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Abstract

The chemical kinetics of phenol hydroxylation by hydrogen peroxide (H203) to produce
27 dihydroxybenzenes was studied using a 3D printed monolithic reactor. The monoliths
were manufactured by the Robocasting technique. They consisted on honeycomb-
32 structured Fe/SiC nanoparticles (13.5 mm in diameter and 14.8 mm in length) with
34 triangle cell geometry and not-facing interconnected parallel channels (71 cells per cm?).
37 The isothermal reactor was constituted by three stacked monoliths and was operated as
39 an ideal plug flow reactor, according to the measured residence time distribution. The
hydroxylation experiments were carried out at Cprenoc0= 0.33 M, phenol:H>O> molar

44 ratio 1:1, T (space time)=0-254 gh L, T=280, 85 and 90 °C and water as unique solvent.

a7 Experimental results showed no mass transfer limitations. The best fits were obtained for
50 H>0> decomposition with a Langmuir-Hinshelwood-Hougen-Watson kinetic model and
52 for phenol hydroxylation, as well as, catechol and hydroquinone production, with an
55 Eley-Rideal kinetic model. The hydroxylation reaction mechanism underling to the
57 developed model involved three elementary reactions: (1) adsorption of H.O> molecules

on the iron active sites, (2) chemical surface H.O, decomposition into the hydroxyl radical
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species, and (3) reaction between adsorbed radical species and phenol in solution leading

to the dihydroxybenzene formation and freeing the iron catalytic active sites (rds).

This work contributes to the implementation of outstanding 3D Fe/SiC honeycomb
monolithic reactors with a phenol selectivity above 99% at 80 °C for the sustainable

production of dihydroxybenzenes.

Keyworks: 3D printing; robocasting; monolithic reactor; phenol hydroxylation;

dihydroxybenzenes; heterogeneous kinetic model.
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1. Introduction

Dihydroxybenzene (DHBZ) production, mainly catechol (CTL) and hydroquinone (HQ),
has attracted much attention over the last decades due their multiple uses in many
different industrial fields, among others, the medical and pharmaceutical industry [1],
agricultural chemistry [2], food industry [3] and raw materials for dyes and rubbers [4,

5],

The hydroxylation of phenol by hydrogen peroxide (H20) in presence of titanium
silicalite-1 zeolite (TS-1) as catalyst is the most extended process for DHBZ production
[6, 7]. Enichem company operates large capacity plants, with 10,000 tons y!, since 1986
with excellent results [8]. The TS-1 catalyst provides good DHBZ vyields (YpHez=18-
24%) because the phenol conversion is high (XpxenoL =20-25%) and foremost the
selectivity to DHBZ (Spnez=90-95%) with respect to phenol. The reaction is performed
in liquid phase at mild temperatures (70-100 °C), high concentration of aqueous H>O>
solution (30-50 wt.%), appropriate phenol to H2O2 molar ratio (3-4:1) and using organic
solvents (i.e. acetone or methanol) [5, 7]. The phenol hydroxylation over TS-1 is a
diffusion-limited process, due to the micropores blocked by the adsorbed intermediate
compounds and by-products, such as the undesirable tar. In fact, the TS-1 catalytic
activity is lost over time [9]. For this reason, the reaction unit comprises several parallel
lined reactors and a catalyst regeneration line that allows the catalyst recycling when
necessary. The slurry reactors operate in batchwise. However, the process is adapted to a
continuous flow operation by alternatively feeding the parallel lined reactors [9]. The
catalyst regeneration line consists on its recovery by filtration and sequential washing,

drying and calcination (at 550 °C) steps.

The scare studies related to the kinetic modelling of phenol hydroxylation over TS1

catalysts have reported a Langmuir-Hinshelwood-Hougen-Watson (LHHW) type
3
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mechanism, where the surface reaction between H.O> and phenol is the rate-limiting step
[10]. In contrast, when TS1 is immobilized on diatomite, the Eley-Rideal (ER)
mechanism was found to be the most favourable, since the adsorption of H20. on the

active sites became much stronger than that of phenol [11].

The drawbacks of the hydroxylation of phenol over TS1 catalysts are the low reaction
rates due diffusional problems of the reactants, high cost of the catalyst, its reuse and the
need of using organic solvents [6, 12-14]. In order to improve the sustainability, economic
and environmental issues of this process, current trends are addressing the development
of active and selective catalysts, viz. Cu supported nanoparticles [15, 16], encapsulated
homogeneous catalyst such as Cu, Ni, or Zn organic complexes into zeolites [17], metal
organic frameworks of Zr [5] or Fe [18], molecular sieves such as HMS [19], SBA-16
[20] and MCM-11 [21] doped with Fe or Cu, and supported enzymatic catalyst [2]; and
more recently, the development of innovative catalytic reactors. Some examples of these
new technologies are photocatalytic reaction systems [3, 22-24], wall microreactors [25],
membrane reactors [26] and non-conventional 3D honeycomb monolithic reactors, under

stirring [27] or flow operation [28].

In this line, we have manufactured 3D Fe/SiC honeycomb monoliths with interconnected
channels by the Robocasting technique that enables an outstanding performance in the
hydroxylation of phenol by H2O> [28]. In particular, 3D Fe/SiC monoliths with triangular
cell geometry and not-faced (but staggered) interconnections exhibit superior yields
(YpHez=29%) than those obtained in the commercial process with the TS-1 catalyst at 80
°C and using water as unique solvent. This yield was achieved due to the almost total
selectivity to the demanding dihydroxybenzenes, SpHez=99.1%, (with a CTL to HQ molar

ratio of 1.8:1) and the high phenol conversions (XexenoL=29.6%) obtained under the
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mentioned operated conditions. Furthermore, the activity and selectivity over the 3D

Fe/SiC monoliths was maintained during 8 days without any regeneration treatment [28].

In view of these results, the motivation of our present work is to contribute to the
implementation of 3D Fe/SiC inter-connected channelled monolithic reactors for the
sustainable production of DHBZ. The aim is to provide an accurate kinetic model and
reaction mechanism for the hydroxylation of phenol using the Fe/SiC architectures that
can be simultaneously serve as chemical reactors and catalysts. Before addressing the
Kinetic, which encompasses the H.O> consumption, phenol hydroxylation and CTL and
HQ production rates, the fluid dynamic behaviour has been analysed and the mass transfer
evaluated. Experimental data of concentrations for a range of spatial times and
temperatures were obtained, and intrinsic Kinetic rates, which best fits the data, were

elucidated.

To the best of our knowledge, this is one of the first studies dealing with kinetic modelling
in 3D non-conventional architecture monolithic reactors. Due to the early developmental
stage of the rational design and manufacturing of tailored 3D catalytic systems [29-31],
the studies recently published in this innovative field are focused, on one side, on the
manufacturing technique and material characterization [32-38] and, on the other hand, on
the analysis of heat and mass transfer [39-42] to demonstrate the upgrading performance
of these non-conventional architectures compared to those manufactured by the
conventional direct extrusion process. Therefore, our present work also contributes to the

spreading of the 3D printing technology in the chemical industry.

2. Experimental

2.1 Robocast 3D Fe/SiC monoliths



©CO~NOOOTA~AWNPE

Fe/SiC honeycomb monoliths with triangular cell geometry and interconnected channels
were additive manufactured by Robocasting (RoboCAD 4.0, 3-D Inks LLC). Figure 1a
shows the CAD patterned structure design and an image taken during the printing process.
The details of the Fe/SiC ink formulation and the printing process are described in
elsewhere [28]. The as-printed scaffolds were heat treated first at 600 °C in air for 2 h, to
remove the organics used in the ink formulation (viz. high and low molecular
polyethylenimine and hydroxypropyl methylcellulose), and then, at 1200 °C in argon
atmosphere for 5 min (pressureless spark plasma sintering furnace, SPS-510CE; Fuji

Electronic Industrial Co., Ltd) to enhance their mechanical robustness.

Real size photographs of the 3D monoliths after both thermal treatments along with the
cell-side view with triangular geometry and the cross-section of the interconnected
parallel channels are collected in Figure 1b-d. The vertical channels shows the
interconnections staggered located (Figure 1a and d), which provide the adequate macro-

porosity to the monoliths to exhibit a superior catalytic performance [28].

The physical properties of these monoliths are: apparent density (pp) of 1.13 g-cm™, open
total (ewtal) and wall (ewan) porosities of 0.65 and 0.33, respectively, cell density of 71
cells-cm, wall thickness (Swan) of 0.32 mm, open channel width (dopen) Of 0.91 mm,
hydraulic diameter of the channel section (dn) of 0.53 mm and channel interface area (av)
of 22.2 m™. The mass of each monolith (W) is around 1.6 g, and the specific surface area
(Seet) is 39 m?-gL. Regarding to the active catalytic phase, iron silicides, viz. FesSi and
a-FeSiy, identified by Mdssbauer spectroscopy, are proposed as the iron catalytic species

[28].

2.2 Phenol hydroxylation
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The reactor consisted of three pieces of 3D printed monoliths (total catalyst weight, Wr
~ 3.7 g, reactor diameter, Dr =13.5 mm, reactor height, Hr=44 mm, reactor volume, Vr~
6.3 mL, bed density, ps =0.6 g-cm™) stacked in a double jacket tube (GE Healthcare,
XK16/20 mm), to maintain the desired reaction temperature, and settled on a small bed
of spherical glass beads (3 layers of 1 mm diameter spheres), in order to assure an even
flow distribution in the channels at the entrance of the monoliths. The mixture of phenol
solution and H2O> (30 wt.%) was preheated at the reactor temperature and fed to the
bottom of the reactor at a liquid reactant flow rate (QL) varied from 0 to 2 mL-min, using
a piston pump (Gilson 307 HPLC). Detailed information about the operation procedure

of this setup has been reported elsewhere [28].

The kinetic study was carried out at the following operating conditions: Cprenor,o = 0.33
M, CrrenoLo: Chzo2,0 = 1:1 molar, T=80-90 °C, space time (t=W-QL ™) = 0-254 gear-h-L"
! Blank experiments, in the absence of catalyst, were also tested to confirm the lack of

catalytic contribution to the phenol hydroxylation.
The conversion (X) of reactants (denoted by i: phenol or H20) and the phenol selectivity

(S) to the identified products (j: CTL, HQ, RSL, or BQ) were calculated as follows:

C. —
X;(%) = OC—O -100 1)
1,

G 2
j .100 )

S;(%) =
) CPHENOL,O : XPHENOL

Yj(%) = S; - Xpuenor - 100 3)

The selectivity to the undesired product, such as tar, was calculated as:

Star(%) = 100 — Z S; (%) (4)
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All the concentrations (C) are expressed on mole basis. The subscripts o and t stand for

initial and a given reaction time, respectively.

2.3. Residence time distribution study

The degree of backmixing in the upflow interconnected channelled monoliths was
investigated by the experimental measurement of the residence time distribution (RTD).
The same set up and monolithic reactor as the one use for the kinetic study was employed,
but now with a septum placed in the liquid feed line at the entrance of the reactor. In an
experiment, the system was first filled with distilled water and, then, the pump was
switched off. Next, a known volume of bromophenol blue (0.5 mL), used as inert tracer,
was injected into the liquid line through the septum and the pump was immediately
switched to continue with the water feeding. This sequence is considered as zero time.
Samples were collected at the reactor exit up to the disappearance of the dye colour. The
operating conditions were: Cgg,0 = 0.5 g L, room temperature and Q. = 0.5 and 2 mL
min™ (= 127 and 32 g h L* respectively).

From the resulting temporal absorbance profile of the dye tracer at the reactor exit, the

outlet E(0) curves were calculated [43, 44]:

_ Vi Cpp ()
E(e) - QL fotCBB dt (6)

where the liquid volume in the reactor (V) was calculated as &totar- VR.
By fitting the E(0) curve to the axially-dispersed plug flow model, obtained from the mass

balance of the tracer injected in impulse [44]:

E(0) = (£ - exp [ 1=220e8] ™

4-1-0

it is possible to estimate the Per values of the experimental reactor.
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In addition to the experimental study, the Per was also estimated from the axial dispersion
coefficient (Da), considering the fluid velocity (u=Q. 4 = Dgr™?) in the channel and the
reactor length (L=HRg):

Pep = (35) (8)
and D, calculated by the following equation valid for laminar flow of Newtonian fluid in

circular pipes [28]:

u?.d?

D, =Dy +
a AB 1 192.p4p

9)

The first term refers to the diffusive transport of the reactants and the second one to the
convective transport, both phenomena contributing to the axial dispersion [44]. The
molecular diffusion coefficients (Dag) for phenol and H20- in water were calculated in
our previous study [45] using the Wilke-Chang correlation at different temperatures. The

corresponding calculi are provided in Table S1 of the Supporting Information.

At low Per numbers (< 100), the axial dispersion is mainly controlled by the convection
in the channel and, then, the presence of a radial concentration profile is expected in
laminar flow reactors. Meanwhile, at high Per numbers (> 100), the axial dispersion is
mainly controlled by the molecular diffusion and the reactor can be considered a plug-

flow reactor.

2.4 Analytical methods

The progress of the reaction was followed by taking periodically liquid samples from the
reactor outlet. The steady state was reached after 2-10 h, depending on the space time.
Phenol and the aromatic by-products, viz. HQ, CTL, BQ and RSL, were determined by

high performance liquid chromatography (Ultimate 3000, Thermo Scientific, C18 5 um
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column 150x4.6 mm, 4 mM H>SO4 as mobile phase, DAD detector at wavelengths of
210, 246 and 246 nm). The H2O> concentration was determined by using the TiOSO4
method in a Cary 60 Vis-UV spectrophotometer [46]. The concentration of the
bromophenol blue tracer at the exit of the reactor in the RTD experiments was also
measured by spectrophotometry at the wavelengths of 591 nm. Finally, the content of Fe
in solution was measured by a colorimetric test with an ORBECO-Hellige-MC500

colorimeter and, in some samples confirmed by TXRF (S2 PicoFox Bruker).

2.5 Mass transfer analysis

For the investigation of the external and internal mass transfer limitation in the isothermal
3D monolithic reactor, the Carberry number (Ca) and Weisz-Parter modulus (n¢?) were

calculated, respectively, at the reaction conditions.

The Ca number is defined as the ratio between the observed reaction rate and the

maximum external mass rate:

(_Ti)obs
Ca= —=22% (10)
Kis ay Cip
The L-S mass transfer coefficient for phenol and H20. (kis) were estimated by the

empirical correlations proposed for microreactors (Re < 200) [47, 48]:

0.45

dy
h=2.47[1+ 0.095—R for L<0.05R
S 7[ + 0.095 3 e Sc or L <0.05ReScdy (11)

Sh = 2.47 for L > 0.05 Re Scdy

where 2.47 is the shape factor for triangular channel geometries, and L is the reactor

length.

10
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Furthermore, the né? moduli along the wall thickness of the channel (&wan = 0-0.16 mm)

were calculated as:

—I'd),0 s'agva
n¢2 _ (=Tri),ob 1 (12)

Defr Cis

where Cis is the concentration of the reactants at catalyst surface, and Des is the effective
diffusion coefficients for phenol and H»O,, values calculated from the molecular diffusion
of each of reactant in water at a given temperature, with a tortuosity factor assumed to be

1.2 (typical for monoliths) and the ewai= 0.33.

The criteria used for negligible external and internal mass transfer limitation under
steady-state condition stated that the Ca number must be smaller than 0.05 and n¢? much

below 1, respectively [43, 49].

2.6 Kinetic modelling

Assuming isothermal plug-flow through the monolith, as it will be further experimentally
demonstrated, and considering the absence of reaction in the liquid phase, the mass

balance of the reactant (i) can be expressed as:

—Q, - dC; = (-1p) - dW (13)
where the reaction rate of i reactant is expressed in moli gear™ st Considering that Q.

remains constant, and the definition of t, Eq. 13 can be expressed as:

dac;

() = -2 (14)

Analogously, the reaction rate of j products (R;), also expressed in mol gear™ s, is:

dcC;
Ry =2 (15)

11
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The numerical integration of the rate equations in the plug-flow reactor with the initial
conditions CpHenoL = CpHenoL,0, CH202 = Ch202,0 and Cetr0= Choo=Crgo=0att=0
geat-h L™ was solved and fitted by using the OriginLab 2017, based on the Levenberg-
Marquardt algorithm for chi-square (%) minimization, which is obtained by dividing the
residual sum of squares (RSS) by the degrees of freedom. The model discrimination was
based on statistical analysis, considering the minimum RSS value and the coefficient of
determination (R?) closer to one, and taking into account the physical meaning of the

estimated parameters.

3 Results and discussion

3.1 Axial dispersion analysis

According to the Q. used in the reactor, the range of Reynolds numbers, Re, is between
0.02 and 0.38, which means that there is a laminar flow and a parabolic velocity field all
over the monolith length. With enough residence time, the radial velocity gradient-
induced concentration difference can be smoothed by molecular diffusion and, then, an
ideal plug-flow could be considered. To learn about this, the Per was estimated by the
direct fitting of the axially-dispersed plug flow model (Eg. 7) to the experimental E(6)
data, shown in Figure 2a. The estimated Per values were 198 and 57 for the two flow
rates performed: 0.5 and 2 mL min, respectively. These values were similar as those
obtained by the Per calculated from the D, coefficient at each Q. by applying Eqgs. 8 and
9, valid for fluids inside circular pipes. The Per values at each Q. are provided in Table
S1 of the Supporting Information. As can be seen, Per at room temperature was below

100 only at 2 mL min*. For calculations done at the reaction temperature of 80 °C, the

12
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Per values were always superior to 100 (because the diffusion coefficient increases with
the temperature). Therefore, it is reasonable to assume a general plug-flow behaviour in

the proposal of the reactor mass balance for the kinetic study.

3.2 Mass transfer evaluation

The laminar flow regime in the monolithic bed implies the absence of a boundary layer
over the channel surface and, therefore, the molecular diffusion is the only mechanism
for the external mass transfer of the reactants towards the catalytic wall (normal to the
flow direction). Figure 2b shows the L-S mass transfer coefficients, ksay, estimated for
phenol and H2O: at the three temperatures and for L equal to the length of the monolithic
reactor (44 mm). The calculus are detailed in Table S3a of the Supporting Information.
The condition L > 0.05 Re Sh dn was always accomplished and, then, Sh was always
equal to 2.47. The ksay values were ~ 0.22 s for phenol and ~ 0.13 s* for H20>, within
the typical values reported for monolithic reactors, 0.24-0.04 s [50]. This difference can
be attributed to the favoured diffusion of phenol in water (i.e. DpnenoL=2.28-10" while

Dh202=1.36-10°at 90 °C).

The Ca numbers also as function of Re dn L™ are provided in Figure 2c (the calculus at
L= 44 mm can be found in Table S3b of the Supporting Information). The Ca number is
far below 0.05 for phenol and H2O- at any flow rate, and even at the entrance of the
reactor (Re du L™t <0.1). This means that the phenol hydroxylation and the decomposition
of H202 on the Fe/SiC monoliths are slower than the diffusion of the reactants in the L-S

interphase. Thus, the external mass transfer is not rate-limiting.

13
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Regarding to the internal diffusion of reactants across the wall thickness of the channel,
the Weisz-Prater modulus (né?) was calculated at different wall channel thickness (Swail
from 0 to 0.16 mm) at the different reaction temperatures according to Eq. (12). Due to
the absence of external mass transfer limitations, the concentration of the reactants at the
catalyst surface is equal to the concentration in the bulk (see the calculus in Table S2 of
the Supporting Information). Figure 2d shows the nd? values for phenol and H20; at 80,
85 and 90 °C. All values are below 0.3, which indicates that the reaction rates for H2O;
decomposition and phenol hydroxylation are slower than their diffusion into the porous
wall of the channels. Additionally, the values obtained for phenol are lower than the ones

obtained for H20>, again, due the favoured diffusivity of the former.

3.3. Reactor performance

The results obtained in the hydroxylation reactions at different temperatures are given in
Figure 3. The XpHenoL and Xn2o2 increase with the space-time and the rise of temperature
(Figure 3a). Noteworthy, the H.O, decomposition is more affected by the temperature
than in the case of phenol, in such a way that an increase of H>O, conversion does not
always resemble an increase in the phenol conversion, as can be observed at 85 and 90
°C and 254 g L h’. Under these operating conditions, the Xpnenow is maintained at 40%;
whereas the X202 increases from 83 to 93%. This means that the H20> is consumed in
different parallel reactions, not only in the hydroxylation of phenol. For instance, H20-
can overoxidize CTL, HQ and BQ into tar at long space times [28], and it can also be

decomposed into the unfruitful oxygen and water.

As can be seen in Figures 3b-d, the main products were CTL and HQ, in a molar ratio

remained at around 1.8, while BQ and RSL were produced at quite low concentrations.

14
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BQ behaves as an intermediate product, showing a maximum in the concentration profile
at low conversion, due to its equilibrium with HQ [28]. The unidentified products required
to close the mass balance were considered tar since none additional peaks were identified
by HPLC. The concentration of tar is significant at 85 and 90 °C (Figures 3b-d), which is
determinant for the phenol selectivity to DBHZ. The phenol hydroxylation pathway over

Fe/SiC can be found elsewhere [28].

According to this, the Spnez is more affected by the temperature than the space time
(Figures 3c-d) because the reaction temperature may favour the overoxidation of DHBZ
to tar (more than a prolonged catalyst contact time) and likely, the adsorption of tar on
the catalyst surface is less favourable. For this reason, the Sprgz in the range of XpnenoL
achieved (from 10 to 40%) remains almost constant with the temperature, being the
mildest one operated, at 80 °C, the most adequate for the production of DHBZ. The best
performance is observed at this temperature and 254 g h L, with Spuez= 99.1% (and
YpHez=29.6%). These results are superior to those obtained in others intensified reactors
such as TS-1 catalyst in a wall microreactor [25], TS-1 catalyst in a submerged membrane
reactor [26], FeMOF/SIiC monolithic stirrer reactor [27], and also to the conventional
Enichem process [6, 7]. These results stand out the excellent performance of the novel
3D Fe/SiC honeycomb monolithic reactors with triangular cell geometries as staggered

interconnected channels for the sustainable production of DHBZ.

3.4. Kinetic modelling

The phenol hydroxylation and H2O- disappearance rates were modelled considering the
experimental concentration vs. t data, shown in Figures 4a-c at 70, 80 and 90 °C
respectively, with different kinetic models taking into account potential equations, and

Langmuir-Hinshelwood-Hougen-Watson (LHHW) and Eley-Rideal (ER) kinetics. The

15
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models collected in Table 1 were the best-fit kinetic rate equations found (see Table S4
of the Supporting Information for the statistical data of each model considered). The
obtained kinetic parameters at each reaction temperature are also summarized in Table 1.
As expected, the H>O> kinetic parameter (K), that includes the adsorption constant,
decreases with the temperature; while, strikingly, the kinetic rate constants for both
reactants (k202 and kpHenoL) are not affected by the temperature. This finding suggests
that each rate constant does not correspond to one elementary reaction, but they are
apparent rate constants that involve a lumping of elementary reactions, as it will be further
demonstrated during the elucidation of the reaction mechanisms. The validation of the
apparent kinetic model for phenol and H20> can be confirmed, as Figures 4a-c illustrate,
by showing the coincidence between the experimental (in symbols) and predicted (in
lines) concentration profiles. Only deviations lower than 2% were obtained (see the parity
plot in Figure 4d).
Regarding to the DHBZ production rates, the following considerations were taking into
account:

e 1 mole of phenol produces 1 mole of CTL or HQ, therefore, it is expected that

their corresponding production rates (R;) are:

— _ kerL CpHENOL CH20
Rcte = Ser (-rpHenoL) = 2o (15)
1+ K Cyz02
_ _ kyo CpHENOL CH202
Rho= SHo- (-rereENoL)= —2 (16)
1+ K CH202

were Kern, = Scrr - Kpuenor and  Kuq = Spo * Kpuenow, While the H20;
Kinetic parameter, K, keeps in the same value at each temperature (Table 1).

e BQ can be lumped with HQ since both are in redox equilibrium in the media
(Figure 1) and without introducing a significant error due to the far lower

production of BQ comparing to HQ (Figure 3).
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The experimental and predicted concentration profiles obtained for CTL and HQ+BQ are
given in Figure 4a-c, and the party plot in Figure 4d. It can be observed the good fitting
of the kinetic models (Figure 4a-c) and the accuracy for predicting the experimental data
(Figure 4d). The values of the estimated kinetic rate constants are collected in Table 1
and, as above mention, the kctu/kprenoL and kng+so/KeHenoL ratios are coincident with
the experimental selectivity at each temperature (Figure 3) and, therefore, the kcti/krg+so
value is also around 1.8. Since the selectivity diminishes with the reaction temperature,

so the ket and kng+sq do (Table 1).

3.5. Reaction mechanism

According to the rate equations constituting the kinetic model (Table 1), the sustainable
production of DHBZ from phenol hydroxylation by H>O, with Fe/SiC monoliths takes
place as follows: first, H-O> decomposes into the active oxidant species (hydroxyl
radicals, HO+) on the Fe active sites (the H20O. decomposition does not occur when Fe is
not present in the SiC nanoparticles [45]). Besides, the H.O, decomposition follows a
LHHW mechanism with adsorption of H.O- as the rate-controlling step, which explains
the kinetic rate for H2O2 in Table 1. Next, the HOe species react with phenol molecules
given rise to DHBZs. As this reaction follows an ER mechanism, see the kinetic rate
equation for phenol in Table 1, the adsorbed HO- species hydroxylate the phenol
molecules present in the liquid phase (not adsorbed). According to this, the overall

chemical process can be described by the following three elementary steps:

1
H,0, +S & S — H,0, (17)
r2
H,0, — S & S—HO - +HO" (18)
3
S — HO - +PHENOL & S + DHBZ + H* (19)
17
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The rate expressions of this set of reactions are:

r1 = Ky Cyz02 Cg — K_1 Cs_nH202 (20)
r, = Ky Cs_n202 — k-2 Cs_no. Cho- (21)
r3 = k3 Cs_no. Cpuenor — K-3 Cs Cpupz Cy+ (22)

S,S —H,0, and S — HO - represents the number of sites that are vacant, or occupied by
H20. and HO- species, respectively. The conservation of the number of active sites leads
to this site balance expression: L = Cs + Cs.H202+ Cs-+o., Where L is the total concentration

of active sites.

Only by assuming as the rate determining step (rds) the reactive desorption reaction, Eq.
(19), is possible to obtain the ER kinetic model for phenol hydroxylation (Table 1), as it

is next demonstrated:

1
H,0, +S & S — H,0, (17)
r2
H,0, —S& S—HO - +HO™ (18)
3
.OH — S + PHENOL 5 S + DHBZ + H* (r.d.s) (23)

the rate can be expressed as:

(—rpuenor) = (13) = K3 Cs_pno. CpuenoL (24)
Besides,

r1 = Kq Cyz02 Cg — K_1 Cs_pHz02 =0 (25)
r; = Ky Cs_pz02 — K-z Cs_po. Cyo- =0 (26)
L = Cs + Chz02-s+ Cs_o. (27)

where L is the total concentration of active sites.

From Eqgs. (25-27), it can be obtained the concentration of adsorbed HO- species:

18
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CL k3 CH202 (28)

K, K1k
1+k—2CHo—) Kz Chzo2 +——"Cho-

Cr-no = (

and by its substitution in Eq. (24), the predicted phenol hydroxylation reaction rate results:

kq 1
L kp ks C C
k_1 k_3 Cyo— 2 83 LPHENOL “H202

(—=TpuenoL) = (13) = g T &
1 (k—l k—2 Cyo— k2 k—1) ka Chz02

(29)

It is reasonably to consider that Cyo- is constant in the reaction media, since water is used
as unique solvent and, obviously, also the concentration of active sites, L. Thus, the above

equation can be rewritten as:

KpyENOL CPHENOL CH202 (30)
1+K Cyz02

(—TpuENOL) =
where kpHenoL and K are apparent constants that lumped ratios of constants of the three
elemental steps involved (Eq. 17, 18 and 23). This can explain why kenenor and K do not
follow the Arrhenius dependence with the temperature. This rate equation (Eq. 30) is
coincident with the reaction rate of phenol hydroxylation empirically obtained (Table 1).
When a rds different from the reactive desorption reaction (Eq. 23) is assumed, then other
Kinetic rate equations are obtained for phenol (see Table S5 of the Supporting Information
or the different assumptions) and they do not fit the experimental data. Thus, it can be
concluded that the reaction mechanism proposed in Egs. 17, 18 and 23 for the production

of DHBZ from phenol hydroxylation by H20- in aqueous phase over Fe catalysts is valid.

4. Conclusions

The sustainable production of DHBZ in 3D Fe/SiC honeycomb monolithic reactors was
studied by performing the hydroxylation of phenol with H.O, at 80-90 °C in water as
unique solvent. The discriminated kinetic model predicts the H>O. consumption

according to a LHHW kinetic model and phenol hydroxylation, as well as, catechol and
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hydroquinone production by ER kinetic models. The robustness of the model is
demonstrated by the well prediction of the concentrations of the involved species from

the reaction rates of the model.

The estimated kinetic rate constants for H202 and phenol (kn202 and kenenoL, respectively)
are apparent because, though it is not a diffusion-controlled process, they lumped ratios
of constants of the three elemental steps mechanistically involved: (1) H2O2 adsorption,
(2) surface decomposition of H20 into HO+ species and (3) reaction between adsorbed
HO- and phenol in solution, the latter being the determining step of the hydroxylation

process.

The best performances, Spnsz=99.1 and Yprez= 29.6% are accomplished at the lowest
reaction temperature, 80 °C, when the overoxidation of the DHBZ to tar is less favourable.
Phenol is mainly oxidized to catechol (KctL=ScrtL-kerenoL) and, then, to hydroquinone
(Kno=SHq-kpHenoL) Where the corresponding selectivity is around 60 and 33%,

respectively.

The results of this study lead to a better understanding of the hydroxylation of phenol by
H20> in 3D Fe/SiC honeycomb monolithic reactors and contribute to the development of
an environmental friendly and cost-effective technology for the selective oxidation

processes with H20».
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Table 1. Kinetic modelling for phenol hydroxylation by H,O> over 3D Fe/SiC

honeycomb monoliths at different temperatures

Compound Rate equations” and kinetic parameter values
T=80°C T=85°C T=90°C
H20:2 (—Tupoz) = Kuz02 Chzo02
1+ K Cyzo2
Kizoz (L ht geat?) 1.7-102+3.8-10°® 1.5-102+8.3-10° 1.5-102+2.5.103
K (L mol?) 11.8+3.8 8.1+78 38+19
PHENOL (=r ) = KpuenoL CprenoL Chzoz
PHENOL 1+ K CH202
Kppenor (L2molthtgear?) | 2.3:102+£1.5-10° 3.1-102+23-10° 2.9-102+2.3.10°
K (L mol?) 11.8+3.8 8.1+78 38+19
CATECHOL S KcrL CprenoL Chzo2
L7 1+ KCipop
Ker (L2 molt ht geat™) 1.4-102+3.8-10* 1.3-102+7.8-10* 1.1.10%2+5.2.10%
K (L mol?) 11.8+3.8 81+7.8 3.8+19
HYDROQUINONE _ Kkuq CpuenoL Cuzoz
THO+BQ = ™1 K Crvon

Kuq (L2 molt h't geat™?) 7.8:10%+25.10% 7.8.10°+6.1-10* 5.9-10%+4.4.10*
K (L mol?) 11.8+3.8 8.1+7.38 3.8+19
" Rates in mol gcar™ h* and concentrations in mol L
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Figure 1. (a) 3D CAD design of the monolith and image of the printing process, (b) digital
photograph of the top and side views of the monoliths, and (c) optical images of the cells

and (d) cross-section.
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Figure 2. (a) Experimental (dotted curves) and predicted (line curve) E(®) curve at Q.=

0.5 and 2 mL mint in the 3D monolithic reactor, (b) L-S mass transfer coefficients (ksav)

at T=80-90 °C, (c) Carberry number (Ca) with Re dw/L at dw= 0.53 mm, L= 0-44 mm,

Qu=0.25-2mL min’t and T=80-90 °C (d) values of the Weisz-Prater modulus (n$?) along

the channel wall thickness (&wan) at T=80-90 °C.
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Figure 3. Results of phenol hydroxylation by H20> using 3D Fe/SiC monolithic reactors:

(a) temporal concentration profiles of H202 and phenol at different temperatures, (b)

evolution of phenol selectivity at 80 °C, (c) 85 °C and (d) 90 °C.
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Figure 4. (a) Experimental (symbols) and predicted (curves) time-course of reactants

(phenol and H20-) and products (catechol and hydroquinone) at 80 °C, (b) 85 °C, (c) 90

°C and (d) parity plot of calculated and experimental concentrations at the three

temperatures. Operating conditions: CpHenoL,0: CH202,0 = 0.33 M, Wr=3.7 gcat and 1= 0-

254 gcat'h L_l.
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