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This study demonstrates the proof-of-principle of using a membrane reactor to enhance acrylic acid production
via oxidative dehydration of glycerol. The performance of the membrane reactor was compared with that of a
conventional packed-bed reactor in terms of key reaction parameters. The dehydration reaction was carried out
over the HZSM-5 (SAR-200) catalyst, followed by oxidation over the Ortho-MoVO catalyst. A design of experi-
ments and optimisation strategy was applied to maximise acrylic acid selectivity by varying temperature,
oxygen-to-glycerol molar ratio, gas hourly space velocity (GSHV), and feed-to-membrane ratio. Testing was
carried out using up to 30 g of catalysts (diluted with an additional 120 g of solid inert). The membrane reactor
outperforms the conventional packed-bed reactor, achieving a maximum acrylic acid selectivity of 58.7% under
optimised conditions (280 °C, 1935 h™! GHSV, 14:1 oxygen-to-glycerol ratio, and 50:50 feed-to-membrane
ratio). The superior performance of the membrane reactor is attributed to controlled oxygen distribution via
the membrane, which locally maintains a lower oxygen partial pressure, in line with first-order kinetics, resulting
in improved net acrylic acid selectivity, with an increase of 10% compared to a packed-bed reactor. The major
by-products are acetic acid, formic acid and COy. Overall, this study demonstrates the potential of the intensified
membrane reactor for manufacturing of value-added chemicals and its applicability to future industrial
processes.

1. Introduction

Growing environmental challenges from industrial activity and fossil
fuel dependence highlight the urgent need to develop sustainable
chemicals from renewable resources. Biomass has therefore gained
attention as an alternative energy source [1]. Biodiesel, a renewable fuel
derived from biomass, has emerged as a substitute for fossil fuels,
reducing environmental impacts while supporting the energy transition
[2,3]. Over the past two decades, global biodiesel production has
increased sharply, creating a surplus of glycerol as a by-product. This
abundant and low-cost feedstock presents an opportunity for valor-
isation into value-added products such as lactic acid, acetic acid, acrylic
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acid, and solketal [4,5]. Among these, acrylic acid is particularly sig-
nificant, with major applications in superabsorbent polymers (~50% of
global demand), coatings, adhesives, specialty esters, biomedical
hydrogels, and water treatment systems [6,7].

Currently, acrylic acid is produced from propylene (derived from
fossil fuel) via a two-step catalytic oxidation process over metal oxide
catalysts, with acrolein as the key intermediate [8]. A renewable alter-
native, the glycerol-to-acrylic acid (GTA) route, also proceeds through
acrolein as a common intermediate and involves two sequential steps: (i)
dehydration of glycerol to acrolein over acid sites, e.g., zeolite HZSM-5,
followed by (ii) oxidation of acrolein to acrylic acid using metal oxides,
such as MoVO catalysts [9,10]. A single-reactor configuration with a

** Corresponding authors at: Department of Chemical Engineering, University of Manchester, Manchester, M13 9PL, UK.
E-mail addresses: prashant.pawanipagar@manchester.ac.uk (P. Pawanipagar), kghasemz@ed.ac.uk (K. Ghasemzadeh), carmine.dagostino@manchester.ac.uk

(C. D'Agostino), vincenzo.spallina@manchester.ac.uk (V. Spallina).

https://doi.org/10.1016/j.cej.2026.175331

Received 8 December 2025; Received in revised form 20 February 2026; Accepted 16 March 2026

Available online 19 March 2026

1385-8947,/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:prashant.pawanipagar@manchester.ac.uk
mailto:kghasemz@ed.ac.uk
mailto:carmine.dagostino@manchester.ac.uk
mailto:vincenzo.spallina@manchester.ac.uk
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2026.175331
https://doi.org/10.1016/j.cej.2026.175331
http://creativecommons.org/licenses/by/4.0/

P. Pawanipagar et al.

combined catalyst system could be advantageous (cost benefit,
increased productivity), provided that complete glycerol conversion
with high acrolein selectivity in the dehydration step prevents glycerol
oxidation in the second bed, thereby maximising acrylic acid selectivity
[11,12]. The GTA reaction is shown below.

kJ

AH’ = —3865——— (1)

1
C3H803 + *Oz—>C3H402 -+ 2H20
2 mOlC3H803

Glycerol dehydration over HZSM-5 catalyst forms intermediates such
as acetol, acetone, acetaldehyde, acrolein, propanal, hydroxyacetone,
and acetic acid via cracking, and C—O bond rearrangements [13].
Recent studies have shown that the silica-to-alumina ratio (SAR) of
HZSM-5 strongly governs its acid-base properties and, consequently,
product distribution, with a SAR of 200 providing optimal acidity to
maximise acrolein formation while suppressing undesired by-products
[9]. However, despite its effectiveness, the use of HZSM-5 introduces a
critical challenge: coke formation, a primary cause of zeolite deactiva-
tion, arises due to incomplete conversion of hydrocarbon intermediates
formed during reactions such as dehydrogenation and cracking [14].
The microporous channels of zeolites framework, together with
Brgnsted and Lewis acid sites, promotes polymerisation and aromati-
sation reactions, generating carbonaceous deposits. These deposits
accumulate and mask pores, reducing the specific surface area by
covering active sites, ultimately decreasing catalytic performance and
product yield [15]. To reduce the coke formation, literature shows that
co-current feeding of Oy is required since it allows continuous con-
sumption of the carbonaceous species [16,17].

Following acrolein formation, MoVO efficiently catalyses its oxida-
tion to acrylic acid and is widely used in industrial propylene-to-acrylic-
acid processes [18,19]. Chen et al. [20,21] reported that different
Mo3VOy phases (orthorhombic, trigonal, tetragonal, and amorphous)
achieved over 90% yield in the selective oxidation of acrolein to acrylic
acid, with only microstructural differences affecting performance.
Among the phases, orthorhombic Mo3VOx (Ortho-Mo3VOy) has gained
much attention due to its outstanding catalytic performance in selective
oxidation [22-24]. As for the case of oxidative coupling of methane to
ethylene, it has been shown that the selectivity to ethylene is governed
by either lattice oxygen available at the catalyst surface or molecular
oxygen provided via air stream [25]. To enable this mechanism, oxygen
content at the reaction site can be minimised by distributing oxygen feed
through the reactor bed by means of multiple inlet points, or a porous
membrane that could serve as an oxygen distributor as in the case of
selective propane-to-acrolein oxidation [26]. Studies show that a
distributor inside the reactor provides uniform oxygen within the re-
action zone, thereby enhancing thermal management and selectivity
towards desirable products [27,28]. The oxygen supplied through the
membrane promotes partial oxidation, while the balance between lattice
oxygen mobility and reoxidation rate governs selectivity and suppresses
overoxidation to CO/CO5 (COy) [29-31]. Prior studies indicate that
MoVO maintains stable catalytic activity and undergoes slow deactiva-
tion by oxygen mobility and water effect [32,33]. Mechanistically, water
enhances the reaction by adsorbing on the oxide surface to form hy-
droxyls, which activate acrolein via hydration or proton transfer,
accelerating the rate-limiting step while maintaining high selectivity
[34]. Water improves conversion and selectivity by suppressing coke
formation, promoting catalyst reoxidation and mitigating total oxida-
tion [35].

In a previous work from the authors [9], the main study focused on
catalyst screening, configuration and formulation, catalyst characteri-
sation, operating window identification, and understanding the effect on
acrylic acid selectivity and yield related to enhancing catalyst design. In
addition, the reaction mechanism to understand the role of the catalytic
components, risk for degradation and material regeneration, was
explored. In the present study, the combined use of HZSM-5(200) and
orthorhombic MoVO (Ortho-MoVO) catalysts is investigated for the first
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time in a novel membrane-assisted reactor (MR) configuration. This new
configuration, which has never been investigated in literature, in-
tensifies the process by using a porous membrane integrated within the
reactor for the oxidation of acrolein (intermediate) via selective oxygen
distribution (via air). Moreover, both catalysts developed and optimised
in the previous work [9] are scaled up to large batches (x10 times)
compared with the performance at a small scale (as packed-bed reactor)
and in the presence of the membrane. In order to optimise the operating
conditions, the effect of temperature, gas hourly space velocity (GHSV),
molar oxygen-to-glycerol (O2/G) ratio, and feed-to-membrane (F/M)
ratio are examined. A systematic design of experiments using statistical
modelling response surface methodology (RSM) established reliable
correlations between the operating variables (such as temperature,
pressure) and the measured responses (conversion, selectivity) [36].
Additionally, an optimisation study was carried out to define an
operational region that enhances acrylic acid formation while main-
taining high glycerol conversion and minimising complete oxidation to
COx, thereby improving catalytic efficiency and process sustainability.
Furthermore, catalyst stability and coke deposition studies were per-
formed to understand its nature and composition after reaction.

2. Methodology
2.1. Materials and reagents

Glycerol (>99.5%) and HZSM-5(200) zeolite (SAR 200-400) were
purchased from Thermo Fisher Scientific. Ammonium molybdate tet-
rahydrate was obtained from Fisher Scientific, while vanadyl sulfate
hydrate (97.0%) and oxalic acid were sourced from Sigma-Aldrich. Sil-
icon carbide pellets (F-24 mesh, coarse) were acquired from Clear
Minerals.

2.2. Catalyst synthesis

The zeolite was calcined at 550 °C for 6 h, prior to the reaction. The
dry zeolite was pelletised using a manual pelletiser with a mesh of
300-400 pm particle size. The oxidation catalyst (Ortho-MoVO) was
synthesised via a hydrothermal method, following a similar process
mentioned in previous work by Bansod et al. with a detailed description
provided in SI [9,20].

2.3. Characterisation methods

The powder X-ray diffraction (XRD) patterns of all catalysts were
recorded on a Panalytical X'Pert Pro diffractometer, featuring a copper
line-focus X-ray tube and a nickel kp filter (A = 1.542 A). Data acquisi-
tion was performed with a step size of 0.03° and angular scanning range
(26) from 5° to 60°. The Fourier Transform Infrared (FTIR) spectra were
recorded using a Bruker Vertex 70 FTIR spectrometer, with 256 scans
collected at a resolution of 4 cm L. Scanning electron microscopy (SEM)
was carried out on an FEI Quanta 250 system. Prior to SEM imaging, the
samples were sputter-coated with a 10 nm Au/Pd layer to minimise
charging effects. Transmission electron microscopy (TEM) was con-
ducted using a TALOS microscope (Thermo Fisher Scientific) equipped
with advanced imaging and analytical features. High-resolution TEM
(HRTEM) was used to examine the crystalline structure and lattice
arrangement, while high-angle annular dark-field (HAADF) imaging
provided compositional contrast. Elemental composition and spatial
distribution were analysed using scanning TEM coupled with energy-
dispersive X-ray spectroscopy (STEM-EDS). Thermogravimetric anal-
ysis (TGA) of fresh and spent catalysts was conducted using a Shimadzu
TGA-50 analyser to study the thermal stability. Approximately 20 mg of
each sample was heated from ambient to 800 °C (HZSM-5(200)) and
600 °C (Ortho-MoVO) under a Ny flow of 40 mLemin '. The tempera-
ture was ramped at 10 °Cemin ! to 300 °C and held for 1 h under Ny,
then increased to 600 °C and maintained for another hour. In the case of
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coke deposition study, air was used when the catalyst reached the
maximum temperature (kept at constant temperature for 1 h to oxidise
coke). Finally, the atmosphere was reverted back to No, and the tem-
perature was raised to 800 °C and held for 1 h isothermally under both
Nj and air [37]. The amount of coke in the residue was obtained as the
difference between the weight loss in N5 and that of air as mentioned in
Eq. (2).

Amount of coke (%) = @ x 100 2)
1

where y; and y, are initial and final weight in (mg) before and after the
decomposition under Nj and air, respectively.

The carbon-hydrogen-nitrogen (CHN) elemental analysis was carried
out using a Thermo Flash Smart Elemental Analyser based on dynamic
flash combustion. Accurately weighed samples in tin capsules were
combusted in a quartz reactor at 900 °C under helium, with oxygen
introduced to achieve rapid oxidation at 1800 °C. The combustion
products (CO3, H20, No) were passed over catalysts to ensure complete
conversion and reduction, then separated chromatographically and
detected by a thermal conductivity detector. Metal analysis (Mo and V)
was performed using an inductively coupled plasma - optical emission
spectroscopy (ICP-OES spectrometer Thermo iCAP 6300 Duo). Samples
and reference standards were accurately weighed into glass digestion
tubes, and four calibration standards (5-20 ppm) were prepared.
Following acid digestion under appropriate conditions, all solutions
were diluted with deionised water and transferred to volumetric flasks.

2.4. Catalytic testing, experimental set-up and analysis

The reaction was conducted in a tubular stainless-steel reactor (ID: 3
cm; L: 80 cm) experimental rig, as shown in Fig. 1. For the dehydration
stage, 10 g of zeolite was mixed with 40 g of silicon carbide (SiC) pellets
as an inert diluent, forming a packed-bed approximately 6 cm in length.
Above this layer, 20 g of Ortho-MoVO catalyst was blended with 80 g of
SiC and packed to a height of 18 cm for the subsequent oxidation step.
The membrane reactor was manufactured by Eindhoven University of
Technology in the NL (Inorganic Membrane Group of Prof. Gallucci).

The porous alumina membrane (L-18 cm, OD-1.3 cm; pore size 100
nm manufactured by Inopor® and provided by TU Eindhoven) was
positioned on the top side of the reactor, as illustrated in SI Fig. S8. Air
and Ny were supplied through mass flow controllers (Bronkhorst, The
Netherlands) along with glycerol or through the membrane (dashed line
Fig. 1). The aqueous glycerol feed (10 wt%) was stored in a pressurised
vessel and delivered to the reactor via a liquid flow controller, ensuring
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accurate dosing of the feed solution from the bottom of the reactor. The
solution was preheated to 200 °C and mixed with Ny using a control
evaporator and mixer (CEM) before entering the reactor. In this study,
single membrane testing and permeation measurements were not
considered. This is because the membrane used for this study acts as a
material (air/O,) distributor. To validate the new membrane reactor
concept, a study at the reactor level was required; therefore, an existing
long ceramic-based membrane was used instead of a new one, specif-
ically developed for this application.

Heating tapes were installed along the feed and outlet lines to pre-
vent condensation of glycerol vapour. Pressure gauges and transducers
were positioned along the process line to monitor pressure drops during
operation. Reactor temperature was measured at three axial positions
along the bed.

The product stream recovered from top of reactor and passed
through two consecutive cold traps maintained at 0 °C, and liquid
samples were collected hourly. The condensed products were analysed
using a Dionex Ultimate 3000 HPLC system equipped with an Aminex
organic acid column (ID = 1 ecm, L = 15 cm) with both UV and refractive
index (RI) detectors (detailed information with product calibration in SI
Fig. S3 and Table S3). The mobile phase consisted of 5 mM HSOy4,
operated at a constant flow rate of 0.3 mL min~' with an injection
volume of 10 pL. Gas-phase products were monitored online using a
mass spectrometer (MS) connected directly to the reactor outlet.

The catalyst was activated at 300 °C under atmospheric pressure for
1 h with N and then maintained desired temperature of (260-300 °C)
for 1 h to stabilise it. The reaction was carried out for 7 h time-on-stream
(TOS). Glycerol conversion, product yield and selectivity, respectively,
were calculated using Egs. (3), (4) and (5) as mentioned below.

__moles of glycerol(C3HgO3) reacted

I 1 ion (%) = 1
Glycerol conversion (%) moles of glycerol(CyH,0;) fed x 100

3

moles of product formed (P;)

moles of glycerol(C3HgO3) fed x 100 “)

Yield (%) =

.. moles of product formed (P;) X
Selectivity (%) = moles of glycerol(C;HgO3) reacted *3" 100 )
where x;, represents the number of carbon atoms of the respective
product (P;) to discriminate the product distribution against the carbon
conversion of the original feedstock.

The carbon balance was calculated as the sum of residual glycerol
(Caly) and total detected products in the liquid (Ciiquia) and gas (Cgas)

Vent

PT
T %

Vent

1 ;

4 Ice Bath

Vent

Membrane
MF(C

reactor

Fumace

— — 4 control

MEC %

Fig. 1. Schematic of experimental setup (left) and the rig (right).
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phases (Eq. (6)) with more details provided in SI Eq. (1). The difference
between inlet and outlet was used to estimate the amount of coke
deposited/consumed.

Carbon balance = Cgly + Ciiquid + Cgas (6)

Two reactor configurations have been compared (Fig. 2): i) in the
first case, a conventional packed-bed reactor with oxygen (in air) fed
along with diluted glycerol from the reactor inlet as shown in Fig. 2(a),
PBR; ii) in the second case, a membrane is also inserted in the top section
of the catalytic bed (Ortho-MoVO + SiC) and air is fed through the
membrane and from the reactor inlet together with glycerol as shown in
Fig. 2(b), MR.

The key parameters used to investigate the effect on the glycerol to
acrylic acid process are considered in Table 1. For the MR configuration,
the air feed from the membrane (M) and the reactor inlet has been varied

(2) PBR
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Table 1
List of parameters: temperature, GHSV and O,/G ratio.

Temperature (°C) GHSV (h™1) 0,/G ratio (—)
260 553 9.5
280 1935 14
300 3318 18.5

in the ratio of 90:10, 50:50, 10:90.

Each parameter was changed independently while maintaining the
constant standard operating conditions for the others, so that the effect
on acrylic acid selectivity and conversion can be recorded.

2.5. Design of experiment and optimisation

The Design of Experiment (DoE) and related optimisation employed

(b) MR

Acrylic acid

—

Bl MoVO

Glycerol —L Air/N,

. . Acrylic acid
Air (split)

Glycerol —L Air (split)/N,

Fig. 2. Schematic of (a) conventional packed-bed reactor (PBR) and (b) membrane reactor (MR).
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in this study is carried out using Minitab software version 22.2, using a
response surface methodology (RSM) approach that generates a poly-
nomial or linear model aids in experimental design to correlate inde-
pendent variables with the response parameters and identify optimum
operating conditions. For the PBR configuration, 15 experiments were
conducted (Table S1 in the SI), while 27 experiments were performed for
the MR configuration (Table S2 in the SI). The experimental data were
subsequently used to develop a model aimed at maximising glycerol
conversion and acrylic acid selectivity while minimising COx selectivity
under favourable conditions. The DoE was employed to quantitatively
compare reactor configurations at increased scale and to identify the
coupled effects of GHSV, O2/G and the newly introduced F/M ratio on
performance under distributed oxygen feeding. The complete dataset is
provided in the SI along with regression analysis, ANOVA, uncoded
regression equations and optimised solution.

3. Results and discussion
3.1. Effect of reaction parameters

3.1.1. Feed-to-membrane (F/M) ratio

The membrane reactor configuration enables flexible oxygen distri-
bution by feeding air through both the reactor inlet and the membrane.
To optimise this distribution, the feed-to-membrane (F/M) ratio was
systematically varied while maintaining constant total air flow. Fig. 3b
presents the effect of F/M ratio on glycerol conversion and product
selectivity (detailed data in Table S7 in the SI). At a fixed GHSV of 1935
h™!, 0,/G ratio of 14:1, and reaction temperature of 280 °C, varying the
F/M ratio altered the balance between oxygen transport and reactant
residence time. When 10% of the air was directed to the membrane side
(F/M = 90:10), the acrylic acid selectivity slightly rises (50.4%) as
compared to PBR (48.6% as presented in Fig. 3a), accompanied by a
notable rise in COx selectivity (22.6%). At balanced F/M = 50:50, the
acrylic acid selectivity reached its maximum value of 58.7%, with COx
selectivity decreasing to 13.9% compared to the use of a 90:10 ratio.
This configuration provided an optimal oxygen flux across the distrib-
utor wall, ensuring sufficient oxidation for acrolein conversion while
suppressing overoxidation. Conversely, at increased membrane flow (F/
M ratio = 10:90) the results reduced acrylic acid selectivity to 56.2%
and slightly increased COx to 14.3% compared to 50:50, suggesting that
excessive air to the catalyst side disturbed the controlled oxygen diffu-
sion mechanism [26,27]. A similar increase on COy selectivity was

(a) Conventional (PBR)

100
100

80
£ 80 A 2
2 2
2 2

3 g«
o 60 - <
(7] (7]
5 5

@ ‘» 40
o 40 A 5]
> >
c [ =4
3 5]
(& (&)

20 4 - 20

0 - 0

100:0
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recorded also in previous work in case of low O,/G ratio (9.5:1 and
14.2:1 vs 4.7:1) [9].

This testing campaign suggests that there is an optimum acrylic acid
production with respect to the oxygen supply.

The selective oxidation of acrolein to acrylic acid is first order with
respect to acrolein concentration [34]. Increasing the O, partial pressure
(via air) in excess promotes parallel and consecutive deep-oxidation
pathways; this highlights the importance of maintaining moderate
local oxygen partial pressures to preserve acrylic acid selectivity [38].
The main positive aspect of this design is that the oxygen (from air)
permeates along the axial length of the reactor while keeping a low
oxygen partial pressure, which favours acrolein to acrylic acid formation
over its combustion or formation to COx or other by-products in a
kinetic-controlled mechanism of selective oxidation [39]. This is
possible because in the case of MR, oxygen is distributed uniformly
along the reactor length, preventing local Oy spikes and maintaining
consistent O, availability to match the kinetic order, thereby enhancing
acrylic acid selectivity [40,41].

Given that the best performance was obtained by splitting air be-
tween reactor feed and membrane (F/M = 50:50), the comparison with
the packed-bed configuration (without membrane) in the next sections
is carried out using this case as the reference for the membrane reactor.

3.1.2. Reaction temperature

The catalytic performance on GTA process was examined at three
distinct temperatures (260, 280, 300 °C) for both the PBR and MR
configurations, as shown in Fig. 4 (also shown in Table S4 in SI). All
conditions show consistently high (>94%) glycerol conversion, indi-
cating temperature primarily influences product selectivity rather than
overall conversion. In PBR, Fig. 4a, raising the temperature from 260 °C
to 280 °C increases selectivity to acrylic acid from 42.5% to 48.6%.
However, further increasing the temperature to 300 °C causes a drop in
acrylic acid selectivity to 31.0%. This indicates an optimal temperature
around 280 °C for acrylic acid formation in the PBR, beyond which
selectivity declines. Roug Liu et al. also reported similar behaviour for
GTA process [30], which is explained by a significant rise in C1 by-
products via C—C bond breakage [42], confirmed by COy selectivity
(48.3% and 39.5%) for both the case PBR and MR, respectively. The best
performance was found at 280 °C, attaining 48.6% in the PBR and a
notably higher 58.7% in the MR-assisted system.

The distribution of by-products explains the reaction pathway, as
reported previously by Bansod et al. [9]. Acetic acid, the main secondary

(b) Membrane reactor (MR)

[ Glycerol Conv.
[ Formic acid
[ ] Acetic acid
I Acrylic acid
I Acetone

[ Acrolein

[ co,

90:10 50 : 50 10:90

Feed : Membrane

Fig. 3. Effect of feed-to-membrane ratio on conversion and selectivity of GTA process for a) PBR and b) MR. Reaction conditions: dehydration catalyst HZSM-5(200),
and oxidation catalyst Ortho-MoVO; temperature 280 °C; GHSV 1935 h~! and feed composition (mol%) glycerol/O2/H>0/Ny = 1/14/45.2/80.9. Conversion and

selectivity data were taken after 3 h TOS.
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(a) Conventional (PBR)
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(b) Membrane reactor (MR)

] Glycerol Conv.
] Formic acid
] Acetic acid
I Acrylic acid
I Acetone
Acrolein

[ co,

100 100
80 - 80

z z

2 2

£ 60 - £ 60

2 <
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[%] w
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‘» 40 o % 40

] 9]

> >

[ =4 =4
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(@] = [}
20 - . 20
0 - 0

260 280 300

Temperature (°C)

260 280 300

Temperature (°C)

Fig. 4. Effect of temperature on conversion and selectivity of GTA process for a) PBR and b) MR. Reaction conditions: dehydration catalyst HZSM-5(200), and
oxidation catalyst Ortho-MoVO; GHSV 1935 h~'; feed-to-membrane ratio = 50:50 (MR) and feed composition (mol%) glycerol/O,/H>0/N, = 1/14/45.2/80.9.

Conversion and selectivity data were taken after 3 h TOS.

product after acrylic acid, showed stable selectivity of 15-21.6% in both
reactor configurations, without decomposition to lighter gases. Formic
acid displayed strong temperature dependence, being prominent at
lower temperatures but sharply decreasing at 300 °C [43,44].

Fig. 5 compares the temperature profiles during the GTA process. For
PBR a sudden rise of approximately 10 °C is observed at the beginning of
the reaction (Fig. 5a), followed by stabilisation at an average tempera-
ture of 287 °C with reference to the Ortho-MoVO layer (T3) located at
the midpoint of the membrane. This behaviour indicates the exothermic
nature of the oxidation of acrolein to acrylic acid. While, in the case of
the MR (Fig. 5b), the temperature is maintained around 283.5 °C, with a
smaller rise of about 7-8 °C at the beginning of the reaction, demon-
strating improved thermal management through distributed air feeding.
This reactor design could also help to reduce hot-spot formation,
enhance reaction stability, and consequently improve product selec-
tivity in MR [45].

3.1.3. Gas hourly space velocity (GHSV)

Fig. 6 shows three variations of GHSV (553, 1935, 3318 h™!) that
influenced glycerol conversion and acrylic acid selectivity. At the lowest

(a) Conventional (PBR)

GHSV (553 h™1), the extended residence time ensured complete glycerol
conversion in both PBR (Fig. 6a) and MR (Fig. 6b). Increasing GHSV led
to a gradual decline in conversion, reflecting the inverse relationship
between residence time and contact efficiency. The prolonged contact
time at low GHSV increased the COy selectivity at the expense of the
acrylic acid selectivity, which is limited to 38.0% and 39.5% for the PBR
and MR, respectively.

At an intermediate GHSV of 1935 h™!, the residence time remained
sufficient for near-complete glycerol conversion (94.6% PBR, 98.5%
MR) and prevented acrolein decomposition that effectively limits
overoxidation. Consequently, acrylic acid selectivity improved signifi-
cantly, reaching 58.7% in the MR, accompanied by a marked suppres-
sion of COx formation (13.9%).

At the highest GHSV (3318 h™1), glycerol conversion declines
slightly (93.6% PBR, 92.5% MR) due to reduced contact time between
reactant and catalyst surface required for complete transformation of
intermediates, as well as possible channelling arising from changes in
flow pattern [46]. Under this condition, acrylic acid selectivity also
decreased to (38.5% in the PBR, 48.6% in the MR), while CO4 formation
increased correspondingly, indicating enhanced side reactions. Similar

(b) Membrane reactor (MR)
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Fig. 5. Temperature profiles (a) PBR and (b) MR over TOS for a temperature of 280 °C GHSV 1935 h™!; feed-to-membrane ratio = 50:50 (MR) and feed composition
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(b) Membrane reactor (MR)
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Fig. 6. Effect of GHSV on conversion and selectivity of GTA process for a) PBR and b) MR. Reaction conditions: dehydration catalyst HZSM-5(200), and oxidation
catalyst Ortho-MoVO; temperature 280 °C; feed-to-membrane ratio = 50:50 (MR) and feed composition (mol%) glycerol/O»/H,0/N2 = 1/14/45.2/80.9. Conversion

and selectivity data were taken after 3 h TOS.

observations were made in Juliana et al. [42], indicating the impact of
optimal GHSV in terms of acrylic acid yield [47].

3.1.4. Oxygen-to-glycerol (0O2/G) ratio

Fig. 7 (also shown in Table S6 in SI) illustrates the variation of three
different values of Oo/G (9.5:1, 14:1, and 18.5:1) ratio, in which con-
version is almost constant in both cases. However, in PBR (Fig. 7a), the
lowest O5/G ratio of 9.5:1 showed the highest acrylic acid selectivity of
50.9%. This decrease was accompanied by a rise in COx formation (from
20.1% to 27.3%), indicating that excess oxygen promotes overoxidation
of intermediate species, thereby leading to less selective distribution of
products [42]. Glycerol-rich feed can accelerate catalyst deactivation by
promoting coke deposition and accumulation on the catalyst surface
[44]. However, higher oxygen concentration is required to maintain
active surface sites and improve its stability despite the negative effect
on COxy selectivity [30].

The MR (Fig. 7b) exhibited a contrasting trend, acrylic acid selec-
tivity not only exceeded that of the PBR system across all oxygen ratios
but also peaked at an intermediate ratio of 14:1 (58.7%) with a
comparatively low COy selectivity (13.9%). At the lowest ratio (9.5:1),

(a) Conventional (PBR)
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selectivity remained high (57.0%), while further increasing air with Oy/
G ratio 18.5:1 decreased acrylic acid selectivity to 53.6% and increased
COy to 19.4%. These results suggest that above 14:1 the amount of ox-
ygen made available during acrolein oxidation is not limiting the par-
tial/total combustion reaction as experienced for other cases at a lower
oxygen-to-glycerol ratio. Moreover, in the MR, the same selectivity of
the two cases at oxygen-to-glycerol ratio 9.5:1 and 14:1 is beneficial
since it would allow operating the process with more air, further sup-
pressing coke formation in the first part of the bed (glycerol
dehydration).

3.1.5. Optimum conditions

To determine the optimal operating parameters for the GTA process,
an RSM based on Box Behnken method was employed. Detailed results
are provided in the SI (Figs. S9 and S11). The regression models
developed for the PBR system demonstrated excellent statistical signif-
icance and predictive capability, with R? values above 99.2% and
adjusted R? exceeding 97.7% for all three responses. Analysis of vari-
ance (ANOVA) confirmed that temperature and GHSV were the most
influential factors (p < 0.01), while Oy/G comparatively had a minor

(b) Membrane reactor (MR)
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Fig. 7. Effect of O5/G on conversion and selectivity of GTA process for a) PBR and b) MR. Reaction conditions: dehydration catalyst HZSM-5(200), and oxidation
catalyst Ortho-MoVO; temperature 280 °C; GHSV 1935 h™! and feed-to-membrane ratio = 50:50 (MR). Conversion and selectivity data were taken after 3 h TOS.
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effect. The predicted optimum conditions were 276.97 °C, GHSV =
1893.9h™!, and 0,/G = 9.5, resulting in a glycerol conversion of 95.9%,
acrylic acid selectivity of 49.2%, and COx selectivity of 22.2% with a
desirability of 0.75 (more details please refer SI Fig. S10).

For the MR configuration, inclusion of the F/M ratio as an additional
variable with model accuracy (R?> = 98.1-96.75%, adjusted R? >
92.95%). ANOVA revealed that temperature, GHSV, and O5/G were
statistically significant (p < 0.05). The quadratic effects of temperature
and GHSV were dominant for both acrylic acid and COy selectivity,
indicating non-linear behaviour. The numerically optimised conditions
are: temperature = 280 °C, GHSV = 1838 h!, 05/G = 13.68, and F/M
= 50.4%. Under these conditions, the model predicts glycerol conver-
sion of 98.9%, acrylic acid selectivity of 58.7%, and COx selectivity of
13.9% with an overall desirability value of 0.75, as summarised in
Table 2 (more details are provided in the SI, Fig. S12 and corresponding
contour plots are shown in Fig. S13). Hence, the acrylic acid selectivity
improves by 20.16% using a membrane reactor. Notably, the use of a
membrane reactor for propylene-to-acrolein production (via oxidation)
has obtained similar results as reported by O'Neill and E.E. Wolf [48],
suggesting that this concept can also be applied to the traditional (fossil-
fuel) route to acrylic acid by using a dual-bed membrane reactor and
providing oxygen throughout the reactor length.

Compared to the previous work [9], the optimised configuration
presents the same optimum temperature (280 °C), but it differs on
selectivity/conversion trends due to the effect on the scale of the reactor
dictated by the GSHV and the air feeding mechanism (membrane vs inlet
reactor) while an optimum O»/G ratio (14:1) is obtained compared to a
constant trend noted in [9].

3.1.6. Long-term stability test

The continuous testing of the catalyst system (HZSM-5 (200) +
Ortho-MoVO) was carried out for 44 h over a period of 7 days under the
optimised reaction conditions shown in Fig. 8. Prior to each run, the
reactor was preheated to 300 °C for 3 h. During the stability test, liquid
samples were collected every hour, and the furnace temperature was
maintained at 280 °C overnight to ensure consistent reaction conditions,
including GHSV, O,/G ratio and membrane-to-feed (F/M) ratio. Acrylic
acid selectivity increased from 46% to approximately 58% during the
first three days of operation, reflecting catalyst activation and stabili-
sation. Between 12 and 21 h, selectivity remained steady, confirming
that the catalyst was fully active during this period. After 22 h, a gradual
decline in selectivity was observed. This marks the onset of coke accu-
mulation, which progressively blocks acid sites on HZSM-5(200),
reducing acrolein formation and consequently lowering acrylic acid
selectivity. A significant loss in selectivity was recorded on day 5 (after
28 h of cumulative operation), attributed to increased coke deposition,
pore blockage and reduced accessibility of active sites. These effects
limit acrolein production and therefore suppress acrylic acid formation.
The quantitative analysis of the stability data reveals a biphasic deac-
tivation pattern: acrylic acid selectivity remained relatively stable at
58-60% for approximately the first 22 h of operation, followed by a
sharp decline to ~25% by 44 h (1.5% per hour decrease). In contrast,

Table 2
Optimised parameters and response factors predicted via DoE vs experimental
values.

Parameters Optimised (predicted via DoE) Experimental
PBR MR PBR MR

Temperature (°C) 276.9 280.0 276.9 280.0
GHSV (h™1) 1893.9 1838 1893.9 1838
0,/G ratio 9.5 13.7 9.5 13.7
F/M ratio - 50.4 - 50.4
Glycerol conversion (%) 95.9 98.9 94.1 97.0
Acrylic acid selectivity (%) 49.2 58.7 47.6 57.2
COx selectivity (%) 22.2 13.9 20.3 14.0
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glycerol conversion remained consistently above 95% throughout the
entire test period. This behaviour indicates that deactivation selectively
affects the formation or conversion of acrolein (the intermediate) rather
than glycerol activation. The spent material was further analysed with
SEM, XRD, FTIR, CHN and TGA analyses, as discussed in Section 3.2.
Regeneration of the spent material at 350 °C did not result in any
appreciable recovery of activity, consistent with the TGA results
(Fig. 11) indicating that effective coke removal from zeolites requires
temperatures of >600 °C.

3.2. Characterisation of spent HZSM-5(200) and Ortho-MoVO

The XRD patterns of the spent zeolite after stability test (Fig. 9a) was
compared with reference to the fresh sample (Fig. S17, SI) [9]. The spent
material retains a similar characteristic MFI reflections with peaks
observed in between 20 7-9°, and 23-25° [49]. However, the peak in-
tensities decrease significantly, specifically at 7.99°, 8.86°, 24.0° 24.7°.
This attenuation of maxima indicates a loss of crystallinity and partial
framework degradation, reducing the availability of well-defined acid
sites required for glycerol dehydration to acrolein and thereby lowering
acrylic acid selectivity during long-term operation.

In the case of fresh Ortho-MoVO, as shown in Fig. 9b (SI Fig. S17b),
the spent material exhibits an almost identical XRD pattern to the fresh
sample and retained crystallinity of an orthorhombic structure after
reaction. The positions, relative intensities and widths of the main re-
flections at 20 = 6-7°, 22° and 45° match the orthorhombic reference
pattern and remain unchanged after use. This confirms that the Ortho-
MoVO structure is preserved during operation and crystallinity re-
mains intact. Additionally, ICP-AES analysis of the fresh Ortho-MoVO
catalyst noted 47.54 wt% Mo and 14.19 wt% V, confirms Mo/V molar
ratio of 3.3, consistent with the findings of Chen et al. [20]. After the
reaction, the spent material contained 45.83 wt% Mo and 11.03 wt% V
with a small portion of material loss.

The SEM morphologies of the fresh and spent HZSM-5(200) and
Ortho-MoVO catalysts are presented in Fig. 10. The fresh pelletised ze-
olites (Fig. 10a) exhibit a flat cylindrical-like structure with smooth
homogeneous particle morphology (detailed TEM elemental mappings
of fresh HZSM-5 (200) are shown in SI Fig. S14). However, the spent
zeolites (Fig. 10b) retains the structure with partial fragmentation and
surface roughing, with some cylindrical structure breaking into halves
or quarters and layered structures appear damaged and irregular in
shape. This also contributes to reduced catalytic performance during
stability test. The fresh pelletised Ortho-MoVO catalyst, Fig. 10c, dis-
plays a thick, rod-like morphology and small broken fragments due to
pelletisation [21] (more details in SI Fig. S15 with TEM micrographs
showing elemental distribution of fresh Ortho-MoVO). The spent cata-
lyst retains its structure, indicating morphology stability; however small
agglomeration appears due to higher temperature (>300 °C). For more
details, SI Fig. S16 shows increased sticky agglomeration with higher
temperature.

Fig. 11 reports TGA analysis to quantify coke formation on the
HZSM-5(200) and Ortho-MoVO catalysts after stability test. The fresh
HZSM-5(200) exhibited an initial weight loss between 25 °C and 300 °C,
as shown in Fig. 11la, associated with the removal of physisorbed
moisture and weakly bound surface species. The subsequent isothermal
hold at 300 °C for 1 h showed negligible change, confirming complete
moisture removal. The spent HZSM-5(200) sample displayed an addi-
tional weight loss between 300 °C and 600 °C, followed by a 2 h
isothermal period (1 h under Ny and 1 h under air). At 600 °C, a weight
loss of 2.37% under N was attributed to the thermal decomposition or
volatilisation of weakly bound organic species [15], while an additional
2.81% loss under air corresponded to coke combustion, indicating a
total coke content of approximately 2.81% [37,50]. A subsequent tem-
perature increase from 600 °C to 800 °C resulted in a minor weight loss
of 0.3%, with negligible change observed during the isothermal holds
under both N, and air. Also, at 800 °C, the material remained stable,
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showing no further decomposition at elevated temperatures, with more
details in SI Table S8.

For Ortho-MoVO (Fig. 11b), the TGA profile between 25 °C and
300 °C shows a weight difference of 2.82% between the fresh and spent
samples, signifying the loss of moisture and chemically exposed species.
Upon heating from 300 °C to 600 °C and holding isothermally under Ny
for 1 h, a negligible weight change was observed, indicating the absence
of coke formation, which is similar to observations reported in literature
[44]. However, a slight increase in mass during the subsequent
isothermal hold under air suggests possible reoxidation of V* and minor
oxide loss from the Ortho-MoVO lattice during GTA reaction [51].

FTIR spectroscopy of fresh and spent zeolites after stability test was
performed to investigate framework atomic group and vibration bands
in Fig. 12a. The spectrum of the fresh sample is provided for comparison,
while the spent exhibits characteristic absorption bands at 1070 cm ™,
which are noticeably weakened corresponding to external and internal
asymmetric stretching, and features at 796 and 435 cm ™ attributed to
external symmetric stretching [52,53]. The reduced band at 546 cm’l,
assigned to the double five-membered rings of MFI-type zeolites, reflects
structural crystallinity [54]. Its reduced intensity in the spent sample
indicates disruption in framework and reduced acid sites.

For Ortho-MoVO catalyst, Fig. 12b, the absorption at 870 cm ™! arises
from Mo—O cis-dioxo stretching, while bands at 805, 710, and 646
em ! correspond to Mo-O-X (X = Mo, V) vibrations [55,56]. Additional
features at 978 and 533 cm™! are attributed to V=0 and V-O-X
(X=Mo) linkages [57]. Although band intensities decrease in the spent
sample, the retention of key vibrations confirms that the Mo-O-V
framework remains largely intact.

The CHN elemental analysis results for the fresh and spent HZSM-5

(200) and Ortho-MoVO catalysts are summarised in SI Table S9. The
spent HZSM-5 (200) sample shows a notable increase in carbon content
from 0.1 to 5.07 wt%, indicating significant coke deposition during the
reaction and minute trace of hydrogen is observed. Converseley, the
Ortho-MoVO catalyst exhibits a smaller increase in carbon (from 0.2 to
1.19 wt%) and little hydrogen, implying lower coke formation and
better resistance to deactivation. Furthermore, N, was detected in
Ortho-MoVO samples, from 0.1 wt% in the fresh catalyst due to Na
purging in the preparation method to 1.95 wt% in the spent sample,
likely because it was used as a carrier gas.

4. Conclusions and future work

This study investigated a continuous glycerol-to-acrylic acid chemi-
cal process via oxidative dehydration, using a membrane reactor (MR),
and compared its performance against a conventional packed-bed
reactor (PBR). The study demonstrated the feasibility of the concept,
which resulted in improved performance in the final acrylic acid yield by
using distributed oxygen feeding with a membrane. The presence of the
membrane resulted in a maximum increase of a net +10% selectivity
compared to the standard dual-bed PBR. The improved performances
were confirmed also by varying key reaction parameters, including
temperature, GHSV, oxygen-to-glycerol ratio, and feed-to-membrane
ratio (specifically for MR), and examining their effect on the product
distribution in both PBR and MR configurations. The highest acrylic acid
selectivity of 58.7% was achieved under the optimised conditions
(280 °C, GHSV 1935 h_l, 05/G ratio 14.1 and F/M ratio as 50:50). This
work experimentally confirmed the hypotheses that in the presence of
low oxygen concentration for the acrolein-to-acrylic acid reaction, the
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Fig. 10. SEM images of (a) fresh and (b) spent HZSM-5(200) catalyst and oxidation catalyst (c) fresh and (d) spent Ortho-MoVO.
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Fig. 11. TGA analysis of (a) HZSM-5(200) and (b) Ortho-MoVO for fresh and spent catalysts.

selectivity towards COx can be limited in favour of acrylic acid or other
more valuable products. The improvement in acrylic acid selectivity
translates to higher product yield per unit of glycerol feedstock, which
could reduce downstream separation costs and improve overall process
economics. At the reactor bed, the use of membrane also moderates the
temperature rise, improving the heat management, preventing hot spots
and controlling the selectivity towards acrylic acid (which decreases if
the temperature is >280 °C). In addition, it is possible to use less oxygen,

10

reducing the cost of production for both upstream and downstream of
the reactor units. The development of specific membranes for this pro-
cess could provide a foundation for selective oxidation strategies in
sustainable engineering for acrylic acid manufacturing. Finally, the
study focused on the stability test of the catalysts over 7 days of oper-
ation under reactive conditions, which highlighted the constant per-
formance during the first 3 days while the catalyst (HZSM-5) was
progressively deactivated after 28 h. Due to the thermal degradation of
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Fig. 12. FTIR spectra of fresh and spent (a) HZSM-5(200) and (b) Ortho-MoVO.

MoVO catalyst, regeneration with hot air could not be carried out
>350 °C inside the reactor, hence the amount of coke removal was
limited. This study demonstrated that further developments are required
to find a suitable catalyst with higher resistance to carbon deposition.
Zeolites are thermally robust but suffer from coke deposition; this can be
minimised through regeneration. If the thermal stability of Ortho-MoVO
or amorphous-MoVO phase can be enhanced to 600 °C, regeneration
would be feasible in a single reactor, as most coke can be removed at this
temperature. In terms of membrane reactor performance, the design and
engineering of a new class of membranes to selectively separate oxygen
from air could improve the viability of the process. Such a study would
also require an in-depth analysis of the impact of operating pressure,
which may play a relevant role in the kinetics and compactness of the
equipment. Finally, the costs of the downstream purification under new
and higher acrylic acid yield should be assessed and compared with
standard processes.

Abbreviations and symbol

GTA Glycerol To Acrylic acid

SAR Silica to Alumina Ratio

HZSM-5 (200) Zeolite Socony Mobil-5 protonated form (Silica to
Alumina ratio 200)

MoVO  Molybdenum Vanadium Oxide

Ortho-MoVO Orthorhombic-Molybdenum Vanadium Oxide

MR Membrane Reactor

PBR Packed Bed Reactor

GHSV  Gas Hourly Space Velocity

DoE Design of Experiments

COy Carbon Oxides (CO and CO2)

XRD X-ray Diffraction

FTIR Fourier Transform Infrared Spectroscopy
SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy
HRTEM High Resolution Transmission Electron Microscopy
HAADF High Angle Annular Dark Field

STEM-EDS Scanning Transmission Electron Microscopy-Energy
Dispersive x-ray Spectroscopy

SAED Selected area electron diffraction

TGA Thermogravimetric Analysis

CHN Carbon Hydrogen Nitrogen

ICP-OES Inductively Coupled Plasma - Optical Emission Spectroscopy
SiC Silica Carbide

SI Supporting Information
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CEM Control Evaporator Mixer
HPLC High Pressure Liquid Chromatography
MS Mass Spectrometer

TOS Time On Stream

RSM Response Surface Methodology
0./G Oxygen-to-Glycerol ratio
F/M Feed-to-Membrane ratio
¥1 Initial weight (mg)

¥ Final weight (mg)

°C Temperature

Ny Nitrogen

AH° Standard enthalpy change
CcO Carbon monoxide

CO, Carbon dioxide

h Hours

pm Micrometre

mL Millilitre

min Minute

Mo Molybdenum

A Vanadium

A Wavelength (A)

0 Diffraction angle

ID Inner Diameter

oD Outer Diameter

L Length

Number of carbon atoms
Product species i
Difference

Fresh

Spent

N ]
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