount (mg/g) at time t (min); and k; and k, are the
pseudo-first-order and pseudo-second-order rate constants, respective-
ly. Fig. S6 illustrates the plots of pseudo-first order kinetics and pseudo-
second-order kinetics of HBCD adsorption for both MOFs at different pH
values. From the plots, k; and k, were calculated using the intercepts of
pseudo-first order kinetics and pseudo-second-order kinetics, respec-
tively; qe was calculated with the slope. Results are listed in Table S2.
The experimental data fit better to the pseudo-second-order kinetic
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Fig. 1. The adsorption kinetics of HBCD onto (a) Cu-BTC and (b) Fe-BTC.
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model, rather than with pseudo-first-order kinetic model (Fig. S6).
Moreover, the correlation coefficients (R?) of the pseudo-second-order
kinetic model were obtained as 0.95-0.99, which was higher than
those of the pseudo-first-order kinetic model (0.11-0.86). Therefore,
the adsorption of HBCD can be better described using a pseudo-
second-order kinetic model. In generally, the pseudo-second-order
model assumes that the adsorption rate is proportional to the number
of active sites on the adsorbent. The initial adsorption rates (k,) of Cu-
BTC were obviously smaller than those of Fe-BTC, yet the calculated ad-
sorption capacities (qe) of Cu-BTC were larger than those of Fe-BTC
(Table S2). Thus, the fitting results are in accordance with the observa-
tion from Fig. 1 and are further confirmed by the greater amount of ac-
tive adsorption sites existing in the large pore system of Cu-BTC.

Due to the complexity of aquatic environments, HBCD exists under
various pH conditions. Thus, to evaluate the effect of electrostatic/
charge interactions on HBCD adsorption, the adsorption kinetics were
performed at three different pH values. The adsorption capacity at
pH 4.0,7.0,and 10.0 of Cu-BTC was 37.5, 39.1 and 31.2 mg/g, respective-
ly; while the adsorption capacity of Fe-BTC was 26.3, 21.5 and
25.2 mg/g, respectively (Table S2). The similar adsorption capacities
for each material indicate that HBCD adsorption is independent of pH.
This result is contradictory to previous reports indicating that ionic
compound adsorption onto MOFs is often highly depended on the pH
of the solution because ionization of solutes are effected by the proton-
ation and deprotonation equilibria (Chen et al., 2012; Lin et al., 2014a;
Lin et al.,, 2014b). However, since HBCD is a nonionic hydrophobic or-
ganic molecule, the increase of OH™ or H™ does not change the ioniza-
tion of HBCD molecule. Thus, the adsorption capacity remains
constant in a wide range of pH values. This implies that the electrostatic
and base-acid interactions between adsorbents and adsorbed species
are not the main adsorption mechanism in this work. Based on the
above kinetic results, the two MOFs exhibit a good affinity to HBCD in
methanol and water solution under different pH conditions, implying
that MOFs have great potential as a water treatment application for
waste that contains HBCD.

3.2. Adsorption isotherms and thermodynamics of HBCD adsorption onto
MOFs

To further evaluate the HBCD adsorption characteristics, the adsorp-
tion isotherms of HBCD onto MOFs were investigated at 298 K. The
MOFs (Cu-BTC and Fe-BTC) show excellent affinity to HBCD at equilibri-
um concentrations ranging from 1.0 to 10.0 mg/L (Fig. 2a). The adsorp-
tion capacity increases with increasing equilibrium concentrations.
Moreover, Cu-BTC exhibits a higher adsorption capacity for HBCD than
Fe-BTC. The elevated adsorption capacity of Cu-BTC is probably due to
its higher surface area and larger pore system (Table S1), which allows
for access to many more adsorption active sites to remove HBCD from
aquatic environment. This finding further confirms the superior adsorp-
tion performance of Cu-BTC in removing HBCD within a wide range of
equilibrium concentrations.

The Langmuir (Eq. (4)) and Freundlich (Eq. (5)) isotherms models
were applied to describe the adsorption equilibrium, according to two

previously described empirical equations (Jung et al., 2013):

gk
=71 K.C, @
qe = KCy )

where C, is the equilibrium concentration (mg/L); g, is the amount (mg/
g) of HBCD adsorbed onto of adsorbent, per unit mass, at equilibrium;
gm is the maximum adsorption capacity (mg/g) as correlated with
monolayer coverage; K; and K are the model constant (L/mg); and n
is an indicator of adsorption intensity.

For Langmuir model, linear plots of C./q. versus C. are shown in
Fig. 2b. K| and q,, were calculated from the slope and intercept of differ-
ent straight lines, respectively. Results are listed in Table S3. The data fit
well with the adsorption of HBCD onto Cu-BTC and Fe-BTC under the ex-
perimental conditions (R? > 0.98). Generally, the Langmuir model as-
sumes monolayer adsorption onto a surface, which consists of a finite
number of active sites with a uniform energy. Thus, the above data indi-
cates that the adsorptions of HBCD onto Cu/Fe-based MOFs are a typical
monomolecular-layer adsorption, with maximum monolayer capacities
(qm) for Cu-BTC and Fe-BTC calculated as 46.5 and 26.8 mg/g, respec-
tively. The specific surface area for the normalized HBCD adsorption ca-
pacity was calculated as 0.001 and 0.017 molecule/um? for Cu-BTC and
Fe-BTC, respectively. The higher adsorption capacity for Fe-BTC suggests
that other factors along with surface area also contribute to its excellent
performance in the batch experiments. Hydrophobic interaction be-
tween benzene rings in Cu/Fe-BTC and hydrophobic compounds are
often observed during adsorption. Hence, it is extremely possible that
these interactions also contribute MOF adsorption of HBCD, which is a
highly hydrophobic compound.

For the Freundlich model, linear plots of Log (C.) versus Log (q.) are
shown in Fig. 2c. K¢ and n were calculated from the slope and intercept,
respectively, and listed in Table S3. As shown, the data does not fit well
with the adsorption curve over Cu-BTC. Meanwhile, the correlation co-
efficient (R? < 0.7) of Cu-BTC shows poor agreement with the experi-
mental data, indicating that the Freundlich model fails to explain the
Cu-BTC adsorption process. In contrast, the correlation coefficient (R?
>0.9) of Fe-BTC indicates that the Freundlich model can successfully de-
scribe this experimental data. Generally, the Freundlich model is used to
describe heterogeneous reactions and reversible adsorption rather than
monolayer adsorption. Thus, the HBCD reversible adsorption over Fe-
BTC is ascribed to a bad crystallization structure, limited adsorption ac-
tive sites and a heterogeneous surface.

To further shed light on the adsorption by Cu-BTC and Fe-BTC, the
adsorption thermodynamic parameters (AGg) were calculated based
on the Eq. (6) (Zhu et al., 2012):

& Ys4 q
Ky = =4 — fsde _ He 6
0 e Yele Ce ©

where a is the activity of HBCD adsorbed onto MOFs; o is the activity
of HBCD in solution at equilibrium; and y is the activity coefficient. Ky is
confirmed by plotting InKq vs qe, and extrapolating q. to zero. The
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Fig. 2. (a) Adsorption isotherms for HBCD onto Cu-BTC and Fe-BTC; (b) Langmuir plots of the isotherms; (c) Freundlich plots of the isotherms.
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straight line is fitted using linear least-squares analysis, with the inter-
cept of vertical axis regarded as InKy. The plots of InKq vs q. are shown
in Fig. S7, and the Gibbs energy (AG®) of adsorption was calculated
from Eq. (7):
AG? = —RTInK, (7)

Where R is the ideal gas constant and T is the absolute temperature.
The AGP values of HBCD adsorption onto Cu-BTC and Fe-BTC were cal-
culated as —9.11 and — 5.04 kJ/mol, respectively, thereby indicating
that HBCD adsorption is a spontaneous process by both Cu-BTC and
Fe-BTC. In addition, since the AGP value of Cu-BTC is more negative
than that of Fe-BTC, HBCD interaction with Cu-BTC is stronger than
with Fe-BTC, from the theoretical standpoint. Generally, AG° values
range from 0 to —20 and — 80 to —400 kJ/mol for typical physical
and chemical adsorption, respectively. Thus, both Cu-BTC and Fe-BTC
work by physical adsorption rather than chemical adsorption. In sum-
mary, the results of the isotherm and thermodynamic studies demon-
strate that the pre-synthesized MOF adsorbents for HBCD removal
from aquatic environments are effective and reasonable.

3.3. The effect of water molecules on HBCD adsorption

Because the MOFs used in this study were hydrated materials, water
molecules in the solvents may have influenced adsorption. Thus, the ad-
sorption mechanism of HBCD on Cu-BTC was investigated using differ-
ent water-solvents ratios. Due the low solubility of HBCD in water, the
ratio of water to methanol (v:v) was set as 50%:50%, 35%:65%,
15%:85% and 0%:100%. The HBCD removal efficiency remained almost
unchanged with decreasing water in the solution (Fig. S8); therefore,
results indicate that the presence of water molecules did not affect the
performance of the MOFs for removing HBCD from the liquid phase.

1537

As previously reported, the preferential adsorption site for water on
Cu-BTC framework is different from organic molecules; water adsorp-
tion mainly occurs near the Cu atoms, while organic molecules prefer-
entially adsorb to organic ligands on the framework (Schlichte et al.,
2004). Therefore, competitive adsorption was not observed, thereby
confirming that adsorption of HBCD is not influenced by the water-
methanol ratio in solvents.

3.4. Proposed adsorption mechanism of HBCD onto MOFs

As demonstrated, HBCD adsorption onto Cu-BTC and Fe-BTC is phys-
ical. Furthermore, electrical and acid-base interactions do not influence
HBCD adsorption. The theoretical calculation for the HBCD molecular
size and the pore size analysis obtained from the N, sorption-
desorption isotherm implies that the pore system can uptake HBCD
from the aquatic environment. However, the higher normalized surface
area adsorption capacity for Fe-BTC indicates that other adsorption
mechanisms also contribute to HBCD adsorption. Moreover, higher
water content in the solvent did not significantly change the adsorption
capacity of Cu-BTC. This indicates that the adsorption active site for
water molecules is different from that of HBCD molecules, as water ad-
sorption mainly occurs near the Cu atoms of the framework. Thus, the
HBCD adsorbs to the benzene rings of the MOF ligands.

To further investigate the microscopic adsorption mechanism, XPS
analysis was chosen to study Cu-BTC samples in pure solvent solution
and HBCD solution. Cu-BTC is mainly composed of Cu, O and C elements
(Fig. S9). After HBCD adsorption, excess Br was observed in the XPS
spectra, suggesting that HBCD was successfully adsorbed onto Cu-BTC.
Fig. 3 presents high resolution Cu2p, O1s, C1s and Br3d XPS spectra
data of Cu-BTC in HBCD solution. The carbon C1s peaks at 284.3 and
288.2 eV correspond to phenyl and carboxyl signals; the oxygen O1s
peak at 531.3 eV is assigned to Cu-O-C species; the Cu2p spectra were
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Fig. 3. The XPS spectrum of Cu-BTC and HBCD-Cu-BTC complexes: (a) high resolution of C spectrum; (b) high resolution of O spectrum; (c) high resolution of Cu spectrum; (d) high

resolution of Br spectrum.
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Fig. 4. SEM images for Cu/Fe-based MOFs before and after HBCD adsorption (a) Cu-BTC; (b) Cu-BTC after adsorption; (c) Fe-BTC; (d) Fe-BTC after adsorption.

composed of four peaks centered at 935.3, 943.1, 956.9 and 964.5 eV,
which correspond to the Cu2p;,, peak, the satellite Cu2p;,, peak, the
Cu2ps;/; peak and satellite Cu2p;,2 peak, respectively; The B3d spectra
were composed of two peaks centered at 70.03 and 71.14 eV, corre-
sponding to the Br3ds,, and Br3ds;,, peaks, respectively. When the Cu-
BTC in HBCD solution was compared to that of Cu-BTC in pure solvent,
no binding energy shift was observed for the Cu2p and CuLMM peaks,
whereas the binding energy of the O1s and C1s peaks shifted to the
left side (Figs. 3 and S10). This implies that HBCD interaction on the sur-
face of Cu-BTC probably occurs with the organic ligands of Cu-BTC, rath-
er than the open metal sites (Cu?*). Furthermore, quantitative atomic
ratios were computed according to the intensities of the O1s and C1s
peaks. The quantitative C/Cu surface atomic ratio of Cu-BTC increased
from 5.62 to 7.86, which is likely due to the addition of HBCD on the
Cu-BTC surface. Additionally, the quantitative O/Cu surface atomic
ratio of used Cu-BTC slightly decreased from 4.61 to 3.61, which

indicates that the amount of surface oxygen atoms decreased after
HBCD adsorption. Previous studies have proven that solvent molecules,
such as H,0, can be adsorbed on the Cu-BTC surface in liquid solution
(Gutiérrez-Sevillano et al., 2013). One possible explanation for the de-
crease in the O/Cu value is that the presence of HBCD inhibits adsorption
of the solvent molecules on the Cu-BTC surface, which leads to a de-
crease in oxygen atoms.

Because HBCD is a non-polar molecule with low water solubility,
electrical or acid/base interactions could not be the main adsorption
mechanism, as evidenced by the pH-independent HBCD adsorption.
Based on the O1s and C1s XPS analysis, hydrophobic interactions be-
tween HBCD and the organic MOF ligands (BTC) likely play an impor-
tant role. It is extremely possible that HBCD adsorption onto the MOF
surface increases the organic C atomic ratio while simultaneously creat-
ing a more hydrophobic environment, which decreases the affinity of
MOF for solvent molecules, such as H,0.
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Fig. 5. X-ray diffraction patterns of MOFs before and after HBCD adsorption: (a) Cu-BTC; (b) Fe-BTC.
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Scheme 1. The proposed adsorption mechanism of HBCD onto Cu-BTC.

3.5. The stability of MOFs during the adsorption processes

The stability of MOFs in aquatic environments is a key factor for their
practical application in wastewater treatment. To further understand
their stability in the HBCD solution, EDS, SEM and XRD techniques
were used to characterize the MOFs before and after adsorption. The el-
emental composition of MOFs was characterized by EDS analysis
(Fig. S11). Prior to adsorption, Br was not observed in the MOFs, where-
as the percentage of Br in Cu-BTC and Fe-BTC after HBCD adsorption was
measured at 2.49% and 1.18%, respectively. This further confirms that
HBCD is successfully adsorbed onto both MOF materials.

In addition, the morphologies and crystal structures of MOFs were
characterized by SEM (Fig. 4) and XRD analysis (Fig. 5). For Cu-BTC,
some layer-like structures were observed in the SEM images (Fig. 4a
and c) after Cu-BTC liquid-phase adsorption. Meanwhile, an obvious de-
crease in peaks was observed in the XRD patterns (Fig. 5a) of Cu-BTC
adsorbed with HBCD. This is due to the instability of Cu-BTC in aqueous
solution. For Fe-BTC, no difference in SEM morphology was observed
before and after adsorption (Fig. 4b and d), which was likely attributed
to the low degree of crystallization of pristine Fe-BTC. However, similar
to Cu-BTC, the XRD patterns of Fe-BTC displayed a significant decrease
in peaks after HBCD adsorption (Fig. 5b). The above results prove that
the initial framework structures of both Cu-BTC and Fe-BTC were signif-
icantly altered in the HBCD solution. Previous studies demonstrate that
solvent molecules, such as H,0, can attack the metal atoms of the MOFs,
thereby collapsing the framework structure (Li et al., 2016). Thus, dur-
ing the HBCD liquid-phase adsorption process, there indeed exists
some alteration of MOF structures.

To further investigate the structural changes to MOFs in HBCD solu-
tion, a comparative XRD study was performed between Cu-BTC in HBCD
solution and in pure solution (Fig. 5a). Interestingly, the intensities of
the peaks for Cu-BTC in HBCD solution were higher than those of Cu-
BTC in pure solvent, which probably due to the existence of HBCD. To
further count for the effect of HBCD, the crystallization ratio between
Cu-BTC in pure solution and Cu-BTC in HBCD solution was determined
by considering the ratio of the sum of the intensity of 10 major peaks:
crystallization ratio I = 3_ Icy-prc used /2_ Icu-Brc pristine- The resulting ra-
tios for Cu-BTC in pure solvent solution and Cu-BTC in HBCD solution
were 0.57 and 0.89, respectively; thereby suggesting that the collapse
of crystal structure was significantly hindered in HBCD solution due to
the existence of HBCD. A possible explanation for this phenomenon is

that adsorption on the surface of Cu-BTC by HBCD, a nonionic hydro-
phobic molecule, creates a more hydrophobic environment, which
blocks the adsorption of solvent molecules and prevents them from
attacking the copper atoms. The increased hydrophobicity resulting
from adsorption of organic molecules on MOFs has also been reported
for adsorption of oil droplets onto Cu-BTC, where Cu-BTC quickly sepa-
rates from the water system after adsorption of oil droplets, indicating
enhanced surface hydrophobicity of oil droplets associated with Cu-
BTC (Lin et al., 2014a). In this study, the XRD and SEM results further
confirm that the adsorption of nonionic hydrophobic organic molecules
can inhibit solvent molecules from attacking coordinate bonds, thus en-
hancing the stability of the crystal structure in the aquatic environment
(Scheme 1). These findings may facilitate the practical application of or-
ganic compound adsorption onto MOFs and provides solid evidence of
the instability of MOFs in aquatic environments.

Based on the above results, the main adsorption interaction is attrib-
uted to the hydrophobic interaction of HBCD with organic ligands on the
MOFs. Furthermore, the open metal site (Cu?>* and Fe? ™) does not pri-
marily contribute to the adsorption mechanism. Cu-BTC has a greater
adsorption performance than Fe-BTC because the large Cu-BTC pore
system facilitates increased adsorption. During the initial adsorption
stage, Cu-BTC in the HBCD solution system is partly altered and
destroyed by H,0 attack. However, with the increase of HBCD adsorp-
tion onto the Cu-BTC surface, the adsorbed HBCD may create a more hy-
drophobic environment on the MOF surface and inhibit the solvent
molecules from attacking the MOFs structure, which preserves the
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Fig. 6. Effect of recycle times of Cu-BTC on the HBCD removal efficiency (%).
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crystal structure to some extent. Additionally, the tentative adsorption
mechanism is proposed as van der Waals interactions accompanied by
hydrophobic interactions, as summarized in the Scheme 1.

3.6. Cu-BTC regeneration

Previous studies have shown that Cu-BTC hold great potential for
water treatment because it can be regenerated with an ethanol solution
(Jung et al,, 2013). In this study, the used adsorbent was regenerated by
washing with an ethanol solution (supporting information). The effect
of regeneration times are shown in Fig. 6. In comparison to fresh Cu-
BTC, the removal efficiency only decreased by 5% after the first regener-
ation, while it decreased by 11% following the second regeneration, thus
maintaining 65% efficiency. This indicates that Cu-BTC is a recyclable ad-
sorbent for removing HBCD from water because it can be regenerated at
least three times following the adsorption process.

3.7. The competition of HA on HBCD adsorption

The effect of natural organic matter (NOM), such as humic acids
(HAs), on the adsorption of HBCD onto MOFs was also investigated.
HBCD uptake decreased from 40.12 to 25.33 mg/g when the HA concen-
tration increased from O to 30 mg/L (Fig. S12). Results indicate that
NOM significantly inhibits the adsorption of HBCD onto MOFs. This
may be attributed to the competition of HA with HBCD for adsorption
sites, thereby reducing HBCD adsorption on MOFs. In order to confirm
this, the adsorption of HAs on MOFs was investigated by TOC analysis.
Results show that almost 30% of the HAs were successfully removed
from water by MOFs, which indicates that MOFs can interact with
HAs; therefore, it is extremely possible that the presence of HAs inhibit
adsorption of HBCD on MOFs through competitive exclusion.

4. Conclusions

This work demonstrates the feasibility of using MOFs, such as Cu-
BTC and Fe-BTC, to remove HBDC from aquatic environments. Cu-BTC
exhibits a slower adsorption rate but a higher adsorption capacity, rela-
tive to Fe-BTC, because of its crystalline structure. This suggests the
greater potential of Cu-BTC for the adsorptive removal of HBCD. The ad-
sorption process follows the pseudo-second order model and is sponta-
neous, as evidenced by the negative AG values for Cu-BTC
(—9.11 kJ/mol) and Fe-BTC (— 5.04 kJ/mol). Moreover, adsorption of
HBCD onto Cu-BTC and Fe-BTC occurs as a typical monomolecular
layer, which is better described by the Langmuir model than the
Freundlich model. Van der Waals interactions accompanied by hydro-
phobic interactions are proposed as the adsorption mechanism based
on XPS analysis. The crystal structure of the MOFs is preserved in
HBCD solution because adsorption of the HBCD molecule creates a hy-
drophobic environment. Increased hydrophobicity results in H,O de-
sorption from the MOF surface, thereby preventing H,O molecules
from attacking the framework structure. Thus, it can be concluded
that Cu/Fe-BTC are promising adsorbents for the removal of hydropho-
bic organics from aquatic environments.
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