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This work reports the first experimental demonstration of a scaled-up multi-membrane reactor for ammonia
synthesis, integrating four tubular carbon molecular sieve membranes (CMSMs) with two 3D-printed metallic
Periodic Open Cellular Structure (POCS) supports of Gyroid and Body-Centred Cubic (BCC) geometry, manu-
factured in Inconel 625 by Laser Powder Bed Fusion and washcoated with a Ru-based catalyst via a scaled-up dip-
spin coating procedure. The coating protocol transferred to both topologies at the larger scale without modifi-
cation, with optical microscopy confirming uniform, crack-free coverage. Novolac-based CMSM carbonized at
550 °C were characterised by organic elemental analysis, XPS, and Raman spectroscopy, confirming a defect-
rich, turbostratic sp? carbon matrix with microporous architecture. Baseline testing in the conventional
reactor over 350-450 °C and 20-40 bar(g) demonstrated that Gyroid and BCC configurations deliver virtually
identical catalytic performance, reflecting the dominance of reaction kinetics and thermodynamics over
geometry-dependent transport resistances. Upon membrane integration, this geometry-independence was pre-
served, and the membrane consistently enhanced NH3 production rates across all operating conditions. Beyond-
equilibrium operation, with Hy conversion and NH3 yield reproducibly exceeding thermodynamic limits, was
achieved exclusively at low wight hourly space velocity (WHSV) and a sweep ratio (SW) of 4: Hy conversion
surpassed equilibrium by 30% at 400 °C and 110% at 450 °C, with NHj3 yield gains of 65% and 170% over the
conventional reactor. Scaling from one to four membranes yielded a membrane-area-normalised productivity
improvement of up to 424% at 350 °C and 40 bar(g), providing a strong foundation for continued scale-up of
membrane reactors for ammonia synthesis.

practical challenges: liquefaction demands cryogenic cooling to —253 °C
at ambient pressure or compression to ~250 bar at room temperature,
yielding an insufficient volumetric energy density of just 2.15 GJ-m 3.
Compounding this, existing infrastructure, such as pipelines, storage
tanks, and distribution networks [6], remains insufficient for large-scale

1. Introduction

Energy-related CO, emissions reached an all-time high of 37.8 Gt in

2024, increasing by 0.8% compared to the previous year, with fossil
fuels - coal, oil, and natural gas - remaining responsible for the over-
whelming majority of anthropogenic greenhouse gas output [1,2]. In
2023, coal alone accounted for 35.5% of electricity production world-
wide [3]. An urgent transition to renewables such as hydropower, solar,
wind, geothermal, and biomass is thus essential to curb emissions and
ensure long-term energy security [4]. Various study have underlined
hydrogen as a crucial element in renewable energy systems, given its
capacity to provide large-scale energy storage and to mitigate grid
imbalance arising from the intermittency of solar and wind generation
[5]. Despite its immense potential, hydrogen also faces significant

deployment [7]. These storage and transportation barriers have
prompted researchers to explore indirect hydrogen carriers, with
chemical compounds such as alcohols, ammonia, and hydrocarbons
emerging as promising solutions [8]. Ammonia, in particular, liquefies
under mild conditions, either by cooling to —33.3 °C at atmospheric
pressure or by compression to approximately 8.6 bar at 20 °C. It also
offers a higher volumetric energy density than liquid hydrogen, and
exhibits low flammability (high flash point), rendering it far safer to
handle and transport. When produced from renewable hydrogen via
electrolysis, so-called green ammonia [9], it offers a carbon-neutral
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Nomenclature

Symbol

Aem Total active membrane area, m?

FR Molar flow rate of species i in the retentate, mol s™*

F? Molar flow rate of species i in the permeate, mol s~*

FR,, FX . Molar flow rate of species i at the inlet /outlet of the
retentate, mol s

F,, FF,. Molar flow rate of species i at the inlet /outlet of the

peremate, mol s~!

Fim Net trans-membrane molar flow of species i from retentate
to permeate, mol 5!

Fim" Trans-membrane molar flow from permeate to retentate
(co-feeding), mol s7!

FS4, Total NHs molar flow produced (retentate + permeate),
mol s

P Pressure, bar

AP Transmembrane pressure difference, bar
Sw Sweep-gas-to-feed molar ratio, —

T Temperature, °C

WHSV  Weight hourly space velocity, mLn get h™*
Weat Catalyst mass, g

XH, H, conversion, %

YNH3 NH3 yleld, %

Superscripts
R Retentate (reaction) side
Permeate side
SCR Structured catalyst reactor (conventional)
SCMR  Structured catalyst membrane reactor
Subscripts
i Species (Hj, No, NH3)
in, out Inlet, outlet
tm Trans-membrane

energy vector and fertilizer feedstock, directly decoupling food and
energy security from fossil fuel dependence. With global ammonia
production reaching approximately 185 million tonnes per year and
contributing roughly 2.4 kg CO, per kg NH3 [10], a transition to green
ammonia synthesis could eliminate over 440 million tonnes of CO5
annually, making it one of the most impactful decarbonization levers
available.

Ammonia is industrially synthesized by reacting nitrogen and
hydrogen via the reversible, exothermic Haber-Bosch reaction:

N, + 3Hy=2NH3AHy9gx = — 92 kJ "10171

Since the reaction is exothermic and proceeds with a reduction in the
number of moles, it is thermodynamically favoured at low temperature
and high pressure, but kinetically very slow unless relatively high
temperatures and a suitable catalyst are employed [11]. Owing to
continuous process and catalyst development, modern plants typically
operate at pressures of about 80-120 bar, significantly lower than the
150-300 bar range of early Haber-Bosch units, while maintaining
competitive performance [12]. Nevertheless, the single-pass conversion
remains relatively low (on the order of 10-20%), necessitating a large
recycle loop to achieve overall conversions above 95% and contributing
to the high energy intensity of conventional ammonia production [13],
which accounts for approximately 1-2% of global energy consumption.
Non-thermal plasma can produce ammonia at milder bulk conditions by
activating nitrogen in the plasma phase, but current systems are highly
energy-intensive and inefficient, limiting them to small-scale or niche
applications [14]. Electrochemical ammonia synthesis likewise enables
direct electricity-to-ammonia conversion, yet it suffers from low
ammonia formation rates, competing hydrogen evolution, materials
degradation, and poor overall efficiency, so it cannot presently compete
with large-scale Haber-Bosch plants.

Achieving a step-change reduction in the energy and carbon intensity
of ammonia synthesis requires moving beyond incremental optimisation
of the Haber-Bosch cycle toward fundamentally intensified process
configurations that simultaneously address both thermodynamic and
transport limitations [15]. Catalytic membrane reactors have recently
been proposed as a particularly promising intensified configuration,
overcoming the thermodynamic constraints of the Haber-Bosch process
by coupling reaction with selective in-situ ammonia removal in a single
unit [16]. By continuously removing NH3 from the reaction zone, the
membrane displaces the reaction equilibrium beyond its thermody-
namic limit, enabling equivalent or higher conversions at significantly
reduced temperatures and pressures compared to the conventional
process.

Several membrane concepts have been investigated for ammonia
separation under relevant catalytic conditions. Functionalized polymer
and organosilica membranes (e.g. Poly(vinylammonium Thiocyanate)
[17], Nafion [18], Aquivion [19]) offer a favourable compromise be-
tween NH3 permeability and selectivity and are relatively straightfor-
ward to fabricate and scale. However, most of them decompose below
200 °C, making them unsuitable for the ammonia synthesis application.
Alternative inorganic or solvent-based systems exhibit very high
intrinsic selectivities but are often limited by low permeance, stability
issues, or challenges in scale-up, which restrict their suitability for large-
scale ammonia production [20]. For instance, Na*-gated nanochannel
membranes display exceptional NH3/H, and NH3/Nj selectivities (up to
103- 104) obtained at 150 °C and 21 bar, with selectivities as high as 300
maintained up to 250 °C and 35 bar, but at only moderate NH3 per-
meance [21,22]. Sulfonated organosilica (TPS) membranes can operate
at approximately 300 °C with NH3 permeance on the order of 1077 mol
m2s ! Pa!and NH3/H> and NH3/N> selectivities of about 7 and 266,
respectively, yet their flux-selectivity balance still falls short of indus-
trial requirements [23,24]. ZnCly-immobilized molten-salt (IMS) mem-
branes exhibit outstanding NH3 separation performance at 300-350 °C,
with NH3/Ny and NHs/H; selectivities exceeding 1000 and 3000, but
their long-term stability and durability under cyclic high-temperature
operation remain uncertain [25]. Carbon molecular sieve (CMS) mem-
branes represent a particularly promising alternative in this landscape.
Derived from the pyrolysis of polymeric precursors, CMSMs combine the
molecular sieving capability of inorganic membranes with a degree of
tunability in pore size distribution, and have demonstrated thermal
stability well above 300 °C [26]. Their separation mechanism relies also
on the selective adsorption and surface diffusion of NH3 through mi-
cropores, exploiting the difference in kinetic diameter and polarity be-
tween NHs, Hy, and Nj. Unlike polymeric membranes, CMSMs do not
suffer from decomposition at elevated temperatures [27], and can be
fabricated in tubular geometries directly compatible with multi-
membrane reactor configurations, making them uniquely suited for
integration with structured catalyst supports under conditions relevant
to ammonia synthesis. Notably, our group has previously demonstrated
[28] that a tubular CMSM integrated with a Ru-based Gyroid Periodic
Open Cellular Structure (POCS) catalyst outperforms the equivalent
conventional reactor across the full range of operating conditions
investigated, confirming the viability of this membrane class for
equilibrium-shift ammonia synthesis at the laboratory scale. That earlier
work, however, was limited to technology readiness level (TRL) 3-4,
using small Gyroid pieces and a single membrane, leaving open the
questions of scalability, multi-membrane integration, and geometry
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dependence that the present work addresses.

While membrane reactors offer a compelling route to overcome the
thermodynamic constraints of ammonia synthesis, their practical per-
formance is equally governed by the catalytic architecture housed
within the reactor. In conventional packed-bed configurations, pellet
beds introduce significant pressure drop [29], poor radial heat distri-
bution, and channelling effects [30] that become increasingly detri-
mental at the modest pressures and temperatures favoured by
membrane reactor operation. Realising the full potential of membrane-
assisted equilibrium shift therefore requires not only a selective and
permeable membrane, but also a catalyst support that enables uniform
flow distribution, efficient heat and mass transfer, and low pressure drop
- properties that conventional pellet beds struggle to deliver simulta-
neously. This has motivated growing interest in structured catalyst
supports as an enabling technology for next-generation intensified re-
actors, where the geometry of the support itself becomes a design var-
iable alongside operating conditions and membrane properties.
Structured catalysts consist of ceramic or metallic substrates, pre-shaped
in the form of a single continuous structure with stable geometry over
which the catalytically active sites are properly dispersed [31]. The
development of highly efficient structured catalysts is attracting
increasing attention for process intensification in catalytic reactors,
particularly in applications involving heat and mass transfer limitations
such as ammonia synthesis and decomposition, methanation, and
hydrogen production processes [32].

In this context, three-dimensional (3D)-printed metallic Periodic
Open Cellular Structures (POCS) have attracted growing interest as
catalyst supports able to overcome the well-known limitations of pellet-
packed beds in terms of pressure drop, intra-bed temperature gradients,
and uniformity of fluid distribution [33]. Among the proposed lattices,
the Triply Periodic Minimal Surface (TPMS) Gyroid offers curvature-
driven mixing along smooth, fully interconnected channels and a high
surface-area-to-volume ratio [34,35], while the Body-Centred Cubic
(BCC) geometry provides a more open channel network with compara-
tively lower pressure drop [36].

To the best of our knowledge, no study has yet reported the inte-
gration of 3D-printed metallic POCS catalysts with carbon molecular
sieve membranes for ammonia synthesis at a scale beyond TRL 3-4, nor
a systematic comparison of POCS lattice geometries has been reported
within an operational ammonia synthesis membrane reactor. This work
therefore represents the first demonstration of dual process intensifica-
tion, combining structured catalytic supports with membrane-assisted
equilibrium shift, at a scale and configuration relevant to pilot-scale
deployment (TRL 5). Two complementary 3D-printed metallic POCS
architectures, Gyroid and BCC, were manufactured in nickel alloy
(IN625) with dimensions 5.1 x 10 cm (~130 cm® per piece). Both ge-
ometries were then activated with the same Ru-based catalyst through a
scaled-up dip-spin coating procedure, designed to meet the higher slurry
demand, and integrated with four tubular CMSMs in a multi-membrane
reactor.

The objectives of the study are: (i) to demonstrate that the dip-spin
coating protocol previously optimised at the lab scale can be repro-
ducibly transferred to larger supports of different lattice topology,
without modification of the slurry formulation, the spinning parameters,
or the number of coating cycles; (ii) to provide a direct comparison of
the Gyroid and BCC geometries when integrated with CMSMs in the
membrane reactor; (iii) to quantify the enhancement in NH3 production
rate, Hy conversion and NHj yield attributable to membrane-assisted
equilibrium shift, including the influence of increased membrane area,
and to identify the operating conditions under which this synergy be-
tween structured catalytic supports and CMS membranes is maximised.
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2. Experimental
2.1. Materials and preparation

2.1.1. POCS design and fabrication: Gyroid and BCC geometry

Periodic Open Cellular Structures (POCS) with Gyroid and Body-
Centred Cubic (BCC) geometries were manufactured by ENGIE in
Inconel 625 (IN625) by Laser Powder Bed Fusion (LPBF) starting from
CAD-designed architectures. Cylindrical supports with an external
diameter of 51.1 mm and a length of 100 mm were produced. For each
geometry, two identical pieces were stacked axially in series within the
reactor, yielding a total catalytic bed length of 200 mm per geometry.
Two Gyroid and two BCC structures were fabricated to accommodate a
total of four tubular carbon molecular sieve membranes (CMSMs) within
the multitubular membrane reactor configuration. Each structure
incorporated four longitudinal channels (@ = 15.1 mm) aligned along
the axial direction; when the two pieces of the same geometry are
assembled in series, these channels form continuous conduits of 200 mm
that house the CMSMs (220 mm in active length), which extend slightly
beyond the POCS assembly to span the full reactor housing.

The Gyroid architecture was characterised by a cell size of 5 mm and
a sheet thickness of 0.34 mm, whereas the BCC structure exhibited a cell
size of 3 mm and a strut diameter of 0.40 mm. Both geometries present
high void fractions (¢ ~ 0.72-0.82). Fig. 1 shows a rendering of the
single-unit cells corresponding to both Gyroid and BCC supports,
together with optical microscope images of representative portions of
their bare surfaces. Dimensional measurements revealed good agree-
ment between the CAD-designed geometries and the resulting additively
manufactured structures, confirming the fidelity and reproducibility of
the printing process.

Prior to catalyst deposition, each as-built support was degreased
under ultrasonic agitation in a 50:50 vol% acetone/water mixture for 30
min, rinsed with abundant distilled water, and oven-dried at 120 °C for
1 h. A pre-oxidation treatment in static air at 900 °C for 6 h was then
applied to all supports to develop a thin, adherent oxide scale on the
metallic surface, thereby improving the adhesion of the subsequent
washcoat layer [37].

2.1.2. Catalyst slurry preparation

A developmental Ru-based catalyst (2.2 wt% Ru) supplied by
Johnson Matthey in powder form was used to prepare the washcoat
slurry employed for activating the four POCS supports. The target
catalyst loading was set at 0.21 g cm >,

Four slurry batches (I-IV) were prepared to meet the catalyst demand
associated with the larger support volume of about 130 cm® each, cor-
responding to the structure envelope excluding the four membrane
channels, each with a volume of approximately 150 mL. The slurry
composition was kept unchanged with respect to the formulation re-
ported in our previous work [28]: 35 g (22.4 wt%) catalyst, 66.5 g (42.5
wt%) glycerol, 2.38 g (1.5 wt%) polyvinyl alcohol (PVA) and 33.6 wt%
distilled water. The dispersion medium was prepared by dissolving PVA
(87-89% hydrolysed, Sigma-Aldrich) in distilled water, under magnetic
stirring at 85 °C, followed by the addition of glycerol (99.5% bi-distilled,
Analar Normapur®). In this formulation, glycerol acts as a dispersant,
PVA as a rheology modifier, and distilled water as solvent and diluent.
Prior to incorporation into the slurry, the catalyst powder was pre-
milled in zirconia jars for 3 h at 300 rpm to reduce particle size and
improve dispersion. The catalyst powder was then added to the
dispersion medium, and the resulting slurry was homogenised by ball
milling (BM40-POWTEQ) with zirconia spheres (1 cm diameter, sphere-
to-powder mass ratio = 7:1) for 24 h at 300 rpm. To increase throughput
at this scale, four 250 cm® zirconia jars were loaded and operated
simultaneously in the planetary mill, allowing batches I-IV to be pro-
cessed in a single milling run. After milling, each batch underwent a 30
min sonication treatment to minimise foaming prior to coating.

The rheological behaviour of all four slurry batches was
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Fig. 1. Unit cells rendering and optical images of Gyroid (a) and BCC (b); d. represents the cell dimension, ds the thickness of the sheet and P the equivalent pore

size dimension.

characterised over the shear-rate range 0.1-2000 s~ '; the results are
reported and discussed in Section 3.1. All four batches exhibited
equivalent pseudoplastic, shear-thinning behaviour across the full shear-
rate window investigated, confirming excellent batch-to-batch repro-
ducibility of the scaled-up preparation procedure.

2.1.3. POCS activation by dip-spin coating

The activation of the four POCS supports - two Gyroid and two BCC -
was carried out by a combined dip-spin coating route, developed and
optimised in our previous work on smaller Gyroid geometries [38]. In
each coating cycle, the support was fully immersed in the slurry for
approximately 10 s to ensure complete wetting of the open-cell network.
The wet sample was immediately transferred to a commercial spin-
coater (Laurell WS-650Mz-23 NPPB), where the excess slurry was
removed by rotating the piece at 1000 rpm for 20 s, with a ramp ac-
celeration of 1000 rpm s 2 To accommodate the larger POCS di-
mensions, a dedicated cylindrical specimen holder was designed and
integrated into the spin-coating system, ensuring mechanical stability
and alignment during high-speed rotation. Immediately after spinning,
the support was flash-dried in air at 450 °C for 10 min to consolidate the
freshly deposited layer before the next dipping step.

The dip-spin-flash-dry sequence was iterated 16 times per support
until the gravimetric uptake matched the target loading of 0.21 g cm™>
(~ 27 g of washcoat per piece). The progression of the coating was
monitored gravimetrically throughout: each sample was weighed before
and after every drying and calcination step, so that the build-up of the
washcoat could be tracked cycle-by-cycle and the nominal loading
verified at the end of the process.

Once the target loading was achieved, all four supports underwent a
final calcination in static air at 500 °C for 6 h (heating rate 5°C min~1) to
remove residual organic additives (PVA and glycerol) and stabilise the
catalyst layer. The Gyroid and BCC supports obtained at the end of the
activation procedure are shown in Fig. 2.

2.1.4. Membrane fabrication
A Novolac-based precursor for the carbon molecular sieve (CMS)

Y =, 02 s
e A R I R | bt

Fig. 2. Images of 3D-printed washcoated structured catalysts: (a)-(b) Gyroid
topology and (c)-(d) Body-Centred Cubic (BCC) topology supports after
coating deposition.

membranes was prepared according to the method described in [28],
using the same phenol-formaldehyde monomer ratio, acid catalyst, Cu
addition, and thermal treatment conditions up to the polymerisation
stage. This synthesis route was employed by TECNALIA to obtain both
supported CMS membranes for catalyst-integrated reactor experiments
and unsupported membrane material for ex situ characterization.

For the supported membranes, the precursor solution was deposited
onto asymmetric porous a-AlyOg3 tubes @ =7 mm, @ = 10 mm, outer
surface pore size ~100 nm), geometry, surface preparation, and coating
conditions as described in [28]. After deposition, the coated tubes were
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subjected to the same polymerisation and subsequent carbonization
protocol, carried out under a non-oxidising atmosphere at 550 °C. Un-
supported membrane samples were prepared in parallel from the same
Novolac-based precursor, in the absence of any ceramic substrate. Two
sample states were produced: a non-carbonized sample, obtained by
polymerisation at 90 °C without any subsequent thermal treatment, and
a carbonized sample, produced by applying the same carbonization
protocol as the supported membranes.

2.2. Characterizations technique

2.2.1. Morphological and rheological characterization

The surface morphology and geometric fidelity of the as-built and
washcoated Gyroid and BCC supports were assessed by optical micro-
scopy using a Keyence VHX-7000 digital microscope. Images were ac-
quired with VHX-E20 (High-Resolution, Low-Magnification Objective
Lens 20-100x) and VHX-E100 (High-Resolution, Medium-
Magnification Objective Lens 100-500x) objective lenses at multiple
locations across the strut and sheet surfaces and cell interiors. Cell size,
strut diameter, sheet thickness, and channel diameter were measured
and compared against the nominal CAD dimensions to quantify the
dimensional deviations introduced by the LPBF process.

The rheological behaviour of the washcoat slurry was characterised
using a modular compact rotational rheometer (Modular Compact
Rheometer MCR 92, Anton Paar GmbH, Graz, Austria) equipped with a
double-gap measuring geometry. Flow curves were acquired at 25 °C
over a shear-rate range of 0.1-3000 s~ L.

2.2.2. Unsupported carbon membrane material characterization

The unsupported CMS membrane material was characterised in both
the non-carbonized and carbonized (550 °C) states by organic elemental
analysis (OEA), X-ray photoelectron spectroscopy (XPS), and Raman
spectroscopy, to track the chemical and structural transformation
induced by pyrolysis.

By-pass Sweep Line

A
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Elemental composition (C, H, N, O) was determined by OEA using a
Thermo Scientific Flash Smart CHNS/O analyzer (Waltham, MA, USA).

XPS measurements were performed under ultra-high vacuum using a
K-Alpha spectrometer (Thermo Scientific™). Spectral processing was
carried out in CasaXPS software, applying a Shirley-type background
subtraction prior to peak fitting. Component fitting was performed
following the methodology reported in [39].

Raman spectroscopy was carried out using a WITec WMT 50 confocal
Raman microscope equipped with a 532 nm excitation laser under
confocal conditions, providing high spatial resolution. Spectra were
collected for both the non-carbonized precursor and the carbonized
membrane (550 °C) to assess the changes in carbon ordering and
bonding structure induced by thermal treatment, and were baseline-
corrected prior to analysis to remove background fluorescence and
isolate the intrinsic Raman signal.

2.2.3. Experimental setup

The experimental test rig used for testing has been described in detail
in the previous work [28], to which the reader is referred for a
comprehensive account of the gas supply system, flow control instru-
mentation, thermal management, pressure regulation, and analytical
equipment. Briefly, the setup comprises Bronkhorst mass-flow control-
lers for Ny, Hy, and NHgs, pneumatically actuated Swagelok valves, in-
dependent back-pressure regulators on the retentate and permeate sides,
and a Compact GC 4.0 micro-gas chromatograph (Global Analyzer So-
lutions) for multi-component gas analysis, with methane as internal
standard. The P&ID of the complete setup is shown in Fig. 3, illustrating
the gas feed lines, MFC network, reactor section, back-pressure regula-
tors, and downstream GC analysis system.

The present study introduces a scaled-up multi-membrane reactor
configuration, designed to accommodate four tubular CMSMs integrated
with the POCS catalyst unit. The reactor consists of a 316Ti stainless
steel pressure vessel (3% = 60 mm, @ = 51.3 mm, L = 350 mm), sealed
at the top flange via a LEADER Ring Joint R Oval sealing ring (316 L,

- ———((H,
CHy4 as Internal Standard

(He

(Ar

e’ 0

Q&
= Q

6
\600) \V/ = : ! . |
T ~/ PT \ PT a < 3.0
2 L= B0y ) \ Compact CG'
TSweep Line = N \&0Z) AN — (2-channels)
S GC-900
i ,E
(T
(601
Retentate
i
/PT\ —
(500 TL Y B
i A/ 2 € L
Feed Line b N—" [AA

m Hy ||NH3

ED=

[ BypassFeedLine

Fig. 3. P&ID of the experimental setup.
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R24, API 6A/ISO 10423), selected for its mechanical and chemical
compatibility with high-pressure ammonia service. The four membranes
are individually sealed to the top flange via Swagelok connections
incorporating graphite rings to mitigate mechanical stress on the
membrane tubes, resulting in an overall active membrane length of
approximately 220-225 mm. Two POCS segments are stacked axially in
series within the vessel, yielding a total active bed length of 200 mm. A
multipoint thermocouple is embedded within the POCS bed along its
central axis to monitor the axial temperature profile across the full
catalytic zone and to detect any thermal gradients arising during reac-
tion. A 3D render of the multi-membrane reactor design, together with
the as-built demonstrator unit and the metallic sealing components, is
shown in Fig. 4.

To ensure co-current operation, the reaction stream enters from the
bottom of the reactor, while the sweep gas is introduced from the top via
four individual internal capillaries (3** = 3.3 mm), each inserted into
one of the four CMSMs, extending to the end of the respective membrane
and then flowing back along its length in the same axial direction as the
retentate stream. The permeate stream is collected at the top flange and
withdrawn independently from the retentate. Fig. 5(a) shows the four
CMSMs extending from the top flange with their individual Swagelok
fittings, while Fig. 5(b) illustrates the subsequent assembly step in which
the POCS catalyst unit has been positioned over the membranes prior to
insertion into the pressure vessel.

2.2.4. Operating conditions and key performance indicator (KPI)

Two reactor configurations were tested: the structured catalyst
reactor (SCR), i.e. the conventional reactor in which the POCS catalyst
was tested without membrane integration, (with the membrane chan-
nels replaced by dense tubes/closed), and the structured catalyst
membrane reactor (SCMR), in which the POCS catalyst was integrated
with the CMSMs for in-situ NH3 removal. The operating conditions
explored in this study are summarised in Table 1. The weight hourly
space velocity (WHSV) is defined as the total volumetric flow rate of the
reactant feed (Hy + Njy) at normal conditions divided by the catalyst
mass. In all experiments, the reactor was fed with an Hy:N3 molar ratio
of 2:1. In the membrane reactor (SCMR) tests, the sweep gas had the
same composition as the reactor feed (Hy:N; = 2:1), in order to keep
similar Hy and Ny partial pressures on both sides of the membrane and
limit reactant losses from the reaction zone. The sweep ratio (SW) is
defined as the ratio between the molar flow rate of the sweep gas fed to
the permeate side and the molar flow rate of the feed to the retentate
side. Unless otherwise stated, the permeate side was operated at the
same pressure as the retentate side. The effect of a transmembrane
pressure difference (AP =1, 2 and 3 bar) was investigated only at WHSV
= 3285 mLn gc_alt h~' and SW = 1, as discussed in Section 3.7.

For each experimental condition, the reactor performance was
evaluated through a set of metrics defined below, designed to account

Fig. 4. 3D CAD render of the multi-membrane reactor showing the four tubular
CMSMs running axially through the POCS catalyst body (green) housed within
the cylindrical pressure vessel, with the top flange and Swagelok mem-
brane fittings.
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(b)

Fig. 5. (a) Assembly of four tubular CMS membranes connected to the reactor
flange, (b) with POCS catalyst structures fitted over the membrane tubes.

Table 1
Operating conditions used during the experimental campaign.
Case WHSV [mLn T [°C] P [bar] AP SwW Hy:
D gaath '] [bar] -] N,
SCR 715 350, 400, 20, 30, - - 2
450 40
SCR 3285 350, 400, 30, 40 - - 2
450
SCMR 715 350, 400, 30, 40 0 1 2
450
SCMR 715 350, 400, 20, 30, 0 4 2
450 40
SCMR 3285 350, 400, 30, 40 0,1,2, 1 2
450 3

for the non-ideal behaviour of the membrane which results in partial
permeation of unreacted Hz and No.

FR _FR — Fy,
%XHZ _ Hsz H, out h o, tm %« 100 (1)
Fszin - Fszlm
FHz,tm = nglout - ng.in (2)
Fatyom = Fpy, g — Fiyy 1o ONY if Fpg, g < O cofeeding 3)
F.
%Reactant loss = — x 100 4
Fi,in
FP
%Recovery factor = NHy x 100 5)

FﬁHg +F§H3

FR, +F;
%Yy, = FiRNﬂs i (6)

o
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The H; conversion definition (Eq. (1)) corrects the conventional
conversion expression to account for the fact that a fraction of the H; fed
to the retentate may permeate through the membrane without partici-
pating in the reaction. When Fy, m, > 0, (Eq. (2)) Hj is lost from the
retentate to the permeate (a reactant loss scenario) and this lost Hp, must
be excluded from both the numerator and denominator of the conver-
sion expression. When Fy, m < 0, (Eq. (3)) the flux direction reverses,
indicating that Hy present in the sweep stream enters the retentate
through the membrane (a co-feeding scenario). The fractional loss of
reactant species i (Hy or N2) to the permeate side is quantified according
to Eq. (4). The NHs recovery factor (Eq. (5)) represents the fraction of
the total ammonia produced that is collected on the permeate side: a
high recovery factor reflects efficient NHs extraction from the reaction
zone. The NHj yield (Eq. (6)) is defined on the basis of the total NH3
produced across both retentate and permeate streams, normalised by the
effective Hy feed available for reaction. The denominator accounts for
the co-feeding correction when applicable, ensuring that the yield re-
flects only the Hj that is genuinely available for synthesis. The NH3
production rate is reported in two complementary forms. The catalyst-
normalised rate (Eq. (7)) enables direct comparison of catalytic activ-
ity across different geometries, whereas the membrane-area-normalised
productivity (Eq. (8)) provides a complementary figure that quantifies
the NH3 output per unit of membrane surface area deployed, particu-
larly important during the scaling of membrane reactor. All catalyst-
normalised NH3 production rate data are reported with error bars rep-
resenting the standard deviation computed from five consecutive gas
chromatography measurements acquired under steady-state conditions
at each operating point. The relative performance improvement of the
membrane reactor over the conventional reactor is defined as Eq. (9) at
identical operating condition, whereas the incremental gain attributable
to increasing the number of integrated membranes from one to four is
quantified by the membrane-area-normalised productivity improve-
ment in Eq. (10), using the NH3 membrane area based production rate
(Eq. (8)).

These metrics are used in Section 3 to assess the performance of the
four-membrane reactor configuration and to compare it against the
single membrane baseline reported in our previous work. It should be
noted that the two configurations differ in both membrane number and
catalyst mass, with the catalyst loading and membrane area scaled
approximately in proportion.

3. Results and discussion
3.1. POCS catalyst: slurry rheology and batch reproducibility

The rheological behaviour of the four slurry batches was investigated
over the shear-rate range 0.1-2000 s~1; the resulting dynamic viscosity
curves are reported in Fig. 6. All four batches exhibit a consistent
pseudoplastic, shear-thinning response. At very low shear rates
(~0.1-0.2 s71), the viscosity passes through a local maximum of
approximately 0.08-0.10 Pa-s, attributed to the progressive breakdown
of the weakly structured polymer-solvent network formed at rest. With
increasing shear rate, the viscosity decreases monotonically by nearly
one order of magnitude, approaching a Newtonian-like plateau of
~0.02 Pa-s above ~100 s~ L.

This flow profile is well matched to the dip-spin coating procedure
adopted in this work. The comparatively higher viscosity at low shear
promotes sufficient slurry retention on the POCS struts during the

Chemical Engineering Journal 549 (2026) 183234

10°
O Batch |
> Batch Il
oy ¢ Batch lll
@© A Batch IV
L
_7;;10'1
O °
[&]
@
S
1072
1072 10° 102 104

Shear rate [3'1]

Fig. 6. Slurry rheological behaviour.

dipping step, while the low plateau viscosity at high shear, representa-
tive of the spinning stage, allows excess slurry to drain freely, preventing
channel blockage within the open-cell architecture and promoting a
uniform catalyst distribution across the lattice. Most importantly, the
curves measured for batches I-IV are superimposable across the entire
shear-rate window investigated, confirming the excellent batch-to-batch
reproducibility achieved by operating four 250 c¢m® zirconia jars
simultaneously in the planetary mill.

3.2. Optical characterization of the activated POCS supports

Representative optical images of the external surface of the activated
POCS supports, acquired with a digital optical microscope (Keyence
VHX-7000), are reported in Fig. 7: the left panel refers to the Gyroid
geometry and the right panel to the BCC. In both cases, the catalyst layer
appears uniformly distributed over the metallic struts, with full surface
coverage and no evidence of cracking, delamination, or localised slurry
accumulation within the channels. The native architecture of each
support, the smoothly curving cells of the Gyroid and the more angular
periodically arranged windows of the BCC, is fully preserved after
activation, and all open-cell pathways remain clearly accessible to gas
flow.

These observations confirm the effectiveness of the dip-spin coating
procedure in producing a thin, conformal washcoat on both POCS ar-
chitectures. The spin-coating step proved particularly critical in this
regard: rotating the wet support at 1000 rpm efficiently removed excess
slurry retained within the lattice, yielding a coating layer thick enough
to meet the target loading yet thin enough to avoid pore occlusion,
which would otherwise penalise flow distribution and active-site
accessibility.

Notably, an identical protocol - i.e. slurry formulation, dipping time,
spinning rate and acceleration, number of dip-spin cycles, and flash-
drying conditions - was applied without modification to both POCS
geometries, despite their markedly different topological character, and
yielded coating quality of comparable standard across both architec-
tures. This geometry-independence demonstrates that the proposed dip-
spin coating route is robust with respect to support topology and scale,

Fig. 7. Optical images of the washcoated surface of structured catalyst sup-
ports: (a) Gyroid topology and (b) Body-Centred Cubic (BCC) topology.
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and constitutes a viable and readily transferable strategy for the cata-
lytic activation of complex metallic 3D-printed structures.

3.3. Membrane material characterization

The chemical composition of the Novolac-based membrane material
was investigated before and after carbonization at 550 °C by organic
elemental analysis (OEA), X-ray photoelectron spectroscopy (XPS), and
Raman spectroscopy. The three techniques provide complementary and
mutually consistent evidence of the polymer-to-carbon transformation,
and their findings are discussed jointly below.

OEA reveals a marked compositional shift upon carbonization, as
summarised in Table 2. The pre-carbonized sample exhibits a carbon
content of 73.9 wt%, with substantial contributions from hydrogen (6.7
wt%), oxygen (14.7 wt%), and nitrogen (4.7 wt%), consistent with the
composition expected for a Novolac resin incorporating an ethylenedi-
amine crosslinker and residual NMP solvent. After carbonization, the
carbon content rises to 92.0 wt%, while hydrogen, oxygen, and nitrogen
decrease sharply to 3.3, 3.8, and 0.9 wt%, respectively. The near-
complete elimination of hydrogen is indicative of extensive dehydro-
genation and condensation reactions during pyrolysis, while the
reduction in oxygen and nitrogen reflects the thermal decomposition of
phenolic hydroxyl groups, methylene ether bridges, and amine-based
functionalities. The residual heteroatom content in the carbonized
sample suggests that a fraction of surface oxygen and nitrogen groups
survives pyrolysis. The OEA findings are corroborated by the elemental
composition of the samples determined through XPS analysis (Table 2).
The XPS Cls spectra provide surface-specific confirmation of the bulk
compositional changes observed by the elemental analysis. In the
pre-carbonized sample Fig. 8(a), the Cls envelope is broad and asym-
metric, comprising a dominant C—C component at ~284.8 eV together
with C—O contribution at ~286.2 eV attributed to aliphatic esters,
phenolic hydroxyl groups, and methylene ether bridges of the Novolac
backbone. The C=0 component at ~288.2 eV reflects carbonyl-type
species, mainly the lactam carbonyl of NMP along with possible
oxidized carbonyl groups formed within the phenolic backbone
[39-41]. A weak shake-up satellite at ~290.5 eV, arising from & — ©*
transitions in which the photoionised system is left in an electronically
excited state a few electron volts above the ground state [42], confirms
the presence of aromatic rings within the Novolac structure. After
carbonization Fig. 8(d), the Cls envelope undergoes a marked trans-
formation: the C—C component becomes dominant, reflecting the con-
version of the sp>-rich polymer matrix to a predominantly sp? graphitic-
like carbon network, while the C—O contribution is now positioned at
~285.6 eV and shows reduced intensity, in full agreement with the
oxygen elimination observed by elemental analysis. Additionally, the
C=0 component is replaced by a very weak COO contribution at
~288.6 eV, indicating the evaporation of NMP and the emergence of
carboxyl/ester groups formed through thermally induced rearrange-
ments during pyrolysis [43]. The Ols spectra are coherent with the Cls
curve fitting and furtherly support the compositional changes. In the
pre-carbonized sample Fig. 8(b) the spectrum comprises the C—O
contribution at ~532.9 eV associated with phenolic O—H groups and
possible methylene-ether bridges, and the C=0 component at ~531.5
eV corresponding to amide/lactam carbonyls from NMP together with
oxidized carbonyl species formed within the Novolac matrix [44,45].
After carbonization Fig. 8(e), the total oxygen signal decreases

Table 2
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substantially, consistent with the reduction from 14.7 to 3.8 wt%
measured by OEA and from 22.3 wt% to 5.5 wt% determined by XPS.
The shape of the O1s spectrum changes markedly, displaying a double-
peaked structure whose curve fitting resolves four distinct contributions.
These include oxidized copper species (Cu,O) at ~531 eV, a C-OH/C-O-
C/C-OR component at ~532.2 eV, a COOR contribution at ~533.7 eV,
and a high binding energy feature at ~534.7 eV attributed to adsorbed
O, or moisture [46,47]. This evolution reveals the emergence of
oxidized copper species, absent in the pre-carbonized sample, along
with oxygen-containing surface functionalities generated during
pyrolysis.

Despite the very low atomic percentage of Cu in the pre-carbonized
sample, the Cu 2p spectrum (Fig. 8(c)) still exhibits the characteristic
Cu-2p3,2 and Cu-2p; o features [48]. The Cu-2p3/5 peak can be satis-
factorily fitted with a single component at ~933.4 eV, which is most
likely associated with oxidized copper species (CuyO). After carboniza-
tion, the intensity of the Cu 2p peaks increases slightly, consistent with
the higher Cu atomic percentage detected in the carbon matrix after
pyrolysis (Table 2). The Cu 2p spectrum of the carbonized samples again
displays the Cu-2p3,2 and Cu-2p; /> doublet; however, each component
now requires two sub-peaks for an adequate fit, revealing the coexis-
tence of both metallic copper (Cu®) and oxidized copper species (CuyO).
According to literature assignments [46], the peaks at ~932.7 eV and
~952.6 eV correspond to Cu’, whereas the components at ~933.7 eV
and ~954.0 eV are attributed to Cu,O. The appearance of Cu® compo-
nents at ~932.7 eV and ~952.6 eV in the carbonized sample indicates
that copper undergoes partial reduction during pyrolysis, likely pro-
moted by the carbonaceous environment and the oxygen-depleting
conditions of the carbonization process.

The degree of graphitic ordering in the two samples was assessed by
Raman spectroscopy (Fig. 9). The pre-carbonized Novolac resin exhibits
only a very weak, broad hump in the 1200-1600 cm ™' region [49],
confirming the amorphous, non-graphitic nature of the precursor and
the complete absence of any sp? carbon ordering prior to pyrolysis. After
carbonization at 550 °C, two well-resolved bands emerge: the G band at
~1582 cm ™}, symbolizing the presence of graphitic-like layers (in line
with increase of C—C bonds in Cls spectra) and the D band at ~1357
cm’l, associated with structural disorder and defects. The D band in-
tensity is directly related to the density of aromatic sp> bonds located at
defect sites [50]. The Ip/Ig ratio close to unity indicates a turbostratic,
defect-rich carbon structure. A fully graphitic material would exhibit a
suppressed D band and a collapsed micropore network; the high D band
intensity observed here confirms that the carbonization temperature of
550 °C has been deliberately selected to produce a disordered sp? carbon
matrix that preserves the defect-rich microporous architecture.

Taken together, the OEA, XPS, and Raman data provide a fully
consistent picture of the carbonization process: pyrolysis at 550 °C
converts the oxygen- and hydrogen-rich Novolac precursor into a pre-
dominantly sp? carbon matrix through dehydrogenation and conden-
sation reactions.

The CMSMs integrated in the reactor were prepared following the
same protocol as the membrane characterised in our previous work [28],
but they were not individually characterised by permeation tests before
the catalytic experiments. Their separation performance were therefore
assumed to be comparable to that previously reported. Since the prop-
erties of carbon molecular sieve membranes are sensitive to the syn-
thesis conditions, future work will address the batch-to-batch

Elemental composition of Novolac-based unsupported membrane samples before and after carbonization at 550 °C acquired via Organic Elemental Analysis (OEA) and
X-ray Photoelectron Spectroscopy (XPS) and expressed in weight percentages (wt%) and atomic percentages (at.%), respectively.

Sample type OEA wt% XPS at.%

N C H (0] C (0] N Cu
Pre-carbonization 4.65 73.88 6.72 14.72 74.36 22.34 3.26 0.03
Post-carbonization 0.92 92.02 3.28 3.77 93.90 5.50 0.40 0.20
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Fig. 9. Raman spectra of pre-carbonized and post-carbonized Novolac-based
unsupported membrane samples.

reproducibility of the membrane preparation and the characterization of
each membrane before its integration in the reactor.

3.4. POCS geometry comparison in a conventional reactor: Gyroid vs.
BCC performances

Prior to membrane reactor testing, the intrinsic catalytic perfor-
mance of the two POCS geometries — Gyroid and BCC - was systemati-
cally assessed in the absence of membranes under two distinct space
velocity conditions: WHSV = 715 mLn gc’alt h’l, consistent with the
operating window employed in our previous single-membrane reactor
study [28], and WHSV = 3285 mLn g h™! at higher throughput. All
experiments were conducted with an under stoichiometric Hy:Ny = 2:1
molar feed ratio, across a temperature range of 350-450 °C and at
operating pressures of 20-40 bar(g), depending on the condition.

The Ru-based catalyst washcoated onto the POCS supports was
activated in situ under a Hy:No = 2:1 molar feed ratio at 30 bar(g). The

activation protocol consisted of stepwise heating from ambient tem-
perature to 200, 300, 400 and finally 550 °C, with isothermal holds at
each plateau to ensure complete and reproducible reduction of the
active phase before cooling to the target reaction temperature.

Under high WHSV conditions (Fig. 10(a)), the NH3 production rate
increases monotonically with temperature at 40 bar(g) for both geom-
etries, reaching values of approximately 8 mmol ges h™! at 40 bar(g)
and 450 °C, indicative of operation in a predominantly kinetically-
controlled regime in which the system remains appreciably far from
thermodynamic equilibrium across the full temperature window inves-
tigated. At 30 bar(g), however, a modest but reproducible decline in
production rate is observed at 450 °C for both Gyroid and BCC config-
urations, suggesting that the reduced operating pressure is sufficient to
bring the system into closer proximity to the thermodynamic equilib-
rium limit at elevated temperatures. Under low WHSV conditions
(Fig. 10(b)), this behaviour is markedly amplified across all pressures
tested. A well-defined maximum in NH3 production rate is observed at
400 °C, followed by a pronounced decline at 450 °C, a trend that is
characteristic of thermodynamic control: the extended catalyst contact
time associated with the lower space velocity allows the gas-phase
composition to approach the equilibrium conversion, beyond which
the increasingly unfavourable thermodynamics at elevated tempera-
tures dominates over any kinetic gains. Collectively, these results
demonstrate that the transition from a kinetically-controlled to a
thermodynamically-limited regime is governed by the compound effect
of WHSV and operating pressure, with reduced pressure accelerating
this transition even at conditions of elevated space velocity. The Hj
conversion trends, reported as a function of temperature and pressure
for both WHSV conditions in Fig. S.1(a) and Fig. S.1(b) of the Supple-
mentary Material, are fully consistent with the NH3 production rate
behaviour described above. Under high WHSV (Fig. S.1(a)), Hy con-
version increases from approximately 5% at 350 °C to 9-10% at 400 °C,
before exhibiting a slight decline at 450 °C (particularly at 30 bar(g)), in
agreement with the onset of thermodynamic limitation at lower pres-
sures. Under low WHSV (Fig. S.1(b)), conversion values are substantially
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the most pronounced drop, consistent with the equilibrium limit being
reached earliest at lower operating pressure. In both regimes, the con-
version increases systematically with pressure, reflecting the thermo-
dynamic favourability of NHj3 synthesis at elevated pressures as
predicted by Le Chatelier's principle, and decreases with increasing
WHSYV, as the reduced residence time limits the extent of reaction.

3.5. Membrane reactor enhancement of POCS catalyst structures: Gyroid
vs. BCC performances

The same POCS catalyst configurations were subsequently tested in
the integrated membrane reactor under the two different WHSV con-
ditions and different sweep gas to feed flow ratio (SW1 and SW4),
enabling continuous in-situ removal of ammonia from the reaction side
and thus shifting the equilibrium beyond the thermodynamic limit of the
conventional system.

Under high WHSV conditions with SW = 1 (Fig. 11(a)), NH3 pro-
duction rate increases substantially compared to the conventional case,
reaching values of approximately 11 mmol gz h™' at 40 bar(g) and
450 °C, representing a relative enhancement of approximately 50% over
the corresponding non-membrane case. Rates increase monotonically
with temperature across the full 350-450 °C range, and the physical
origin of this trend is clarified by the conversion and yield data in Fig. 11
(c). At 350 °C, the experimental Hy conversion is approximately 5%,
against a thermodynamic equilibrium value of approximately 40%,
confirming that the high space velocity imposes insufficient contact time
for the gas-phase composition to approach equilibrium. As temperature
increases toward 450 °C, the experimental conversion rises to approxi-
mately 13-14%, representing an approximately 40% relative improve-
ment over the conventional case at the same conditions, and converging
toward, but remaining marginally below, the equilibrium value of
approximately 15%.

The operative regime shifts fundamentally under low WHSV with
SW =4 (Fig. 11(b)). Although absolute production rates are lower owing
to the reduced gas throughput, the H; conversion and NHs yield (Fig. 11
(d)) not only approach but clearly and reproducibly exceed the ther-
modynamic equilibrium curves at 400 °C and 450 °C. At 400 °C, the
experimental Hy conversion reaches approximately 32%, compared
with an equilibrium prediction of approximately 25%, while at 450 °C
the experimental conversion of approximately 30-33% stands well
above the equilibrium value of approximately 16%. The difference be-
tween the Gyroid and BCC structures is more pronounced for the Hy
conversion than for the NH3 yield (about 6 and 2 percentage points at
450 °C, respectively). The small difference in NHj yield is consistent
with the slightly higher NHs production rate of the BCC structure
observed in most of the conventional reactor tests (Fig. 11(b)). The
larger deviation in Hy conversion is instead attributed to experimental
uncertainty and to slightly different H, losses to the permeate side in the
two experiments, since the trans-membrane H; flux is included in the
calculation of the Hy conversion (Eq. (4)) but not in that of the NH3
yield.

Expressed as relative improvements over the corresponding con-
ventional reactor case, these gains correspond to approximately 28% at
400 °C and 100-120% at 450 °C, the enhancement being most pro-
nounced at the highest temperature precisely because the equilibrium
conversion is lowest there, making each increment of NH3 removed by
the membrane proportionally more effective in driving the reaction
forward. The consequence in terms of production rate is equally evident
in Fig. 11(b): the rate maximum previously observed at 400 °C in the
conventional tests is substantially attenuated, and production rates
remain more sustained toward 450 °C, further evidence of equilibrium
displacement by the membrane.

Fig. S.2(a)-(c) report the Hy conversion and NHg yield as a function of
temperature for Gyroid and BCC configurations at pressures of 20 and
30 bar(g), compared against the thermodynamic equilibrium curves. At
high WHSV (Fig. S2(a)), all experimental values lie below the
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thermodynamic equilibrium across the full temperature range, con-
firming kinetically-controlled operation at this space velocity, with the
sole exception of the BCC NHj3 yield at 450 °C, which marginally exceeds
the equilibrium curve. This apparent exceedance should be interpreted
with caution because the NH;3 yield and Hy conversion are calculated
using different material-balance definitions. The NH3 yield is based on
the total ammonia production, whereas the Hy conversion is based on
the net hydrogen balance, including hydrogen consumed by reaction,
hydrogen leaving through the retentate and permeate streams, and any
hydrogen back-permeation. Therefore, NHj3 transport through the
membrane can increase the reported ammonia yield by reducing the
ammonia partial pressure on the reaction side, while simultaneous
hydrogen transport can modify the net hydrogen-consumption term
used to calculate xg,. At low WHSV and 30 bar(g) (Fig. S2(b)), the
conversion and yield values approach and in some cases NHj3 yield
surpasses the equilibrium curves. At lower pressures of 20 bar(g) under
low WHSV (Fig. S2(c)), the approach to equilibrium is progressively
reduced relative to the 30-40 bar(g) case, as the lower operating pres-
sure weakens the transmembrane NHj partial pressure gradient and
therefore limits the extent of equilibrium displacement achievable by
the membrane.

As observed in the conventional reactor benchmarking reported in
Section 3.4, not significant difference in NH3 production rate, Hy con-
version, or NHj yield is detected between the Gyroid and BCC geome-
tries under membrane reactor operation across any of the conditions
investigated. This geometry-independence under reactive membrane
conditions further confirms that both POCS architectures deliver
equivalent catalytic performance because the system operates in a
regime governed by intrinsic reaction kinetics and thermodynamics
rather than by geometry-dependent heat or mass transfer resistances.
Consequently, the complete BCC dataset is reported in the Supplemen-
tary Material, and the following discussion focuses exclusively on the
Gyroid geometry.

3.6. Effect of sweep gas configuration and pressure on membrane reactor
performance

To isolate and quantify the individual and combined contributions of
space velocity, operating pressure, and sweep configuration on the
membrane reactor performance, the Gyroid geometry is analysed in
detail in this section. Fig. 12(a) presents a direct comparison between
conventional and membrane reactor operation under two WHSV con-
ditions at P = 40 bar(g) with SW = 1. At low WHSV, the membrane
enhancement is already clearly established across the entire tempera-
ture range, with the membrane system consistently outperforming the
conventional reactor. At high WHSV, the benefit is equally pronounced:
production rates increase by approximately 35% and 47% at 400 and
450 °C, respectively, relative to the conventional baseline, with the
enhancement growing with temperature as the thermodynamic driving
force for NHs removal intensifies. Reducing the operating pressure to 30
bar (Fig. 12(b)) at high WHSV still yields a visible membrane benefit,
with production rate increments of approximately 35% and 45% at 400
and 450 °C, respectively, confirming that the equilibrium-shift effect of
the membrane persists across the explored pressure range. The recovery
factor is plotted on the secondary axis of Fig. 12(b) and remains in the
range of approximately 35-40% across all conditions, with 40 bar(g)
operation producing a marginally higher recovery than 30 bar(g) owing
to the greater transmembrane partial pressure gradient driving NHj
permeation. This higher recovery directly translates into a higher total
ammonia production rate on the permeate side, confirming that oper-
ating pressure is an effective lever for maximising the membrane
contribution. The corresponding trends for the BCC geometry are pro-
vided in Supplementary Material (Fig. S.3).

The reactant loss and co-feeding behaviour, quantified as the net
molar imbalance of Hy and N5 between retentate inlet and outlet and
reported in Fig. 12(c), provides important additional insight into the
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Fig. 12. NH; production rate and NH; recovery factor of Gyroid catalyst structures as a function of temperature: comparison between conventional and membrane
reactor at SW = 1 (a) Effect of WHSV at P = 40 bar(g); (b) Effect of operating pressure at WHSV = 3285 mLn ge. h™!, with NH; recovery factor reported on the
secondary axis; (c) Effect of WHSV on reactant loss or cofeeding at P = 30, 40 bar(g); (d) Effect of WHSV on H, conversion and NH3 yield at P = 40 bar(g).

selectivity of the membrane and the internal consistency of the mass
balance. Positive values indicate net permeation of reactants from the
retentate to the permeate side (reactant loss), while negative values
indicate co-feeding, whereby reactants present in the sweep stream
enter the retentate side through the membrane in the direction opposing
the desired NHj flux. At low temperatures and high WHSV, the reactant
loss is slightly negative (indicating co-feeding) which is physically
consistent with the low NHg partial pressure generated at high space
velocity and low temperature, where the driving force for NH3 perme-
ation is limited. The Ny loss is systematically higher than the Hy loss
across all conditions, a consequence of the under stoichiometric Hy:Ny
= 2:1 feed ratio employed in this study: the higher N partial pressure in
the retentate relative to Hy creates a larger transmembrane driving force
for Ny permeation, while the lower H, partial pressure reduces the
tendency for Hy to permeate. At 400 °C, the reactant loss increases
relative to 350 °C, and the low WHSV condition exhibits a higher
reactant loss than the high WHSV case, which is directly consistent with
the higher conversion achieved at low WHSV (Fig. 12(d)). At 450 °C, this
behaviour is reversed: the high WHSV condition exhibits a slightly lower
reactant loss than the low WHSYV case, particularly for Hy at 40 bar(g).
This reversal is reflected in the convergence of the conversion values
between the two WHSV conditions at 450 °C, as the low WHSV system
approaches equilibrium and its conversion begins to track that of the
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high WHSV case.

The conversion and yield data, compared against the thermodynamic
equilibrium curves in Fig. 12(d), corroborate these observations. The
low WHSV condition approaches the equilibrium conversion more
rapidly with increasing temperature than the high WHSV case, and at
400 °C the NHj yield for low WHSV already surpasses the thermody-
namic equilibrium value, corresponding to a 17% improvement relative
to the conventional reactor at the same conditions. At 450 °C, this yield
enhancement grows to approximately 44% for low WHSV, while the Hy
conversion under all conditions converges toward the equilibrium
curve, with both WHSV cases approaching comparable values as the
thermodynamic constraint becomes the dominant limiting factor. This
behaviour is consistent with the reactant-loss data in Fig. 12(c), where
the darkest green bars correspond to the low-WHSV condition and are
represented at the same time by the filled symbols in Fig. 12(d). The
relatively larger positive hydrogen-loss value indicates enhanced
hydrogen permeation from the retentate to the permeate side and
therefore a reduction in the hydrogen flow remaining in the retentate.
Consequently, the net hydrogen-consumption term in the numerator of
Xp, is reduced by the hydrogen transferred through the membrane,
independently of the amount of NH3 formed.

The high WHSV yield approaches but does not exceed the equilib-
rium line, consistent with the more limited contact time and therefore



L Gargiulo et al.

less complete NH3 permeation in the high space velocity case. Taken
together, Fig. 12(a)-(d) demonstrate that the membrane reactor per-
formance is governed by a coupled interplay between space velocity,
operating pressure, and the thermodynamic state of the system.
Importantly, all results discussed in this section were obtained under a
sweep ratio of SW = 1, but as the transmembrane driving force for NH3
permeation is directly governed by the NH3 partial pressure difference
between the retentate and permeate sides, increasing the sweep ratio to
SW = 4 is expected to further dilute the permeate stream, sustain a larger
concentration gradient across the membrane, and therefore amplify the
equilibrium displacement effect.

Fig. 13(a) extends the analysis to the low WHSV regime, with a SW =
4, over a wider range of operating pressures (20, 30, and 40 bar(g)).
Across all temperatures, the conventional reactor baseline increases
modestly with pressure, consistent with the thermodynamic expectation
for an equilibrium-limited reaction proceeding with a reduction in the
number of moles of gas. The membrane enhancement is consistently
present at all pressures and temperatures, and grows noticeably as
pressure increases from 20 to 40 bar(g). This pressure dependence arises
directly from the transmembrane driving force: at higher retentate-side
total pressure, the NHs partial pressure increases, enhancing the
permeation flux through the CMS membrane and resulting in more
efficient NH3 removal. A non-monotonic temperature dependence is
observed in the membrane reactor cases, most prominently at 40 bar(g),
where the production rate reaches a maximum at 400 °C and slightly
declines at 450 °C. This behaviour reflects the competing effects of
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reaction kinetics and thermodynamics: at 350 °C, slow kinetics limit
conversion; at 400 °C, sufficiently fast kinetics combine with effective
membrane removal to maximise productivity; at 450 °C, the unfav-
ourable shift of the exothermic equilibrium lowers the thermodynamic,
partially offsetting the kinetic gain even in the presence of the mem-
brane. The BCC analysis shows the same overall trend (Fig. S.4). Fig. 13
(b) isolates the effect of sweep gas ratio at fixed operating conditions (P
= 40 bar(g), low WHSV), comparing SW = 1 and SW = 4 against the
conventional case. Increasing the sweep ratio from 1 to 4 yields a sub-
stantial enhancement in NH3 production rate across all temperatures,
with the largest absolute gain observed at 400 °C. This confirms that the
permeate-side NH3 partial pressure, governed by the sweep flow rate, is
the primary rate-limiting factor for membrane-assisted equilibrium
displacement under these conditions, and that further optimisation of
sweep gas utilisation represents the most impactful lever for improving
membrane reactor performance. Crucially, the recovery factor reported
on the secondary axis of Fig. 13(b) reveals that the benefit of a higher
sweep ratio extends beyond the reaction side: SW = 4 not only increases
the production rate in the retentate but simultaneously raises the NH3
recovery to the permeate side to approximately 75-80%, compared with
approximately 55-60% at SW = 1.

The Hj conversion and NHj yield data, shown in Fig. 13(c) as a
function of temperature across the three pressure conditions at SW = 4,
provide quantitative confirmation of the pressure dependence observed
in the production rate data. Both parameters increase systematically
with operating pressure at all temperatures, consistent with the
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thermodynamic favourability of NHg synthesis at elevated pressures.
The conversion improvement between 20 and 40 bar(g) is most pro-
nounced at 400 and 450 °C, where the system is thermodynamically
most sensitive to pressure, while at 350 °C the kinetic limitation con-
strains conversion regardless of pressure and the differences between
conditions are correspondingly smaller. Fig. 13(d) provides the most
complete picture of the membrane contribution by comparing, at 40 bar
(g), the Hy conversion and NHj yield achieved under SW = 1, and SW =
4 conditions against both the calculated thermodynamic equilibrium
curves and the conventional case. At 350 °C, none of the membrane
configurations exceeds the thermodynamic equilibrium. Nevertheless,
SW = 4 already delivers an ammonia yield improvement of approxi-
mately 136% relative to the conventional case at 350 °C, while SW = 1
remains closer to the conventional case. At 400 °C, the divergence be-
tween SW = 1 and SW = 4 becomes dramatically more pronounced. The
SW = 4 condition achieves an H conversion improvement of approxi-
mately 65% and an NHj yield improvement of approximately 170%
relative to the conventional reactor, with both metrics clearly surpassing
not only the conventional case but also the thermodynamic equilibrium
curve. By contrast, SW = 1 at 400 °C remains marginally below the
thermodynamic equilibrium and performs in close proximity to the
conventional reactor, confirming that a sweep ratio of unity is insuffi-
cient to generate the permeate-side concentration gradient necessary to
drive the system beyond its thermodynamic limit. At 450 °C, the ther-
modynamic equilibrium conversion and yield both decrease causing all
curves to converge toward lower absolute values. In this regime, the
conventional reactor and SW = 1 membrane reactor approach the
equilibrium boundary from below, while the SW = 4 condition con-
tinues to track the same equilibrium trend established at 400 °C,
maintaining both conversion and yield above the thermodynamic limit.
The fact that Yyy, is lower than xgy, under the SW = 4 condition is
consistent with the lower reactant loss observed at the higher sweep
ratio. With less Hp and Ny transferred through the membrane, the
measured streams are less affected by reactant permeation and back-
permeation. Consequently, the calculated hydrogen conversion more
directly reflects the net hydrogen balance, whereas the ammonia yield
remains based on the ammonia formed and the effective hydrogen input.

3.7. Influence of transmembrane AP on membrane reactor performance

The transmembrane pressure difference (AP) represents a critical
additional degree of freedom in the optimisation of membrane reactor
operating conditions, as it directly governs the convective contribution
to the total NH3 permeation flux. It is important to note, however, that
the applicable range of AP in this study was subject to a significant
experimental constraint arising from the high permeance and low se-
lectivities of the CMS membrane employed. When a positive
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transmembrane pressure difference is imposed, the high membrane
permeability induces rapid permeation of all gas species from the
retentate to the permeate zone, generating a sharp pressure drop on the
reaction side until the two pressures equilibrate [51]. To maintain stable
operation and preserve the desired AP throughout each experiment, it
was necessary to operate at the highest space velocity condition used in
this study (WHSV = 3285 mLn g{alt h™1), as the elevated feed flow rate
provides a sufficient and continuous gas supply to the retentate zone to
compensate for the permeation losses through the membrane and sus-
tain the imposed pressure differential. For the same reason, and addi-
tionally owing to the flow rate limitations of the mass flow controllers
available in the experimental setup, the transmembrane pressure dif-
ference study was conducted exclusively under SW = 1 conditions.

Fig. 14(a) shows that at AP = 0 bar, the membrane reactor consis-
tently outperforms the conventional baseline across all temperatures,
across the entire temperature range investigated, confirming the
equilibrium-shift benefit of diffusion-driven NH3 removal through the
CMS membrane in the absence of any convective driving force. As AP
increases from O to 3 bar, however, the NH3 production rate decreases
monotonically, and at AP = 3 bar it falls to values comparable to, or
marginally below, the conventional reactor at 350 °C. This counterin-
tuitive trend is attributed to the NH3/H, and NH3/N, non-ideal selec-
tivity of the CMS membrane: while a positive AP enhances convective
permeation of NHjs, it simultaneously promotes the loss of Hy and Ny
reactants to the permeate side, depleting the reactive mixture within the
retentate and reducing overall productivity. Fig. 14(b) quantifies this
trade-off by reporting the fractional loss of Hy and N to the permeate
side as a function of AP and temperature. Consistent with the relative
permeance hierarchy of the CMS membrane, the fraction of H; lost to the
permeate side is systematically higher than that of Ny across all condi-
tions, a consequence of the smaller kinetic diameter of Hy (0.289 nm)
relative to Ny (0.364 nm). At AP = 3 bar, this non-selective convective
permeation becomes severe: Hy losses approach 100% and No losses
reach approximately 90%, implying that the vast majority of the re-
actants introduced into the retentate zone permeate through the mem-
brane before they can participate in the catalytic synthesis reaction. The
resulting stoichiometric depletion and severe imbalance of the reactive
mixture in the retentate constitutes the primary cause of the NH3 pro-
duction rate decline observed in Fig. 14(a). Taken together, Fig. 14(a)-
(b) demonstrate that, for CMS membranes of the permeance and selec-
tivity characteristics employed in this study, operation at AP = 0 rep-
resents the optimal strategy for maximising membrane reactor
performance. For the BCC analysis, these tests were performed at a
single pressure difference to verify whether the same trend held, and this
was indeed the case: because the membrane properties were identical,
the best results were again obtained at AP = 0 (Fig. S.5).
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3.8. Scaling the reactor configuration: one versus four membrane reactor
configurations

This section compares the single- and four-membrane reactor con-
figurations. Moving from one to four CMSMs, both the membrane area
and the catalyst mass were increased, with a similar catalyst quantity per
membrane. The comparison therefore evaluates the combined effect of
membrane area and catalyst loading on the total NH3 production rate,
membrane-area-normalised productivity, and NHj3 recovery factor. It
should not be interpreted as an isolated assessment of membrane-area
scaling. The analysis further examines whether the four-membrane
configuration provides a proportional productivity benefit relative to
the additional membrane area and catalyst deployed.

Fig. 15(a) reports the catalyst-normalised NH3 production rate at SW
= 4 across the full pressure range (P = 20, 30, and 40 bar(g)), comparing
the single and four membrane configurations. The benefit of increasing
the membrane number is clearly visible across the entire temperature
range and at all pressures investigated. However, because the four-
membrane configuration also contains a proportionally larger catalyst
inventory, its higher productivity reflects the combined effects of
increased catalytic capacity and membrane area rather than membrane
scaling alone. The relative gain is most pronounced at 350 °C and de-
creases progressively with increasing temperature. At higher tempera-
tures, the intrinsic reaction rate increases for both configurations, and
both progressively approach the same thermodynamic equilibrium. As a
result, the relative benefit of adding both catalyst and membrane area
decreases, and the catalyst-normalised productivities become more
similar. The reduced marginal gain at higher temperature therefore re-
flects the increasing importance of the thermodynamic limitation,
although the individual contributions of catalyst loading and membrane
area cannot be separated from the present comparison. For the BCC
geometry, experiments were conducted only at 40 bar(g), yet the same
qualitative trend was retained, with the four-membrane configuration
outperforming the single-membrane case in terms of productivity
(Fig. S.6).

Fig. 15(b) extends the analysis by reporting the NH3 production rate
normalised by the total active membrane area, across the full pressure
range. For each pressure condition, the membrane-area-normalised
productivity is consistently and substantially higher for the four mem-
brane configuration than for the single membrane over the investigated
temperature range. Interpreting this result requires accounting for the
fact that the two configurations differ not only in membrane number but
also in catalyst mass, corresponding to a similar catalyst quantity per
membrane. The higher area-normalised productivity of the four-
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membrane configuration therefore reflects the combined effect of the
additional catalyst and membrane area, as well as their interaction
within the integrated reactor. The larger catalyst inventory increases the
total NH3 formation capacity, while the larger membrane area increases
the overall NHs-removal capacity and can help maintain the trans-
membrane NHj3 concentration gradient. These coupled effects can
enhance the reaction-permeation interaction and produce a higher
productivity per unit membrane area. However, the present comparison
does not allow the separate contributions of catalyst loading and
membrane area to be quantified, because both parameters are changed
simultaneously.

The results demonstrate that scaling the integrated configuration
from one to four membrane elements remains beneficial under the
investigated conditions. They are consistent with a substantial contri-
bution from reaction-permeation coupling, but they do not by them-
selves prove that the system is exclusively reaction-limited rather than
permeation-limited. Separating these regimes would require additional
experiments or simulations in which catalyst mass and membrane area
are varied independently. The membrane-area-normalised productivity
increases with temperature and pressure in both configurations,
consistent with the higher reaction rates and stronger NHj3 partial
pressure driving forces obtained at more severe operating conditions.

Table 3 quantifies these trends comprehensively, reporting both the
percentage improvement in membrane-area-normalised NH3 produc-
tivity and the NHj3 recovery factor upon increasing the membrane
number from one to four across all explored conditions. At P = 20 bar(g)
and SW = 4, the improvement in areal productivity reaches 281.8% at
350 °C, decreasing to 148.2% at 400 °C and 45.3% at 450 °C. The

Table 3

Percentage improvement in membrane-area-normalised NH3 productivity and
NHj; recovery factor upon increasing the number of membranes from 1 to 4, as a
function of temperature, pressure, and sweep ratio. WHSV = 715 mLn ge h™ 1.

T[C P[bar] SW[—] Improvement of membrane-area- Recovery
normalised NH3 productivity [%] factor [%]
350 20 4 281.8 51.9-70.3
400 148.2 43.5-72.4
450 45.3 43.6-72.1
350 30 4 285.6 68.6-72.9
400 192.0 59.7-75.6
450 74.6 59.1-74.73
350 40 4 423.7 89.7-75.3
400 165.1 89.8-77.5
450 64.6 89.7-77.8
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Fig. 15. NH; production rate of Gyroid catalyst structures as a function of reaction temperature: effect of scaling the number of membranes from 1 to 4: (a) Effect of
pressure on catalyst-normalised productivity; (b) Membrane-area-normalised NH3 productivity at P = 20, 30, 40 bar(g). SW = 4, WHSV = 715 mLn ge h™! for
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corresponding recovery factor increases from 51.9% to 70.3% at 350 °C
and from 43.6% to 72.4% at higher temperature. At P = 30 bar(g),
comparable improvement values are observed: 285.6%, 192.0%, and
74.6% at 350, 400, and 450 °C, respectively, while the recovery factor is
notably more stable, ranging between 59.1% and 75.6% and varying by
less than 15 percentage points across the full temperature range. This
thermal stability of the recovery factor is particularly significant: it in-
dicates that the four membrane configuration maintains a consistently
high NHj3 extraction efficiency across the entire thermal operating
window. At P = 40 bar(g), the higher total pressure amplifies both the
NHj partial pressure in the retentate and the transmembrane driving
force. The area-normalised productivity improvement is therefore the
largest among the investigated pressure conditions, reaching 423.7% at
350 °C and declining to 165.1% and 64.6% at 400 and 450 °C, respec-
tively. Correspondingly, the recovery factor at 40 bar(g) is the highest of
all pressure conditions, ranging from approximately 89.7 to 77.8%
across the temperature range.

The consistent decrease in the productivity improvement with
increasing temperature can be interpreted as a diminishing relative
benefit of scaling the integrated configuration. At higher temperatures,
the single-membrane configuration already achieves higher reaction
rates and captures a larger fraction of the available NH3 flux. Conse-
quently, the additional catalyst and membrane elements provide a
smaller relative improvement than at 350 °C. This trend supports the
conclusion that the four-membrane configuration is most advantageous
under the lower-temperature conditions investigated, while the separate
contributions of membrane area and catalyst loading cannot be isolated
from the present dataset.

4. Conclusions

This work demonstrates, for the first time, the integration of a scaled-
up multi-membrane reactor for ammonia synthesis combining four
tubular carbon molecular sieve membranes (CMSMs) with two com-
plementary 3D-printed metallic Periodic Open Cellular Structure
(POCS) geometries (Gyroid and Body-Centred Cubic (BCC)) manufac-
tured in Inconel 625 by Laser Powder Bed Fusion and activated with a
Ru-based catalyst. The study advances the state of the art in dual process
intensification for ammonia synthesis from TRL 3-4 to TRL 5, with the
catalyst inventory and membrane area scaled approximately in pro-
portion with respect to our previous laboratory-scale proof of concept.
The dip-spin coating protocol, previously optimised on smaller Gyroid
supports, was successfully transferred to the larger scale and applied
without modification to both POCS topologies; the larger support vol-
ume required an increased number of coating cycles to reach the higher
target loading, with optical microscopy confirming the absence of
cracking and delamination. The carbon molecular sieve membranes
(CMSMs) were produced and characterised by organic elemental anal-
ysis, XPS, and Raman spectroscopy. Carbonization at 550 °C was
confirmed to convert the oxygen- and hydrogen-rich Novolac precursor
into a predominantly sp? carbon matrix through dehydrogenation and
condensation reactions. XPS additionally confirmed the partial reduc-
tion of Cu?* to Cu® during pyrolysis and the survival of thermally stable
carbonyl and CuOy surface groups in the final membrane.

Baseline testing in the conventional reactor, conducted over a tem-
perature range of 350-450 °C and pressures of 20-40 bar(g), demon-
strated that the Gyroid and BCC POCS configurations deliver virtually
identical catalytic performance under all explored conditions. At high
WHSV, NH3 production rates increase monotonically with temperature
at 40 bar(g), consistent with kinetically-controlled operation, while a
slight decline at 450 °C under 30 bar(g) signals the onset of thermody-
namic limitation at lower pressure. At low WHSYV, this thermodynamic
limit is more clearly exposed at 400 °C.

Upon integration of the CMSMs into the membrane reactor, the same
geometry-independence was confirmed. The membrane consistently
enhanced NH;3 production rates relative to the conventional baseline
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across all operating conditions. At high WHSV with SW = 1, production
rate improvements of approximately 35-47% were achieved at
400-450 °C and 30-40 bar(g), with the 40 bar(g) condition delivering a
marginally higher NH3 recovery factor owing to the stronger trans-
membrane partial pressure gradient. However, super-equilibrium
operation, in which both Hy conversion and NHj3 yield exceeded the
thermodynamic equilibrium curves, was achievable exclusively at low
WHSV with SW = 4. Under these conditions, the H, conversion exceeded
the thermodynamic equilibrium limit by about 30% at 400 °C and 110%
at 450 °C. At the same temperature, NHs yield increased by 65% and
170% relative to equilibrium, respectively, indicating that SW = 4 is the
critical operating condition needed to unlock the full equilibrium-
displacement potential of the POCS-CMSM membrane reactor system.
The systematic investigation of sweep gas ratio revealed also that
increasing SW from 1 to 4 not only amplifies the NH3 production rate but
simultaneously raises the NHs recovery factor to approximately
75-80%, compared with 55-60% at SW = 1, confirming that permeate-
side dilution of NHj is the primary lever governing the strength of
equilibrium displacement.

Finally, the direct comparison between the single-membrane and
four-membrane reactor configurations demonstrated clear and system-
atic performance improvements under all investigated conditions. The
membrane-area-normalised NH3 productivity was consistently higher in
the four-membrane configuration than for the single-membrane case.
Because the four-membrane configuration also contains a proportionally
larger catalyst inventory, this improvement reflects the combined effects
of increased membrane area, catalyst loading, and their interaction
within the integrated reactor. The results therefore demonstrate the
benefit of scaling the complete membrane-reactor configuration, but do
not allow the individual contributions of membrane area and catalyst
mass to be separated or conclusively establish a purely reaction-limited
regime. The largest absolute improvement was recorded at 350 °C and
40 bar(g), where the membrane-area-normalised productivity increased
by 423.7% relative to the single-membrane baseline.
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