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This work presents a numerical analysis for glycerol dehydration & acrolein oxidation to produce acrylic
acid and determine the optimal process conditions combining computational fluid dynamics (CFD) with
response surface methodology (RSM) techniques. For glycerol dehydration, optimum conditions are found
at 623 K, 5731.6 h™* GHSV, and a glycerol mass fraction of 0.32, resulting in a glycerol conversion of 94.2%
and an acrolein selectivity of 79.6%. Further, the simulations with optimized conditions for two proposed
configurations have insignificant glycerol conversion and acrolein selectivity suggesting that alternative
reactor configurations have limited improvement. In the case of the acrolein selective oxidation process,
an optimum temperature of 583.5 K, a GHSV of 1600 h™, and an oxygen-to-acrolein molar ratio of 5.73
result in an acrylic acid yield and a selectivity of 80.9% and 87.5%, respectively. In the case of a membrane
reactor with distributed oxygen feeding, the acrylic acid yield reached 85.9% and it exhibits a remarkable
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1. Introduction

The continuous utilization of fossil fuels and the
environmental concerns of increasing CO, and climate
change have driven the chemical industry to explore
alternative pathways for producing various bulk and speciality
chemicals."? Acrylic acid is an essential chemical with huge
applications in industries such as coating & adhesive, medical
hygiene products, polymers, paints & finishers, synthetic
rubber, and consumer products.>* Currently, it is synthesized
industrially by the oxidation of propylene (via fossil fuels) in a
two-step catalytic packed bed reactor (PBR).> The rising
demand for acrylic acid and climate issues necessitate
sustainable methods such as bio-derived feedstocks.”®
Biodiesel production via the transesterification process
generates glycerol as a by-product, which can be used as a
feedstock for the production of acrylic acid.” The glycerol
dehydration (step 1) to acrolein and subsequent oxidation
(step 2) to acrylic acid is a two-step cost-effective alternative
for acrylic acid production compared to traditional methods.®
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Numerous studies focused on the synthesis of efficient
catalysts for gas-phase glycerol dehydration to produce
acrolein (intermediate) and its further oxidation to acrylic
acid.’ In recent years, Talebian-Kiakalaieh et al.'® proposed a
kinetic model for step 1 in a PBR using 0.5 g of HSiW-ZrO,
catalyst, tested at 280-340 °C & GHSV 4000 h™". Park et al.™
conducted a comprehensive kinetic study on dehydration
using HZSM-5 and ASPN-40 catalysts at 250-300 °C for 120 h.
The study revealed that HZSM-5 with a narrow pore structure
accelerates coke precursor condensation and deactivates
quickly. In contrast, ASPN-40 exhibited delayed deactivation
due to fewer condensed carbonaceous species. For the
oxidation process i.e. step 2, catalysts typically comprise
transition metal oxides, primarily molybdenum (Mo) and
vanadium (V)."> The Mo-V-oxide-based catalyst is notable for
its activity and selectivity towards acrylic acid. Chen et al.?
discussed four pure crystalline phase structures of Mo3-V-
Ox, finding that the heptagonal micropore channel affects
catalytic performance and product selectivity. Miller et al.'*
performed an isothermal catalytic reaction in a recirculating
gas-phase batch reactor at 498 K and 120-130 kPa using 4.2
mg of Mo-V-Ox catalyst. Drochner et al."® presented a steady-
state transient kinetic analysis & model for acrolein oxidation
using 50 mg of Mo-V-W, and a 315 to 375 °C range at 0.1
MPa pressure. To enhance acrylic acid selectivity, it is
necessary to control the O, amount and maintain lower
partial pressure by decreasing oxygen concentration since it
also produces CO, and CO.' In contrast, both the process
dehydration and oxidation have limited kinetic data in the
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literature, with only a few mentioned kinetic mechanisms
having reaction rates, activation energy, and frequency
factors.

The utilization of computational fluid dynamics (CFD) has
become crucial for anticipating experimental campaigns,
designing effective experiments, and understanding
theoretical process aspects through rigorous analysis."
Furthermore, recent advancements in process intensification
have focused on the development and scale-up of membrane
reactors (MRs)."®'® The adoption of higher pressure holds
potential for improving the reaction rate, reducing the
equipment size, and lowering the energy demand. A viable
approach to achieve these benefits is utilizing a MR, capable
of selectively removing water and shifting the reaction
equilibrium towards product formation allowing higher
conversions compared to a PBR. The industrial application of
H,0 perm-selective membranes is limited by their stability at
high temperatures and is not suitable for this purpose.
Amorphous membranes degrade above 250 °C and they are
hence unstable,® zeolite membranes such as hydroxy
sodalite (H-SOD) can withstand higher temperatures and
their stability is affected by thermal expansion and structural
changes.”* Rohde,*® Khajavi et al.>* tested H-SOD for steam
pervaporation in which a thin defect-free film with a 2 um
layer thickness was synthesized via hydrothermal methods
and exhibited a remarkable perm-selectivity of 75 for H,O/H,.
They presented supported H-SOD membranes on o-alumina
disks that demonstrated exceptional thermal, mechanical,
and operational stability. Wang et al.>* prepared supported
SOD membranes by a two-step repeated hydrothermal
synthesis. They exhibited enhanced stability, making them
suitable for steam removal in a MR alongside other species
like H,, CH,, and CO, present in the feed or retentate. In
another study, Lafleur et al.>* optimized and fabricated SOD
membranes achieving H,O/N,, H,0/CO,, and H,0O/H, ideal
gas perm-selectivities of 5.1, 4.8, and 1.4 at 250 °C, while
providing a high water permeance (1.26 x 10~ mol Pa™* m™>
s). The feeding and distribution of oxygen inside the reactor
is crucial since the oxidation step is kinetically limited.>*"
Kuerten et al. demonstrated that a partial oxidation system
achieves product selectivity exceeding 92% during the
oxidative dehydrogenation of methanol to formaldehyde.*”
Similarly, Mazloom et al. highlighted that incorporating a
membrane significantly enhances product selectivity in the
conversion of propane to acrolein and acrylic acid.*® In such
circumstances, to enhance the selectivity towards acrylic acid
the controlled amount of oxygen maintaining lower partial
pressure by decreasing oxygen concentration is necessary
because the reaction of acrolein also produces CO, & CO.
Hence, a membrane is a viable solution to distribute the
controlled amount of oxygen inside the reactor.

Despite lots of research having been devoted to developing
more effective catalysts, little or no literature is available on
reactor performance and optimisation for the glycerol-to-
acrylic acid pathway. This work aims to cover this gap by
attempting for the first time an optimisation at the reactor
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level. The study is carried out focusing on the reactor
operating conditions and also the reactor configuration study
using CFD simulation coupled with response surface
methodologies. The novelty of this study is represented by
the intensification of the two-step process by integrating
membranes for water removal and selective oxidation and
their conceptual assessment in terms of performance.

2. Materials and methods

Using COMSOL Multiphysics 6.1 software, a 2D non-
isothermal model was developed to explore the
dynamics and chemical reactions involved in glycerol
dehydration to acrolein and acrolein oxidation to acrylic acid.
Response surface methodology (RSM) analysis, a statistical-
based approach, generates a polynomial or linear model that
aids in the experimental design process and establishes the
relationship between input and output parameters, enabling
effective modelling and optimization of the system.>*°
Further, the CFD model is integrated with RSM, and the
CFD-RSM model is designed to evaluate the interaction
between operating parameters and their effect on system
performance. Thus, the optimal conditions for the system
can be monitored with a series of simulations. This
optimised solution is also applied to the CFD-RSM analysis
of the membrane reactor.

flow

2.1. Model configuration and assumptions

In the present study, the PBR model configuration is based
on the experimental setup conditions used by Talebian-
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Fig. 1 Three simulated packed bed reactor schemes for the process
of glycerol dehydration: (a): packed bed reactor (PBR), (b): sodalite
membrane packed bed reactor (SMPBR), and (c): multi-bed packed
reactor (MBPR).
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Kiakalaieh et al.' for dehydration and Knoche et al.*" for the
oxidation process. The general approach was to conduct a
baseline CFD analysis for a PBR of 300 mm in length and 11
mm of I.D. The PBR schematic is shown in Fig. 1(a); the two
other configurations, SMPBR in Fig. 1(b) and MBPR in
Fig. 1(c), are also illustrated. These schemes evaluate the
effectiveness of water removal through the sodalite membrane
in the SMPBR configuration and the effectiveness of multi-bed
versus single bed catalysts in the MBPR configuration during
glycerol dehydration. To maintain a consistent GHSV, we
reduced both the catalyst volume and feed flow rate by 25% in
the SMPBR and MVPR configurations.

Model validation has been carried out concerning the
experimental results presented by Talebian-Kiakalaieh
et al.,"™** using a vertical packed-bed quartz reactor including
a 0.5 g SiW,y-Al/Zr,, catalyst, at atmospheric pressure, using
2 mL h™" flow rate of a 10 wt% glycerol aqueous solution.

The computational domain of the PBR was discretized
using structured rectangular meshes, chosen for their
superior mesh quality and ability to ensure convergence
during calculations.*® While the present study does not
address modelling scale up and process implementation in
industry, it provides the necessary background for
comparative analysis and research hypothesis confirmation
of different intensified reactors using experimental evidence
following the same approach in ref. 34-36.

In the case of acrolein oxidation to acrylic acid, Fig. 2(a)
shows a schematic representation of the PBR, and Fig. 2(b)
includes the additional membrane needed to allow
distributed oxygen feeding to the permeate side. The
common approach remains the same to conduct a baseline
CFD analysis for a PBR of 300 mm in length and 11 mm of I.
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Fig. 2 Two simulated reactor schemes for the process of acrolein
oxidation: (a) PBR and (b) MR.
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D. Hence, a gas-phase oxidation of acrolein is taken from the
experimental work by Knoche et al*“*” They used a 0.5 g
Mo-V-W mixed oxide catalyst at a temperature of 613 K,
operating under atmospheric pressure with a total flow rate
of 20 mL min™".

Refinement of local meshes near the wall and catalyst bed
was implemented while increasing the overall mesh size to
enhance numerical accuracy and stability. Although more
mesh elements can improve simulation precision, they also
increase computational time and cost. To address this, a
mesh independence analysis was conducted to determine the
optimal number of grid elements, with results presented in
the ESIf Thus, the mesh size is calibrated to balance
computational efficiency and numerical precision.

The main assumptions considered in the model are: i)
steady-state conditions; ii) the reaction occurs only at the
catalyst surface (https://www.sciencedirect.com/topics/
engineering/catalyst-surface), hence enabling mass transfer
resistance between the bulk gas and the catalyst surface; iii)
pseudo-homogeneous conditions in the reaction zone in the
reactor and also in the case of the membrane reactor; iv) the
perm-selectivity values of the ceramic membranes are
assumed to be similar to actual selectivity values.

2.2. Kinetic model

2.2.1. Dehydration process (step 1). Recently, numerous
catalysts were developed for the dehydration process, including
zeolite-based, metal oxide, heteropoly acid-based, and
phosphate-based catalysts.”*®* However, due to the lack of
limited kinetic data, just a few explain kinetic mechanisms
with reaction rates having activation energy and frequency
factors. The reaction mechanism proposed for glycerol
dehydration to acrolein and other products, employing a
supported solid acid catalyst (SiW,o-Al/Zry,), is depicted in
Fig. 3. According to previous studies by Talebian-Kiakalaich
and Park,'®!" the proposed mechanism elucidates that acrolein
is formed through two consecutive glycerol dehydration steps.

R
Acetaldehyde 3 Glveerol K3 Formaldehyde
V€ g Glycerol __—__3

R,
R}

v

Acrolein

Fig. 3 The reaction pathway of the dehydration of glycerol over solid
acid catalysts such as SiW,o-Al/Zryo used in the CFD model X%
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The first dehydration step produces two independent
products: 3-HPA (3-hydroxypicolinic acid) and acetol, which
follow separate pathways. However, due to its high reactivity,
3-HPA readily undergoes conversion into acrolein during the
dehydration step (R1). It is worth noting that although 3-HPA
is an intermediate product not explicitly included in the
suggested mechanism, its significant reactivity towards
acrolein is acknowledged.

Fig. 3 illustrates the potential generation of various by-
products during glycerol conversion. The suggested
mechanism'® proposes a set of independent reactions (R1-
R5) as depicted. The dehydration of glycerol to acrolein is
represented by eqn (1) (R1), while eqn (2) (R2) is glycerol
dehydration to acetol. Eqn (3) (R3) shows glycerol
dehydration to acetaldehyde and formaldehyde. The
conversion of acrolein to formaldehyde and carbon is
represented by eqn (4) (R4), and finally eqn (5) (R5) denotes
the dehydration of acetol to acetaldehyde.

C3Hg0; = C3H,0 + 2H,0  AH = 31k molgm0," (1)
C3Hg0; = C3Hg0, + H,0 AH = 23K molg,,0," (2)
C3Hs0; = C,H,0 + CH,0 + H,0  AH = 63 kJ molc,,0," (3)
C;H,0 ¥ GH,0+C AH = -93kJ molgu,o  (4)

C3Hg0, = C,H,0 + CH,0  AH = 86 k] mole,i0,  (5)

Table 1 reports the activation energies and the frequency
factors of applied reactions (eqn (1)-(5)). It should be noted
that the reaction rate of each species is obtained according to

eqn (6)—(12).

Rc 11,0, = Peatalyst ¥ (-R1 — R2 — R3) (6)
Rc,1,0 = Peatalyst X (TR1 — R4) )
Rc 1,0, = Peatalyst * (+R2 — R5) (8)

Rc,1,0 = Peatalyst X (tR3 + R4 + R5) )

Ri,0 = Peatalyst X (+2R1 + R2 + R3) (10)
Rci,0 = Peatalyst X (R3 + R5) (11)

Table 1 Kinetic parameters for the 1st order reactions over the SiW,o-Al/
Zry catalyst in glycerol dehydration™®

Rate constant (k;)
(m3 kgcatalyst_l S_l)

Activation energy
(E:) (k] mol ™)

Frequency factor (4;)
(m3 kgcatalyst_l S_l)

ky 46.0 20.7

k, 53.3 12.1

ks 5.0 6.3x107°
ka 6.1 1.8x 107
ks 46.6 2.6

This journal is © The Royal Society of Chemistry 2025
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Ri=kiC;i_1-s = Ajexp| — | Cj i—1-s (12)
J p RT 5J

2.2.2. Oxidation process (step 2). Fig. 4 illustrates the
proposed reaction mechanism for acrolein (C3H,0) oxidation
to obtain acrylic acid (C3H,0,). It also includes by-products
CO,, CO and H,0. The catalyst used in the reaction is a
mixed oxide Mo-V-W. This mechanism was adopted with
reference to the work of Drochner et al.*>*°

The reaction kinetics certainly depends on the interaction
and involvement of oxygen molecules bound to the catalyst
surface. When acrolein and oxygen (isotope 18, '*0,) are
exposed for extended periods, it was reported that additional
products devoid of '®0, are still generated. This explains the
exchange of oxygen atoms attached to the catalyst surface
with the carbonyl oxygen of acrolein, resulting in the
complete oxidation of acrolein to CO,, CO, and H,O. The
simplified and generalized equations (eqn (13)-(17)) are
elucidated below; these do not include the capability of
isotope splitting.

C4H,0 + 1/20, — C;H,0,

AH =-265.3 kj molg 10 ' (13)

C3H,0 +7/20, — 3CO, + 2H,0  AH =-1594 k] molc o ' (14)
C;H,0 +20, — 3CO +2H,0 AH=-7445Kk molcno @ (15)
C3H,0; + 30, — 3CO, + 2H,0 AH =-1329 k] mol¢ 1,0, " (16)

C3H;0, +%/,0, — 3CO
+2H,0  AH = —479.2 k] molg,u,0,

(17)

Drochner et al.'® originally proposed this mechanism and
the kinetics of the reaction. In the literature, it was found
postulated for acrolein
oxidation to acrylic acid and for all the other products,
based on the Langmuir-Hinshelwood-Hougen-Watson
(LHHW) model.”” The reaction rate based on Fig. 4 is
described below.

that a first-order reaction is

Acrolein Acrylic Acid

»

RS
D
R
v, Rg

Carbon dioxide
Carbon monoxide
Steam

Fig. 4 Simplified scheme of the acrolein oxidation to acrylic acid on
Mo-V-W-mixed oxides.
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Rc,0=(-R1-R2 - R3) (18)
Rcm,0, = (FR4 ~ R5) (19)
Rco, = (R2 + R4) (20)
Reo = (R3 + R5) (21)
Ruo=(2R2+2R3+2R4+2R5) (22)
Ro, = (-0.5-3.5R2 -2 R3 -3 R4 - 1.5 R5) (23)

The reaction rate of individual species is derived by
incorporating all the reactions described in eqn (13)-(17).

Table 2 illustrates the activation energies and frequency
factors for all the reactions concerning eqn (24)

R; = kiCij—1-5 = Ajexp| — | Ci j—1-5 (24)
J P\ &r ) ¥

2.3. Governing equations

2.3.1. Momentum and continuity equations for the gas
phase. The general continuity equation for mass
conservation in fluid dynamics considers a porous

medium that occupies a fraction of the total volume (ie.,
porosity, ¢).
d(pe)

DL N (pev) =0
5 (pev)

Considering a steady state system, the derivative term

vanishes, and the continuity equation simplified for the
reaction and inert parts is given in eqn (25).

V-(epV) =0 (25)

The general momentum equation for a fluid flow is:
oV
% +V-(VV) = ~VP + uV?V + f

Considering porosity, the term is modified with inertial and

viscous terms. Also, considering a steady-state system, the
derivative term becomes zero. Assuming incompressible flow
and a Newtonian fluid, the equations can be further
simplified.

Table 2 Kinetic parameters over the Mo-V-W mixed oxide catalyst for
the acrolein oxidation reaction

Rate constant (k;)
(m® mol™ s7)

Activation energy
(E;) (k] mol™)

Frequency factor (4;)
(m® mol™ s7") x 107

ks 108 3

k, 153 2 x 10°
ks 158 3 x10°
ks 153 20

ks 158 30

1816 | React. Chem. Eng., 2025, 10, 1812-1827
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glzv-(pvv) = -VP+V. (E (Vv + (V- - %E (V-V)> +f

&

where f is the drag force modelled using the Darcy-
Forchheimer equation, which includes viscous drag (Darcy
term ~ 'u?mV) and inertial drag (Forchheimer term ~

peCs

vk
Eqn (26) is the governing equation for the momentum of
gas components in the reaction zone.

v|V).

1 2
SV(pVV) = V-g—P +/—; (Vv + (Vv-V)T) - il (V-V)) (26)
Hm | peCt
- (2 v |v
(o)
where ¢ is the porosity, p is the density, V is the velocity in
the gas phase, P indicates the operating pressure, u is the
dynamic viscosity, x represents the permeability of the
catalytic bed and Cy is the Forchheimer drag coefficient.*!
Eqn (26) is commonly referred to as the Forchheimer
equation, which describes the non-Darcy flow regime. The
bed porosity, permeability, and Forchheimer drag coefficient

are derived utilizing the Ergun equation.*
1.0814

6= 01504 +0.2024 + . (27)

b

b1 0.1226
<db * )
d,2e?
= p 2 (28)
150(1-¢)

o 175 (29)

F /15015

The equation of momentum for the inert zone of the reactor
is presented as follows:
™ 2H 2
V-(pVV) =V-({ P+ u(V-V + (V-V)') - 3e (V-v) ) - 5;4(V-V)
(30)

It should be noted that eqn (30) also has been used for the
permeate side in the SMPBR case.
2.3.2. Species transport equation for the gas phase. The
general species conservation equation for a fluid mixture is
d(pm;
% +Ve(pVmy) = ~VJ; + R + S;

where m; is the mass faction of species i, J; is the diffusive

flux of species 7, and R; is the rate of production or
consumption of species i due to chemical reactions.

Considering steady state conditions and porosity, the
equation is modified as below:

V-(peV) = -V-(pD;V-m;) + (1 — e)R; + S;

This journal is © The Royal Society of Chemistry 2025
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expressing R; in terms of molar quantities

(1-e)Ri = (1-&)pM; Y | ZyR;
J

Finally, the governing equation for mass transfer in the
reaction zone (catalyst bed) is as follows:

V-(peV) + V-(pDieV-mi) = (1-e)pM; Y | ZR; + S
J

(31)

The mass transfer equation for the inert zone is as follows:

V-(peV) + V(pD;eV-m;) = S; (32)
Here, S; for oxidation is the oxygen flux term for the
components of the MR whereas in the case of dehydration,
it is considered as the source/sink term for the element of
the sodalite membrane in the SMPBR case. For other cases,
this term should be considered as zero. This term that
accounts for the molar flow of species across the sodalite
membrane is given in eqn (33), wherein the details of
steam flux through the sodalite membrane are given by

Iwakiri et al.*® as follows:
A- M
Suy0 = “Jm0 Mo (33)
Vs
_ _EHZO R P
Ju,0 = Pe,€Xp “RT P,0 ~Ph,0 (34)

where PJ , and P} , are the partial pressures for steam
in the retentate and permeate sides, respectively, Eyo is
the apparent activation energy (Ey,o = 0.684 kJ mol ') and
P, is the pre-exponential factor (P, = 7.86 x 10°° mol
m™> s bar™).

2.3.3. Heat transfer equation for the gas phase. The
general energy equation for a fluid (without radiation and
viscous dissipation) is

dr
pCp| g, + VT | = V-0VT) +Q

Considering steady state conditions, the effective thermal
conductivity A combines solid and fluid phases in a porous
medium. Hence, eqn (35) describes the governing equation
for heat transfer at the reaction side.

PCRVVT = V-(AegVT) + Qg = 0 (35)

View Article Online
Pa per

5

Qr = Peat Z (Rj'Hi)

J

(36)

where H; and C, are the molar enthalpy and the heat
capacity at constant pressure, respectively, calculated
using the seven-coefficient NASA polynomials.** Also, e
and Qg refer to the effective thermal conductivity of the
catalyst bed and the reaction heat, respectively. Indeed,
the Qg value was assumed to be zero for the inert
zone.

2.3.4. Boundary conditions and post-processing
definitions. Table 3 presents the boundary conditions for the
inlet and outlet sides of the reactor.

The following formulas are defined to describe the reactor
systems during the process:

CGly-in - CGly-out

Glycerol-conversion X; (%) = x100  (37)

cGly-in

Cacrin ~ Cacr-out

Acrolein-conversion X, (%) = x100  (38)

CAcr-in
where X, is the glycerol conversion for the dehydration
process ie. step 1 and X, is the acrolein conversion for the
oxidation process step 2, Cgiy-in and Cgiy-ouc are the glycerol
concentrations at the inlet and outlet of reactors, and Cycr.in
and Caeroue are the acrolein concentrations at the inlet and
outlet of reactors, respectively.

. Chacr-
Acrolein-yield Y; (%) = -2 x 100 (39)
Gly-in
. . . C'AA-out
Acrylic acid-yield Y, (%) = ———— x100 (40)
Acr-in
. .. Chacr-
Acrolein-selectivity S; (%) = ——" %100 (41)
CGly-in - CGly-out
. . o s Caa-out
Acrylic acid-selectivity S, (%) = x100 (42)

Cacr-in ~ Cacr-out

Here, Y; is the acrolein yield, Y, the acrylic acid yield, S; the
acrolein selectivity, S, the acrylic acid selectivity and Cacr-out
the acrolein concentration in the outlet of the studied
reactors.

2.4. Numerical procedure and mesh independency

The CFD package in this study employs a 2D configuration
and relies on the finite element method for mathematical
calculations. The semi-implicit method for pressure linked

Table 3 Boundary conditions used for both processes in the CFD model are listed below

Position/equations Mass equations Momentum and continuity equations Thermal equation
Inlet (Z =0) Caly, Ch,0 Cx, T;
CAcry Cozv CHe
Outlet (Z = 1) — sauge = 0 —
wall (r = R) — Ts

This journal is © The Royal Society of Chemistry 2025
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equations (SIMPLE) algorithm was implemented to ensure
accurate pressure-velocity correction.

Preliminary simulations were conducted using different
mesh numbers: 2056, 4019, 8036, 10972, 20467, and 40129
to assess the mesh independence of the CFD model for the
dehydration process. Meanwhile, for the oxidation process,
the mesh densities were varied from 2056 to 41326
elements for more details please refer to ESI} sections A.1.
and B.1.

2.5. CFD model validation

The accuracy of CFD results was verified for dehydration
and oxidation via experimental studies conducted by
Talebian-Kiakalaieh et al' and Knoche et al®""
respectively by reproducing the same system and operating
conditions for a PBR operated at 1 atm and GHSV = 4000
h™. Also for the oxidation, a distinguished comparison has
been made between acrolein conversion and acrylic acid
selectivity as a function of reaction temperature. While
verifying all the necessary parameters, they resembled the
literature and maintained a pressure of 1 bar with a GHSV
of 2000 h™. The ESI{ provides more insight with graphs in
sections A.2. and B.2.

2.6. Experimental design procedure

This study used a fast-running approximation of the CFD
analysis to develop the RSM model. The independent input
variables considered in the study are reaction temperature,
GHSV, and glycerol mass fraction, as indicated in ESIf
sections A.3. and B.3. The three operating parameters were
combined using the Box-Behnken design framework, a
commonly used approach that resulted in 15 simulation
runs. Instead of using experimental data, a CFD-RSM analysis
was conducted to fit the CFD simulation runs. The response
factors considered in the optimisation analysis were the
highest acrolein yield, acrolein selectivity, and glycerol
conversion values.

The study used RSM with deterministic CFD simulations,
so repeated experiments were not feasible. Instead, sensitivity
analysis, ANOVA, and the Box-Behnken design ensured
model reliability.***® Grid independence tests and optimized
parameter selection prevented data redundancy. Full
statistical details (R?, p-values) are shown in the ESL{*°

The acrolein selectivity, acrolein yield, and glycerol
conversion for dehydration and acrolein conversion, acrylic
acid yield, and acrylic acid selectivity were calculated based
on the CFD results. Further, preceding calculations were
subjected to the analysis of variance method ANOVA. This
method illuminates the interconnection between dependent
(response) and independent process variables. The quality
estimation of the ANOVA analysis was evaluated using the
coefficient of determination R, and R> The statistical
magnitude was assessed through the F-test, P-values, and
ratio of adequate precision. The Design-Expert v13.1.2
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software was used to analyse the data for this sensitivity
analysis study and regression coefficients.

a) Glycerol Conversion (%)

543 563 583 603 623
(b) Acrolein Yield (%)

GHSV [hr!]

543 563 583 603 623

(© Acrolein Selectivity (%)

543 563 583 603 623

Temperature [K]

Fig. 5 Glycerol conversion (a), acrolein yield (b), and acrolein
selectivity (c) versus reaction temperature at different GHSV values (at
1 bar reaction pressure and a mass fraction of glycerol of 0.3).
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Fig. 6 Glycerol conversion, acrolein yield, and acrolein selectivity versus reaction temperature at GHSV = 1500 h™* (a) and GHSV = 8250 h™* (b) (at

1 bar reaction pressure and a mass fraction of glycerol of 0.3).

3. Results and discussion

3.1. Glycerol dehydration process

3.1.1. Evaluation of the reaction temperature effect. The
impact of reaction temperature on PBR performance in
glycerol dehydration to acrolein was assessed, considering
glycerol conversion, acrolein yield, and selectivity using
equations presented in section 2.3.4. Boundary conditions
and post-CFD-RSM results, obtained at 1 bar pressure,
varying glycerol mass fractions (0.1, 0.3, and 0.5), and GHSV
values (1500 h™, 8250 h™, and 15000 h™"), showed that as
the reaction temperature increases from 543 K to 623 K, the
glycerol conversion increased due to the endothermic nature
of the reaction as shown in 2D contours in Fig. 5(a). This
effect was more pronounced at lower GHSV values (1500
h™) compared to higher ones (15000 h™), owing to longer
residence times. Conversely, acrolein yield exhibited a
similar trend in Fig. 5(b), while acrolein selectivity slightly
increased with temperature across all GHSV values in
Fig. 5(c).

The higher activation energy values in the side reaction
(eqn (3)) of acrolein conversion to other by-products, forming
acetaldehyde and formaldehyde at high temperatures,
diminish acrolein selectivity. These observations align with
the experimental findings of Kirsten Schuh et al.’° In Fig. 6,
response factors in terms of glycerol conversion, acrolein
yield, and selectivity versus reaction temperature are obtained
at GHSV = 1500 h™ and GHSV = 8250 h™". In terms of yield,
acrolein production increases with temperature at GHSV =
8250 h™', while an optimum value is seen at GHSV = 1500
h™'. This is explained by the fact that at higher GHSV the
temperature effect on side reaction formation is insignificant
since it has less residence time to form other by-products.
However, acrolein selectivity in Fig. 6 demonstrates and
confirms that increasing reaction temperature enhances the
production of other components via side reactions (eqn (2)-
(5)) across all GHSV values.

Further results on the effect of GSHV on key reaction
indicators are also presented in ESI{ section A.5.

3.1.2. Evaluation of glycerol concentration. The glycerol
content in the aqueous feed solution ranged from 0.1 to
0.5 weight fraction. Fig. 7 depicts response factors with

This journal is © The Royal Society of Chemistry 2025

increasing glycerol mass fraction at 583 K and a GSHV of
8250 h™'. Glycerol concentration minimally impacts
glycerol conversion and has a limited effect on acrolein
yield due to first-order kinetics (eqn (1)-(5)) since the
variation of reaction rate is in the same proportion of
glycerol concentration change. However, increasing glycerol

concentration  adversely affects acrolein  selectivity,
favouring side reactions and increasing by-product
formation.

In Fig. 8, the 2D colour contours show this achievement
more clearly at (a) different reaction temperatures and (b)
GHSV values. The results show that higher values of acrolein
selectivity can be achieved by decreasing the reaction
temperature and increasing GHSV values at lower glycerol
mass fraction ranges.

3.1.3. Optimisation and sensitivity analysis. According to
the CFD-RSM model, the optimal input conditions to
maximize glycerol conversion, acrolein yield, and acrolein
selectivity in the PBR are 623 K, 5731.6 h™', and a glycerol
mass fraction of 0.316.

Under the mentioned previous conditions, the model
predicted a maximum glycerol conversion of 94.2%, an
acrolein yield of 74.25%, and an acrolein selectivity of
79.62%. The analysis of 2D response surface contours further

100
g - cmoiems - . - imim
g 80
R
3 0fF o .
F
= 40 — — = Glycerol-Conversion

Acrolein-Yield
_____ Acrolein-Selectivity
20 r a_ S a-ay i A n i At

0 0.1 0.2 0.3 0.4 0.5 0.6
Glycerol-mass fraction [-]

Fig. 7 Glycerol conversion, acrolein yield, and acrolein selectivity
versus glycerol concentration (at 1 bar, 583 K and 8250 h™?).
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Fig. 8 Acrolein selectivity versus glycerol mass fraction at 1 bar
reaction pressure: (a) by increasing reaction temperature and (b) by
increasing GHSV value.

confirmed these optimum parameter values (as shown in
Fig. 9).

The suggested conditions were established concerning
minimum acceptable boundaries, considering results from
experimental studies'®'" as benchmarks.

3.1.4. Analysis of other reactor configurations over a
simple PBR. In this section, two proposed configurations
(MBPR and SPBMR) were simulated, analysed, and compared
with the PBR system. The theoretical analysis suggests that
SPBMRs, incorporating a sodalite membrane for water
removal from the reaction zone, may enhance glycerol
conversion by shifting the reaction equilibrium towards
products. Conversely, the application of MBPRs appears to
enhance mass and heat transfer rates by creating an
intermittent, turbulent flow regime along the reactor length,
potentially improving reaction efficiency.

1820 | React. Chem. Eng., 2025, 10, 1812-1827
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Fig. 10 shows substantially that acrolein selectivity
remains lower across all scenarios, indicating consistent
behaviour with the previous configuration. Consequently,
both  MBPR and SPBMR configurations did not yield
significant improvements in acrolein yield. These results can
be explained by the first-order reaction kinetics. However, to
assess the impact of this critical parameter, the kinetic
correlation was manipulated to understand its effect on the
SMPBR and MBPR performances compared to the PBR.

Hence, the reaction rate was adjusted by varying the
reaction order (n = 0.5, n = 1, and n = 2) while modifying the
pre-exponential factor to achieve exact conversion under the
optimal conditions calculated in section 3.1.3. Optimisation
and sensitivity analysis. Subsequently, the same kinetic
model was employed to simulate the SMPBR and MBPR cases
for comparison. Such analysis is crucial for screening
potential new kinetic mechanisms amid the uncertainties
associated with developing glycerol dehydration catalysts and
ongoing research.”

Fig. 11 demonstrates that glycerol conversion, which
improved by 7.8% by removing steam through the reaction
zone, particularly stands out for a reaction order of n = 2.
However, this enhancement diminishes to 2.7% for a
reaction order of n = 0.5. Conversely, the use of the MBPR
case does not yield higher glycerol conversion
breakthroughs, regardless of the kinetics mechanism (ie.,
reaction orders).

3.2. Acrolein oxidation process

3.2.1. Evaluating the effect of reaction temperature. The
altering effect of reaction temperature on the PBR for
acrolein oxidation to acrylic acid was analysed with respect to
the equation mentioned in section 2.3.4. Boundary
conditions and post-processing definitions The reaction
conditions were oxygen to acrolein molar ratios (0.5, 3.25, 6),
with distinct GHSV values (1600 h™, 8800 h™, 16000 h™),
and temperature ranging from 523 K to 623 K operating
under a constant pressure of 1 bar. Despite the exothermic
nature of the oxidation process, Fig. 12(a) shows 2D contours
where acrolein conversion increased with temperature,
especially noticeable at GHSV 8800 h™', signifying a non-
equilibrium kinetic nature. Similarly, in Fig. 12(b) acrylic acid
yield exhibited a rising trend with temperature, while
selectivity decreased due to increased side product formation
associated with higher activation energy, hence leading to a
higher CO and CO, selectivity at elevated temperatures.

3.2.2. Evaluating the GHSV effect. The feed flow rate or
GHSV is a key parameter significantly impacting reactor
performance. The variation of GHSV was from 1600 h™" to
16000 h™" at a constant temperature of 573 K with different
oxygen/acrolein molar ratios. At increased GSHV, the acrylic
acid yield decreases because the acrolein conversion
decreases due to the reduced residence time, Fig. 13(b).
However, a slight improvement of the selectivity is recorded
to partly mitigate the drop in the single-step conversion

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 The 2D response surface contours for glycerol conversion, acrolein yield, and acrolein selectivity (effects of reaction temperature and

GHSYV values).

indicating the smaller influence of side reactions (to produce
CO and CO,).

3.2.3. Optimization and sensitivity analysis. According to
the CFD-RSM model, optimal conditions were found at 583.5
K, a GHSV of 1600 h™, and an oxygen/acrolein molar ratio of
5.7. Under these conditions, 2-D response surface contours

@ PBR
O MPBR
© SMPBR

[}
(=]

Acrolein Yield [%)]
N N
S S

[3o]
(=

583
Reaction temperature [K]

Fig. 10 Acrolein yield versus increasing reaction temperature for three
cases (PBR, MBPR, and SMPBR; at 5731.6 h™%, P = 1 atm and a glycerol
mass fraction of 0.316).

This journal is © The Royal Society of Chemistry 2025

were generated, resulting in a maximum acrolein conversion
of 99.7%, an acrylic acid yield of 71.8%, and an acrylic acid
selectivity of 75.7%, as shown in Fig. 14.

3.2.4. Analysis of ceramic MR performance over a simple
PBR. This section discusses the performance of the MR setup
in two different permeation fluxes, MR1 and MR2, with
simulation done wusing MR2 having 10 times greater

PBR
% MPBR
] SMPBR

Acrolein Yield [%]

0.5

Order of reaction

Fig. 11 Glycerol conversion versus different reaction orders of
reaction for configurations of the SMPBR, MBPR, and PBR (at 623 K,
0.316 glycerol mass fraction and 5731.6 h™).
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Fig. 12 Acrolein conversion (a), acrylic acid yield (b), and acrylic acid
selectivity (c) versus reaction temperature at different oxygen/acrolein
molar ratios (at 1 bar and a GHSV of 8800 h™).
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Fig. 13 Acrolein conversion (a), acrylic acid yield (b), and acrylic acid
selectivity (c) versus reaction GHSV at different oxygen/acrolein molar
ratios (at 1 bar and 573 K).

12400

5200

permeation flux than MR1. To ensure that enough oxygen is
fed to the reaction, in MR1 only 20% of the oxygen content
was supplied in the radial direction (via membrane) and the
rest is fed along with acrolein as for the PBR. In the case of

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 The 2D response surface contours for (a) desirability, (b) acrolein conversion, (c) acrylic acid yield, and (d) acrylic acid selectivity.

MR2, since the permeation is 10x higher, the amount of
oxygen fed via the membrane is 50% of the total.

Results are compared and analysed with PBR system
operation under similar optimized conditions. It was
anticipated that applying a membrane reactor would
enhance mass transfer by controlling flow regime and
pore size distribution, thus increasing velocity to reduce
boundary layer thickness and enhance convective mass
transfer. Additionally, heat transfer rates can be improved
by altering flow conditions and enhancing phase
interaction. Fig. 15 illustrates acrolein conversion, acrylic
acid yield, and selectivity for PBR, MR1, and MR2 under
optimized conditions (T = 583.5 K, GHSV = 1600 h™', and
oxygen/acrolein molar ratio 5.7). This shows slight
improvements in both acrolein conversion and acrylic
acid yield with MR usage, confirming the hypothesis that
distributing oxygen via side streams reduces the selectivity
towards CO and CO,. At an increased permeation rate,
the acrylic acid selectivity increased by 11.1% and yield
by 6%.

ESIt provides insight into the dispersion of significant
components, including acrolein, acrylic acid, oxygen,
carbon dioxide, and steam, arranged from left to right
in the plots. Additionally, oxygen distribution is
represented on both sides of the permeate and retentate
streams.

This journal is © The Royal Society of Chemistry 2025

3.3. Overall optimal conditions for glycerol-to-acrylic acid

Given the performance of the two-step conversion of glycerol
to acrylic acid with different reactor configurations, a matrix
that would combine the two systems together is presented in
Table 4 in terms of glycerol to acrylic acid conversion. This
calculation does not consider any heat integration or
unreacted stream recycling (since only once-through
conversion is considered). Moreover, no effects of efficiency

B Acrolein-Conversion
BAcrylic-Acid-Yield

100 F

o}
(=]
T

o
o
T

Simulation results [%]
JoN
S
T

[3S]
(=}
T

MRI1

Studied configurations

Fig. 15 Acrolein conversion, acrylic acid yield, and acrylic acid
selectivity for three cases PBR, MR1, and MR2 (at temperature 583.5 K,
GHSV 1600 h™*, and oxygen/acrolein molar ratio of 5.7).
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Table 4 The acrylic acid yield values by acrolein selective oxidation for
different configurations (PBR, MR1, and MR2) are determined using
glycerol dehydration reactor outputs as a feed resource

Gly-to-AA Gly-to-Acr PBR  Gly-to-Acr SMPBR  Gly-to-Acr MBPR
Acr-to-AA PBR  81.1% 80.4% 80.8%
Acr-to-AA MR1  82.6% 81.8% 82.3%
Acr-to-AA MR2  86.2% 85.3% 85.7%

of separation and purification are taken into account which
would require a more comprehensive and dedicated study.
However, Table 4 indicates the effectiveness of the combined
processes by using different combinations of the reactor
configurations that were studied in this work. As expected, by
using 0.624 mol m™ s™ glycerol for the dehydration process
and 0.468 mol m™ s™* acrolein for the selective oxidation, a
maximum amount of 0.506 kg of AA per kg of glycerol can be
produced which is the optimum case. Instead, using packed
bed reactors for both cases (the standard reactor
configuration), the maximum acrylic acid production is
limited to 0.469 kg of AA per kg of glycerol.

4. Conclusion

This work presented comprehensive CFD study simulations
of a PBR configuration for glycerol dehydration and acrolein
oxidation processes.

In the case of dehydration, the optimized conditions are
623 K, 5731.6 h™ GHSV, and a glycerol mass fraction of 0.316
resulting in a maximum glycerol conversion of 94.2%,
acrolein yield of 74.25%, and acrolein selectivity of 79.62%,
which seems promising. The two alternative configurations
did not show significant evidence of improved performance
primarily because of the reaction order considered for
glycerol dehydration.

In the case of oxidation, the optimum values obtained are:
a temperature of 583.5 K, a GHSV of 1600 h™, and an oxygen/
acrolein molar ratio of 5.7. Following this, a maximum
acrolein conversion of 95.9%, an acrylic acid yield of 80.9%,
and an acrylic acid selectivity of 87.5% were obtained. Here,
the use of a membrane to distribute the oxygen at the
permeate side exhibited improved performance compared to
the standard configuration with 11.1% higher acrylic
selectivity and 6% higher acrylic acid yield.

This study confirmed the hypothesis that the glycerol-to-
acrylic acid conversion can be theoretically improved using
intensified reactors. The performance needs to be validated
with experimental results to gain confidence in catalyst and
membrane technologies applied to these specific processes.
Furthermore, process modelling could be used to assess the
techno-economic performance of the glycerol-to-acrylic acid
process to account for other units and their implication in
terms of cost, safety and energy requirements. Finally, a more
detailed study should consider the opportunity to operate the
two steps in a single reactor unit increasing the level of
thermal integration.
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Acronyms

ANOVA Analysis of variance

CFD Computational fluid dynamics

GHSV  Gas hour space velocity

LHHW Langmuir-Hinshelwood-Hougen-Watson
MBPR  Multi-bed packed reactor

PBR Packed bed reactor

RSM Response surface methodology

R&D Research and development

SMPBR Sodalite membrane packed bed reactor

Symbols

A; Frequency factor (m® Kgcatatyse S )

E; Activation energy for kinetic correlations (k] mol ™)
K; Permeability of the catalytic bed (m™)

P Operating pressure (bar)

R Universal gas constant (J mol ™" K™)

T Operating temperature (K)

4 Velocity of the gas phase (m s™)

C¢ Forchheimer drag coefficient (—)

C; Molar concentration (mol m™)

C,  Heat capacity at constant pressure (J kg ™" K ')
dp Reactor diameter (m)

d, Catalyst particle diameter (m)

Effective diffusivity (m”> s™")

Apparent activation energy in the membrane flux
H;  Molar enthalpy (J mol ™)

Water molar flux (mol m™>s™*

Molecular weight of steam (kg mol™)

M;  Molecular weight (kg mol ™)

P}, Partial pressure for steam in the retentate side (bar)
P},o Partial pressure for steam in the permeate side (bar)

P, Pre-exponential factor in the membrane flux
Qr  Heat source of reaction (J m™>s™)

Ry Reactor radius (m)

R; Reaction rate (m)

Su,0 Source/Sink terms of steam for the SMPBR case (J m ™ s ')
S; Oxygen flux term for the component of the membrane

reactor (J m™> s™)
Zj Stoichiometry coefficient (—)
B ANOVA coefficient (—)
e Catalyst bed porosity (—)
k Permeability of the catalytic bed (—)
Y’ Dynamic viscosity of the gas phase (kg m™ s7)

Jere  Effective thermal conductivity of the catalytic bed
Wm™ K™
peac  Catalyst density (kg m™)

P Gas density (kg m™)

Data availability

The data that support the findings of this study are available
within the article and the ESL}
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