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ABSTRACT: Three-dimensional (3D) Fe/SiC monoliths with parallel interconnected channels and different cell geometries
(square, troncoconical, and triangular) were manufactured by robocasting and used as catalytic reactors in hydroxylation of phenol
using hydrogen peroxide to produce dihydroxybenzenes; the reaction was performed at Cphenol,0 = 0.33 M, Cphenol,0:CH2O2,0 = 1:1 M,
WR = 3.7 g, T = 80−90 °C, and τ = 0−254 gcat·h·L

−1 with water as a solvent. The values of the apparent kinetic rate constants
demonstrated the superior performance of the triangular cell monoliths for hydrogen peroxide decomposition, phenol hydroxylation,
and dihydroxybenzene production reactions. A computational fluid dynamic model was validated with the experimental results. It
demonstrated that the triangular cell monoliths, with a lower channel hydraulic diameter and not-facing interconnections, provided a
higher internal macrotortuosity that induced an oscillating flow of the liquid phase inside the channels, leading to an additional
transverse flow between adjacent parallel channels. This behavior, not observed in the other two geometries, resulted in a better
overall performance.

1. INTRODUCTION

One of the key factors that determine the reactor performance
is the geometry of the reactor.1−3 It is designed to provide
maximum conversion and selectivity at minimum catalyst load
and operating cost. For this aim, the reactor must be adapted
to achieve the best matching of fluid dynamics, heat
transmission, and mass transport with the reaction kinetics.
The recent irruption of the additive manufacturing

technologies, also known as three-dimensional (3D) printing
technologies, in chemical engineering and related fields has
opened new opportunities for the customized catalyst/reactor
design, optimization of reaction performance, and process
intensification.4−7 The unprecedented geometric freedom in
design, with substantial precision and control, paced by the
increasing availability of engineered materials (i.e., polymers,
ceramics, metals, and carbon-based materials) is extending the
digital manufacturing not only to reactionwares8−10 and
microfluidic reactors11,12 but also to nonconventional catalyst
carriers and structured packings.13,14

In particular, a rising number of publications explore the
rational design and preparation of 3D monolithic catalytic

systems with nonconventional geometries.15−30 The most
common ones are the honeycomb monoliths with intercon-
nected straight channels15,16,19,20,23,27 and also cross-channel
structures.28,29 More complex ones are honeycomb monoliths
with asymmetrical channels either by a progressive decrease in
the channel section along the monolith21 or by alternating
wide and narrow channels.26 In addition, parallel channels with
new cell morphologies, i.e. diamonds, stars, waves, etc.,22 and
most disrupted like monoliths with a completely different
internal periodic structure, such as tetrakaidecahedron,
tetrahedron, cylinders,17 or diamonds,25 have been successfully
fabricated.
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These 3D-printed monoliths provided an upgrading
performance compared to those manufactured by the conven-
tional direct extrusion process or pelletized catalysts. For
instance, Cesarano’s group,15 pioneers in the development of
the robocasting, a direct ink writing technique, reported better
conversions in the catalytic combustion of a methane reaction
upon interconnected channeled hexa-aluminate monoliths.
Davo-́Qiñonero et al.21 manufactured asymmetrical CuO/CeO
honeycomb monoliths obtained from a 3D-printed polymeric
template that were used in CO oxidation. These authors
obtained higher reaction rates and CO conversions compared
to the symmetrical monoliths. Wei et al.22 observed different
product distribution in the Fischer−Tropsch reaction depend-
ing on the cell morphology of metal monoliths manufactured
by selective laser sintering. Li et al.17 demonstrated a higher
catalytic performance of the tetrahedron-type monoliths in the
syngas methanation for methanol production upon 3D Ni−
Al2O3/C monoliths prepared from a 3D polymeric template. In
particular, higher CO conversion and selectivity to CH4 were
obtained in the 3D monoliths along with a lower pressure drop
and temperature gradient compared to the powder Ni−Al2O3/
C catalyst. Hajimirzaee et al.30 prepared 3D cordierite
monoliths where the geometry of the cells was modified by
selecting different rotation angles between adjacent layers.
These architectures with immobilized Pd/Pt were used as
catalytic converters and tested in the oxidation of methane.
The activity of the 3D converters was always superior to that
provided by the conventional one, though there was not a clear
superior architecture.
These studies agree about the beneficial impact that novel

geometries have on fluid−solid contact. The macrochannel
tortuosity created inside the monoliths promotes the
turbulence in the flow stream, typically a gas phase, which
results in an enhanced reactant and product mass transfer from
the bulk gas to the catalyst wall, as well as a favored heat
release.6,17,27,30,31 This reason has motivated the development
of numerous works related to the numerical simulations of the
gas flow inside the 3D monoliths to confirm the advantages of
the novel designs.3,6,25,26,30,31

Just few studies about computational fluid dynamics (CFD)
applied to the 3D-printed monoliths are focused on the
visualization of the gas flow in the inner geometry and the
calculations of pressure drops and temperature distribution in
one channel or the complete monolithic architecture. The
present study goes one-step ahead by including the kinetic
equations in the numerical computation software and thus,
enables the multiphasic modeling of 3D customized monolithic
catalytic systems.
Based on our recent works,27,32 3D Fe/SiC honeycomb

monoliths with interconnected channels were additive
manufactured by robocasting with different inner morpholo-
gies and applied to a demanding liquid-phase reaction, the
selective oxidation of hydrocarbons. A kinetic study was carried

out for the reaction modeling, and then a 3D computational
fluid dynamic model was created considering the conservation
of mass, momentum, and species together with chemical
reactions. Afterward, the model was validated against the
experimental results. In this way, the functional understanding
of 3D-printed reactors with nonconventional architectures will
be acquired based on the reactor geometrical aspects.
Therefore, the results of this work will illustrate the full
potential of coupling the 3D printing technology and
numerical methods for the chemical reactor design.

2. MATERIALS AND METHODS

2.1. Three-Dimensional (3D)-Printed Fe/SiC Mono-
liths. Cylindrical monoliths with a ∼14 mm diameter and a
∼15 mm height were computer-aided designed in RoboCAD
4.0 (3-D Inks LLC) with different complex architectures (i.e.,
cell geometry, cell density, and interconnected channel
pattern) and printed with a three-axis robocasting system (A-
3200, 3-D Inks LLC) at room temperature. The details of the
Fe/SiC ink formulation, 3D periodic lattice designed, printing
process, and final consolidation by means of thermal
treatments are described elsewhere.27

Table 1 summarizes the main physical characteristics of the
3D-printed monoliths with the three selected architectures:
troncoconical (RAD), triangular (TRG), and square (SQ)
cells, and Figure 1 shows some photographs of these structures.
The digital source designs are provided in Figure S1 of the
Supporting Information (SI). The characteristic length values
of the cells, given in Figure 1a, ranged from 0.86 to 0.96 mm,
depending on the geometry.

Table 1. Physical Properties of Robocast Monoliths after Thermal Treatmenta

geometry ρgeo (g cm−3) ρbulk
b (g cm−3) εtotal (%) εwall (%) η (cells per cm2) δwall (μm) dH

c (mm) av (mm−1)

TRG 0.60 1.13 65 18 71 317 0.53 22.1
RAD 0.53 0.96 57 13 48 289 0.88−1 23.1
SQ 0.60 1.05 59 16 49 298 0.88 26.4

aGeometrical and bulk densities (ρgeo, ρbulk), open total and rod porosities (εtotal, εwall), cell density (η), wall channel thickness (δwall), hydraulic
diameter (dH), and channel interface area (av) of robocast monoliths used in reactions. bρbulk refers to the wall volume, equivalent to the particle
density in pellets. cCalculated as 4aP−1 (where a is the open channel area and P is the wetted perimeter).

Figure 1. Cell-side optical views (a), 3D cylindrical Fe/SiC structures
after the thermal treatment (b), and cross-sectional optical views (c)
of the honeycomb monoliths with troncoconical (RAD), triangular
(TRG), and square (SQ) cells.
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According to these values and the geometry, the hydraulic
diameter (dH) was calculated and, as shown in Table 1, varied
from 0.88 to 1.00 mm for RAD and was kept constant with
0.52 mm for TRG and 0.88 mm for SQ cells. Thus, 3D
cylindrical monoliths, with the same external dimensions (∼14
× 15 mm) but different dHs exhibit different cell densities (η),
being particularly high for the TRG (η = 71 cells per cm2) with
the lowest cell size, as shown in Figure 1b. In the three
monoliths, the millichannels are parallel and laterally
interconnected with a distinct spatial distribution depending
on the design (see the cell-size photographs in Figure 1c and
the schematic representations in Figure S1c of the SI).
Accordingly, SQ cells contain fully facing lateral interconnec-
tions, while TRG cells present interconnections that are
staggered located (or not-facing located), and RAD cells show
an intermediate situation with two types of lateral
interconnected channels, one of them fully facing that increases
the area from the inner ring toward the outer ring, and another
one (those in the center of the monolith) where the lateral
interconnections are not completely facing. In the three
geometries, the interconnections have the identical dimensions
within each layer, which corresponds to the wall thickness
(δwall ∼ 300 μm).
On the other hand, the 3D monoliths present quite similar

densities and porosities (see Table 1), though some dimen-
sional differences mainly in the wall thickness were observed
due to the shrinking of the pieces during the thermal treatment
(at 600 °C in air for 2 h and then at 1200 °C in an argon
atmosphere for 5 min in a pressureless spark plasma sintering
furnace, SPS-510CE; Fuji Electronic Industrial Co., Ltd). η is
the most distinct characteristic, which depends on the cell
geometry and dH. Further details on geometrical character-
ization of the monolith samples can be found elsewhere.27

The Fe content remained invariable for all monoliths, i.e.
0.52 ± 0.03 wt %, as well as the specific surface area (SBET = 39
m2 g−1). Regarding the active catalytic phase, iron silicides, viz.
Fe3Si and α-FeSi2, identified by Mössbauer spectroscopy, are
considered as the iron catalytic species.27

2.2. Kinetic Study of Phenol Hydroxylation. The
kinetic model discriminated for TRG monoliths in our
previous work32 is as follows
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+
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The reaction rates are expressed in mol gCAT
−1 h−1 and

concentrations (Ci) in mol L−1. As can be seen, the H2O2
decomposition occurs according to the Langmuir−Hinshel-
wood−Hougen−Watson kinetic model (eq 1), while the
phenol hydroxylation (eq 2), as well as catechol (CTL, eq 3)
and hydroquinone (HQ, eq 4) occurs according production, to
an Eley−Rideal kinetic model. This means that H2O2
molecules are adsorbed on the iron active sites and

decomposed into the hydroxyl radical species (HO•), which
react with phenol in solution leading to the DHBZ formation.
The phenol hydroxylation occurs until complete consumption
of the H2O2 oxidant.

32

The kinetic model, eqs 1−4, was obtained in the absence of
external and internal mass transfer limitation according to the
Carberry number and Weisz−Prater modulus calculated at the
different operating conditions, respectively. However, the
kinetic rate constants (viz. kH2O2

, kphenol, kCTL, and kHQ) were
considered apparent because, though it is not a diffusion-
controlled process, they lumped ratios of constants of the
elemental steps mechanistically involved.32

Herein, the apparent kinetic rate constants for the SQ and
RAD monoliths were calculated from the corresponding
experimental data (Ci) vs space time (τ = W·QL

−1) profiles.
For that, the same experimental setup, operating conditions,
and experimental proceeding as for the TRG monoliths were
employed.32 Briefly, the reactor was constituted by three
stacked monoliths (total catalyst weight, WR ∼ 3.7 g) and was
operated at Cphenol,0 = 0.33 M, Cphenol,0:CH2O2,0 = 1:1 M, T = 80,
85 and 90 °C, τ = 0−254 gcat·h·L

−1 (or flow rate, QL, 0−0.25
mL min−1) and with water as a unique solvent. The elucidated
kinetic equations were considered for the CFD mathematical
modeling.
A preliminary set of runs were carried out to measure the

temperature inside the reactor at different axial and radial
positions of the monolithic bed and at different operating
conditions (i.e., QL = 0.25 and 2 mL min−1, and Theating fluid =
85−95 °C), using a using a digital thermocouple (TENMA 72-
7712). A temperature gradient less than 0.5 °C between the
center and the wall of the reactor was measured only at the
highest flow rate of 2 mL min−1, being negligible at 0.25 mL
min−1. According to the results, the reactor operates under
isothermal conditions.
On the other hand, the conversion (X) of reactants

(denoted by j: phenol or H2O2), phenol selectivity (S), and
yield (Y) to the identified products (n: CTL, HQ, resorcinol
(RSL), or p-benzoquinone (BQ)) were calculated as follows:

=
−

×X
C C

C
(%) 100j

j j

j

,0 ,t

,0 (5)

=
·

×S
C

C X
(%) 100n

n

phenol,0 phenol (6)

= · ×Y S X(%) 100n n phenol (7)

All of the concentrations (C) are expressed on mole basis.
The subscripts 0 and t stand for the initial and a given reaction
time, respectively.

2.3. Analytical Methods. The progress of the reaction was
followed by taking liquid samples periodically from the reactor
outlet. The steady state was reached after 2−8 h, depending on
the space time. Phenol and the aromatic byproducts, viz. HQ,
CTL, BQ, and RSL, were determined by high-performance
liquid chromatography (Ultimate 3000, Thermo Scientific,
C18 5 μm column 150 × 4.6 mm, 4 mM H2SO4 as a mobile
phase, DAD detector at wavelengths of 210, 246, and 246 nm).
The H2O2 concentration was measured using the TiOSO4
method in a Cary 60 UV−Vis spectrophotometer.33

2.4. CFD Modeling with COMSOL Multiphysics. A
numerical approach using CFD is applied to predict the effect
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of the architecture or geometrical aspects of the 3D-printed
monoliths on the fluid dynamics, pressure drop, and reactant
conversion. Software COMSOL Multiphysics v5.5 (COMSOL
Inc., Burlington, MA) was used to perform the 3D multiscale
modeling. This commercial software is based on the finite
element method for the discretization of the domains to solve
the model equations.
2.4.1. Geometry. For the fluid dynamic study, three

consecutive 3D channels were built to study the transverse
flow by the interconnections, while for the modeling study
(that coupling the species transport and reaction kinetics to the
fluid dynamic analysis), only one 3D channel was considered
for simplification. In this latter case, half of the channels for SQ
and RAD monoliths were used and the symmetry applied; such
symmetry could not be considered in the TRG geometry, as
deduced by the fluid dynamic study. The geometries digitally
designed in CAD and exported to COMSOL Multiphysics v5.5
are provided in Figure S2 of the SI. To simulate the reactor
performance, the channel dimensions were identical to the 3D-
printed samples used in the reaction (i.e., open channel width,
wall thickness, angles between filaments) and the length
corresponded to that of the reactor (ca. 44 mm, according to
the three stacked monoliths used). These dimensions are also
included in Figure S2 of the SI.
2.4.2. Initial Considerations. The proposed CFD model

was based on the following considerations:

• Flow regime: the lineal velocities in the channel are very
low, which implies that the Reynolds number (Re) is less
than 1. For instance, at 2 mL min−1 in the TRG
geometry (dH = 0.53 mm), the velocity is 2.33 × 10−4 m
s−1 and Re = 0.37. Therefore, the Stokes flow or creeping
flow has been used.

• Fluid-phase properties: according to the initial reactant
concentration (Cphenol,0 = CH2O2,0 = 0.33 M) in the liquid
phase, the major species is water. Therefore, the
transport of diluted species can be considered to
model the reactant transport in the liquid phase by
COMSOL, and the physical properties of the reaction
medium are those corresponding to water under the
operating conditions studied (P = 1 atm and T = 80−90
°C).

• Monolithic material: the wall is mainly made of SiC (the
Fe amount is very low). Therefore, the channel wall can
be considered to be isotropic. The internal pore
diffusion of the reactant is produced by the effective
diffusion, considering a tortuosity model, which will be
further described in eqs 12 and 13.

• Heat transfer: the process experimentally takes place in
an isothermal regime. Then, the heat transfer would not
have an appreciable effect on the catalytic performance
and, consequently, it has not been considering in this
study.

2.4.3. Governing Equations and Boundary Conditions.
The governing equation for the liquid mass balance at the
steady state is

ρ∇· =u( ) 0 (8)

where ρ is the mass density and u is the fluid velocity field
calculated using the linear momentum balance equation
(Navier−Stokes equation) with the inertial forces very small
compared to the viscous forces (according to the governing
creeping flow, and Re < 1)

= ∇·[− + μ ∇ + ∇ ] +pI u u F0 ( ( ) )T
(9)

In this equation, μ (SI units: kg m−2 s−1) is the fluid
viscosity, p (SI units: Pa) is the pressure, and F is the identity
tensor.
The abovementioned equations are complemented with the

following boundary conditions:

• at the walls inside the monoliths, the no-slip condition is
employed: u = 0

• at the inlet of channels, the input velocity is calculated as
a function of QL and the cross-sectional area (A),
according to the expression

= − ·n
Q

A
u L

(10)

with n being the unit normal vector pointing outside the
monolith boundary.

• at the outlet of channels, the atmospheric pressure is
imposed: p = p0

• symmetry n·u = 0

Equations 8 and 9 are coupled with convection-diffusion
balance equation for the species i in the fluid along the channel

∇· − ∇ + ·∇ =D c cu( ) 0i i i (11)

and the diffusion-reaction balance equation for the reactants
inside the porous catalytic wall

∇· − ∇ =D c R( )i i i,e (12)

where D (m2 s−1) is the diffusion coefficient of the species in
the aqueous phase and De (m

2 s−1) is the effective diffusion
coefficient of the species in the porous wall. It is calculated
from the molecular diffusion considering the properties of the
porous media

ε
τ

= ·D Di i,e
wall

wall (13)

εwall is the rod porosity for each architecture, the values are
provided in Table 1, and the wall tortuosity (τwall) is set as 1.2
typical for monolithic catalysts. R (mol m−3 s−1) is the reaction
rate, equal to eq 1 for H2O2 and (2) for phenol. Note that for
unit consistency, the reaction rates of a catalytic system
expressed in terms of kg of mass of catalyst will be multiplied
by the bulk density (ρbulk) of the monolith (see Table 1),
which is the spatial domain where the chemical reaction
occurs.
The boundary conditions for the mass balance solutions of

eqs 11 and 12 are as follows:

• at the walls, n·(−D∇c) + u·c = 0
• at the inlet, Cphenol,0 = CH2O2,0 = 0.33 M
• at the outlet, n·(−D∇c) = 0

Finally, the 3D motions of particles settling in the Stokes
flow were numerically tracked to visualize the passage of the
flow between adjacent parallel channels through the inter-
connections. The particle tracking was described by the
Newtonian, first-order formulation, and combined with the
Navier−Stokes flow and resolved in a time-dependent study

·
=

m

t
F

vd( )

d t
p

(14)

where v = dq/dt; q (m) is the particle position, mp (kg) is the
particle mass, and F (N) is the total force on the particles. In
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this study, 50 specific particles, with a suitable diameter (1 μm)
to be visible in the 3D animation, were released at the entrance
of the liquid flow rate (0.5 mL min−1), every 20 s. The particle
density was equal to that of the water at room temperature.
2.4.4. Meshing. The spatial discretization of the 3D

geometries in both domains, open channel and wall, was
carried out by an unstructured mesh with tetrahedral elements.
A mesh sensitivity analysis, with nine different meshes, was
conducted for the TRG monolith (the most complex
geometry) to acquire the optimum mesh size that will give a

good balance between accuracy and computational time. The
results of this study are provided in Table S1 and Figure S3 of
the SI. It was found that 1.01 × 106 tetrahedral elements were
enough to obtain independent grid mesh results with the
mentioned conditions. The same grid mesh was applied for
RAD and SQ monoliths.

3. RESULT AND DISCUSSION
3.1. Fluid Dynamic Study. 3.1.1. Velocity Profiles. Figure

2 shows the radial velocity profiles of each geometry at

Figure 2. Radial velocity profiles for the different monolith morphologies: SQ (a, d), RAD (b, e), and TRG (c, f) at different axial positions (z) at T
= 85 °C and QL = 0.5 mL min−1.

Figure 3. Axial velocity profiles (a) and 2D velocity profiles at the entrance of the channel (b) for the different monolith morphologies at r = 0, T =
85 °C, and QL = 0.5 mL min−1. Cross-sectional velocity plots along the TRG monolithic reactor at T = 85 °C and QL = 0.5 mL min−1 (c).
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different channel lengths (z). The horizontal dashed line
represents the lineal velocity (uL ≈ 0.058 mm·s−1, calculated as
the ratio between the flow rate and the monolith cross
section), while the vertical lines indicate the position of the
channel wall (or catalytic filament). The profiles present
discontinuities when the selected x−y plane coincides with the
wall, instead of an interconnection, and the velocity is zero. As
can be seen, the flow completely develops before the first
millimeter of the channel, so the effects caused by the entrance
to the channel can be considered negligible. The velocity
profile develops in a parabolic shape until it reaches a
maximum, umax ≈ 0.11 mm·s−1 at z = 0.76 mm (SQ); z = 0.79
mm (RAD) and z = 0.17 mm (TRG), from which the velocity
decreases as the fluid flows through the channel due to the
fluid friction with the walls. It should be noted that this
decrease is more notable in the TRG channels compared to the
SQ and RAD. In addition, the maximum velocity in the TRG
geometry oscillates with respect to the center of the channel,
while for the other geometries, it is always located at the center
(only with a slight deviation in the case of the RAD geometry).
These phenomena are better illustrated in Figure 3. The 2D

axial velocity profiles (in a plane center of the channel) show
that the reduction of the velocity with respect to the maximum
reached (umax ≈ 0.11 mm·s−1), once the flow is fully developed,
is much more noticeable for the TRG channel (97%)
compared to the RAD (44%) and SQ (30%). In addition, in
the TRG geometry, the velocity values clearly fluctuate (Figure
3a). The fluid does not follow a straight path as for SQ and
RAD but moves along colliding with the channel wall (Figure
3b), and this results in an oscillating flow (Figure 3c).
Therefore, the TRG cell geometry has a different fluid

dynamic behavior than the SQ and RAD. This is mainly
because the latter are manufactured by superimposing two
layers of filaments so that the interconnections and the
filaments face in a two-by-two manner. Instead, the TRG
geometry is created by superimposing three layers of filaments

so the interconnections are staggered and do not face each
other. As a result, the TRG geometry accounts for a higher
macrochannel tortuosity that causes a deviation of the fluid in
the channel.
Another important aspect related to the presence of the

interconnections is the chance of inducing a liquid flow
between adjacent channels, which seems more likely in the
TRG geometry. To gain a deeper insight into this, particle
tracking was carried out to observe the fluid path in three
consecutive 3D channels. Figure 4 shows the resulting velocity
streamlines in each 3D geometry. The videos obtained from
the dynamic (temporal) simulation can be accessed from the
SI (Table S2). As can be seen, the flow between the
interconnections is an exclusive phenomenon of the TRG
geometry channel, while for RAD and SQ geometries, the fluid
follows a straight path in each channel and the interconnec-
tions do not have any significant effect on its fluid dynamics.
Likewise, it was possible to statistically determine by the
particle tracking study that 50% of the released particles in the
TRG geometry leave the monolith in the same channel in
which they began.
In conclusion, the oscillating flow induced by the high

macrochannel tortuosity exhibited by the TRG monoliths due
to the low cell sizes, high cell density, and, above all, not-facing
channeled interconnections, promotes the transverse flow
between adjacent parallel channels, the fact that, obviously, will
prolong the contact time between the reactants and the
catalytic monolith.

3.1.2. Pressure Drop. The calculated pressure drop (ΔP)
values at the exit of the reactor are similar for the SQ and RAD
channels and always lower than that obtained for TRG. The
values are provided in Figure S4 of the SI. According to these
results, the oscillatory flow along with the fluid passing from
one channel to another through the interconnections produce
a greater friction of the fluid with the walls and, therefore, a
greater ΔP, increasing the energy requirements. However, for

Figure 4. Velocity streamlines along the reactor in three consecutive interconnected channels for the different monolith morphologies: TRG (a),
RAD (b), and SQ (c) at T = 85 °C and QL= 0.5 mL min−1. The streamlines passing to the adjacent channel are highlighted in a red color (a). The
videos of the dynamic simulations are provided in Table S2 of the Supporting Information.
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the worst case (TRG geometry, Q = 2 mL min−1 and T = 80
°C), the maximum pressure drop is 81.9 mPa, a negligible
value compared to the working pressure (101.3 kPa).
Therefore, it can be concluded that the pressure drop will
not be a limiting factor.
3.2. Catalytic Performance and Kinetic Results. The

results obtained in the experimental investigation to evaluate
the effect of the inner morphology of the monoliths in the

reaction performance at the different temperatures are shown
in Figures 5 and 6.
Regarding the H2O2 and phenol concentration profiles

(Figure 5), measured at the reactor exit, they slightly differ
from one morphology to another, though TRG seems to be the
most favorable for the H2O2 decomposition, in particular at 90
°C (Figure 5c). Accordingly, phenol conversion is also
particularly enhanced at that temperature (XPHENOL = 42%
for TRG vs ∼35% for SQ and RAD, see Figure 5f). On the

Figure 5. Experimental (symbols) and predicted (curves) time course of H2O2 (a−c) and phenol (d−f) for the different monolith morphologies
and temperatures. Operating conditions are as follows: Cphenol,0 = CH2O2,0 = 0.33 M, WR = 3.7 gCAT, T = 80−90 °C, and τ = 0−254 gcat·h·L

−1.

Figure 6. Experimental (symbols) and predicted (curves) time course of catechol (a−c) and hydroquinone (d−f) for the different monolith
morphologies and temperatures. Operating conditions are as follows: Cphenol,0 = CH2O2,0 = 0.33 M, WR = 3.7 gCAT, T = 80−85 °C, and τ = 0−254
gcat·h·L−1.
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contrary, the product distribution is most significantly affected
by the cell geometry, and DHBZ is preferentially produced
with a TRG morphology (Figure 6a−c), in reduction of the
BQ and tar species.27

The most appropriate reaction temperature for the phenol
hydroxylation is 80 °C to avoid the overoxidation of DHBZ
and to maintain a selectivity above 90% for all of the
morphologies, as shown in Figure 7a. Note that TRG provides
the highest DHBZ selectivity, as high as 99% at 80 °C, whereas
this value is 92% for SQ and 97% for RAD. The ratio HQ:CTL
is usually maintained at 1.8 M. Most significant is the DHBZ
yield achieved, YDHBz = 27% for TRG at 85 °C in contrast to
24% for SQ and RAD at 90 °C, as shown in Figure 7b.
According to this, the inner morphology of the monoliths

influences the reactor performance for liquid-phase reactions
such as the hydroxylation of phenol with H2O2. In this case,
the H2O2 conversion, the DHBZ selectivity, and yield are more
affected than the phenol conversion, and the TRG morphology
seems to be superior. This occurs despite its lower interface
area (av in Table 1) compared to SQ and RAD. Therefore,
other factors play a role, in particular, a better contact between
reactants and the Fe/SiC catalyst induced by the oscillating
flow. The collision of the reactants to the catalytic wall
contributes to enhancing the radial mass transport. This may
favor the production of the surface HO• radical species, and at
high temperatures, when HO• surface reactive desorption is
more favored, also the phenol hydroxylation. Another
important factor could be the more prolonged contact of the
reactants inside the monoliths due to the transverse flow
between adjacent parallel channels and the significant slowing
down velocity along the channel due to the higher friction of
the liquid with the catalytic wall. This implies to operate at
higher space times than those corresponding to the flow rate
used. Note that longer space times do not provoke the
overoxidation of the DHBZ but a better efficiency in the
consumption of the HO• species. Finally, the slightly higher
accessibility to the Fe sites, due to the higher wall porosity and
wall thickness of the TRG morphology (see Table 1), also
plays an important role.
For the gas-phase reactions previously studied,6,17,30,31 the

enhanced reactant and product mass transfer from the bulk gas
to the catalyst wall were provided as the main reasons, as well
as favored the heat release. In this work, the abovementioned
factors will be further analyzed based on the CFD modeling of
the interconnected monolithic reactors. To this aim, the kinetic
modeling for the mathematical description of the course of the
reaction is necessary and, therefore, the apparent kinetic rate
equations have been obtained for each geometry.

The fitting of the discriminated kinetic model for the TRG
monoliths in our previous work,32 eqs 1−4, to the
experimental concentration profiles obtained for SQ and
RAD allowed the calculation of the apparent kinetic rate
constants (viz. kH2O2

, kphenol, kCTL, and kHQ) collected in Table 2

for the three temperatures and morphologies. The kinetic
parameter (K) that includes the H2O2 adsorption constant was
maintained with the same value as that estimated for TRG
since the catalytic material is identical (i.e. Fe load, SBET and
similar εwall). Note that the apparent kinetic rate constant
values are always higher for TRG monoliths at a given reaction
temperature (see Table 2 and Figure S5 of the SI where the
data are included in bars for the sake of comparison), which
highlights their superior performance.
The validation of the kinetic model for phenol, H2O2, and

DHBZ can be confirmed, as illustrated in Figures 5 and 6 by
the good coincidence between the experimental (in symbols)
and predicted (in lines) concentration profiles. Typically,

Figure 7. DHBZ selectivity (a) and yield (b) vs phenol conversion for the different monolith morphologies and temperatures. Operating conditions
are as follows: Cphenol,0 = CH2O2,0 = 0.33 M, WR = 3.7 gCAT, T = 80−90 °C, and τ = 0−254 gcat·h·L

−1.

Table 2. Apparent Kinetic Parameter Values for Phenol
Hydroxylation by H2O2 over 3D Fe/SiC Honeycomb
Monoliths with Different Morphologies at Different
Temperaturesa

aRates in mol gCAT
−1 h−1 and concentrations in mol L−1.
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deviations of 10% were obtained (see the parity plot in Figure
8a).
3.3. CFD Modeling and Validation. The numerical

investigation was continued by coupling the species mass
transport (eqs 11 and 12) to the fluid dynamic study (eqs 8
and 9) including the reaction rates (given in Table 2). The
results obtained in the resolution of the CFD model in terms
of the concentration of phenol and H2O2 at the channel exit at
different liquid flow rates and reaction temperature have been
compared with the experimental results obtained for the same
cell geometry. Figure 8b represents the parity plot between the
experimental and the CFD concentration. A similar dispersion
of the data as before can be seen, with the calculated
concentrations from the kinetic model, thus the CFD model
proposed to simulate the behavior of monolithic reactors with
interconnected channels can be considered valid. The
experimental (in symbols) and CFD-predicted (in lines)
concentration profiles are provided in Figure S6 of the SI.
This validation also indicates that the imperfections of the 3D-
printed monoliths during the manufacturing (see Figure 1c)

are not critical for the CFD simulation, when ideal geometries
are used (Figure S2 of the SI).
With this CFD modeling, it is now possible to conduct a

numerical investigation to gain an insight into the behavior of
the monolithic reactors with different morphologies in terms of
the external and internal mass transfer; this information along
with the fluid dynamic study will enable us to understand the
functioning of the interconnected channeled monoliths and to
develop a prototype of an optimized 3D monolithic structure
for the production of DHBZ.

3.4. Mass Transfer Analysis. Figure 9 represents the
radial reactant concentration profiles at the half height of the
reactor (z = 22 mm) for the different channel geometries at
three temperatures and the intermediate flow conditions (QL =
0.5 mL min−1). The concentration profiles provided from r = 0
to r ∼ 0.15 mm correspond to the reactant concentration
inside the catalytic wall and from r ∼ 0.15 mm to r ∼ 0.6 mm
in the open channel. As expected by the kinetic reaction rates,
the phenol and H2O2 concentrations are lower inside the TRG,
then RAD, and finally SQ channels. The highest radial
concentration gradient is observed for the RAD cell at T =

Figure 8. Parity plot of experimental and calculated concentrations by the kinetic equations (a) and by the CFD simulation (b) for the different
monolith morphologies. Operating conditions are as follows: Cphenol,0 = CH2O2,0 = 0.33 M, WR = 3.7 gCAT, T = 80−90 °C, and τ = 0−254 gcat·h·L−1.

Figure 9. Radial concentration profiles of H2O2 (a−c) and phenol (d−f) for the different monolith morphologies: RAD (a, d), TRG (b, e), and SQ
(c, f) at different temperatures, z = 22 mm, and QL = 0.5 mL min−1.
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90 °C and for H2O2 (Figure 9a) because of the lower H2O2
diffusivity and the faster reaction rate at 90 °C. But still the
gradient value is very low, less than 2% between the H2O2
concentration in the center and the wall surface. Therefore, the
radial concentration profiles for all of the geometries can be
considered flat in the open channel. Note that the TRG
(Figure 9b,e) and SQ (Figure 9c,f) channels showed a flatter
profile than RAD. The resulting radial profile is a trade-off
between the mass transfer by radial diffusion of the reactants,
favored in TRG channels by the induced oscillating flow, the
convective flow, which is lower for the TRG since the flow
slows down, and the reaction rate, lower in the SQ. These
phenomena can explain the slight differences found in the
TRG and SQ with respect to RAD channels. In any case, the
effect of the external mass transfer in the chemical performance
can be considered negligible for any channel geometry.
Regarding the reactant concentration profiles inside the

catalytic wall, corresponding to r = 0 to r ∼ 0.15 mm shown in
Figure 9, the decay in the phenol and, about all, H2O2
concentrations is more pronounced for the RAD (Figure
9a,d) than TRG (Figure 9b,e) and SQ (Figure 9c,f)
geometries. For the former, there is a concentration gradient
of 4% between the center of the channel and the external wall
for H2O2, which is reduced to less than 1% for phenol. This
profile inside the rod of the monolith is a trade-off between the
chemical reaction rate and the internal diffusion rate; the latter
is expected to be more favored in the TRG due to the highest
wall porosity. This effect can even compensate its wider wall
thickness and the reaction rate that may be faster for SQ than
RAD due to the higher reactant concentration profiles at the
wall surface.
The analysis of the possible limitations due to internal

diffusion has been carried out by calculating the internal
effectiveness factor (ηi) as the ratio between the reaction rate
inside the porous wall at different positions and the reaction
rate at the wall surface along the monolith. Figure 10 shows the
internal effectiveness factor for phenol and H2O2 as a function
of the position inside the wall (this is at different z values) for
the three geometries and at 90 °C and Q = 0.25 mL min−1 (the
most favored conditions for the limitation of the internal
diffusion). It can be seen how the internal effectiveness factor
shows a certain dependence on the axial position (z), which is
accentuated for H2O2, since it possesses a lower molecular
diffusivity in water and react faster than phenol. Because of the
internal concentration profiles obtained (Figure 9), the RAD
geometry shows the lowest ηi values, but considering that the
internal effectiveness factor is lower than 0.95 only at T = 90

°C, at the exit of the reaction (z ≥ 30 mm) and the wall (after
diffusing through the 83% of wall), it can be generally accepted
that the chemical reaction is not limited by the internal
diffusion of the reactants.
According to these results, the fabrication of nonconven-

tional catalytic systems by additive manufacturing must be
focused not only on the control of the reactor structure at the
macroscale to induce fluctuation but also on preserving the
accessibility to the active sites, as demonstrated by the
numerical investigation carried out through the CFD
simulation.

4. CONCLUSIONS
This study illustrates how the CFD tools combined with
additive manufacturing pave the wave for the design and
optimization of nonconventional catalytic reactors with
improved flow patterns that contribute to the acclaimed
transformation of the chemical industry to shape a more
sustainable and digital future.
In particular, monolithic catalysts with a TRG cell geometry

robocast by superimposing three layers of filaments give rise to
staggered interconnections between adjacent channels, while in
other geometries, such as SQ and RAD cells, manufactured by
superimposing two layers of filaments, the interconnections
face in a two-by-two manner. As a result, the TRG geometry
accounts for a higher macrochannel tortuosity that causes an
oscillating flow inside the channel along with a transverse flow
between adjacent parallel channels. In this way, the reactant
mixture is increased and the exposure time of the reactants to
the catalytic surface is prolonged (since the flow velocity is
reduced by the collision of the fluid with the wall of the
channels). All of these aspects increase both the reaction rates
of the reactants and product selectivity.
In addition, the catalytic wall porosity is a concern in the

additive manufacturing process. It must enable the appropriate
access to the active sites without compromising the catalyst
mechanical resistance.
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Figure 10. Evolution of the internal effectiveness factor (ηi) inside the catalytic wall for the different monolith morphologies: RAD (a), TRG (b),
and SQ (c) morphologies at different reactor lengths (z = 0−44 mm), T = 90 °C, and QL = 0.25 mL min−1.
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