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ABSTRACT: A composite adsorbent (CMOF) based on in situ growth ~ ACTIVATED ., 150re ~ COMPOSITE
of MIL-100Fe (MOF) within the macro- and mesopores of a Darco-KB- CARBON (AC) ™ (moF) MOF/AC
G activated carbon (AC) was prepared for the efficient adsorption of a
set of contaminants of emerging concern (CECs), namely, caffeine
(CFEN), carbamazepine (CBZ), clofibric acid (CA), 10,11-epoxycarba-
mazepine (Ep-CBZ), naproxen (NPX), o-desmethylnaproxen (o-DMN),
paraxanthine (PXN), and salicylic acid (SA), from water. The properties
of the composite and that of the parent materials were evaluated via X-ray
diffraction, scanning electron microscopy, nitrogen porosimetry, thermal
gravimetric analysis (TGA), and X-ray photoelectron microscopy. Mass
balances indicate that the composite contains about 46 wt % MOF, while a comparison of pore size distributions and TGA
corroborated that the vast majority of the crystalline material resides within the macro/mesopores of the AC. Zeta potential
measurements revealed that the acid media used during the in situ growth of the MOF resulted in a CMOF surface charge profile
(isoelectric point (IEP) = ~3.2) that is generally more negative than that of the MIL-100(Fe) (IEP = ~4.2) and the nonacid treated
AC (IEP = ~S.5). Single and multicomponent CEC equilibrium adsorption tests were performed at room temperature, neutral pH
conditions, and low CEC concentrations (~ug L™"). Single component adsorption data show that the composite adsorbs 10-fold
more CEC molecules compared to the MOF alone, with a selectivity that increases as follows: CA < SA < o-DMN < PXN < NPX <
CFN < Ep-CBZ < CBZ. The effect of competition among the CECs on the adsorption capacity of CMOF was not as significant,
only about 9% smaller compared to single component adsorption data. Uptake improvements seen in the CMOF appear to be the
result of interactions based on a combination of hydrophobicity (from the AC core) and enhanced electrostatic level forces as well as
m-complexation and 7—7 stacking interactions.

KEYWORDS: metal organic framework, composite adsorbent, in situ crystal growth, contaminants of emerging concern, water remediation

1. INTRODUCTION vegetables)”™'? in amounts that could be toxic to human
beings."* ™"

Around the globe, several wastewater treatment plants
(WWTP) are already implementing strategies to remove
CECs. Examples include those found in Switzerland and
Germany. The former is result of legislation to implement
technical measures in WWTPs to address removal of CECs
while for the latter the implementation is carried out on a
voluntary basis.'®"” Due to the diversity of physical and
chemical properties, the effective removal of CECs requires a
combination of complementary processes to achieve effective
and eflicient removal from water. These could include
conventional secondary treatments (e.g, activated sludge

The constant increase in global population and, therefore,
demand for high quality water supply are bringing significant
scientific and engineering challenges to society. Challenges
include the scarcity of water resources due to intensifications of
droughts, which have already triggered the adoption policies to
allow for more usage of reclaimed water, especially in arid or
semiarid regions, in order to reduce possible impacts on
activities such as agriculture.' > For example, the state of
California (USA) has predicted an increase of about 40% in
the use of reclaimed water by 2020 and almost 3-fold more
(280%) by 2030." Further complications will arise due to the
ever increasing concentrations of contaminants of emerging
concern (CECs) in water streams as a direct result of human
activities. These contaminants include pharmaceuticals, Received:  January 22, 2020

pesticides, endocrine disrupting agents, and metabolites, just Accepted: February 18, 2020
to mention a few.””® For example, the use of reclaimed water Published: February 18, 2020
and the intrinsic ability of plants to uptake compounds from

the soil and/or water have led to a number of reports on how

CECs are now present in food crops (e.g, roots, tubers, and/or
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Scheme 1. Synthesis of CMOF Composite Adsorbent for the Removal of CECs
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for this work, offer the potential of developing a separation

filtration,”® biodegradation,”’ and/or adsorption pro- strategy of low energy consumption, relatively low operational
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costs, ease of implementation, and remediation without toxic
byproducts.*

Various porous materials have been modified and tested as
potential adsorbents of CECs, the former with emphasis on
increasing selectivity and capacity. Examples of these materials
include carbons,”™** zeolites,” > clays,*”*" silicas,”* "> and
metal organic frameworks (MOFs). 24,3739 Among the
carbon family, activated carbons adsorbents are commonly
used for the adsorption of organic compounds due to their
large porosity, hydrophobicity, and relative low cost; however,
the irregularity of the distribution of its pore size and weak
adsorbate—adsorbent surface interactions bring disadvantages,
when processing water with a complex matrix of contami-
nants.”” MOF adsorbents offer superior surface area, well-
defined, uniform porous structures, and flexible surface
tailoring capabilities to control selectivity,”>*"** but hydro-
phobicity results in less than ideal adsorption working
capacities. Among the MOFs used for adsorption from
aqueous media, MIL-100(Fe) is one of the most prom-
inent.”™" It consists of a three-dimensional structure
composed of iron nodes and trimesic acid as linkers, and
that showcases large surface area and pore volume (1350—
2300 m> ¢! and 0.82—1.20 cm® g, respectively); the porosity
is characterized by two large cages (25 and 29 A) that are
accessible via windows of 5 and 9 A in diameter."*™>" The
latter are sufficiently large to allow passage of various CEC
types, while allowing for size exclusion of larger molecules that
might compete for adsorption sites during water treatment.
MIL-100(Fe) also offers sites that might selectively interact
with adsorbates based on nonspecific electrostatic interactions
and/or complexation (through the metal nodes), providing
other mechanisms for the selective adsorption of CECs that
contain similar physical characteristics. Previous studies
performed by Hernandez-Maldonado and co-workers for the
removal of CECs using different adsorbent classes containing
transition metals acting as sites for interactions with adsorbates
have shown that complexation plays an important
role.””****>3 Tt is hypothesized that the same could take
place in MOFs such as MIL-100(Fe). Furthermore, a
composite material based on activated carbon and MIL-
100(Fe) might result in a promising platform to develop an
effective CEC adsorbent based on a synergistic combination of
the advantages and properties of each constituent in the
composite.

The objective of this work is to synthesize, characterize, and
test a composite (CMOF) based on the in situ growth of MIL-
100(Fe) within the macro- and mesopores of activated carbon
(Darco KB-G) for the adsorption of a particular set of CECs
from water (Scheme 1). The CECs used in this study (ie.,
caffeine (CFN), carbamazepine (CBZ), clofibric acid (CA),
10,11-epoxycarbamazepine (Ep-CBZ), naproxen (NPX), o-
desmethylnaproxen (0-DMN), paraxanthine (PXN), and
salicylic acid (SA)) were selected to include both source and
metabolite contaminants, while also ensuring a variety of
physical and chemical properties (i.e., size, acid dissociation
constant pK,, and partition coefficient K,,,) (see Table 1).

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. For the synthesis of MIL-100(Fe)
and composite, the materials used were iron chips, trimesic acid
(H;BTC), nitric acid, hydrofluoric acid, ammonium acetate, ethanol,
and methanol. All of these were obtained from Sigma-Aldrich (USA)
and used as received. The activated carbon (Darko KB-G, AC) was
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obtained from Sigma-Aldrich (USA), and the required deionized
water (18 MQ cm) was produced in house.

Caffeine (CEN), carbamazepine (CBZ), clofibric acid (CA), 10,11-
epoxycarbamazepine (Ep-CBZ), naproxen (NPX), o-desmethylnap-
roxen (0-DMN), paraxanthine (PXN), and salicylic acid (SA) were all
obtained from Sigma-Aldrich (USA) and used as received. All the
reagents employed during liquid chromatography—mass spectroscopy
tests were acetonitrile, water, ammonium acetate, methanol, and
formic acid. These were all obtained from Honeywell (USA) and
Agilent (USA).

Ultrahigh-purity grade N, (Praxair, Inc.) was used for determi-
nation of textural properties as well as a carrier gas during
thermogravimetric analyses (TGA). High-purity grade He gas
(Praxair, Inc.) was used as a backfill gas during the adsorbent
activation and prior to the N, adsorption tests.

2.2. Synthesis of MIL-100Fe (MOF). MIL-100(Fe) was prepared
based on recipes available elsewhere.*”***’ However, some
modifications were applied to ensure that the structure of the MOF
would withstand a range of pH during the CECs adsorption tests.
Bezverkhyy et al. found that the structural stability of iron-containing
MOFs, including MIL-100(Fe), that were synthesized under fluoride-
free conditions are severely degraded when these materials are
exposed to water, and the pH was brought to neutral using buffer
solutions.”* Therefore, for the present study, a solution with the
following composition 1.0 Fe:0.66 H;BTC:2.0 HF:1.2 HNO;:280
H,O was mixed in a Teflon lined reactor and heated to 150 °C for 12
h (Scheme 1). Upon cooling to room temperature, the solution was
vacuum filtered to yield a light-orange colored solid product. For the
removal of excess compounds (e.g, trimesic acid, nitric acid,
hydrofluoric acid, and/or iron), the recovered solids were washed
under reflux first using deionized water at 85 °C for S h and then
using ethanol at 65 °C for 3 h. Finally, the remaining solid product
was dried at 90 °C overnight in a forced convection oven. A yield of
about 50% was achieved.

2.3. Synthesis of MIL-100Fe/Activated Carbon Composite
(CMOF). The synthesis of CMOF was carried out in two stages. The
first consists of the dispersion of trimesic acid onto AC. A trimesic
acid ethanol solution (about 1 g of trimesic acid per 10 g of ethanol®)
was prepared and later dispersed onto AC (about 10 g of solution per
0.6 g of AC). The amount of solution that was dispersed was
determined based on the MIL-100(Fe) synthesis yield and complete
occupancy of the macro- and mesopore total pore volume of AC as
estimated from porosimetry analyses (refer to the materials
characterization description below). The acid/carbon mixture was
then placed in a forced convection oven at 90 °C for 24 h to
evaporate the ethanol. The second stage was the addition of the rest
of the reactants necessary to produce crystals of MIL-100(Fe)
according to the composition and conditions presented in the
previous section.

Given that the surface of AC was exposed to acid treatment (i.e.,
H;BTC, HF, and HNO;) at some point during the preparation of
CMOF, the resulting carbon (AC-AT) was considered for the CEC
adsorption tests to elucidate the effect that such treatment might have
on the surface of the material and hence the adsorption mechanism.
AC-AT was prepared by treating the as-received Darko KB-G
activated carbon solely with the aforementioned acids.

2.4. Materials Characterization. Identification of the periodic
phase of the synthesized materials was accomplished via powder X-ray
diffraction (XRD). The data were collected using a Rigaku UTIMA
III X-ray diffractometer fitted with a Cu Ka anode (4 = 1.5418 A).
The anode was operated at 40 kV and 44 mA, and the patterns were
gathered between the 2° and 20° 20 range at a scanning speed of 0.5°
min~!, To verify for the structural stability of MIL-100(Fe) and
CMOF after uptake of CECs, the adsorbents were first recovered by
centrifugation, then dried overnight (at conditions to be determined
by thermal gravimetric analyses), and then tested for crystallinity/
integrity also using XRD.

The morphology of the adsorbents and their corresponding
elemental composition were observed using a scanning electron

https://dx.doi.org/10.1021/acsanm.0c00190
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Table 2. Selected Textural Properties of Different Adsorbent Materials

BET total area” total pore volume” micropore volume” density

material (mZ cm_3) (cm3 cm_S) (cm3 cm_3) average pore size” (A) (g cm_S)
MIL-100(Fe) MOF 1110 0.62 0.55 5.0, 8.6, 24.8 0.70
activated carbon 380 0.40 0.03 5.0-6.0, 7.5-8.5, >50 0.31
activated carbon after acid treatment 197 0.14 0.14 S 0.31
MIL-100((Fe) activated carbon composite 815 0.72 0.43 4.9, 8.4,24.3 0.60

(CMOF)

“From N, equilibrium adsorption gathered at —196 °C. PEstimated via the Horvath—Kawasoe method.

microscopy (SEM) in a Hitachi-SU8230 microscope also equipped
with an energy-dispersive X-ray (EDAX) attachment.

Thermogravimetric analyses (TGA) were performed using a high-
resolution TA Instruments DSS0 unit while operating with a constant
gas flow of N, and air at 60 mL min™". Each material (i.e, MIL-
100(Fe), CMOF, and AC-AT) was heated from room temperature to
700 °C at a rate of 10 °C min~' and kept at 700 °C for 30 min (i.e.,
ramp and soak). TGA analyses allowed determination of the
temperature at which each structure might collapse, the amount of
water adsorbed or coordinated to each material, and also
decomposition pathways. TGA data was also used for determination
of the overall chemical composition of the MOF phase as well as to
elucidate regeneration options for spent adsorbents based on thermal
purging and reactivation.

Textural properties were estimated via N, equilibrium adsorption
isotherms gathered at —196 °C (77 K). The data were collected using
a Micromeritics ASAP 2020 volumetric adsorption instrument fitted
with turbomolecular drag pumps. Prior to each nitrogen adsorption
measurement, the as-synthesized MIL-100(Fe) was degassed in
vacuum at 120 °C for 12 h, while AC, AC-AT, and CMOF were
degassed at 150 °C for 16 h. These temperatures were determined
based TGA tests as indicated above. Nitrogen adsorption—desorption
amounts were normalized by volume of the adsorbent particle instead
of mass to account for significant differences in density among the
materials. The BET (Brunauer, Emmett, and Teller) isotherm
model®® was used to determine the surface area, the Barrett—
Joyner—Halenda®” (BJH) model was used to calculate the pore
volume and the mesopore size distribution, and the Horvath—
Kawazoe approach (as corrected by Yang and co-workers)>® was used
to determine the micropore size distribution.

X-ray photoelectron spectroscopy measurements were developed
using a PHI Versa Probe (II) 5000 unit with monochromatized Al Ka
radiation (hv = 1486.6 V), and C 1s (284.5 eV) was used to calibrate
the binding energies. The pass energy used for the high-resolution
elemental spectra was 46.95 eV.

Zeta potential measurements were used to determine the behavior
of the adsorbents surface charge as a function of pH. Brookhaven
ZetaPals equipment was used. In a typical test, the materials were
suspended in water (0.50% wt) and the data was collected in the 3—
10 pH range; the ionic strength was maintained during tests using a 1
mM KClI solution.

2.5. Kinetic and Equilibrium Adsorption Experiments. A
transient adsorption test was used to estimate the time required to
reach equilibrium conditions and to estimate diffusion coeflicients.
Carbamazepine was chosen for this part since it is among the largest
CEC molecules used in this study and it also remains neutrally
charged in aqueous solutions. About 10 mg of each adsorbent and 10
mL (for MIL-100(Fe) and CMOF and 30 mL for AC-AT) of a 100
ug L' CBZ solution were mixed in borosilicate centrifuge tubes and
shaken at 200 rpm for specific time intervals at room temperature.
The samples were centrifuged at 8500 rpm for at least S min, and the
supernatant was filtered using 0.2 ym PTFE discs. The carbamazepine
concentration in the liquid was determined using an Agilent 1290
high- performance liquid chromatography system coupled to a 6460
triple quadrupole mass spectrometer (HPLC—MS/MS) fitted with an
Agilent Zorbax Eclipse Plus C18 (2.1 mm X 50 mm and particle size
1.8 pum) column that was operated at 40 °C. The MS system also
included an Agilent Jet Stream electrospray ionization (AJS-ESI) with
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multiple reaction monitoring (MRM) setup. The adsorbed amount of
the CEC (i.e., carbamazepine) was estimated via a mass balance:

q(t) — [CO _ C(t)]Vsolution

x 10°

(1)

where q(t) is the adsorbed amount (ug cm™), C, is the initial
concentration of the CEC in solution, and C(t) is the concentration of
the CEC in solution at any time t, both expressed in g L™, Vi juion 1S
the total liquid volume of CEC solution (L), and V4o pen i the solid
volume of the adsorbent (cm?).

CEC equilibrium adsorption experiments (single- and multi-
component) for each material (MOF, AC-AT, and CMOF) were
performed by mixing 10 mL of the target CEC solution with 10 mg of
adsorbent at room temperature for 24 h. The pH of the initial
solution, which changed spontaneously depending on the adsorbent
material, was adjusted using sodium hydroxide 0.1 M to obtain a
neutral pH (6.5—7.5) at equilibrium conditions. Triplicate measure-
ments were performed, and the determination of the equilibrium
concentration was calculated using the HPLC—MS/MS system
described above. Adsorbed amounts were calculated also with eq 1
at t = 24 h. The resulting isotherm data were fitted using the
Freundlich and Sips models:

adsorbent

9= KFCel/nF

)

1/
_ qs:AtI<SCe "
1+ K"

()
where q is the adsorbed amount (ug cm™) at a specific equilibrium
concentration, C, (ug L"), Kz and Kj are the interaction parameters
(subscripts F for Freundlich and S for Sips), ng or ng is a qualitative
indicator of the adsorbent material surface heterogeneity, and ¢, is
the CEC maximum adsorbed amount (ug cm™). All the CEC
adsorption amounts were normalized by volume of adsorbent instead
of weight since, in the case of the CMOF composite, the MOF
contained inside of AC generates heterogeneity in bulk density and,
hence, comparing the performance of each adsorbent with respect to
volume is more accurate. The density was calculated under the
assumption that the macro- and mesopores of activated carbon are
filled with MOF (see Table 2).

2.6. Recyclability of CMOF. The recyclability of the CMOF
adsorbent was evaluated based on a three cycle tests for uptake of
carbamazepine (CBZ). For each cycle, 40 mg of adsorbent and 40 mL
of CBZ solution at 200 ug L™ were mixed in a centrifuge tube and
shaken at room temperature for 6 h. The pH was adjusted using
NaOH 0.1 M to obtain neutral pH. After each cycle of adsorption, the
material was recovered via centrifugation and then dried using flow air
(100 mL min™") at 35 °C overnight, then heated at 25 C h™" until 205
°C and kept for 12 h in air flow (100 mL min™!). The obtained
material was then used for the next adsorption cycle. The percent of
removal was calculated as follows:

Ci - Cf
——— X 100%

G (4)

where C; and C; are the initial and final concentrations of CBZ in the
solution, respectively. To evaluate the structural stability of the

% removal =

https://dx.doi.org/10.1021/acsanm.0c00190
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CMOF adsorbent, XRD patterns were taken prior to each adsorption
cycle.

3. RESULTS AND DISCUSSION

3.1. Structural and Textural Analysis. The crystallinity
of MIL-100(Fe) MOF and the corresponding periodic phase
of the CMOF were corroborated via XRD. The profiles shown
in Figure 1 are in agreement with literature data reported

} (E)
/ (D)
=
d /
= ©
[72]
C
Q
E
®)
®)

10
20/°

12 14 16 18

Figure 1. (A) Simulated and (B—E) experimental X-ray diffraction
patterns for (A and B) MIL-100(Fe) (MOF), (D) MIL-100(Fe)/
activated composite (CMOF), and spent (C) MOF and (E) CMOF.

elsewhere for the general phase order of MIL-100(Fe).*>*
The relative decrease in intensity observed in the CMOF
diffraction profile could be ascribed to deconstructive
scattering caused by the AC (i.e,, amorphous phase); however,
the reflections typical of the MOF periodicity that is located at
20 3.4, 4.0, 10.2, 10.5, 10.8, and 11.0° remained visible in the
CMOF material XRD pattern. These peaks correspond to
diffraction planes that intersect the main pore window
perimeter and the super cage of the MOF structure.

The morphology of the materials was observed using SEM,
and the resulting micrographs are shown in Figure 2. As
expected, the activated carbon consisted of an amorphous
phase (Figure 2A), and this was not affected by acidic
treatment (Figure 2B). MIL-100Fe phase consists of
octahedrally shaped crystals®”®" with sizes of about ~200—
300 nm (Figure 2C). Meanwhile, Figure 2D shows that the
morphology of the activated carbon prevails in the CMOF
adsorbent, although small amounts of MIL-100(Fe) were also
observed outside of activated carbon. However, elemental
compositional mapping via EDAX revealed the presence of
iron and fluorine (both constituents of the MIL-100(Fe)
structure) throughout all the composite (Figure 2EF,
respectively). This offers strong evidence that most of the
MOF phase grew within the void space of the pores of the
carbon phase. It should be noted that similar observations have
been made in other metal organic framework/porous carbon
composites reported elsewhere.’”%*

Figure S2 shows nitrogen adsorption—desorption isotherms
that were gathered for MIL-100(Fe), AC, AC-AT, or CMOF
at —196 °C. The adsorbed amounts shown in the ordinate are
normalized by volume of adsorbent instead of weight, since the
MOF contained inside of AC creates heterogeneity in bulk
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density; hence, comparing the performance of each adsorbent
with respect to volume is more accurate. In addition, the
adsorbent density was calculated under the assumption that
the mesopores of activated carbon are filled with MOF and, as
will be shown later, this assumption was verified via pore size
distribution (PSD) and TGA tests. Values of surface area, pore
volumes, and density are shown in Table 2.

The N, isotherm profile observed for the MIL-100 (Fe)
MOF is an intermediate between types I and IV as defined by
IUPAC (International Union of Pure and Applied Chemistry).
The increase in nitrogen adsorbed amounts between 0.01—
0.05 and 0.10—0.16 relative pressure is due the presence of
microporous windows and mesoporous cages; the former gives
access to the latter.**%* Nitrogen adsorption onto AC is, as
expected, characteristic of a mesoporous and macroporous
material (type IV) with a desorption hysteresis due to capillary
condensation. The CMOF isotherm shows a type I/IV hybrid
form with a smaller hysteresis gap compared to AC.
Meanwhile, the effect of the exposing AC to acid is apparent
in the textural properties; decreases in the total surface area,
total pore volume, and loss of the mesoporosity and
macroporosity were observed (Table 2).

PSD profiles are shown in Figure 3. A Horvath—Kawasoe
analysis indicated that the micropores in MOF are 5.0 and 8.6
A in diameter, which agrees well with reports available
elsewhere."”"” AC shows a range of micropore diameters
(ie, 5.0—6.0 A and 7.5-8.5 A) besides the expected mesopore
dimensions. However, upon acid treatment, the AC bimodal
PSD is no longer visible. Instead, a single pore diameter of 5 A
is estimated probably due to destruction and reconfiguration of
the AC carbon surface. In the case of the CMOF material, the
diameter and volume of micropores that correspond to the
MOF decreased (Table 2), which is reasonable since the MOF
represents just a fraction of the overall composition of the
composite. The micropores section of the CMOF PSD that
corresponds to the activated carbon disappeared, probably due
to in situ growth of the MOF which will effectively block
access of N, to the micropores. The changes observed in the
textural properties of the AC but not in the CMOF after the
acid treatment are probably due to the presence of MOF on
the latter, which serves as a protective layer to the surface of
the AC in the composite. The acidic treatment affects the
porosity of the AC probably because of reactions happening on
the surface (i.e., oxidation of functional groups).

TGA decomposition profiles under a nitrogen atmosphere
and corresponding differential plots are shown in Figure 4;
profiles under an air atmosphere are shown in Figure S3. The
TGA profile of MIL-100(Fe) (i.e., MOF) matches well with
the data obtained by Horcajada et al;;*® there are three weight
loss regions corresponding to the elimination of physisorbed
water (~75 °C), water coordinated to the iron trimers (100—
270 °C), and the ligands based on the trimesic acid (~420
°C). The remaining mass corresponds to iron oxide or an iron
complex. The decomposition profiles for AC and AC-AT show
elimination of physisorbed water, with a weight loss region
located near the 100 °C mark. A second weight loss
corresponding to the evacuation of surface functional groups
(i.e, —CHO, —OH, —CO) was observed at ~250 °C, and a
final weight loss corresponding to the pyrolysis of the carbon
was observed at ~450 °C. In the case of the CMOF, the TGA
profile also shows most of the previously mentioned weight
loss features plus the decomposition section corresponding to
the pyrolysis of the activated carbon. A reduction of ~18% in
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Figure 2. SEM images of activated carbon (A), activated carbon treated with acid (B), MIL-100(Fe) (C), and MIL-100(Fe)/activated carbon
composite CMOF (D). EDAX mapping for iron (E) and fluorine (F) in the same perimeter area shown in part D.
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Figure 3. Pore size distribution estimated using the corrected
Horvath—Kawasoe adsorption and BJH desorption methods.

physisorbed water content was observed relative to the as-
synthesized MOF. Interestingly, the profile or the correspond-
ing differential plot shows no evidence of any coordinated

water, and this might be due to the hydrophobicity of the
activated carbon core. The next weight loss region corresponds
to the decomposition of functional groups of the AC-AT core
as well as the trimesic acid ligands. The latter decomposition
takes place at a higher temperature range compared to that of
the MOF; although the ligand decomposition follows a
stepwise degradation path typical of an organic molecule that
decomposes in the presence of a solid surface, the
decomposition products in the CMOF need to desorb and
diffuse along the carbon mesopores. This adds an energy
barrier for the complete elimination of the volatile residues and
hence the observed temperature range displacement observed
in Figure 4. The average temperature required to decompose
the ligand increased from ~420 to ~490 °C.

The amount of MOF present in CMOF can be elucidated
upon combination of the textural, TGA, and mass balance
analyses. As the basis for the calculation, the ratio of MOF
ligands to iron trimers should remain constant during the
preparation of the CMOF and, on an anhydrous basis, a mass
balance using TGA data yields that the amount of MOF in the
composite is about 46 wt %. This was also corroborated by
comparison of residual amounts observed for AC, MOF, and
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Figure 4. Thermal gravimetric analysis weight loss and derivative
weight loss profiles for MIL-100(Fe) (MOF), activated carbon (AC),
activated carbon after acid treatment (AC-AT), and MIL-100(Fe)/
activated composite (CMOF). Inset shows magnified portions of the
derivative weight loss profiles for MIL-100(Fe) (MOF) and MIL-
100(Fe)/activated composite (CMOF) between 100 and 200 °C.

CMOF in TGA profiles gathered under an air atmosphere (see
Figure S3). In the case of the MOF, this is also given by the
reported material unit cell formula Fe;O(H,0,),F-
[CeH;(CO,)5],,* which matches quite well with the
composition distribution shown by the MOF TGA profile
shown in Figure 4. Using the textural properties data shown in
Table 2 as well as the composition distribution suggested by
the CMOF TGA profile (ie, Figure 4), the CMOF has a
mesopore volume of 64 cm® per 100 g of composite and the
MOF is occupying 66 cm® also per 100 g of composite. Given
that the pore size distributions (Figure 3) show clear evidence
that most of the mesoporous voids of the AC disappear during
the inclusion of the MOF, it is assumed that the majority of the
MOF resides within those mesopores. This is crucial to take
advantage of the hydrophobicity of the carbon during the
adsorption of CECs.

High-resolution XPS spectra for C 1s and O 1s in the
activated carbon are shown in Figure S4A. A deconvolution of
the C 1s spectrum showed the presence of carbon black (285
eV). The breadth 5peak centered at 287.9 eV represents the
functional groups6 (ie, C—0, C=0, —CHO, —COOH);
these functional groups are also confirmed by the deconvo-
luted peak of the O 1s spectrum at 533.1 eV. Meanwhile, the
acidic treatment of the carbon apparently resulted in an
increase in concentration of these functional groups, as
evidenced by the deconvoluted peak (centered at 287.1 €V)
from the C 1s spectrum (Figure S4B). The C 1s, O 1s, and Fe
2p spectra of MIL-100Fe are shown in Figure S4C. C 1s can be
deconvoluted into three peaks; the peaks at 286.2 and 288.5
eV correspond to the phenyl and carboxyl groups,®
respectively, and the peak at 285 eV represent C—C bonds
and carbon on the surface. The peak centered at 531.9 eV in
the O 1s spectrum can be attributed to the presence of Fe—O—
C species. A deconvolution of the Fe 2p spectrum show the
peaks corresponding to Fe 2p, /, and Fe 2p;,, at 725.7 and 712
eV, respectively.éo Also, their satellite peaks are shown
centered at 735.5 and 716.3 eV. Figure S4D shows the spectra
for C 1s, O 1s, and Fe 2p in CMOF. The deconvoluted peaks
of C 1s show chemical surfaces states similar to that of
activated carbon treated with acid (peak at 287.3 eV) and
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MIL-100Fe (peak at 290.2 eV); however, the area below the
deconvoluted peaks is larger for the peak similar to AC-AT
than peak from MIL-100Fe. Similarly, deconvolution of the O
1s spectrum shows peaks corresponding to activated carbon
treated with acid (532.8 eV) and MIL-100Fe (531.7 eV). The
slight shifts of the peaks could be attributed to weak
interactions between the surfaces of activated carbon treated
with acids and MIL-100Fe. Finally, the peaks corresponding to
Fe 2p,/, and Fe 2p;/, were found at the same position of MIL-
100Fe.

3.2. Surface Charge. Zeta potential measurements were
performed for each material to estimate surface charge profiles
as a function of pH; the data are shown in Figure 5. The data
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Figure S. Zeta potential measurements for MIL-100(Fe) (MOF),
activated carbon (AC), activated carbon after acid treatment (AC-
AT), and MIL-100(Fe)/activated composite (CMOF).

for MOF and AC agrees with values reported elsewhere.””*

The acid treatment performed on AC (i.e., AC-AT) resulted in
a negatively charged surface across the whole pH range. This
explains why the CMOF surface charge profile is generally
more negative than that of the MIL-100(Fe) and the nonacid
treated AC, and these results are in agreement with the
observations made from XPS measurements, where an increase
in concentration of the surface carboxylic functional groups
may transfer additional negative charges. Therefore, AC-AT
and not AC was chosen for the CECs adsorption tests. The
isoelectric point (IEP) for CMOF was ~3.2, and this value is
smaller than that of the MIL-100(Fe) MOF (~4.2).

3.3. Single-Component CEC Equilibrium Adsorption.
According to the transient adsorption tests (see Figure S1),
adsorption of CBZ onto CMOF and AC-AT reaches
equilibration at ~10 min, while the equilibrium conditions
for MOF takes ~2 h. The diffusion coefficients as estimated
from a transport phenomenological model (see the Supporting
Information) for CMOF, AC-AT, and MOF of 5.07 X 107,
9.16 X 107", and 1.86 X 107" m* s, respectively. These
values reflect transport limitations due to steric effects (i.e.,
resistance due to pore dimensions), with the MOF
representing an extreme given its microporous nature.

The adsorption equilibrium isotherms for each adsorbent
material are shown in Figure 6, and these were gathered in
both single and multicomponent adsorbate fashions, all at
ambient temperature. Also, single point adsorption amounts at
C. ~ 20 ug L™" are shown in Figure S5 for comparison of total
loading and selectivity among the adsorbents. All the adsorbed
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Figure 6. Adsorption equilibrium isotherms of CECs on (A and D) MIL-100(Fe) (MOF); (B and E) activated carbon after acid treatment (AC-
AT), and (C) and (F) MIL-100(Fe)/activated composite (CMOF) materials. Parts A—C are for single-components, and parts D—F are for
multicomponent adsorption data. Data was gathered at 25 °C and neutral pH.

amounts were normalized by the volume of adsorbent instead
of the weight, this for reasons already explained above. Table
S1 shows parameters for isotherm data fits with Freundlich and
Sips models. Fit adequacy was evaluated with the residual root-
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mean-square error (RRMSE). None of the adsorption
measurements resulted in isotherm profiles that reached
plateaus since the concentrations of CECs under consideration
are not large enough to provide the necessary driving force to
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achieve saturation; saturation adsorbed amounts (gq,,) were
therefore estimated based on a pore filling mechanism and
assuming that the adsorbates behave like hard spheres volumes
that occupy all the available pore voids. Table S2 and Figures
S6 and S7 show the resulting estimates for the fitting
parameters and fit profiles, respectively.

As implied by the data shown in Figure 6A, for single
component CEC adsorption, the overall affinity of MIL-
100(Fe) toward CECs increases as follows: SA < CA < PXN <
CEN < CBZ < Ep-CBZ < 0-DMN < NPX. The good affinity
toward NPX could be explained in terms of the hydrophobic
nature (log K, = 2.84), which suppresses the anionic behavior
(pK, = 4.20) by weakening of the distribution of charges along
its relatively large molecule size (~13.0 A). In the case of o-
DMN, the effect could be slightly decreased because the
hydroxyl group placed in the ortho-position adds electro-
negativity. In contrast, the anionic behavior of SA dominates
over hydrophobicity and, therefore, results in poor interactions
with also the negative MOF surface. The slight increase in the
adsorbed amount of Ep-CBZ over CBZ could be explained in
terms of the difference of hydrophobic behavior (log K, =
1.97 vs 1.0, respectively), considering that both molecules
remain without any charge at the prescribed pH. PXN has a
slightly stronger hydrophilic behavior than CFN, and both
molecules remain without any charges at neutral pH
conditions. Furthermore, the methyl group that differentiates
CFN from PXN brings a more electropositive behavior; these
characteristics produce better interactions between CFN and
MIL-100(Fe). Finally, the anionic and hydrophilic behavior of
CA molecules (pK, = 3.18 and log K,,, = —0.99) led to weak
adsorbent—adsorbate interactions. The slightly stronger
interaction between SA and the adsorbent can be explained
by the presence of electropositive methyl groups and the
differences in the molecular dimensions of SA versus CA.

In the case of AC-AT (see Figure 6B), the adsorption
isotherms can be segregated according to two distinct regions.
Region 1 groups all the isotherms corresponding to the
nonacid CECs, while region 2 groups those of SA and CA.
Overall, the adsorption data suggest that the interactions
between the material and the CECs increases as follows: SA <
CA < PXN < 0-DMN < CEN < NPX < CBZ < Ep-CBZ. The
stronger interactions of the adsorbent with Ep-CBZ and CBZ,
respectively, are plausibly due to the hydrophobic character of
both CECs and that repulsion forces are not produced
because, according to pK, both adsorbates would remain
without charge at neutral pH conditions. The affinity toward
NPX and CFEN surpasses that toward the corresponding
metabolites because the presence of methyl groups in the latter
generates a reduction electronegativity. The low affinity toward
SA and CA could be explained by the deprotonation of the
molecules at neutral pH conditions (see pK, value in Table 1)
and repulsion forces generated by the negatively charged
surface. In the case of NPX and o-DMN, a hydrophobic
behavior dominates the interactions, but unlike CBZ or Ep-
CBZ, the deprotonation of these adsorbates produces
repulsion forces with the AC-AT.

Data for single-component CEC adsorption onto CMOF
(Figure 6C) indicate that interactions increase as follows: CA
< SA < 0-DMN < PXN < NPX < CEN < Ep-CBZ < CBZ. An
improvement in the adsorbed amounts of CECs compared to
MOF was observed. The average adsorption loadings in region
1 between liquid phase concentrations of 1 and 1000 ug L™
were 0.50 and 0.91 mg cm™ for MIL-100(Fe) and CMOF,
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respectively. Also, the latter adsorbent exhibits substantial
affinity toward all the nonacid CECs as a whole, with emphasis
on CBZ, compared to the individual MOF and AC-AT. These
are vastly due to the presence of the carbon on the composite,
which effectively serves functions as a barrier to inhibit water
interaction with the MOF and this also allows for the arise of
specific interactions between the CECs and the MOF surface.
Transition metals (i.e., Fe) serve as centers that attract
adsorbates through various mechanisms, including 7-complex-
ation and 7z—n stacking interactions.”””*® However, these
centers are also prone to water agglomeration that may
block accessibility of guest molecules (i.e., CEC) to the voids
and, therefore, may hinder the aforementioned interactions.®’
The CMOF may provide a way to circumvent this.

The affinity of CMOF toward CBZ and Ep-CBZ over NPX
and o-DMN (adsorbates with larger log K,,) could also be
explained because, unlike the latter adsorbates group, CBZ and
Ep-CBZ remain without electrostatic charge (see pK, value in
Table 1) and surface repulsion forces have little effect on them.
The larger adsorbed amounts of the primary molecules over
their corresponding metabolites could also be elucidated by
the effect produced by their electronegativity and smaller
molecular footprint. Furthermore, the lesser hydrophilic
character of CFN compared to that of PXN contribute to
better adsorbent—adsorbate interactions.

Figure 7 shows uptake equilibrium data (single component)
for CBZ and NPX and several adsorbent materials, including
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Figure 7. Single component uptake amounts for carbamazepine or
naproxen adsorption (C, ~ 20 ug L™') onto MIL-100(Fe) (MOF),
activated carbon after acid treatment (AC-AT), MIL-100(Fe)/
activated carbon composite (CMOF), polymeric resin SR-550,”
mesoporous  silica SBA-15,%%3 copper-amine-functionalized meso-
porous silica SBA-15 (CuNH,-SBA-15),>*>® hexagonal mesoporous
silica (HMS),” mercapto-functionalized HMS (M-HMS),” or
amine-functionalized HMS (A-HMS).®

the ones considered in this study. For literature uptake data
ranges of other CECs please refer to Table S3. All the data that
were considered here were from reports where the aqueous
phase concentration of the CEC was in the g L™' range. The
materials considered for comparison purposes include a
polymeric resin,”’ mesoporous SBA-15, +33 and hexagonal
mesoporous silicas (HMS).”” In general, the CMOF adsorbent
is capable of adsorbing CBZ and NPX, both bulky molecules,
in amounts that are an order of magnitude larger than that of
the resin and the silica (C, = ~20 ug L™").
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To better visualize the synergistic effect of combining MIL-
100(Fe) and activated carbon (as a composite) on the uptake
of CECs, one could analyze the observe adsorption amounts
on a per MOF unit cell basis. Using TGA (Figure 4) and the
adsorbents textural properties (Table 2), the amount of MOF
grown inside the pores of the AC accounted for about 46 wt %
of the composite. Use of this datum to normalize the CECs
single component adsorption amounts shown in Figure 6
translates to an average of 6.9 X 107> CEC molecules adsorbed
per MOF unit cell in the case of the CMOF and about 1.07 X
107* CEC molecules adsorbed per MOF unit cell in the case of
the as-prepared MOF, or approximately 10-fold more CEC
molecules adsorbed in CMOF compared to the MOF.

3.4. Multicomponent CEC Equilibrium Adsorption.
Multicomponent CEC adsorption isotherms are collected in
Figure 6D—F. The presence of a matrix containing multiple
CECs promotes competition between them for adsorption
sites. This is quite evident in the case of the MIL-100(Fe)
adsorbent (Figure 6D), where the compacting and overlapping
of regions 1 and 2 are significant. The adsorption average
capacity (accounting for both regions) was reduced by 31%
when compared to the single-component data (i.e., Figure 6A).
In the case of the AC-AT adsorbent, the competition affected
mostly the overall capacity, which was reduced by 33% in
region 1 compared to the single-component adsorption
capacity (see also Figure S5).

In the case of CMOF, the effect of competition among the
CECs on the adsorption capacity was not as significant. The
average adsorption capacity circumscribed by region 1 is only
9% smaller compared to the case of single component
adsorption. Furthermore, the capacity is 22% larger in region
1 when compared to that of AC-AT. Figure 6F also shows that
the perimeter of region 1 is more compact compared to the
one shown in Figure 6C, which could be due to the
competition between CECs for adsorption sites, particularly
those related to z-complexion and z—x stacking.

3.5. Recyclability Tests. Figure 8 shows the percent of
removal of carbamazepine in each cycle of adsorption. The
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Figure 8. (Left) Percent of removal of carbamazepine with CMOF for
each adsorption cycle. (Right) XRD pattern of CMOF adsorbent
prior to the cycle of adsorption.

results show that efficiency remains constant (100%) even up
to a third cycle of adsorption. Additionally, XRD profiles
showed that a crystalline phase is still present in CMOF after
adsorption cycles. This suggests that is plausible to desorb/
decomposed carbamazepine from within the CMOF spent
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adsorbent and recover the adsorbent without much detriment
to the long-range properties.

4. CONCLUSIONS

A composite nanoporous adsorbent material, CMOF, based on
MIL-100(Fe) and activated carbon was successfully synthe-
sized and characterized. Analysis of the textural properties as
well as the long-range order of the periodic phase revealed the
MOF crystals were grown inside the mesoporous cavities of
the activated carbon, which is critical to ensure that the latter
will offer hydrophobic abilities to the composite. Zeta potential
measurements showed that nitric and hydrofluoric acids,
reagents in the MIL-100Fe (MOF) synthesis, affected the
surface of activated carbon, transferring negative electrostatic
charge on the CMOF surface. However, the overall textural
properties of the activated carbon portion of the composite
were not affected probably because of protection by the MOF
crystals. The CMOF adsorbent was also tested for the
adsorption of CECs reported with high occurrence in water
bodies. These tests were performed for CEC aqueous phase
equilibrium concentrations in the ug L™' range and in single-
and multicomponent fashion. The results showed that CMOF
offers better adsorbent—adsorbate interactions in multi-
component tests, probably due to synergy from individual
contributions that are characteristic of both primitive materials,
MIL-100(Fe) and activated carbon. The hydrophobicity
behavior of activated carbon limits water agglomeration around
the transition metal node of the MOF structure and allows for
better interactions with organic compounds; therefore,
capacity and selectivity toward CECs in the multicomponent
matrix is greater than that of the AC alone, even at low
concentrations (i.e, ug L™"). Compared to other adsorbents
such as polymeric resins and silicas, the CMOF CEC
adsorption amounts can be up to an order larger. The
recyclability of CMOF was corroborated during three cycle
adsorption/regeneration tests based on carbamazepine uptake.
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