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The chemical transformation of the widely utilized gamma-alumina (y-Al,Os) catalyst support to form
boehmite (y-AlOOH) under hydrothermal conditions is unfavorable and can contribute to catalyst
deactivation. For example, hydrothermal conditions are typically created in the Fischer-Tropsch synthesis
(FTS) and can be detrimental to the performance of y-AlbOsz-supported FTS catalysts that need to operate
at high carbon monoxide (CO) conversions. In this study, an unmodified y-ALOs (Al) catalyst support was
evaluated under various water partial pressures (Py,0 = 2.0, 2.9, 53, 9.0, and 11.8 barg) in a total system
pressure of 15.75 barg, simulating the hydrothermal environments realized at different CO conversions
(Xco = 30%, 40%, 60%, 80%, and 90%, respectively) in the FTS. Post-exposure to the highest water partial
pressure (Py,o = 11.8 barg; Xco = 90%), a decrease in the quantity of y-AlIOOH detected in the PXRD
patterns of the spent modified Al supports was observed, when compared with unmodified Al This
decrease followed the order; Al (48.9 wt%) > MgAl (13.1 wt%) =~ ZnAl (12.0 wt%) > SiAl (0.0 wt%). Despite

Received 14th September 2026, challenges with quantification, the MnAl spent support contained y-AlOOH and Mn,O, species after each

Accepted 22nd October 2026 test, with the presence of Mn,O, species indicating the exsolution of Mn from the MnAl support. Overall,
the modification of Al improved the hydrothermal stability of the resultant supports by limiting y-AlOOH

formation under simulated high FTS-CO conversion conditions, with the stability level dependent on the
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rsc.li/catalysis type of dopant present in the support.

Water, be it in liquid or vapor phase, is known to
contribute to the degradation of y-Al,O; and, subsequently,

1. Introduction

5,9,10

Catalyst supports are integral in the formulation and function
of heterogeneous catalysts. Among other things, supports
anchor catalyst nanoparticles and provide interactions that
contribute to the overall function of a catalyst."® Alumina,
specifically gamma-alumina (y-Al,O3), is traditionally used in
heterogeneous catalysis in a variety of applications.>*”
These include the (reverse) water-gas shift, steam
reforming of methane, carbon dioxide hydrogenation, and
the Fischer-Tropsch synthesis (FTS).°® A common feature of
these reactions is the presence of water (H,O) as either a
reactant or product, which cannot be mechanistically omitted.
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the loss of catalyst integrity and catalyst deactivation.
Although v-Al,O; is a very useful support with desirable
characteristics, e.g., high attrition resistance and thermal
stability, water can induce chemical changes to the bulk
structure of the y-Al,O; support at reaction temperatures
above 150 °C.>"*"? This is reported to occur by means of a
sequential mechanism where hydroxyl groups (-OH)
precipitate (or the weathering of singly-coordinated surface
Al-OH groups occurs) following the dissolution of bulk Al
atoms.>'® For example, typical FTS conditions favor a
hydrothermal environment because of the reaction
temperature (e.g., 220 °C) and the H,O produced from the
conversion of synthesis gas (i.e., carbon monoxide (CO) and
hydrogen (H,), which also react to produce hydrocarbons)."
At an industrial level, particularly in slurry phase reactors,
water can induce severe catalyst deactivation.'® Under
commercially relevant conditions (220-230 °C, 20-30 bar and
50-70% syngas conversions), where the catalysts must
function for lengthy operation periods (i.e., 2-3 years), the
partial pressure of water ranges between 5 and 9 bar."*™® The
catalyst passes through areas of high water partial pressures
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because of extensive back-mixing and circulation.'*"®
Subsequently, the catalyst is permanently deactivated because
of its interactions with water under FTS conditions. In the
fixed-bed reactor configuration, catalysts experience severe
deactivation (mostly) at the bottom of the catalyst bed where
the partial pressure of water is highest.'* In both reactor
configurations, oxidation and the formation of stable
metal-support compounds have been reported as the main
deactivation mechanisms caused by interactions between
water and the catalyst under FTS conditions.'*"
Consequently, periodic catalyst rejuvenation and recycling
steps are implemented to sustain FTS operation. This
down time increases process costs and impedes
productivity.'®'® Thus, modifications to the catalysts (i.e.,
modified supports and the use of promoters) have been
employed to improve catalyst stability and overall function
during the FTS.”°*?

Hydrothermal conditions experienced during the FTS also
contribute to catalyst deactivation by transforming y-Al,O; to
boehmite (y-AIOOH). Fischer et al'> observed needle-like
structures in some sections of the TEM images of spent
alumina-supported cobalt (Co) catalysts. These structures
were linked to the transformation of parts of the parent
alumina support to boehmite after exposure to FTS
conditions. A study by Park et al®® reported that a partial
transformation of the surface of y-AlL,O; to form
pseudo-boehmite surface species occurred during the
FTS (CO conversions = 60-98.8%) over unpromoted and
platinum  (Pt)-promoted Co catalysts anchored on
unmodified and phosphorous (P)-modified v-Al,O03
supports. The catalysts supported on unmodified y-Al,O;
experienced a faster rate of deactivation than those
supported on P-modified y-Al,O;. The basis of proposing the
formation of pseudo-boehmite surface species was the
presence of a deformation band assigned to physisorbed H,O
observed during in situ diffuse reflectance infrared Fourier
transformation spectroscopy analysis.

Furthermore, the adsorbed H,O contributed to the
formation of an aggregated catalyst lump. A degree of
aggregation, based on the catalyst lump, was calculated for
the spent Co catalysts anchored on an unmodified y-Al,O3
support as 8.7% for Co/y-Al,O; and 10.3% for Co/
Pt/y-Al,O;, respectively. No degree of aggregation was
calculated for the Co/(P)-modified y-Al,O; and Co/Pt/(P)-
modified y-Al,O; catalysts because a catalyst lump was not
detected. A follow-up study by Park et al.>* observed that after
the FTS (CO conversions = 65-85%), distinct powder X-Ray
diffraction (PXRD) reflexes - attributed to the boehmite
phase — appeared in the PXRD patterns of spent Co catalysts
anchored on unmodified and modified (with P, zinc (Zn) and
zirconium (Zr), separately) y-Al,O; supports. The crystallite
size (in nm) of the y-AIOOH formed in each catalyst was
linked to hydrothermal stability, with the least stable catalyst
exhibiting the largest crystallite size of y-AIOOH and the most
stable catalyst exhibiting the smallest crystallite size of
y-AIOOH based on PXRD analysis of the spent catalyst
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samples. Therefore, the following increasing order in
hydrothermal stability was established: Co/Zr/y-Al,O; (38.1
nm) < Co/Zn/y-Al,O; (35.4 nm) < Co/y-Al,O; (32.8 nm), with
no y-AIOOH detected in the spent Co/P/y-Al,O; catalyst, and
the values in parentheses indicating the crystallite size of
y-AlIOOH. Importantly, in both studies by Park et al.,>*** the
transformation of y-Al,O; to y-AIOOH was reported to
contribute to the overall deactivation of the catalysts.

To circumvent this chemical transformation, there have
been y-Al,0; modification methods proposed to offer stability
against y-AIOOH formation.>> The study by Amrute et al’
reported the stabilization of alumina by transforming it to
corundum (0-Al,O3) via thermal treatment. Subsequently,
there was an improvement in the FTS performance and
chemical stability of the Co/a-Al,O; catalyst over 250 h time-
on-stream (TOS). Though the study succeeded in this regard,
the a-Al,O; polymorph offered a lower surface area support
because of its increased crystallinity (as evidenced via PXRD)
after exposure of higher-surface-area y-Al,O; to a thermal
treatment. Ravenelle et al.>® reported that the presence of Ni
(1 wt%) in Ni/y-Al,O; and Pt (1 wt%) in Pt/y-Al,O;
significantly impeded y-AIOOH formation during aqueous
phase reforming conditions (which represent biomass
reforming) by blocking specific surface hydroxyl groups and,
subsequently, decreasing the rate of hydration to protect the
support. Park et al.>® reported that support modification with
P decreased the hydrophilicity of the y-Al,O; support to yield
lower sorption capacities of water in the microcavities. Thus,
the catalysts anchored on the phosphorous-modified support
demonstrated improved CO conversions and stability
against y-AIOOH formation during the FTS. Lastly, Abi Aad
et al' reported that the transformation of y-Al,O; to
y-AIOOH was inhibited through the doping of magnesium
(Mg), Zr, Ni, and silicon (Si) into y-Al,0;. This modification
also improved the CO conversion of the final supported
catalysts over 100 h in the FTS.

Herein, we explored stabilizing y-Al,O; against y-AIOOH
formation under hydrothermal conditions by individually
doping small amounts (<5 wt%) of foreign elements, viz.,
Mn, Mg, and Zn, into the y-Al,O; support. A commercial
modified y-Al,03-based support containing small amounts of
Si was also included in this study to enable a comparison
with our synthesized modified supports. The conditions to
which the supports were exposed (see section 2.3) are an
experimental simulation of the hydrothermal environments
created at different CO conversion levels during the FTS.
However, it is important to note that these conditions may
also apply to other reactions that involve H,O as a reactant or
product. It is also worth emphasizing that the study herein
has taken a wunique approach of investigating the
hydrothermal stability of various y-Al,Os-based supports in a
fixed-bed reactor configuration, which allowed the flow of
different amounts of water vapor (and argon) at a
temperature (220 °C) and pressure (15.75 barg) that are close
to those applied in realistic FTS. Further, because PXRD is
sensitive to different crystallographic phases, it is the most
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effective characterization technique for distinguishing and
quantifying phases such as y-Al,0;, y-AlIOOH, MAL,0,, and
M,O, (where M = Mn, Mg, Zn, or Si) that may be present in
the spent supports after hydrothermal stability testing.
Collectively, these experimental approaches are paramount
towards the design of chemically robust supports that can be
used to prepare the next generation of highly active and
stable FTS catalysts. The approach of using dopants to
stabilize y-Al,O3 is reported to be more attractive because the
intrinsic physicochemical structure of the bulk support is not
significantly altered. However, support properties such as
surface acidity and basicity are altered to generally offer
improved  material  performance  during  chemical
reactions.>>'%! In essence, the modification of y-Al,O; is
hypothesized to improve phase stability by inhibiting
y-AIOOH formation under various hydrothermal conditions
that simulate different FTS conversion levels.

2. Methods

2.1. Catalyst supports synthesis

A series of modified y-Al,05-based supports, viz., MnAl, MgAl,
and ZnAl, synthesized via incipient
impregnation. The targeted loading for each modifier was 5
wt%. In a typical synthesis, white y-Al,0; powder (SASOL
Germany, PURALOX SCCa-5/150)*>*” was used as the parent
material to obtain the targeted supports. The precursor salts
used were  Mn(NOj;),-4H,0, Mg(NO;),-6H,0, and
Zn(NO3),-6H,0 (all from Merck), respectively. To modify the
parent y-Al,O3; support, 2.50 g of salt was dissolved in ca.
10 mL of deionized water to produce a mixed salt solution.
Note that the water-salt mixture used was equivalent to the
pore volume of the unmodified y-Al,O; support. The mixture
was deposited dropwise onto the y-Al,0; powder (20 g) using
a disposable plastic Pasteur pipette. As the droplets were
added, a grind-mixing action was used to mix the powder
and droplets in a mortar using a pestle. A powder mixture
was obtained in each case and then left to fully dry overnight
in an oven that is preheated at 120 °C in static air. Once
dried, the samples were ground into a fine powder using a
pestle and mortar. The powders were then exposed to a heat
treatment at 900 °C for 4 h (heating rate: 1.5 °C min™") in air
(in the case of MgAl and ZnAl) or H, (in the case of MnAl)
flowed at 68.4 mL min~"'. The MnAl support was exposed to a
heat treatment of 900 °C in H, because other gas
environments encouraged the presence of multiple oxide
phases (i.e., MnO and Mn,0;) in addition to the desired
spinel oxide (i.e., MnAl,0,). The appearance of the undesired
oxides suggested that the Mn was not embedded into the Al
support. Generally, this leaves the Al support vulnerable to
phase transformation, hence, the presence of reflexes
corresponding to a-Al,O; in the diffraction patterns of the
supports (see section 1 of the SI for the detailed synthesis
method of MnAl). Thus, to limit the formation of phases
other than the desired MnAl,O,, H, was used during the heat
treatment of the MnAl support.

were wetness
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Essentially, a fine white powder was obtained for the
MgAl and ZnAl supports, while the MnAl support exhibited
a light brown colour. A commercial silica-modified alumina
support with a Si loading of 2 wt% was obtained from
SASOL Germany>>*” and included as part of the series of
modified supports to be used in this study. This silica-
modified alumina support was used without any further
purification or treatment. Thus, the series of supports to be
evaluated under different hydrothermal conditions were
unmodified alumina (viz., Al) and modified alumina
supports (viz., MnAl, MgAl, SiAl, and ZnAl).

2.2. Characterization

2.2.1. Inductively coupled plasma-optical emission
spectrometry (ICP-OES). The metal loading in each support
was determined using ICP-OES. The samples (~0.05 g) were
digested in a mixture of 8 mL aqua regia and 2 mL H,SO,.
This was done using microwave radiation in a Mars 6
Microwave Digester over a heating period of 30 min from
room temperature to 220 °C, with a hold time of 45 min at
220 °C. The digested samples were analysed in an Agilent
5800 ICP-OES instrument.

2.2.2.  Nitrogen physisorption. Nitrogen (Ny)
physisorption was conducted to determine the BET
(Brunauer-Emmett-Teller)  surface areas and BJH
(Barrett-Joyner-Halenda) pore volumes and pore sizes of
the fresh supports. A Micromeritics Tristar II 3020
instrument was used for the analyses. Prior to the N,
physisorption and isotherm measurement, 0.05 g of each
catalyst support was degassed under vacuum for 3 h at 200
°C. The mass-specific surface area of each sample was
calculated (between a relative pressure range of 0.05 to 0.20)
using the BET method.*® The pore volumes were determined
from the amount of N, gas adsorbed at a relative pressure of
0.99. Desorption isotherms were used to obtain the average
pore volumes and pore sizes by applying the BJH method.>*

2.2.3. X-ray Absorption Spectroscopy (XAS). XAS
experiments were performed on the unmodified Al and
modified Al-based support powders at the WERA beamline at
KIT Light Source (Karlsruhe, Germany).”® The X-ray
absorption spectra, at the Al K-edge (1559.6 eV), were
recorded at room temperature in fluorescence mode on the
fresh supports and a commercial MgAl,O, reference material.
A small amount of powder was distributed over a thin layer
of double-sided carbon tape. The thin layer is necessary
to minimize self-absorption effects on the measurements
as they are conducted in fluorescence mode. Thereafter,
the samples were fixed on a metallic sample holder,
which can be placed into the load-lock and evacuated.

2.2.4. Powder X-ray diffraction (PXRD). PXRD was carried
out to determine whether the original bulk support structure
was maintained, and most importantly, identify the small
amounts of newly formed mixed-metal oxides (viz., MnAl,Oy,
MgAl,0,, and ZnAl,O,) after incipient wetness impregnation.
All recorded diffraction patterns were compared with the
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diffraction lines of known (reference) mixed metal oxides
from the ICDD PDF-4+ 2021 database. The PXRD pattern of
each un-/modified support was recorded within the 26 range
of 20-120° using a Bruker D8 Advance X-ray diffractometer
equipped with a Co source (lgq; = 0.178897 nm) operated at
35 kv and 40 mA and a position-sensitive LYNXEYE XE
detector in Bragg-Brentano geometry. During the recording,
a step size of 0.043° and a time per step of 0.75 s was used to
achieve a total scan time of 29 min 50 s. Rietveld refinement
was carried out on the obtained diffraction patterns of the
fresh and spent support samples utilising the software
package TOPAS 5.0 (Bruker AXS)*° to determine the amount
and crystallite size of boehmite (and other crystalline phases)
present in each un-/modified support.

2.2.5. Raman spectroscopy. A BWTEK iRaman Prime
spectrometer, equipped with a 532 nm (emitting green light)
excitation laser operated at 35 mW power, was used to
conduct Raman spectroscopy measurements. A sample probe
was placed onto each fresh powder sample, and spectra were
acquired. Each spectrum was acquired with an integration
time of 5 s and averaged over 5 accumulations. A BWSPEC
V4.15.10 software®' was used to perform the acquisition and
processing of data.

2.2.6. Ammonia temperature-programmed desorption
(NH3-TPD). NH3-TPD experiments were performed in a
Micromeritics AutoChem II 2920 chemisorption analyzer
equipped with a thermal conductivity detector (TCD). Prior to
the NH,-TPD experiments, temperature-programmed reduction
(in H,) experiments were carried out for each sample. First,
110 mg of the support sample was loaded into a U-shaped
quartz microreactor. The samples were purged to remove any
residual water and volatile organic compounds present under
Ar flow (50 mL (NTP) min™") at 150 °C (heating rate: 10 °C
min~') for 1. The system temperature was decreased to 60 °C,
the gas flow changed to 5% H,/Ar at 50 mL (NTP) min", and
the temperature was increased to 925 °C at a heating rate of
10 °C min~" for the reduction experiment. Recording of each
reduction profile occurred concurrently with the temperature
increase from 60 to 925 °C, and thereafter, the microreactor in
the system was cooled to 100 °C under Ar flow (50 mL (NTP)
min™) at 10 °C min". After reduction, a gas change was
conducted by switching to a 1% NH;/He flow (50 mL (NTP)
min™') for the commencement of the NH;-TPD experiment.
First, NH; was adsorbed onto the sample surface for 1 h at
atmospheric pressure. This was followed by the desorption of
weakly adsorbed NH; by purging in pure He (50 mL (NTP)
min’l) for 1 h at 100 °C. Afterwards, chemisorbed NH; was
thermally desorbed by increasing the temperature to 850 °C at
a heating rate of 10 °C min~". TCD signals were recorded
during the NH; desorption process. Post analysis, the
microreactor in the system was cooled to ambient temperature
under Ar flow (50 mL (NTP) min™") at a rate of 10 °C min™".

2.2.7. Scanning Transmission Electron Microscopy
(STEM). STEM analysis was carried out on the fresh supports
and high-resolution STEM images were acquired with a double
aberration corrected JEM-ARM200F transmission electron

Catal. Sci. Technol.

Catalysis Science & Technology

microscope operated at 200 kV (JEOL, Japan). The instrument
has an advanced Gatan GIF 965ERS spectrometer fitted with
dual Electron Energy Loss Spectroscopy (EELS) capabilities,
as well as a XMax 100 TLE high collection angle and an ultra-
sensitive energy-dispersive spectroscopy (EDS) detector
(Oxford Instruments) for analysis by means of EELS and
EDS. A sub-angstrom probe with a beam current ranging
from 68 to 281 pA was used for the STEM analyses with a
fixed probe convergence semi-angle of 23 mrad. The
acceptance semi-angles were set to 84 mrad for the GIF,
34-137 mrad for the dark-field detector, and 0-12 mrad for
the bright-field detector by using an illumination-limiting
aperture. EELS spectrum imaging was performed over 2048
channels with a 1 eV channel width and a zero-loss peak
FWHM of 1.5 eV. Elemental and compositional mapping
were executed via model-based quantification routines
(Hartree-Slater or Hydrogenic White Lines), excluding
ELNES features. Lacey carbon sample grids (Agar Scientific)
were used for HRSTEM purposes. STEM-EELS mapping of
the supports (except for unmodified Al) was performed to
identify and investigate Mn, Mg, Si, and Zn dopant
distribution relative to the alumina support.

2.3. Hydrothermal stability testing (HST)

After characterization, the supports were exposed to various
simulated FTS-CO conversion levels, i.e. Xco = 30%, 40%,
60%, 80%, and 90%, respectively. Because the aim was to
investigate the sole effect of H,O, Ar was added as a
balancing gas to represent the other reaction species (i.e.,
unconverted syngas and formed FTS products) that would be
present in a typical FTS environment at different conversion
levels. The corresponding water partial pressures were: 2.0,
2.9, 5.3, 9.0, and 11.8 barg. A 3 inch (i.e., L.D.: 11.0 mm) fixed-
bed reactor (length: 300 mm) was used for the support
stability evaluation under hydrothermal conditions. Liquid
water (see Table S1 for the respective flow rates) was fed into
the system using a pre-calibrated HPLC pump (LabAlliance
Series 1). The reactor line just before the fixed-bed rector was
heated to 220 °C to enable the flash vaporisation of the water.
This heated gas line was insulated to avoid H,O
condensation and pure Ar (20.0 mL min~") was flowed as a
carrier for the H,O vapor into the fixed-bed reactor.
Furthermore, the reactor was heated at 220 °C under a
pressure of 15.75 barg. The unmodified Al support (0.5 g)
was exposed to the full Py range mentioned above, while
the modified Al supports (0.5 g each) were exposed only to
Py,0 = 9.0 and 11.8 barg (representing Xco = 80% and 90%,
respectively). All supports were evaluated wunder the
abovementioned water partial pressures for 3 h and the spent
support samples were collected for PXRD analysis.

3. Results and discussions
3.1. Characterization and analysis

A series of surface and bulk techniques were used to
determine the textural properties and composition of the
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Table 1 Textural properties of the un-/modified catalyst supports

Paper

Catalyst support Welement /Wt% Sppr’/m? gt Pgpr’/em?® gt Pper’/nm Sample colour
Unmodifed y-Al,O3 (Al) — 151 0.456 12.1 White
Mn-modified y-Al,O; (MnAl) 4.3 (5.0) 120 0.401 13.3 Pale brown
Mg-modified y-ALO, (MgAl) 4.0 (5.0) 139 0.397 12.4 White
Si-modified y-Al,O3 (SiAl) 2.3 142 0.460 12.9 White
Zn-modified y-Al,0; (ZnAl) 5.0 (5.0) 130 0.420 13.0 White

“ Actual wt% loading determined by means of ICP-OES analysis and targeted wt% loading in parentheses. ” Mass-specific surface areas, pore
volumes and pore sizes obtained for the supports from N, physisorption measurements.

catalyst supports, with the relevant results summarised in
Table 1. The sample naming convention and colour code
scheme used herein to distinguish the catalyst supports
are also shown. The elemental loadings of the modifiers
(4-5 wt%) are close to the targeted 5 wt% loading. The
commercial SiAl has a Si loading (2.3 wt%) that is
approximately half that of the as-prepared modified
supports. N, physisorption results show that modifying
the parent Al support with Mn, Mg, and Zn decreases the
mass specific surface area and pore volume below those
of the unmodified Al support. This can be attributed to
the high temperature treatment and the incorporation of
the modifiers into the Al support structure. SiAl also
exhibits a slightly lower surface area but still similar pore
volume to that of the unmodified Al support. The similar
pore sizes of all the supports indicate that the high
temperature treatment (applied to obtain MnAl, MgAl, and
ZnAl) did not alter the pore size of the parent Al support.

The supports all exhibit a white sample colour except MnAl
(see Fig. S2). The colour exhibited is related to the type of
cationic species of the dopant present on the surface or in the
bulk of the Al-based support.** Si*", zZn>*, and Mg** are
reported to maintain the same valence state whether present
inside or outside of the alumina matrix.**”>* Hence, no colour
change/s are exhibited by the Mg-, Si-, and Zn-modified Al
supports. Mn exists in the 2+ or 3+ state when doped into the
Al support. However, when present on the surface as a stand-
alone oxide, the 3+ and 4+ states of Mn are also possible.
Further, as the amount of Mn®" doped into the Al support
increases, a darker brown colour is exhibited.***® Therefore,
the pale brown colour observed is possibly a consequence of
Mn?*3* doping into the support, at the targeted low amounts.
Note, some Mn,O, species may also be present on the surface
to give the observed pale brown colour.

The diffraction patterns of the fresh supports, along with
the relevant reference patterns (see Table S2 for data file
descriptions), are shown in Fig. 1. The diffraction patterns of
the modified Al supports are consistent with that of the
unmodified Al support. However, a notable difference can be
observed in the light-green-shaded region. This region can be
used to identify potential spinel mixed metal oxide (MAl,O,;
where M = modifier) formation as the reflexes of the
modified supports (particularly MnAl, MgAl, and ZnAl) within
the shaded region correspond to the diffraction lines of the
relevant reference mixed metal oxide. Contrary to the

This journal is © The Royal Society of Chemistry 2026

observations made with the MgAl and ZnAl supports, the
MnAl support does not show distinct reflexes in the region
used to identify the presence of a MAI,O, spinel phase. This
suggests that the MnAl,O, possibly present in the MnAl
support may be below the detection limit of our XRD
instrument in terms of the quantity and/or crystallite size of
MnAl,O,. The lack of visible reflexes for stand-alone Mn, Mg,
and Zn oxides possibly indicates that the dopants are
completely embedded in the support as MAI,O,4. If other
oxides are present outside the Al matrix, these may also be in
quantities (i.e., weight loadings and/or crystallite sizes) that
are below the detection limit of our PXRD instrument. The
SiAl support shows no differences when compared with the
unmodified Al. Further, the low loading and amorphous
nature of silica (SiO,) confine it to be below the detection
limit of the PXRD instrument.**

Additionally, the crystallite sizes and quantities of the
crystalline phases present in each support are shown in
Table 2. The Al support showed 100 wt% alumina in its
unmodified form and a crystallite size of 5.5 nm. The MgAl
and ZnAl support samples show similar quantities (92.6 and
91.1 wt%, respectively) and crystallite sizes (9.1 and 8.3 nm,
respectively) of the y-Al,0; phase. There were also no

N Mnr

Al (y-AL,0;)

| ZnAl,0, ref.

Intensity / a.u.

SiAl,0, ref.

MgAl,O, ref.

. MnAlL,O, ref.

y-Al,0, ref.

1
20 40 60 80 100 120

20/°,Co K, =0.178897 nm

Fig. 1 PXRD patterns of the Mn-, Mg-, Si-, and Zn-modified
v-AlLOs (MAD supports and unmodified y-AlOs. Also shown are
reference diffraction lines of the compounds that may be present
in each support.
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Table 2 Relative amounts and crystallite sizes of y-ALOz and the
relevant spinel phase determined via Rietveld refinement for the
unmodified and modified Al support samples

Catalyst

support W10, xrp/Wt% Wiiaro,xrp/Wt% Sizes o /nm - Sizeyaro,/nm
Al 100 0.0 5.5+0.1 —

MnAl — — —

MgAl 92.6 + 0.2 7.4+0.2 9.1+£0.2 5.6 £0.1
SiAl 100.0 0.0 5.5+0.1 —

ZnAl 91.1 + 0.2 8.9+0.2 8.3 +0.1 3.7+0.1

significant differences observed when comparing the MAI, O,
phase quantities (7.4 and 8.9 wt%) and crystallite sizes (5.6
and 3.7 nm) of the MgAl and ZnAl supports, respectively. The
SiAl support is modified with SiO,, which is amorphous as
no reflexes for Si-containing phases were observed. Therefore,
the quantity (100 wt%) and crystallite size (5.5 nm) of the
y-Al,O; phase in the SiAl support are comparable with those
of the unmodified Al support. The increase in the crystallite
size of the y-Al,O; phase (from 5.5-9.1/8.3 nm) when
comparing the unmodified Al support with the MgAl and
ZnAl supports is possibly a result of the high temperature
treatment applied during the support synthesis (ie.,
calcination at 900 °C, see section 2.1). Owing to the
absence of distinctly visible reflexes of MnAl,O, in the
PXRD pattern of MnAl, this phase could not be quantified
using Rietveld refinement.

Furthermore, Fig. 2a and b show the Raman spectra of the
fresh Al-based supports and the modifier-based oxides (i.e.,
Zn-, Mg- and Mn-oxides), respectively. A baseline signal is
observed in the spectrum of the Al support (Fig. 2a) because
y-Al,O; is Raman inactive. The spectra of the modified Al
supports also exhibit baseline signals. Furthermore, baseline
signals are observed in the spectra of the Mn-based oxides
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(viz., MnO, MnO, and Mn,O;) in Fig. 2b. This serves as
evidence that the modified supports and the aforementioned
Mn-oxide phases are also Raman inactive. Contrastingly,
Mn;0,4, MgO, and ZnO are Raman active because the spectra
(Fig. 2b) of these oxides reveal distinct Raman bands.
Noteworthy, the distinct Raman bands appearing in the
spectra of Mn;0,4, MgO, and ZnO do not appear in the spectra
of the MnAl, MgAl, and ZnAl supports. Rather, baseline signals
are exhibited in the spectra of all the modified Al supports.
This proves that the modified supports have similar chemical
bonding features to those of the unmodified Al support, and
that no surface oxides (e.g., Mn30,4, MgO and ZnO) are present
on the modified Al supports. Thus, strengthening the case that
the modifiers are doped into the Al support.

In essence, modified support materials with a
predominantly bulk ¢y-Al,O; structure and near-surface
MAL,O, compounds are proposed to have formed for the
MnAl, MgAl and ZnAl, as a result of the synthesis method
used herein.

To further investigate if the dopants are embedded in the
Al-based supports as targeted, STEM-EELS analysis was
carried out. Fig. 3 and 4 show the high-angle annular
dark-field (HAADF), bright-field (BF), and STEM-EELS
elemental maps of the MAI supports generated using the K
and L-edges of the relevant constituent elements. The
elemental maps recorded show intermetallic homogenous
mixing between each dopant and the Al support constituent
elements. This strengthens the case of each dopant being
embedded within the Al support to form a modified
near-surface layer constituting of a MAI,O, phase.

It is worth mentioning that this may be a chemical mix,
which produces the colour blends observed in the composite
maps of the MnAl, MgAl, SiAl, and ZnAl samples (i.e., blue +
green = cyan). However, ZnAl seems to have some Zn species
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Fig. 2 Raman spectra of the (a) un/-modified Al catalyst supports and (b) the corresponding modifier-based oxides (excluding Si-based oxides).
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Fig. 3 (Top of all sample sets) Images captured in BF-STEM and HAADF-STEM modes. (Bottom of all sample sets) The STEM-EELS elemental maps
showing the distribution of the constituent elements in the MnAl (panel 1) and MgAl (panel 2) supports.

that may not be embedded within the support matrix as
evidenced by the appearance of a few small blue areas in the
acquired composite maps (see the white dashed circles on
the Al-Zn and Al-O-Zn composite maps in Fig. 4, panel 4).
This can be further seen in the HAADF-STEM images where
small nanoparticles contrast the ZnAl support. The position
of these nanoparticles matches the small blue areas
identified as Zn species in the EELS maps of the Al-Zn
composite maps. Poor mixing and anchorage onto the Al
support surface rather than into the pores of Al support

This journal is © The Royal Society of Chemistry 2026

during the synthesis may have resulted in the presence of
these Zn-based nanoparticles.

Although not observed in the presented micrographs, the
same may be true on some of the unimaged areas of the
MnAl and MgAI samples. This may also occur because of the
presence of excess dopant and/or incomplete reaction
between the dopant and the parent Al support.

The supports were then characterized using XAS to study
the local structure of aluminium in each support. Fig. 5
shows the Al K XANES spectra of the supports, and these are
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Fig. 4 (Top of all sample sets) Images captured in BF-STEM and HAADF-STEM modes. (Bottom of all sample sets) The STEM-EELS elemental maps
showing the distribution of the constituent elements in the SiAl (panel 3) and ZnAl (panel 4) supports.

compared with a commercial spinel MgAl,O, sample, which
serves as a reference material for the characterisation.

The spectra of the MAI supports mirror that of the
unmodified Al support and are superimposable, showing that
there are no differences in the spectra of these samples. This
suggests that the local structure of Al remains the same in
each support. This finding is similar to that observed by
Ildefonse et al. after comparing the Al K-edge XANES features

Catal. Sci. Technol.

of their Al-based materials.”” Furthermore, using the rational
reported by Westre et al.*® (identified shifts between the Fe™
and Fe' edges attributed to the change in the local geometry
of the Fe atom due to the transition of valence electrons) and
what can be extracted from XAS, it can be stated that the lack
of obvious differences (such as spectral shifts) in the
absorption spectra is a result of the aluminium exhibiting
the same oxidation state and coordination geometry in all the

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 A comparison of the normalized X-ray absorption spectra of
the un-/modified alumina-based supports with the spectrum of the
commercial MgAl,O4 reference material.

analysed supports. This excludes the commercial MgAl,O,
reference, which has different spectral features when compared
with its close counterpart, MgAl, as well as the other Al-based
supports. It is possible that the low loadings (<5 wt%) of the
dopants in each modified support are the reason for the lack of
observable spectral shifts when comparing the collected
spectra.®®

In essence, our interpretation of the XAS results suggests
that the Al-based supports have retained the characteristic
features (or intrinsic structure) of the parent Al support, and
that doping small amounts of a foreign element, as
anticipated, does not significantly change the bulk support.
This underpins the claim made from PXRD and HRSTEM-

Impregnation
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Bulk Alumina (Al,0;) {

N

Alumina (Al,03)
near-surface layer

Unmodified y-Al,O;

Paper

EELS analyses that support materials with a predominantly
bulk y-Al,O; structure and a near-surface MAI,O, layer are
formed through doping.

The schematic in Fig. 6 shows our proposed evolution of
the parent Al support to forming the MAI support through
modification. a. The parent Al support with the sites
responsible for metal (ie., modifier) consumption at the
near-surface layers, b. the impregnation of the Al support
with the modifier prior to the heat treatment stage, and c.
the heat-treatment stage, where the powder mixture is heated
to 900 °C and held for 4 h, which encourages the embedding
of the dopant into the support sites responsible for metal
consumption. During this stage, metal-support compounds
(MSCs) form and modify the make-up of the near-surface
layers of the support. This “pseudo” y-Al,O; near-surface may
potentially exhibit slight differences in its properties (e.g.,
acid-base and/or electronic). For instance, when comparing
the NH;-TPD profiles (see Fig. S2) of the un/-modified Al
supports, there are differences in the desorption peak
positions. The unmodified Al support shows a low- (137 °C)
and a high-temperature (220 °C) desorption peak assigned
to weak and strong acidic sites, respectively. The same
desorption peaks for the modified supports appear within
94-104 °C and 206-212 °C, respectively. The desorption
peak shifts provide evidence of the differences in the
surface acidic strength of the un/-modified Al supports; a
testament to the effect modification has on the surface
properties of the Al support.

Because of this, or any other possible alternations, the Al
support is deemed “modified” and no longer the same as the
original Al support at the near-surface. Fu et al.** reported
that doping may occur at the surface or through the material
(into the bulk) depending on the synthesis method.
Therefore, it is worth acknowledging that the method of
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7 © g
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Fig. 6 A schematic representation of the proposed evolution of the unmodified Al support (a) to a modified Al support after (b) impregnation

(highlighted with a light grey box) at an elevated temperature (c).
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Fig. 7 [al Pp,0 simulating the relative quantity of vaporized water
that would be present at different CO conversion levels during the
FTS. [b] PXRD showing the changes in the chemical and crystalline
phase composition of the Al support under the different simulated
FTS-CO conversion conditions.

doping used herein may also result in some of the dopants
being embedded deep into the bulk of the support.
Nonetheless, the Al support has been modified to satisfaction
via the synthesis method employed in our current study.

3.2. Hydrothermal stability tests (by simulating different CO
conversion levels realised in the FTS)

The unmodified Al support was exposed to different water
partial pressures, ie., Pyo = 2.0, 2.9, 5.3, 9.0, and 11.8 barg,
corresponding to Xco = 30%, 40%, 60%, 80%, and 90%,
respectively, at 220 °C and 15.75 barg. Fig. 7a shows the
general relationship between water partial pressure and CO
conversion in the FTS. As mentioned in section 2.3, Ar was
added as a balancing gas that helps represent the other
reaction species (i.e., unconverted syngas and formed FTS
products) that would be present in a typical FTS environment
at different conversion levels. The temperature of 220 °C and
pressure of 15.75 barg were chosen because they are close to
the temperature and pressure applied in industrial FT'S when
using Co-based catalysts.*>** The chosen pressure also lies
well below the vapour pressure of H,O, which is 22.2 barg at
220 °C.*' Fig. 7b shows the acquired PXRD patterns of the

Catal. Sci. Technol.
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Table 3 Relative amounts and crystallite sizes of y-AlOOH determined
via Rietveld refinement for the unmodified Al support samples after
exposure to incremental water partial pressures (ie., incremental
simulated FTS-CO conversion conditions) at 220 °C and 15.75 barg

Catalyst
support  Pyo/barg  Xco, . /%  Waloomnxrp/Wt%  Sizeoon/nm
y-ALO;, 2.0 30 0.0 0.0
2.9 40 6.01 + 0.8 17.9 £ 3.6
5.3 60 15.3 £ 0.7 19.0 + 1.5
9.0 80 25.4 + 0.7 20.5+1.0
11.8 90 48.9 + 0.8 19.2 + 0.5

spent unmodified Al support samples after exposure to
different water partial pressures that simulate FTS-CO
conversion levels ranging from 30 to 90%. Table 3 presents a
summary of the amounts and crystallite sizes of the y-AIOOH
detected by PXRD and quantified by means of Rietveld
refinement for the unmodified Al support samples exposed
to incremental water partial pressures at 220 °C and 15.75
barg. Table S3 provides the quantities and crystallite sizes of
the y-Al,O; remaining after exposure to the abovementioned
conditions.

After 3 h of hydrothermal stability testing (HST) of the
unmodified Al support at a simulated 30% FTS-CO
conversion condition, there are no observable changes in the
acquired PXRD pattern when compared with the acquired
PXRD pattern of the fresh unmodified Al support (see
Fig. 7b). Also, based on Rietveld refinement of the
diffractogram of the spent Al support, there is 0 wt%
y-AIOOH present. After a simulated FTS-CO conversion of
40%, less intense reflexes at 33°, 58°, and 86.5° 26 are
observed. These reflexes are characteristic of y-AlIOOH, with
the estimated relative amount of this phase being 6.01 wt%
(see Table 3) and corresponds to a 17.9 nm crystallite size.
However, the bulk of the Al support still composes of the
v-Al,O; phase. When the simulated FTS-CO conversion is
increased to 60%, the intensity of the y-AIOOH reflexes at
33°, 58°, and 86.5° 260 increase, with a new reflex at 45° 260
also appearing. This condition produced an estimated
amount of 15.3 wt% of y-AIOOH, with a slight growth in the
crystallite size to 19.0 nm, demonstrating a more apparent
loss in the hydrothermal stability of y-Al,O;. This effect
becomes exacerbated when the Al support is exposed to
higher simulated FTS-CO conversion conditions of 80% and
90%, where the relative amounts of y-AlIOOH present in the
corresponding spent samples are 25.4 and 48.9 wt%,
respectively. Although there is no significant change in the
crystallite sizes, these high estimated amounts of y-AIOOH
are justified by the observed highly intense y-AIOOH reflexes
that start to overwhelm the reflexes of y-Al,0O;. The increase
in the quantity of y-AIOOH detected after exposure to HST
at simulated FTS-CO conversions from  30-90%
concomitantly led to a decrease in the y-Al,O; phase
quantity detected (100-51.1 wt%), with no significant
changes observed in the crystallite size (~6.5 nm) of the
same phase (see Table S3).

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 A comparison of the chemical and crystalline phase changes of
the un-/modified Al supports (based on PXRD analysis) after exposure
to simulated [a] 80% and [b] 90% FTS-CO conversion conditions.

The modified Al supports were then exposed to two water
partial pressure conditions, ie., Pyo = 9.0 and 11.8 barg,
corresponding to Xco = 80% and 90%, respectively, also at

Paper

220 °C and 15.75 barg. These conditions were chosen
because this is where the unmodified Al support experienced
the most considerable loss in hydrothermal stability. Fig. 8
shows the acquired PXRD patterns of the spent modified Al
supports after exposure to the above-mentioned conditions.
Table 4 provides a summary of the relative amounts and
crystallite sizes of y-AIOOH detected by PXRD and quantified
by means of Rietveld refinement for the same spent supports.
The quantities and crystallite sizes of the y-Al,O; and MAI,0,
remaining after exposure to the abovementioned conditions
are given in Tables S4 and S5, respectively.

After 3 h of HST of the modified Al support samples at a
simulated FTS-CO conversion of 80%, there are observable
changes in the acquired PXRD patterns (see Fig. 8a). The
reflexes at 33°, 45° and 58° 20, which are characteristic of
y-AlOOH, are observed for the ZnAl, MgAl, and MnAl spent
supports. These reflexes have a lower intensity when
compared with those of the predominant y-Al,O; phase.
The estimated amount of y-AIOOH in the spent MgAl and
ZnAl supports is 6.8 and 7.1 wt% (see Table 4), respectively.
All the other detected phases (viz., y-Al,O; and MAIL,0,)
account for 93.2 and 92.9 wt% (see Table S4), respectively,
of the recovered spent samples. Furthermore, similar
crystallite sizes of the detected y-Al,O; (8.8 and 8.4 nm) and
MAIL,O, (4.2 and 3.6 nm) phases were observed in the MgAl
and ZnAl supports, respectively. Therefore, the MgAl and
ZnAl supports exhibited minimal phase change when
compared with the unmodified Al support after exposure to
a simulated FTS-CO conversion of 80% (see Table 4). The
MnAl support experiences the most significant change as
can be observed in the acquired PXRD pattern. Besides the
observed y-AIOOH reflexes, other reflexes (within the 26
region of 35-50°), possibly characteristic of multiple Mn,O,
phases, can also be observed. These Mn,O, phases can only
form if Mn exsolution or segregation out of the Al matrix
occurred, suggesting that exposure to a relatively high water
partial pressure may have caused the exsolution of Mn from
the Al support. Unfortunately, the appearance of multiple
Mn,O, phases presented challenges when attempting to
quantify the formed amount of y-AIOOH. This was due to
extensive reflex overlaps owing to the presence of many
crystalline phases in the spent sample (viz., Al,O3, y-AIOOH,
MnALO4, and Mn,0,). This made it difficult to accurately

Table 4 Relative amounts and crystallite sizes (the latter is in parentheses) of y-AlOOH determined via Rietveld refinement for the Al-based support
samples after exposure to water partial pressures corresponding to simulated FTS-CO conversions of 80% and 90% at 220 °C and 15.75 barg

Waioon,xrp/Wt% (Sizesloon/nm)

Catalyst support

Py 0 = 9.0 barg (Xco = 80%)

Py 0 = 11.8 barg (Xco = 90%)

Al 25.4 + 0.7 (20.5 + 1.0)
MnAl —4

MgAl 6.8 + 0.5 (23.8 + 2.9)
SiAl 0.0

ZnAl 7.1+0.5(19.2 £ 2.2)

48.9 + 0.8 (19.2 + 0.5)
a

13.1 + 0.5 (21.0 + 1.4)

0.0

12.0 + 0.4 (26.6 + 1.7)

“ Different Mn,O, phases possibly exist on the surface of the support, making the quantification of boehmite (by means of Rietveld refinement
in TOPAS 5.0) inaccurate and otherwise misleading. Thus, no values are presented in the table.

This journal is © The Royal Society of Chemistry 2026
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and reliably deconvolute the contributions of each
crystallographic phase (using Rietveld refinement) to the
acquired PXRD pattern.

There are no observable reflexes corresponding to
y-AlOOH in the diffraction pattern of the spent SiAl support.
Instead, the fresh and spent SiAl support exhibit the same
PXRD patterns. It is worth mentioning that an inverse
relationship exists between the amount of boehmite detected
after HST and the hydrothermal stability of a support. In other
words, a high relative amount of boehmite detected in the
spent support indicates a low hydrothermal stability for that
support, while a low relative amount of boehmite detected
indicates high hydrothermal stability. Therefore, the
hydrothermal stability of the supports after exposure to a
simulated FTS-CO conversion of 80% increases in the following
order: Al (25.4 wt%) < ZnAl (7.1 wt%) =~ MgAl (6.8 wt%) < SiAl
(0 wt%), with the value in parentheses indicating the amount
of boehmite detected in the corresponding spent support.

The same changes observed in the acquired PXRD
patterns after exposure to a simulated FTS-CO conversion of
80% (see Fig. 8a) can also be observed in the acquired PXRD
patterns recorded post-exposure to 3 h of HST at a simulated
FTS-CO conversion of 90% (see Fig. 8b). However, a
significant increase in the intensity of the y-AIOOH reflexes at
33°, 45°, and 58° 20 is observed in the diffraction patterns of
the spent ZnAl, MgAl, and MnAl supports. The estimated
amount of y-AIOOH is 13.1 and 12.0 wt% (see Table 4) in the
spent MgAl and ZnAl supports, respectively, indicating a
1.9-fold (MgAl) and 1.7-fold (ZnAl) increase in the
y-AIOOH content when compared with the amounts
estimated after a simulated FTS-CO conversion of 80%. It
is worth mentioning that the crystallite sizes of the
y-Al,0; and MAL,O, phases reported for the fresh (see
Table 2) and spent (see Tables S4 and S5) MgAl and ZnAl
supports, after exposure to the two simulated conversion
levels, are similar. However, there is a decrease in the
relative weights of these phases when comparing the fresh
and spent MgAl and ZnAl supports. This change is due to
the phase transformation from y-Al,O; to y-AIOOH which
occurred during exposure to hydrothermal conditions at
high water partial pressures (Py,o = 9.0 and 11.8 barg).
There was also no change in the crystallite size (23.8 and
21.0 nm) of y-AIOOH detected in the MgAl support sample
after exposure to the two simulated conversion levels. The
only notable difference in the crystallite size (19.2 nm at
80% and 26.6 nm at 90% FTS-CO conversion) of the
y-AIOOH phase was exhibited by the ZnAl support after
exposure to the two simulated conversion levels. Thus, an
increase in Py o from 9.0 to 11.8 barg (ie., increasing the
simulated Xco from 80% to 90%) results in a decrease in
the hydrothermal stability of the MgAl and ZnAl supports
based on the observed increase in the relative amount of
y-AIOOH formed.

Similarly, an increase in the intensity of the reflexes
within the 20 region of 35-50° in the PXRD pattern of the
spent MnAl support is observed, suggesting possible further
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exsolution of Mn from the Al matrix. Again, there are no
observable reflexes corresponding to vy-AIOOH in the
diffraction pattern of the spent SiAl support. As in the
previous case (ie., a simulation of a FTS-CO conversion of
80%), an inverse relationship between the amount of
boehmite detected in the spent support and the
hydrothermal stability of the support is also apparent in this
case (i.e., after a simulation of a FTS-CO conversion of 90%).
Therefore, the hydrothermal stability of the supports after
exposure to a simulated FTS-CO conversion of 90% increases
in the following order: Al (48.9 wt%) < MgAl (13.1 wt%) =~
ZnAl (12.0 wt%) < SiAl (0 wt%), again, with the value in
parentheses indicating the amount of boehmite detected in
the corresponding spent support.

When exposed to simulated 80% and 90% CO conversion
conditions, the modified supports generally showed
improved hydrothermal stability than the unmodified
v-Al,O;. The hydrothermal stability order established is as
follows: Al < MnAl < MgAl =~ ZnAl < SiAl, with the Al
support demonstrating the least hydrothermal stability and
the SiAl support demonstrating the highest hydrothermal
stability. Al modification by Si is reported to form surface
Si-O-Al and Si-O-Si bonds, which are resistant to cleavage
by water (or water adsorption).'™*® In addition, these
surface bonds are covalent and poorly soluble in water."!
Therefore, the dissolution and/or reaction of y-Al,O3 in/with
water is prevented. Surface bonds of this nature (M-O-Al)
are also thought to exist on the MgAl, ZnAl, and MnAl
supports after the incorporation of the corresponding
dopant into the Al support. Based on the hydrothermal
stability trend established above, the cleavage resistance
appears to be dopant dependent and decreases from the
SiAl to the MnAl support. Note that in the case of the MnAl
support, the exsolution of Mn from the Al support is
proposed. This not only formed multiple Mn,O, phases but
also exposed the singly coordinated Al-OH sites on the
support that encourage y-AIOOH formation. Mn** exsolution
has been reported to occur in water from a diffusion layer
of an electrolytic manganese residue to the bulk solution,*
with the extent of exsolution increasing with an increase in
temperature and water Although this study
pertains to the extraction of metals from solid mineral ore
waste, it gives an account of the effect of temperature and
water amount towards Mn exsolution. Thus, the exsolution
of Mn from the Al support (in our study) could potentially
be encouraged by the hydrothermal conditions applied,
particularly the high water partial pressures simulating a
FTS-CO conversion of 80% and 90%. More specifically, the
bonds between the manganese and aluminium (in the form
Mn-O-Al) may be easily weakened and broken under
hydrothermal conditions to facilitate the exsolution of Mn.
In the case of unmodified Al, the singly coordinated Al-OH
sites are exposed and easily accessible to react with
water.’®**  Further, the formation of y-AlOOH from the
reaction of H,O and y-Al,O; is kinetically favored at high
water partial pressures and reaction temperature.**™*®

amount.
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Boehmite formation is reported to also occur through the
involvement of the defect sites on y-Al,O3, which are the so-
called “weak spots™ of the support as they easily adsorb and
react with water.»>'° Therefore, it can also be hypothesized
that the modified supports (particularly SiAl, ZnAl, and MgAl)
have fewer y-Al,O; defect sites or “weak spots”. More
specifically, these modifiers may have formed new chemical
bonds with the parent support through the defect sites such
that the reaction of water with the resultant support surface
becomes inhibited. Thus, the chemical transformation to
y-AIOOH becomes increasingly harder or hindered even
under mild-to-harsh hydrothermal conditions (or medium-to-
high CO conversions in the FTS).

Thus, instead of transforming bulk y-Al,O; to the bulk
0-Al,O; phase (with a lower surface area and no defects), as
done by Amrute et al.,” chemical modification of the support
(through doping) is an attractive alternative towards
stabilizing y-Al,O; against y-AIOOH formation under
hydrothermal conditions. This is because the same overall
stabilization effect is achieved without a significant loss of
the intrinsic bulk physicochemical characteristics of the
y-Al,O5 support.

4. Summary and conclusions

Water is innate to and cannot be avoided in some critical
chemical reactions such as the FTS. The presence of water
renders hydrothermal conditions part and parcel of the FTS.
These conditions favor the transformation of y-Al,O; to
y-AlOOH, thereby destabilizing the catalyst support and
hindering its optimal functioning. This is undesirable,
especially in cases where the performance of a
y-Al,Oz-supported catalyst is critical to ensuring an
optimal chemical reaction. To circumvent this, a minor
chemical modification of a y-Al,O; support (rather than
applying thermal treatment only) was carried out by
separately doping foreign elements (viz., Mn, Mg, Si, and Zn)
into y-Al,0;. Through doping, modified supports that
preserved the bulk physicochemical characteristics of the
parent y-Al,O3; support were produced. After exposure to
various hydrothermal conditions, which simulated the
hydrothermal environments realized at different CO
conversion levels during the FTS, the unmodified Al support
experienced significant transformation to y-AIOOH. After
exposure to high simulated FTS-CO conversion conditions,
the MnAl support also experienced significant transformation
to y-AIOOH, demonstrating that the Al support modification
approach explored with Mn does not improve the
hydrothermal stability of the resultant support. Further,
exsolution of the Mn out of the Al support to form a mixture
of stand-alone Mn,O, phases is believed to have occurred.
The exsolution is proposed to be caused by the high water
partial pressures applied, which facilitated the weakening
and consequent cleavage of the Mn-O-Al bonds.

However, modifying the Al support with Mg, Si, and Zn
improved the hydrothermal stability of the resultant supports

This journal is © The Royal Society of Chemistry 2026
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under high simulated FTS-CO conversion conditions, with
SiAl being the most stable. These modifiers limited/inhibited
y-AIOOH formation within the y-Al,O; support and did not
leach out of the support to form stand-alone metal oxides.
We propose that the dopants (partially) block the defect sites
of the support that would otherwise react with water to form
y-AIOOH at elevated reaction temperatures and pressures.
Further, these supports possibly form hard-to-cleave M-O-Al
bonds that are poorly soluble and inhibit water adsorption to
form y-AIOOH. The experimental approach taken in this
study and the results obtained thereof are the first of their
kind. Moreover, the experimental approach provides a
meaningful simulation of realistic FTS conditions and our
findings pave the way for the exploration of modified
y-Al,O; supports in other chemical reactions that involve
mild-to-harsh hydrothermal conditions.
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