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Abstract: A semi-crystalline iron-based metal-organic framework (MOF), in particular Fe-BTC,
that contained 20 wt.% Fe, was sustainably synthesized at room temperature and extensively
characterized. Fe-BTC nanopowders could be used as an efficient heterogeneous catalyst for the
synthesis of dihydroxybenzenes (DHBZ), from phenol with hydrogen peroxide (H2O2), as oxidant
under organic solvent-free conditions. The influence of the reaction temperature, H2O2 concentration
and catalyst dose were studied in the hydroxylation performance of phenol and MOF stability. Fe-BTC
was active and stable (with negligible Fe leaching) at room conditions. By using intermittent dosing
of H2O2, the catalytic performance resulted in a high DHBZ selectivity (65%) and yield (35%), higher
than those obtained for other Fe-based MOFs that typically require reaction temperatures above 70 ◦C.
The long-term experiments in a fixed-bed flow reactor demonstrated good Fe-BTC durability at the
above conditions.
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1. Introduction

The hydroxylation of phenol to catechol (CTL) and hydroquinone (HQ) is a prominent industrial
reaction. The obtained dihydroxybenzenes (DHBZ) have several applications, such as polymerization
inhibitor, antioxidant, precursor to drugs, perfumes, etc. [1–3]. The most acceptable reaction employs
hydrogen peroxide (H2O2) as the oxidant and a heterogeneous catalyst. Titanium silicalite zeolites
(TS-1), is the catalyst used in the commercial process developed by Enichem, in which a selectivity
and yield of DHBZ of around 94 and 25%, respectively, are achieved at 70-100 ◦C [4,5]. The catalyst
regeneration is considered in the process due to its deactivation by deposition of polymers or tar on
the TS-1 surface [6]. For this reason, there is still much effort being taken to design new catalysts to
improve the phenol hydroxylation performance.
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Iron (Fe) is the preferred catalyst in the synthesis of DHBZ due to its low toxicity and cost,
and because it exhibits a high activity in the decomposition of H2O2 into hydroxyl radical species,
HO•, responsible for phenol hydroxylation [7–9]. Decorated Fe materials have been explored in
previous reports, but they deal with a poor active site dispersion that reduces their activity [10].
Metal–organic frameworks (MOFs) are novel hybrid materials constructed from organic ligands
and inorganic metal ions. Due to their inherent porosity and well dispersed active sites, MOFs
are potential catalysts in a wide number of reactions [11–14]. Generally, MOFs are synthesized by
solvothermal methods in corrosive mediums—HNO3 or HF solutions—during long time periods and
at high temperatures [15–17]. Lately, new environmentally favorable synthesis methods have been
reported [11,18], allowing the use of MOFs in some large-scale applications. Nonetheless, this method
usually sacrifices some properties like crystallinity or porosity [19]. Despite this, these simplified
methods are ideal, as a minimum of hazardous residues are produced. Large-scale production
of MOFs is required due to the wide number of fields in which they are employed, for instance,
in photocatalysis [20], electrochemistry [21], as adsorbents [22], and in gas separation [23]. However,
the key issue in view of their actual application is the stability of the MOF-based catalysts, in particular
when liquid phase media are involved [24]. This necessitates the examination of the stability of MOF
catalysts under a wider range of operational conditions in order to select those that avoid the leaching
of the metals.

Recently, MOFs with different metal active sites have been reported as catalysts for the
hydroxylation of phenol [25–28]. For instance, Cu-MOF [Cu2(BPTC)(Im)4] (H4BPTC = Bypenyl-3, 3’,
4, 4’-tetracarboxylic acid, Im = imidazole) was synthesized by a hydrothermal method and tested
for phenol hydroxylation at 30-50 ◦C using a phenol:H2O2 molar concentration ratio equal to 1.0:1.8,
ethanol:water 4:1 and 0.04 g of the catalyst. The catalyst was not active at temperatures below 40
◦C, but at this temperature, the DHBZ selectivity and yield were 94 and 24% after 4 h of reaction.
The amount of Cu leached was not monitored [25].

MOF-5 (Ni) [Zn-Ni coordinated to phenylenedimethylene] exhibited activity only after doping
with Fe(III) ions. At 80 ◦C, and using an excess of H2O2, the reaction yields to CTL were 29-63%,
depending on the Fe mass content in the catalyst, showing a selectivity to DHBZ of 100%. Neither HQ
nor other aromatic components were detected in the reaction media, but the presence of tar was not
evaluated in the study. The Fe leached was from 1.8 to 6.0% of initial Fe after 1 h, depending on the
operating conditions, and the catalyst synthesis required solvents that increased risks and production
cost [26]. A similar material was also synthesized using Fe(II) to decorate MOF-5 [27]; in this case,
the catalyst was less stable and 18% of the Fe was leached out after 2 h, using the same conditions as
Fe(III)/MOF-5.

Bhattacharjee et al. [28] reported the application of Fe-MOF-74 [Fe(II)(bhBDC)] (H2bhBDC =

2,5-dihydroxy-1,4-benzenedicarboxylic acid), loaded with 30 wt.% Fe, for the hydroxylation of phenol
at 20 ◦C and using a phenol:H2O2 concentration ratio of 1:1. The DHBZ selectivity and yield were 44
and 26%, respectively. The Fe leached was not considered, but after 10 min of reaction, there were not
significant changes in the concentration of reactants and products. It is likely that the hydroxylation
stopped due to the total consumption of H2O2. The particularly fast decomposition of H2O2 at 20 ◦C
suggests that Fe was in the liquid media.

In this work, a MOF of Fe(III) and trimesic acid (H3BTC), Fe-BTC, has been synthesized at room
temperature by using a stirring method in water solution and, afterwards, it was evaluated in the
hydroxylation of phenol. The synthesized Fe-BTC MOF was physically and chemically characterized
by nitrogen physisorption, X-ray diffraction (XRD), differential scanning calorimetry (DSC), total
reflection X-ray flourescence (TXRF), scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR) and thermogravimetric analysis
(TGA). The hydroxylation of phenol reaction was studied under different operating conditions
(i.e., temperature, phenol:H2O2 concentrations ratio and catalyst dose). The carbon mass balance
was matched thanks to the use of appropriate analytical techniques such as high-performance liquid
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chromatography (HPLC) and total organic carbon (TOC) of the liquid phase and TGA of the used
catalyst. The Fe-BTC stability was suitably tested by using a continuous fixed-bed reactor. According
to the results, herein it is proved that Fe-BTC is an active and durable catalyst for the hydroxylation
of phenol at room temperature (20–25 ◦C). Interestingly, Fe leaching is totally avoided by using an
intermittent dosing of H2O2.

2. Results and discussion

2.1. Catalyst Characterization

The XRD pattern of Fe-BTC powder is presented in Figure 1a. The diffractogram shows wide
and weak amorphous halos instead of well-defined and narrow peaks. This indicates the expected
semi-crystalline nature of the material due to the mild synthesis conditions that prevent crystallization
in some areas; also, the pattern is similar to the one reported previously by Sanchez-Sanchez et al. [29].
It is expected that the observed defects in crystallinity could improve the accessibility of the Fe sites
due to their unsaturated nature [19].
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Figure 1. Fe-BTC physical characterization: (a) X-ray diffraction (XRD) pattern; (b) adsorption isotherm
of N2, inset: micropore size distribution by BHJ method; (c) thermogravimetric analysis (TGA) curves
before (fresh) and after reaction (used); (d) SEM micrograph of Fe-BTC powder.

Surface area was estimated by N2 physisorption. The isothermal curve, characteristic of micropore
and mesopore materials [30], is observed in Figure 1b. Fe-BTC presented a BET surface value of
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975 m2
·g−1, where the external surface of the powders had 929 m2

·g−1. The inset of Figure 1b shows
the micropore size distribution, calculated by BHJ Desorption Pore Distribution, where an average
pore width of 73 Å was estimated.

Thermal stability of Fe-BTC was studied by TGA under air atmosphere before and after the
reaction of hydroxylation of phenol. Figure 1c shows the TGA profiles of both materials. As well as
this, the DSC curves are provided in Figure S1 (see Supplementary Information). The first weight loss
of the fresh catalyst, at near 100 ◦C, was attributed to the release of water, and likely ethanol, that could
remain from the synthesis (which could also explain why the BET surface area was slightly lower than
reported by Sanchez-Sanchez et al. [29]). A new weight loss step was observed around 200 ◦C, which
can be assigned to adsorbed water in the cages of Fe-BTC [18]. At around 300 ◦C, the organic ligand
BTC burnt out [11], leading to a 48% weight loss of the original sample. The remaining mass after the
analysis was 28% and, assuming that it mostly corresponds to Fe2O3, it is possible to estimate an initial
Fe content of 20 wt.% in the fresh Fe-BTC. This value was also confirmed by TXRF.

A SEM micrograph of Fe-BTC particles (Figure 1c) evidenced their nano-size (~50-100 nm) and
spherical morphology. Agglomerates can also be seen, indicating that nanoparticles are attracted to
each other due to surface interactions.

The FTIR spectrum, in Figure 2a, confirmed the coordination among Fe metal sites and organic
ligands in the Fe-BTC. The bands corresponding to C=C vibration, located at 1362 and 1451 cm−1, are
observed in both the precursor H3BTC and the synthesized Fe-BTC nanopowders. Moreover, the band
at 1109 cm−1 is related to the metalorganic group C-O-Fe [31]. This information verifies the MOF
nature of Fe-BTC material, in agreement with the XRD pattern previously reported.
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deconvolution of Fe 2p peaks of the Fe-BTC.

Additionally, the Fe oxidation state at the outermost surface of the MOF was determined by
analyzing the XPS signal in the Fe 2p region. The spectrum is provided in Figure 2b. Two main
peaks located at 711.9 and 725.2 eV were clearly observed and ascribed to Fe 2p3/2 and 2p1/2 cationic
species, respectively [32]. The two satellite bands attributed to Fe2+ are located at 714.7 and 728 eV;
the satellite bands corresponding to Fe3+ are located at 718.2, and 731.3 eV [32]. Both ionic states of
Fe are catalytically active in the decomposition of H2O2 [7]. The overall Fe content on the outermost
surface of the MOF, calculated from the deconvolution of the main XPS peaks is 1 at. %, which implies
that most of the Fe content is located inside MOF cages.
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2.2. Hydroxylation of Phenol

The prepared Fe-BTC was tested as a catalyst in the hydroxylation of phenol using H2O2 as an
oxidant by varying the most affecting operational parameters viz. temperature, H2O2 concentration and
catalyst dose [25–28,33]. Water was the only solvent used. Figure 3 shows the typical conversion-time
profile of phenol and concentration-time profiles of H2O2 (Figure 3a) and the various components
involved in the reaction (Figure 3b,c), such as CTL, HQ, p-benzoquinone (BQ) and resorcinol (RSL).
From these results, and according to Equations (1–3), the molar selectivity to HQ, CTL and DHBZ,
as well as the yield to DHBZ at different phenol conversions, were calculated and represented in
Figure 4a.
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Figure 3. Results of the hydroxylation of phenol over Fe-BTC in a batch reactor. (a) Temporal profiles
of phenol conversion and H2O2 concentration; (b) temporal profiles of CTL and HQ (c) and BQ and
RSL concentration. Operating conditions: [Phenol]0 = 0.35 mol L−1, [H2O2]0 = 0.35 mol L−1, T = 20 ◦C,
WFeBTC = 0.010 g.

As can be seen, there is an induction period that, at the particular operating conditions of Figure 3
(T = 20 ◦C, W = 0.01 g and 1:1 molar), is equivalent to 25 min. During this time, the phenol uptake is
due to its adsorption on the Fe-BTC surface (around 20% of the initial concentration), while H2O2 is
not decomposed and oxidation products are not detected. The same phenol uptake was obtained in
a control experiment carried out at the same operating conditions but in the absence of the oxidant.
After this lapse, in which the catalyst has been saturated in phenol, the decomposition of H2O2 into
HO• species began and the concentration of both CTL and HQ started to increase. RSL and BQ were
also detected, but their concentration was one order of magnitude lower than CTL and HQ. Notably,
the maximum in the BQ concentration profile was achieved at around 50 min of reaction. According to
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this, DHBZ are the final products, whereas BQ is an intermediate component, and it can further react
to more complex molecules, such as unwanted tar products [25,34].
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After 4 h of reaction at 20 ◦C, once H2O2 was completely consumed, the phenol conversion
was 54% (Figure 3a) and the selectivity to DHBZ (SDHBZ) 55% (Figure 4a). The molar ratio CTL:HQ
remained at 1.5 (Figure 4a). These results lead to DHBZ yield (YDBHZ) of 33%. This performance can
be exclusively attributed to the Fe-BTC catalytic activity, since it was verified that the liquid-phase
reaction (in absence of catalyst) did not take place at 20 ◦C, and the contribution of the leached Fe
(as high as 1.6 ppm after 3 h of reaction) was negligible (Figure 3a). As far as we know, this is the
highest selectivity and yield value reported in the hydroxylation of phenol at 20 ◦C using water as
a solvent. The work by Bhattarchajee et al. [28] reported activity of the Fe-MOF-74 catalyst at this
temperature (SDHBZ and YDBHZ of 44 and 26%, respectively), but with some uncertainty about the
extension of the reaction in the liquid phase by leached Fe.

After the reaction, the amount of physiosorbed and occluded water in the used Fe-BTC was a
10% higher than in the fresh one, as is observed in the TGA curve of the used catalyst (Figure 1c).
In addition, weight loss at 300 ◦C was significantly higher, corresponding to 66% of the initial material,
and an additional 18% with respect to the fresh catalyst, a value that is coincident with the amount of
carbon-adsorbed species estimated by TOC after the reaction (Figure 4b). This confirms the presence of
organic matter adsorbed on the Fe-BTC surface upon reaction. In fact, DSC curves for the fresh and
used Fe-BTC catalyst show a wider exothermic heat flow peak in the latter (Figure S1). The wide peak,
involving temperatures from 290 to 410 ◦C, could indicate the presence of more complex molecules or
high molecular weight species (such as tar products) adsorbed on the Fe-BTC surface. Consequently,
the BET surface area decreased from 975 to 304 m2

·g−1. The narrower pores were blocked and
now the average pore width, estimated by the same BHJ method, was 135 Å (see Figure S2 of the
Supporting Information).

To gain an insight into the products’ distribution, the TOC of the reactor liquid samples was also
analyzed and the results were compared to the calculated TOC values from the identified components
(phenol, CTL, HQ, BQ and RSL). The differences were attributed to the sum of the unidentified
carbon present in the liquid phase and other more complex species, such as tar. The difference
between the initial TOC (corresponding to phenol concentration of 0.35 mol L−1) and the measured
TOC in the liquid sample provides the amount of carbon adsorbed on the Fe-BTC surface. Overall,
the selectivity distribution in terms of carbon mass is shown in Figure 4b. The progressive production
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of tar is clearly observed, while BQ disappears. The tar selectivity ranged from 1 to 7% in carbon
mass. The initial amount of adsorbed species is as much as 50% and is reduced by up to 17% upon
reaction. Initially, the adsorbed species were mainly phenol, that is progressively hydroxylated to
CTL, and HQ (Figure 4b). At the end of the reaction (phenol conversion of 54% and total consumption
of H2O2), the adsorbed phenol seems to evolve into more complex molecules, also postulated as the
tar component, according to the broad peak detected by DSC-TGA (Figure S1). Upon reaction, CTL
and HQ became the major components, and 70% of the phenol initial carbon was finally converted
into them.

2.2.1. Influence of Operating Conditions

The catalytic performance of Fe-BTC nanopowders was evaluated at different reaction temperatures
(20–50 ◦C), H2O2 concentrations (phenol:H2O2 molar ratios from 1:1.8 to 1:0.5) and masses of catalyst
(0.02–1 g L−1, entries 3, 9 and 10 ). Table 1 summarizes the results of the phenol hydroxylation and
H2O2 consumption for different times over 180 min of reaction. Likewise, the initial induction time
and the Fe leaching at the given reaction time were also included. As can be seen, the three operating
conditions studied affected both the hydroxylation performance and the catalyst stability.

Table 1. Catalytic performance of Fe-BTC upon the hydroxylation of phenol at different
operating conditions.

Entry T (◦C)
PHENOL

:H2O2

WCAT
(g)

tINDUCTION
(min)

CONVERSION (%) SELECT.(%) YIELD (%) Felix
(ppm)tR (min) PHENOL H2O2 HQ CTL HQ+CTL

1 50 1:1 0.01 0 10 52.3 100 33.0 41.7 39.7 26
2 25 1:1 0.01 25 60 51.0 68.5 20.3 37.4 29.4 17
3 20 1:1 0.01 25 60 29.4 31.4 17.4 27.5 13.2 0.4
4 20 1:1.8 0.01 25 60 37.0 14.8 18.0 29.5 17.6 1.2
5 20 1:0.5 0.01 25 60 26.0 34.2 25.0 32.7 15.0 0
6 20 1:1.8 0.01 25 180 61.7 55.0 24.7 36.7 37.9 10
7 20 1:1 0.01 25 180 50.7 78.6 23.6 35.0 29.7 1.6
8 20 1:0.5 0.01 25 180 37.8 93.9 25.2 39.0 24.3 2.0
9 20 1:1 0.02 20 60 34.1 46.2 30.2 44.2 25.4 2.0

10 20 1:1 0.05 15 60 52.2 95.2 35.0 44.3 41.4 24

The first set of experiments was performed at 20, 25 and 50 ◦C (WFeBTC = 0.01 g and phenol:H2O2

1:1, entries 1–3 of Table 1). The increase in temperature promoted a faster H2O2 decomposition into
radical species, which was accompanied by faster phenol hydroxylation (Table 1). At a given phenol
conversion (around 51%, see Entry 1 and 2), the SDHBZ was affected by the temperature, being 74.7 and
62.8% for 50 ◦C (Entry 1) and 25 ◦C (Entry 2), respectively. On the other hand, a significant amount
of Fe dissolved in the reaction media was detected from 25 ◦C, being the main cause of the observed
reaction (as deduced from a control experiment, carried out by loading the batch reactor with 17 ppm
of Fe as FeCl2 at 25 ◦C). These results indicate that the reaction temperature is critical for the catalyst
stability. Then, a temperature of 20 ◦C was fixed to continue the study in order to exclude, as much as
possible, the homogeneous contribution by the Fe leached.

The H2O2 concentration was used at 0.63, 0.35 and 0.17 mol L−1, corresponding to a phenol:H2O2

ratios of 1:1.8, 1:1 and 1:0.5, respectively (WFeBTC = 0.01 g and T = 20 ◦C, entries 3–8). The H2O2 dose
influenced the phenol conversion but also the efficient consumption of this oxidant (H2O2eff defined as
mol of phenol converted to products per initial mol of H2O2). Thus, at the highest H2O2 dose, see entry
4 of Table 1 at a phenol:H2O2 ratio equal to 1:1.8, the phenol conversion was 37% and the H2O2eff 23%;
while at a lower H2O2 dose (Entry 5 of Table 1), with a phenol:H2O2 ratio equal to 1:0.5, the phenol
diminished to 26% and the H2O2 efficiency was significantly increased, up to 52%. Furthermore,
at similar phenol conversions, 29.4 and 26% for 1:1 (Entry 3) and 1:0.5 (Entry 5), respectively (also at
60 min), the SDHBZ is enhanced from 45 to 57.7%. That is, at low H2O2 concentrations, efficiency in the
consumption of H2O2 and the SDHBZ was improved. These findings suggest that a lower concentration
of HO• species, and consequently of the phenoxy radicals (RO•) generated upon reaction [35], favors
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the hydroxylation versus unwanted condensation reaction towards tar production. Besides, a low
H2O2 concentration is also beneficial for the Fe-BTC stability. In fact, 10 ppm of Fe was dissolved at a
high dose of H2O2 and under long reaction times (compare Entry 6 with Entries 7 and 8). In conclusion,
the use of high phenol:H2O2 ratios (or low H2O2 dose) is recommended in the hydroxylation of phenol
in order to reduce the tar production and the Fe leaching.

The mass of catalyst was varied at 0.01 (Entry 3), 0.02 (Entry 9) and 0.05 (Entry 10) g (phenol:H2O2

equal to 1:1 and T = 20 ◦C). The higher the amount of catalyst load to the reactor, the higher the
amount of Fe dissolved. This Fe in solution accelerated H2O2 decomposition and, consequently,
phenol conversion. However, SDHBZ was not apparently affected, which supports the idea that an
accumulation of the HO• species promoted unwanted reactions. At 0.01 and 0.02 g (Entries 3 and
9, respectively), when leaching was negligible, the H2O2eff was 34 and 43%, respectively, which
indicates that the tar production does not necessarily takes place in the liquid phase by the Fe dissolved.
The mentioned HO• accumulation is not only due to the Fe in the liquid phase.

In conclusion, the amount of Fe leached limits the feasibility of the Fe-BTC catalyst in the
hydroxylation of phenol by H2O2. The operating conditions govern the catalyst stability and, as has
been demonstrated, low temperatures, H2O2 doses and a catalyst load are required (T < 25 ◦C,
phenol:H2O2 ≤ 1:1 and W ≤ 0.02 g). On the other hand, the concentration of HO• species in the
reaction media (liquid phase and catalyst surface) seems to play a main role in the phenol selectivity to
DHBZ, in such a way that a fast H2O2 decomposition leads to a lower SDHBZ by favoring undesirable
condensation reactions. In this sense, the pulse dosage of the H2O2 could be an attractive control option.
It would also be expected that this strategy favors Fe-BTC stability. For these reasons, the hydroxylation
of phenol at 25 ◦C, phenol:H2O2 = 1:1 and 0.01 g of catalyst was carried out during 180 min by feeding
the required H2O2 concentration in three equal doses, at 0, 60 and 180 min of reaction. The reaction at
25 ◦C was selected because, from an industrial process point of view, it is more cost effective to work at
room conditions than below or above room temperature. The evolution of SDHBZ and YDHBZ with the
phenol conversion is given in Figure 5. As can be seen, SHQ and SCTL were 25 and 40%, respectively,
when phenol conversions from 40 to 60% were achieved. This means that SDHBZ and YDHBZ values of
65% of 35%, respectively, were achieved. Notably, the Fe leached was null upon 180 min of reaction,
in contrast to the 17 ppm of Fe detected at this temperature when H2O2 was introduced from the
beginning of the reaction (Table 1).
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[Phenol]0 = 0.35 mol L−1, phenol:H2O2 = 1:1, T = 25 ◦C, WFeBTC = 0.01 g.

As far as we know, this is the best performance reported for the hydroxylation of phenol in water
at room conditions. The Fe-BTC activity is clearly superior to that exhibited by other MOF catalysts,
based on Fe and Cu, that require higher temperatures for the reaction [25–27]. Therefore, the Fe-BTC
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MOF is a valuable and suitable catalyst for the production of DHBZ, and its use must be accompanied
by an adequate process strategy to guarantee the catalyst’s stability.

2.2.2. Stability and performance in continuous fixed-bed reactor

The stability of the Fe-BTC was studied in an up-flow fixed bed reactor for 6 h on stream. For this,
the hydroxylation of phenol was performed at room temperature (25 ◦C), with two initial concentrations
of H2O2 and a significantly low space–time, τ = 1.7 g h L−1 (equivalent to 0.5 min of residence time).
The results are provided in Figure 6. As can be seen, once it overpassed the initial adsorption period of
0.5–1 h, the phenol conversion remained constant during the 6 h test. On the other hand, the stationary
stage for the DHBZ was reached later (after 2 h of time on stream), due to the initial enhanced phenol
uptake by the adsorption contribution. The results of the performance at phenol:H2O2 molar ratio =

1:1 are similar to those obtained in the batch reactor at 25 ◦C, viz. 55% of phenol conversion, and HQ
and CTL selectivities of 25 and 35%, respectively. In accordance with the effect of the H2O2 dose, at a
1:0.5 ratio the phenol conversion was lower and the selectivity slightly higher (Figure 6). Interestingly,
the loss of Fe in the flow reactor was quite low compared to the performance of batch conditions,
from 1 to 5 wt.% of what was initially loaded after 6 h on stream, and was the highest for the 1:1 ratio,
as expected.
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Figure 6. Results of the hydroxylation of phenol over Fe-BDT in a flow-reactor. (a) Evolution of phenol
conversion and (b) evolution of phenol selectivity to hydroquinone (HQ) and catechol (CTL) and DHBZ
yield with time on stream. Operating conditions: [Phenol]0 = 0.35 mol L−1, T = 25 ◦C, WFeBTC = 0.025 g,
QL=0.25 mL min−1, τ = 1.7 g h L−1. Open and close symbols: phenol:H2O2 = 1:1 and 1:0.5, respectively.

Taking into account that the performance was evaluated at 1.7 g h L−1 of space–time and 0.5 min
of reaction time, the Fe-BTC turnover frequency (TOF) was equal to 2350 h−1 (0.6 s−1) that clearly
evidences the potential of Fe-BTC as a selective oxidation catalyst with H2O2, and also opens the
opportunity to use low-cost semi-crystalline MOFs for this type of reaction.
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3. Materials and Methods

3.1. Materials

Iron(III) chloride (FeCl3), trimesic acid (H3BTC), phenol and hydrogen peroxide solution 30%
(H2O2) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH) was obtained from Meyer
and ethanol (EtOH) was purchased from Fermont. The working standard solutions of phenol,
hydroquinone, resorcinol, catechol, p-benzoquinone, all from Sigma–Aldrich, were prepared and used
for High Performance Liquid Chromatography (HPLC). All these reagents had an analytical grade and
were used without further purification. All solutions were prepared with deionized water.

3.2. Synthesis of Catalyst

Fe-BTC MOF was prepared at room temperature by using a stirring method in water solution,
previously reported [29]. Briefly, a 30 mL solution with 0.67 g of H3BTC and 0.5 g of NaOH was
magnetically stirred for a few minutes, and then a 30 mL solution with 0.76 g of FeCl3 was added
dropwise and allowed to react for 2 h. The precipitated solid was recovered by centrifugation and
washed several times with water and EtOH. Then, the orange powder was dried at 60 ◦C in air for 48 h.
The obtained material was denoted as Fe-BTC.

3.3. Characterization of Catalyst

Fe-BTC material was characterized by several techniques. Crystallographic studies were obtained
using a Bruker X-ray diffractometer, D-δ Advance, equipped with a monochromatic Cu-Ka1 source
with a wavelength of 1.54 Å. The 2θ analysis range was set from 5◦ to 60◦. Surface area was determined
by N2 adsorption in a Micromeritics TriStar II 3020 physisorption equipment with degasification
conditions at 120 ◦C in vacuum for 3 h. Surface area determination was calculated by the Brunauer,
Emmett and Teller (BET) method [30]. Fe-BTC was analyzed with a field emission scanning electron
microscope (SEM, S-4700, Hitachi). X-ray emission spectroscopy (XPS) analysis of the material was
performed in a K-ALPHA spectrometer (Thermo Scientific), using a monochrome Al-Ka X-ray beam
with 40 W. The deconvolution of the bands was carried out using CasaXPS software. Infrared spectra
for the material were obtained using a Thermo Scientific NicoletTMiSTM5 Fourier transform infrared
spectrometer, using the ATR mode. TGA thermograms were obtained in a TA Instruments Discovery
STD 650, under air atmosphere with an air flow of 90 mL·min−1 at a heating rate of 10 ◦C·min−1 from
30 ◦C to 950 ◦C. The overall Fe content was determined by total reflection X-ray fluorescence (TXRF
EXTRA II, Rich & Seifert), using a Si-Li detector in a TXRF Extra-II spectrometer.

3.4. Hydroxylation Performance

Batch-wise experiments were carried out in a magnetically stirred three-necked glass reactor
equipped with a reflux condenser. In a typical experiment, 50 mL of 0.35 M phenol solution was placed
in the reactor, along with the Fe-BTC powders. The content was heated to the desired temperature
(IKA RCT basic). Once this temperature was reached, 1.8 mL of an adjusted concentration of H2O2

was injected, and then the stirring process at 770 rpm started. After 3 h of reaction, the heating
was switched off and the flask cooled to room temperature in cold water. The testing conditions
were: phenol:H2O2 ratio molar equal to 1:1.8, 1:1 and 1:0.5, T = 20–50 ◦C and catalyst concentration
=0.2–1 g·L−1. The maximum deviation for the duplicate experiments was usually less than 5%.

Long-term experiments were conducted in a fixed-bed reactor consisting of a quartz tube of
0.91 cm of internal diameter and 0.7 cm long (reactor volume, VR = 1.3 cm3), loaded with 0.025 g
of Fe-BTC placed with glass wool and quartz beads. The reactor was fed with a solution of 0.35 M
phenol and phenol:H2O2 ratio molar equal to 1:1 and 1:0.5 at room condition (25 ◦C) and a flow
rate (QL) = 0.25 mL min−1, which implies a space–time (τ) = 1.7 g h L−1,, equivalent to 0.5 min of
residence time.
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Liquid samples were periodically withdrawn from the reactors and immediately injected in a vial
(submerged in crushed ice) containing a known volume of cold distilled water. The diluted samples
were filtered (0.45 µm Nylon filter), and subsequently analyzed by different techniques.

3.5. Analytical Methods

Phenol and aromatic intermediates’ evolution along oxidation reactions was followed by HPLC
(Ultimate 3000, Thermo Scientific) using a C18 5 µm column (Kinetex from Phenomenex, 4.6 mm
diameter, 15 cm long) and a 4 mM H2SO4 aqueous solution as stationary and mobile phases, respectively.
The quantification was performed at wavelengths of 210 and 246 nm. TOC was quantified with a TOC
analyzer (Shimadzu TOC VSCH). H2O2 concentration was obtained by colorimetric titration TiOSO4

method [36] using a UV2100 Shimadzu UV–vis spectrophotometer.
The activity of the catalyst was evaluated using the parameters given below:

• The conversion (X) of phenol and H2O2,

Xi =
C0, i −Ct,i

C0,i
(1)

where C0,i and Ct,i are the i initial molar concentration and the i concentration at a given reaction time,
respectively; i refers to phenol or H2O2;

• The phenol selectivity (S),

Si =
Ci

C0,phenol·Xphenol
(2)

where Ci is the molar concentration of a particular product such as CTL, HQ, BQ, RSL or tar;

• The phenol yield (Y),

Yi =
Si·XPhenol

100
(3)

• The effective conversion of H2O2 is expressed by,

H2O2eff =
(CCAT + CHQ + 2·CBQ + CRSL)

C0,H2O2

(4)

4. Conclusions

Fe-BTC MOF nanopowders, prepared by stirring method at room temperature, are an attractive
catalyst candidate for the hydroxylation of phenol with H2O2. This catalyst allows the green and
sustainable synthesis of DHBZ by conducting the reaction at room temperature in aqueous media.
The selection of adequate operating conditions is crucial for the reaction performance and MOF stability.
The operating conditions must guarantee a progressive production of HO• species from the H2O2

decomposition, avoiding the accumulation of these species, to favor hydroxylation over condensation
reaction to unwanted tar products. On the other hand, the reaction temperature is the key factor for the
Fe leaching. A process strategy to combine both requirements was developed to perform the reaction
with intermittent H2O2 dosing at room conditions. Under these conditions, a DHBZ selectivity and
yield of 65% and 35% respectively, are achieved (WFeBTC=0.01 g, phenol:H2O2 1:1) in the absence of Fe
leached, which is an improved catalytic performance compared to previous results reported by other
MOF materials tested in this kind of reaction. This work also opens the possibility to develop fixed-bed
processes with Fe-BTC MOF for phenol hydroxylation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/2/172/s1,
Figure S1. DSC curves of Fe-BTC before (fresh) and after reaction (used), Figure S2. Adsorption isotherm of N2,
inset: micropore size distribution by BHJ method of Fe-BTC after reaction (used).

http://www.mdpi.com/2073-4344/10/2/172/s1
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