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ABSTRACT

The preparation of magnetic porous carbon from a mixed-metal-organic framework by a two steps
simple method is reported. By taking advantage that the calcination process at high temperature
under inert atmosphere of zinc and iron MOFs results in the formation of carbons with excellent
porosity and magnetic properties, respectively, MOF-74(Zn/Fe) prepared at room temperature was
used as precursor for the synthesis of high porous magnetic carbons. The prepared materials were
characterized by XRD, FTIR spectroscopy of adsorbed CO, SEM, TEM, N, adsorption-desorption,
Zeta potential analysis and energy dispersive X-ray spectroscopy. To check the potential as sorbent
of the MOF-74(Zn/Fe)-derived magnetic porous carbon, adsorption isotherms of methylene blue
and methyl orange were recorded and compared with those obtained using a non-magnetic MOF-
74(Zn)-derived porous carbon. The maximum adsorption capacity for methylene blue and methyl
orange was 370 and 239 mg g, which are higher than those reported for other magnetic
adsorbents. The study of the extraction performance of the dyes at different pH, along with Zeta
potential analysis, revealed that electrostatic and 7-w interactions might be involved in the dyes
removal. C-MOF-74(Zn/Fe) material showed good reusability with no apparent loss in dye
extraction capacity after five cycles and the ability to treat large volume of dye polluted water. In
addition, the developed C-MOF-74(Zn/Fe) showed excellent performance for the simultaneous
removal of different endocrine disrupting phenols (bisphenol A, 4-tert-butylphenol and 4-tert-
octylphenol) from water, demonstrating that mixed-metal-organic frameworks are promising

precursors for the preparation of a wide number of new porous materials.



1. INTRODUCTION

Water is one of the most important natural resources for life and the sustainability of the
environment. At present, the intensification of human activities and the rapid progress of modern
industry have resulted in water contamination with a variety of different organic pollutants,
including hormones, pesticides, phenols, dyes, and personal care and hygiene products, which
represents an important worldwide environmental problem [1, 2]. Therefore, the development of
treatment technologies that allow to achieve the elimination of these organic pollutants and
guarantee the quality of the treated waters is of great importance. Different physical and chemical
methods, such as membrane separation [3-5], adsorption [6-8], Fenton oxidation [9], coagulation
[10], and photodegradation [11] have been used for the remediation of wastewater. Among them,
due to its efficiency, low cost and simplicity, adsorption using porous materials as sorbents has
emerged as one of the most attractive methods for water decontamination [12-15]. Various porous
solids such as zeolites [16], activated carbons [17], silica-based mesoporous materials [18] and
hydrotalcites [19] have been evaluated. The adsorption of organic pollutants by these materials
occurs through a number of different mechanisms, including hydrophobic interactions,
electrostatic interactions, hydrogen bonding, acid-base interactions, m—m stacking, or a

combination of them [20-22].

Metal-organic frameworks (MOFs) are porous crystalline coordination compounds based on the
coordination of metal ions or clusters with organic linkers to form 1D, 2D or 3D networks [23,
24]. Due to the large amount of metals and organic bridging linkers, along with the possibility of
their chemical functionalization and of introducing more than one metal, organic linker, or

mixtures of both, MOFs are becoming a rapidly growing family of nanoporous materials [25-27].



Due to their ultrahigh porosity and very high surface areas, tailored chemical functionalities,
flexibility, and versatility, MOFs have been explored as sorbents for the extraction of different
pollutants [28-30]. Two limiting factors for the application of MOFs in this field are their limited
stability in aqueous or complex mediums and their laborious recovery after the extraction in batch

conditions, which requires long centrifugation and filtration steps.

MOFs have been already used as precursors to obtain advanced porous carbons with uniform pores
of different sizes and with novel structures and properties [31-33]. By direct MOF carbonization
under inert atmosphere, where the precursor MOF functions as an efficient carbon source and
template, porous carbon structures doped with heteroatoms coming from the linker can be
obtained, in which the metal ions or clusters remains as metal or metal oxide nanoparticles
distributed in the carbonaceous structure [34, 35]. MOF-derived carbons show active sites and
high specific surface area and porosity, with the advantage, over the precursor MOFs, of being
chemically more stable. These properties, along with an increase in favorable interactions with
aromatic rings of organic compounds, make these porous solids very interesting and promising
materials for the extraction of organic pollutants from water. For instance, zinc metal-organic
framewoks, such as ZIF-8, have demonstrated to be efficient precursors to prepare nanoporous
carbons since the use of high temperatures during the calcination process removes the zinc metallic
centers and gives rise to porous carbons with excellent porosity [36]. ZIF-8-derived carbons have
shown good performance in the removal of methylene blue dye [36, 37], diuron herbicide [38] and
sulfamethoxazole [39] and ciprofloxacin [40] antibiotics. The potential of the porous carbons
derived from Bio-MOF-1 and MAF-6 metal-organic frameworks as sorbents for removal of
bisphenol A has also been studied and demonstrated by Bhadra et al. [41, 42]. Other examples of

the use of MOFs-derived porous carbons for the extraction of organic pollutants are the application



of Ui0-66 derived carbon for the removal of carbamazepine [43] and rhodamine B [44] from water
and the use of MIL-125 for the extraction of phenols in water samples [45]. In addition, taking
into account that the calcination process of the MOF results in the formation of metal- or metal
oxide-carbon composite solids, the use of MOFs with different metallic centers as precursors
allows to obtain porous carbon with different properties. So, for instance, the use of iron or cobalt
metal-organic frameworks as precursors gives rise to magnetic porous carbons, which facilitates
their retrieval by simply using an external magnet after their application for pollutants extraction
in batch conditions [46-48]. However, the porosity of these carbons, a key factor for their use as
adsorbents, is reduced by the presence of the metallic nanoparticles into the pore cavities of the

carbons [46, 49].

Bearing this in mind, we report the use of a mixed-metal-organic framework as precursor to
prepare magnetic porous carbon nanorods with high specific surface area by a simple two steps
method and their application for the adsorption of organic pollutants. Zinc/iron mixed-metal MOF-
74 (MOF-74(Zn/Fe)), prepared at room temperature, has been used as a precursor, in which iron
provides magnetic properties and the selective removal of zinc by an easy calcination process
provides high porosity to the resulting material. Methyl orange and methylene blue, common dye
pollutants from the paper and textile industry, were selected as model adsorption analytes to study
the extraction capacity of the prepared porous carbons. Additionally, the potential applicability of
the developed material for the simultaneous extraction of endocrine disrupting phenols (bisphenol

A, 4-tert-butylphenol and 4-tert-octylphenol) from water was also evaluated.

2. EXPERIMENTAL SECTION

2.1. Materials



Zinc acetate (Acros Organics, 99%), iron(11) acetate (Aldrich, 95%), 2,5-dihydroxyterephtalic acid
(TCI, 98%), salicylic acid (Scharlau, 99,5%), N,N-dimethylformamide (Scharlau, >99%),
methanol (PanReac-AppliChem, >99%) and acetonitrile (Scharlau, HPLC grade) were obtained
from commercial sources and used as received. For the extraction experiments, methylene blue
(Panreac, 99%), methyl orange (Fluka, 99%), bisphenol A (Aldrich, 97%), 4-tert-butylphenol
(Aldrich, 99%) and 4-tert-octylphenol (Aldrich, 97%) were used. All solutions were prepared
using Mili-Q water (Direct-8 purification system, resistivity > 18 MQ cm, Millipore Iberica, Spain)
or acetonitrile HPLC grade.

2.2. Characterization

Powder X-ray diffractograms were registered by using CuKq radiation on a Bruker D8 Advance
diffractometer. The morphology of the prepared materials was studied by using a scanning electron
microscope (Hitachi S-3400N), equipped with a Bruker AXS Xflash 4010 EDS system and
transmission electron microscope (Hitachi ABS) operated at 100 kV. Thermogravimetric analysis
(TGA) was carried out in an air atmosphere using a TA Instrument SDT 2960 simultaneous DSC-
TGA. Nitrogen adsorption isotherms were measured at 77 K using a TriStar Il (Micromeritics) gas
adsorption analyzer. All samples were activated at 433 K for 16 h prior to measurement. Data were
analyzed using the Brunauer-Emmett-Teller (BET) and non-local density functional theory (2D-
NLDFT) models to determine the specific surface area and pore size distribution. The point of zero
charge for the adsorbents was determined by employing a Zetasizer Nano ZS90 (Malvern). For IR
experiments, a thin self-supported wafer of the MOF sample was prepared and degassed inside an
IR cell under dynamic vacuum at 453 K for 8 h. After this thermal treatment, Fourier transform
infrared (FTIR) spectra of the MOF samples, before and after carbon monoxide adsorption, were

recorded using a Bruker Vertex 80v spectrophotometer working at 3 cm resolution to study the



metal centers of the samples. Chromatographic experiments were performed by using a Jasco
HPLC instrument composed of a high-pressure pump (PU-4180), a manual injector, and a
photodiode array detector (MD-4017). The separation of phenol compounds was performed at
room temperature on a C18 SpeedCore column (100 mm x 3 mm i.d. 2.6um) by using a mobile
phase composed of 75% of acetonitrile and 25% of water at a flow rate of 0.25 mL min™. The
analytes were detected at A=229.

2.3. Synthesis of MOF-74(Zn/Fe)

MOF-74 metal-organic framework was synthesized by adapting a procedure described in a
previous report [50]. Typically, 3.13 g of anhydrous zinc acetate and 0.35 g of iron(ll) acetate
dissolved in 200 mL of DMF were added dropwise under constant stirring to 0.99 g of 2,5-
dihydroxyterephthalic acid dissolved in 200 mL of DMF. After 5 min of additional stirring, a
solution of salicylic acid (0.55 g) in DMF (50 mL) was added slowly with constant stirring, that
was maintained for 15 min. After this time, the mixture was kept without stirring at room
temperature for 30 min. The solid formed was filtered and washed 3 times with DMF and
methanol, and then soaked in methanol at 393 K for 36 h. Finally, the solid was filtered and then
dried at room temperature under vacuum, obtaining 2.6 g of the material.

For comparison, MOF-74(Zn) was prepared, following identical synthetic conditions as those used
for the preparation of MOF-74(Zn/Fe), replacing the mixture of anhydrous zinc acetate and iron(11)
acetate by 3.48 g of anhydrous zinc acetate.

2.4. Synthesis of MOF-derived carbons

The porous carbons C-MOF-74(Zn/Fe) and C-MOF-74(Zn) were obtained by direct carbonization

of the synthesized MOF-74(Zn/Fe) and MOF-74(Zn), respectively, in a furnace under a nitrogen



atmosphere at 1273 K (heating rate of 2.5 K min™) for 3 h. From 1 g of MOF-74(Zn/Fe), 0.25 g
of C-MOF-74(Zn/Fe) was obtained. The preparation method is summarized in Figure 1a.

2.5. Extraction experiments

The methyl orange and methylene blue extraction experiments were carried out in aqueous solution
under batch conditions. Adsorption isotherm experiments were conducted in a concentration range
of 100-800 mg L of dye during 24 h to ensure that equilibrium conditions were reached. The
remaining concentration of methyl orange and methylene blue in solution after extraction was
measured using UV-Vis spectrophotometry at 466 nm and 664 nm, respectively. The maximum
adsorption capacity was determined using the linearized form of the Langmuir equation [51],

which is commonly represented as:

Ce_ Ce , 1

de  Gmax Gmaxk

where Ce (mg L) is the remaining pollutant concentration at equilibrium, ge (mg g*) is the amount
of pollutant adsorbed at equilibrium (mg g1), gmax is the maximum adsorption capacity (mg g4,

and k is the Langmuir constant (L mg™).

Simultaneous sorption capacity of the prepared porous carbons toward endocrine disrupting
micropollutants was studied using 10 mL of a solution of phenol compounds (50 mg L™, each)
after 24 h of extraction. The concentration of the pollutants remaining after extraction was

measured by HPLC.

All the extraction experiments were performed in triplicate with the following conditions: sorbent
concentration = 1.0 mg mL!; pH = 7.5; stitring = 500 rpm; room temperature; extraction time =

24 h. A schematic of the extraction procedure is shown in Figure 1b.
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Figure 1. (a) Schematic representation of the preparation of magnetic porous C-MOF-74(Zn/Fe) nanorods.
(b) Extraction procedure of dyes and phenolic compounds.

3. RESULTS AND DISCUSSION

3.1. Synthesis and characterization of MOF-74 precursors

In a first step, zinc/iron mixed-metal MOF-74 nanocrystals were prepared at room temperature.
For comparison purposes, a zinc MOF-74 sample was also synthesized. The powder X-ray
diffraction patterns of both MOF samples (Figure 2a) showed good crystallinity and were in good
agreement with the XRD pattern previously reported for the MOF-74 structure [52]. The presence
of zinc and iron in the MOF-74(Zn/Fe) sample was demonstrated by EDS (Figure S1). The EDS
spectrum of the MOF-74(Zn/Fe) shows four bands at 6.4, 7.05, 8.6 and 9.6 KeV, which correspond
to Fe (K, and Kg) and Zn (K, and Kp) peaks, respectively. Furthermore, the elemental EDS

mapping (Figure S1) also shows the homogeneous distribution of both metals, Zn and Fe, in the



MOF-74(Zn/Fe) material. The incorporation of Zn and Fe cations in the structure of MOF-
74(Zn/Fe) sample was studied by FTIR spectroscopy of adsorbed carbon monoxide at 100 K. The
IR spectra of CO adsorbed on activated MOF-74(Zn/Fe) and MOF-74(Zn) samples are shown in
Figure 2b. The infrared spectrum of adsorbed CO on MOF-74(Zn) shows a distinctive IR
absorption band at 2172 cm, which, in agreement with previous results by Bloch et al. [53], is
assigned to the v(CO) vibration mode of CO interacting (through the carbon atom) with
coordinatively unsaturated Zn(ll) cations of MOF-74. The IR spectrum of CO adsorbed on the
MOF-74(Zn/Fe) sample shows a broad IR band in the CO stretching region which, as revealed by
computer deconvolution, consists of two components centred at 2172 cm™ and 2160 cm™. The
band at 2172 cm, as in the case of MOF-74(Zn) sample, corresponds to the CO adsorbed on the
zinc cations, and the band at 2160 cm™ is assigned to CO molecules interacting with the
coordinatively unsaturated Fe(ll) cations of MOF-74 [53], confirming the obtention of a zinc/iron
mixed-metal MOF-74 material. The morphology of the prepared MOF-74 samples was studied by
scanning and transmission electron microscopy (Figure 2c-d and Figure S2). As it can be observed,
both samples were formed by nanometer-sized particles (20-40 nm wide and 100-300 nm long)
with rod-shaped morphology, due to the addition into the reaction mixture of salicylic acid, that
acts as modulator directing MOF growth [50].

3.2. Synthesis and characterization of MOF-74 derived porous carbons

By one-step carbonization of the MOF-74 precursors at 1273 K under inert atmosphere, porous
carbons were obtained. Figure 3a shows the X-ray powder diffraction patterns of both, C-MOF-
74(Zn/Fe) and C-MOF-74(Zn), carbon samples. After the carbonization, no X-ray diffraction
peaks attributed to MOF-74 were observed in both cases, while two new broad bands appeared at

20 = 25 and 42" in the diffractogram of C-MOF-74(Zn), indicating a certain graphitic degree of
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the obtained carbon [34]. In the case of C-MOF-74(Zn/F¢), new diffraction lines (20 > 35°) were
observed, which were attributed to body-centered cubic a-Fe phase (JCPDS No. 06-0696) and to
iron carbide (JCPDS No. 89-2867) [54-57]. The absence of peaks related to metallic zinc and other
zinc compounds in the X-ray diffraction patterns of both carbons suggested the in situ removal of

Zn (boiling point, 907 °C) during the carbonization process [50, 58].
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Figure 2. (a) XRD patterns of the MOF-74(Zn/Fe) and MOF-74(Zn) samples. (b) FTIR spectra of CO
adsorbed at 100 K on MOF-74(Zn/Fe) and MOF-74(Zn). (c) SEM and (d) TEM images of MOF-74(Zn/Fe).

The composition of the obtained porous carbon materials was analyzed by EDS (Figure S3). The
results showed that after the carbonization process, in both cases, homogeneous materials were

obtained and no zinc was detected. In the case of C-MOF-74(Zn/Fe) material, the EDS spectra
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showed three signals centered at 0.70, 6.40 and 7.0 KeV, which can be assigned to L., Ky and Kg
peaks of iron, respectively, indicating the presence of iron particles in the C-MOF-74(Zn/Fe)
carbon. Thermogravimetric analysis in air at 800 °C corroborated this result (Figure S4), showing
residual weights values of 35 and 0 wt% for C-MOF-74(Zn/Fe) and C-MOF-74(Zn) materials,
respectively. The morphology of the obtained carbons was examined by scanning and transmission
electron microscopy (Figure 3b-c and Figure S5). As can be seen in the micrographs, both, C-
MOF-74(Zn/Fe) and C-MOF-74(Zn), materials retained the nanorod morphology of the precursor

MOFs after the carbonization process [50, 59].

a) —— C-MOF-74(zn/Fe) ®
—— C-MOF-74(zn)

Figure 3. (a) XRD patterns of the C-MOF-74(Zn/Fe) and C-MOF-74(Zn) samples. Peaks: bcc a-Fe
(squares), iron carbide (circles). (b) SEM and (c) TEM images of C-MOF-74(Zn/Fe).
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Figure 4a shows nitrogen adsorption-desorption isotherms at 77 K of the obtained carbons. Both
materials showed a significant N2 uptake at low relative pressure (P/Po < 0.1), which is indicative
of the presence of micropores. The C-MOF-74(Zn/Fe) and C-MOF-74(Zn) exhibit BET surface
area of 860 and 1280 m? g* and a total pore volume of 1.4 and 1.5 cm® g%, respectively. The lower
nitrogen uptake capacity of the C-MOF-74(Zn/Fe) may be attributed to the partial occupation of
the pore cavities with the iron particles. Regarding pore size distribution (Figure 4b), both carbon
materials show high portion of pores with a diameter centered near 1 nm and also a significant
amount of pores in the mesoporous range with a broad size distribution. As previously reported,
these mesopores can be the result of the evaporation of metallic zinc and the formation of different

gases (such as CO, H>O and CO) during the carbonization process at high temperatures [36, 60,
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Figure 4. (a) N, adsorption-desorption isotherms and (b) pore size distributions of the C-MOF-74(Zn/Fe)
and C-MOF-74(Zn) samples.

3.3. Extraction of pollutants from water
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To study the potential of the prepared MOF derived carbon nanorods as sorbents of environmental
pollutants, methylene blue (MB) and methyl orange (MO), common dye pollutants from the textile
and printing industry, were selected as model adsorption analytes. It is worth noting that the
obtained C-MOF-74(Zn/Fe), due to the presence of iron particles, shows magnetic properties
(Figure S6), which facilitate its retrieval and improves its applicability as sorbent in batch
conditions. Figure 5 shows the adsorption isotherms of MB and MO dyes on C-MOF-74(Zn/Fe)
and C-MOF-74(Zn) recorded at room temperature after 24 h of adsorption. The adsorption data of
MB and MO on C-MOF-74(Zn/Fe) and C-MOF-74(Zn) were fitted by Langmuir model (Figure
S7) [51], obtaining high correlation coefficients in all cases (R? = 0.999-0.998), which indicates
that the Langmuir model was suitable for describing the MB and MO dyes adsorption on both
carbon materials. MB and MO have similar dimensions [62], and, given the pore diameters of the
obtained carbons, both dyes are able to access the pores of the carbons. However, as can be
observed in Figure 5, methylene blue dye was extracted in a higher proportion using both carbon
materials. Taking into account the respective cationic and anionic nature of methylene blue and
methyl orange [63] and that the isoelectric points were 4.7 for C-MOF-74(Zn/Fe) and 5.2 for C-
MOF-74(Zn) (Figure S8), the preferential uptake of MB by both carbon materials can be attributed
to the electrostatic attraction between the negatively charged surface of the carbon samples and
the positively charged MB at neutral pH. To confirm the important role of the electrostatic
interactions in the adsorption of both dyes, the extraction process at different pH values of sample
solution was studied (Figure S9). It can be observed that the adsorption of C-MOF-74(Zn/Fe) for
MB increased when increasing the pH from 3 to 11, while the MO uptake significantly decreased.
In acid conditions, MB and MO are mostly in their neutral form and no electrostatic attraction or

repulsion with the positively charged surface of C-MOF-74(Zn/Fe) is expected (Figure S10). In
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neutral and basic conditions, dyes are in their ionized form and attractive and repulsive electrostatic
interactions can take place between the negatively charged surface of C-MOF-74(Zn/Fe) and the
cationic form of MB and anionic form of MO, respectively. The highest MB adsorption and the
lowest MO adsorption were obtained at basic pH due to the increment in the negative charge of
the carbon surface (Figure S8). However, although the obtained results suggest that electrostatic
interactions play a key role in the adsorption of the studied dyes, the high extraction capacity
obtained for MO at pH 11 and for MB at pH 3, when electrostatic repulsion and no electrostatic
attraction are expected with the carbon materials, respectively, suggest that the adsorption of the
dyes by the prepared carbons there must be favored also by other mechanisms, such as n-n
interactions (Figure S11). Similar results have been previously reported for this type of carbon

materials [47, 64-66].

Comparing the dye extraction performance of both carbon materials, higher dye uptakes were
obtained using C-MOF-74(Zn) sample, which could be attributed to its higher surface area.
However, after the extraction in dispersive mode, the magnetic properties of C-MOF-74(Zn/Fe)
allow the efficient sorbent retrieval from the solution by simply applying an external magnetic
field, avoiding tedious filtration and centrifugation procedures. Thus, from the practical
application point of view, C-MOF-74(Zn/Fe) material was selected as optimum sorbent for further
experiments. It should be noted that the maximum adsorption capacity of methylene blue (370 mg
g1) and methyl orange (239 mg g!) of the C-MOF-74(Zn/Fe) are comparable or even better than
most of the values of adsorption capacity of these dyes reported in the literature using magnetic
sorbents, with the additional advantage that they can be obtained from the precursor MOF in a

single step (Table S1).
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Figure 5. Adsorption isotherms of (a) methylene blue and (b) methyl orange on C-MOF-74(Zn/Fe) and C-
MOF-74(Zn). Extraction conditions: 10 mg of carbon; pH 7.0; 10 mL of dye solution; stirring speed of 500
rpm; room temperature; 24 h of extraction time.

The reusability of the sorbent is considered a key factor for application to actual wastewater
treatment. Consequently, the reusability of C-MOF-74(Zn/Fe) carbon was evaluated by
performing five consecutive extraction cycles of both dye pollutants. After each extraction, the
sorbent was washed with 3 x 4 mL of DMF before reuse. As can be seen in Figure 6, C-MOF-
74(Zn/Fe) was satisfactorily reused for at least 5 dye adsorption cycles, obtaining variations of just

a 0.6 and 1.8 % (expressed as RSD, %) for methylene blue and methyl orange, respectively.
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Figure 6. Reusability of C-MOF-74(Zn/Fe) for removal of methylene blue and methyl orange dyes.
Extraction conditions: 10 mg of carbon; pH 7.0; 10 mL of dye solution; stirring speed of 500 rpm; room
temperature; 24 h of extraction time; Cgye = 50 mg L.

As an example of practical application, and in order to study the potential matrix effect, the
extraction performance of methylene blue was carried using groundwater real samples, which were
collected from private wells located in Mallorca Island (Spain). As MB was not detected in the
samples, it was spiked. The results are shown in Table 1. As can be observed, the prepared C-
MOF-74(Zn/Fe) shows in all cases a high MB extraction capacity (values ranging from 337 to 350
mg g!) like in distilled water, indicating that there is no significant matrix effect and demonstrating

its applicability to treat real samples.
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Table 1. Evaluation of the extraction of MB in groundwater samples.

.. MB MB measured MB

Sample pH C(()ngli:(;:]l_\i;ty added after removal extracted

2 (mg LY (mg LY (mg g
Groundwater 1 7.8 846 400 63.3+6.4 337
Groundwater 2 7.5 1582 400 50.4+13.0 350
Groundwater 3 7.4 1039 400 59.8+4.2 340

Extraction conditions: 10 mg of carbon; 10 mL of dye solution; stirring speed of 500 rpm; room
temperature; 24 h of extraction time.

Furthermore, an important feature in the design of adsorbents for environmental pollutant
extraction is the ability to treat large volumes of water. This aspect was evaluated carrying out the
treatment of 5 L of water polluted with MB (1 ppm) using C-MOF-74(Zn/Fe) material. It was
found that the material was able to extract most of the dye (92%) using a very low amount of

material (20 mg) (Figure S12).

Considering that multiple pollutants can coexist in real water samples, we also studied the
performance of the prepared magnetic porous carbon for the simultaneous extraction of bisphenol
A, and two alkylphenols, 4-tert-butylphenol and 4-tert-octylphenol, which have been classified as
endocrine disrupting compounds [67, 68]. Figure 7 shows the performance of the C-MOF-
74(Zn/Fe) material for the extraction of the selected phenolic pollutants, which were analyzed by
HPLC. As can be observed, high extraction percentages (ranging from 95 to 100 %) were obtained

for the three studied phenols, which is probably due to the existence of n-x interactions between
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the aromatic rings of the phenolic compounds and the C-MOF-74(Zn/Fe) carbon [41, 67]. These
results confirmed the potential of the developed C-MOF-74(Zn/Fe) magnetic porous carbon for

the removal of environmental pollutants.
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Figure 7. Extraction performance of the C-MOF-74(Zn/Fe) carbon for three phenolic compounds.
Extraction conditions: 10 mg of carbon; pH 7.0; 10 mL of phenolic solution; stirring speed of 500 rpm;
room temperature; 24 h of extraction time; Cphenol = 50 mg L™, each.

4. CONCLUSIONS

In this work, a highly porous magnetic carbon with nanorod morphology was prepared by a simple
calcination of zinc/iron mixed MOF-74. The developed carbon exhibited high surface area (860
m? g') and pore volume (1.4 cm® g1), with the coexistence of micropores and mesopores. The C-
MOF-74(Zn/Fe) was used as an efficient adsorbent for cationic (methylene blue) and anionic
(methyl orange) dyes in batch conditions, obtaining maximum adsorption capacities of 370 and
239 mg g%, respectively, with the advantage of the easy retrieval of the sorbent from water sample
by simply applying an external magnetic field. Both electrostatic and n-n interactions played an

important role in the dyes removal by C-MOF-74(Zn/Fe). Furthermore, the magnetic carbon could
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be reused efficiently over five adsorption cycles and used to treat large volumes of samples. In
addition, the obtained material showed good performance for the extraction of MB dye in real
water samples and exhibited excellent features to the simultaneous extraction of phenolic
compounds, demonstrating that the developed C-MOF-74(Zn/Fe) is a versatile material that can
be used as a promising sorbent for the removal of various organic pollutants from water. Finally,
it should be noted that the developed approach can be applied using different mixed-metal organic
frameworks as precursors for the preparation of other porous carbons with novel structures and

properties and great potential in a large number of applications in different fields.
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