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Abstract
A novel class of Fe-based nano hydrotalcites as catalysts for Fischer-Tropsch (FT) synthesis, with a
focus on CO2 hydrogenation have been prepared, characterized and tested. These catalysts were
synthesized using two green, energy- and time-saving synthesis methods: ultrasound-assisted co-
precipitation and solvent-free mechanochemical syntesis. The catalysts demonstrate very satisfactory
CO and CO; conversion capacities, in particular with good selectivities towards heavy hydrocarbons.
The ultrasound-processed variant is particularly noteworthy, displaying about 10% higher activity
under specific conditions. The unique physicochemical properties of these catalysts, which were
extensively characterized by XRD, TGA, (ATR) FT-IR, ICP-OES, SEM, TEM, BET, and TPR, are
responsible for their remarkable potential for CO and CO: conversion with varied product
distribution. These findings highlight as these iron-based hydrotalcites can be considered as a new

promising class of catalyst for CO and CO> conversion by Fischer-Tropsch reaction.

Keywords: Fischer Tropsch; Hydrotalcite; Iron; CO2 conversion; Ultrasound; Ball milling.
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1. Introduction

The need to replace fuels and chemicals derived from refining and converting crude oil is driving the
development of industrial processes using alternative sources [1]. Fischer Tropsch synthesis (FT) is
a well-established industrial process that can be adapted to meet these needs. For instance, by using
syngas (mixture of H> and CO) manufactured from CHa, coal or, as a new trend, biomass [2]. The FT
process converts syngas into hydrocarbons in the C1 to Cio0 range. Common catalysts used for the
synthesis are iron-, cobalt- or ruthenium-based, and the resulting products span from hydrocarbon
fuels (such as gasoline, diesel fuel and jet fuel) to olefins, waxes, and oxygenated compounds like
alcohols. The synthesis, in a nutshell, consists of two main reactions: the formation of alkanes
(Equation 1) and that of alkenes (Equation 2) and it is traditionally performed starting from syngas

(CO and Hy):

nCo0+ (2n+1)H, —» C,Hypyp +n H,0 1)

nCO+2nH, - C,Hy, +nH,0 (@)

These reactions are highly exothermic and the temperature control during the process is a crucial
parameter that significantly influences the final products formation and distribution [3].

Besides the operating conditions, the composition of the end products depends on the characteristics
of the catalysts [4]. Cobalt-based catalysts have long been used for FT due to their long lifetime, high
CO conversion and high selectivity towards heavy hydrocarbons [5]. Moreover, these catalysts
exhibit low water-gas shift activity, which helps avoiding CO> formation. Ruthenium is commonly
used in small amounts as an additive to promote cobalt reduction in supported catalysts [6].

In recent years, considerable progress has been made in the FT process. This includes new synthetic
strategies for catalysts and the use of different raw materials to obtain fuels such as coal (CTL: coal
to liquids), natural gas (GTL: gas to liquids) and biomass (BTL: biomass to liquids) [3]. Current

research primarily focuses on improving the efficiency of heterogeneous catalysts and on increasing
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the yield of the FT process. Also appealing is the prospect of using syngas with high CO2 contents
(i.e. for BTL technologies) to produce carbon-neutral fuels [7]. However, the activation of the carbon
dioxide molecule is a challenge for the scientific community and the conversion and selectivity
reported so far are quite limited [8]. One approach to addressing this technological limit, consists in
developing new catalysts based on the same active metals as traditional ones (mainly Fe and Co) but
capable of achieving greater activity, higher conversion rate and better selectivity. In this regard, a
new class of promising catalysts are nano hydrotalcites (HTIc) [9].

HTIc are generally described by the formula [M(11)1xM(I11)x(OH)2]* [A™xn]*mH20 where M(lI) is
a divalent cation (Co, Mg, Zn, Ni, or Cu), M(I1l) is a trivalent cation (Al, Cr, Fe or Ga), A" is the
interlayer anion, and m is the molar amount of co-intercalated water.

To date, HTlc-based materials have been used as catalysts in various processes such as
transesterification, biodiesel production [10], steam reforming of ethanol for hydrogen production
[11], and methane reforming [12]. In recent literature, some studies have been carried out on Co-
based hydrotalcites [13], particularly in the use of HTIc as support of the FT catalyst [14] in which
the catalytically active metal is dispersed on HTIc surface [15]. HTIc are normally synthesized using
traditional methods, such as the co-precipitation or urea methods. Only recently, techniques like
ultrasonication and ball milling have been investigated for the preparation of HTlc used as catalysts
for CO. reduction by methanol synthesis or CO production. These synthetic methods have
substantially improved some characteristics of the catalysts promoting a higher dispersion of active
sites, particle size control and increased catalyst stability [16].

The ultrasound-assisted synthesis is an innovative green technique, which enables the creation of
materials with unique textural properties, a more uniform size distribution, higher surface area and
better-controlled phase composition [17, 18]. To ensure effective implementation of ultrasound-based
syntheses, it is crucial to regulate the emitted power in solution, frequency and sonication duration
[19]. Once these parameters are fine-tuned, the benefits are significant. One of the most noteworthy

is the improvement in catalytic performance due to a better distribution of the active phases on the
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inert particles [17]. These improvements are promoted by the formation, growth and implosive
collapse of bubbles induced by acoustic cavitation that create local extreme conditions (e.g., ca. 5000
°C and 1000 atm followed by cooling rates of more than of 109 Ks™) that prevent aggregation and
crystallization of materials [20-22]. From an energy-saving perspective, the short synthesis duration
(a few minutes) must also be considered. The use of ultrasound in the preparation of iron-based
Fischer-Tropsch catalysts prepared by impregnation methodology was successfully evaluated in a
previous work by observing an increase of the catalytic performance due to a better distribution of
the active phases on the inert particle [17].

Another alternative emerging and sustainable method to prepare HTIc is the mechanochemistry. In
this case, reactions are promoted by mechanical energy generated by a ball mill. This method enables
the preparation of HTlc without solvents and with high yield, thereby minimising the environmental
impact of the synthesis [23]. The short synthesis duration is another parameter to take into
consideration when listing the benefits of this methods.

Ultimately, it has to be noted that both the techniques result in catalysts with a porous structure.
Recent advancements in the field of microporous and mesoporous materials [24, 25] have shed light
on the significant potential of such structures in catalysis. This is particularly relevant in the context
of FT synthesis, where the pore structure of catalysts plays a critical role in determining their efficacy.
The field of catalysis is continually evolving, with novel approaches emerging to enhance the
efficiency of chemical processes. Recent advancements, such as the development of catalytic
membranes for hydrocracking and hydro-isomerization [26], highlight the diversity and innovation
in this field. In a previous work [27] a different kind of hydrotalcite, based on cobalt, was successfully
tested for the syngas conversion. In alignment with this trend of catalytic innovation, the present study
introduces a potential new kind of catalysts for the Fischer-Tropsch synthesis with particular interest
in the application of CO2 conversion, prepared with two innovative and energy-saving technologies

as ultrasound-assisted co-precipitation and solvent-free mechanochemical synthesis.
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The purpose of our study is to compare the effectiveness of ternary hydrotalcite-like compounds
based on iron, copper and magnesium (MgCuFe), synthesized using the aforementioned methods:
ultrasound-assisted co-precipitation and the solvent-free mechanochemical synthesis (ball milling).
This novel approach aims to harness the unique properties of these materials for efficient CO>
hydrogenation.

Activity tests, for CO e CO hydrogenation, were conducted in a continuous packed bed reactor. SiO2
was used as diluent [28, 29] since its presence improves both the activity, especially for Fe-based
catalysts and the heat distribution in the reactor. The catalysts were analysed, both before and after
the reaction, using FE-SEM-EDX, TEM, BET, TPR, XRD, TGA and (ATR) FT-IR analyses. This
allowed us to establish correlations between the textural characteristics of the catalysts and their
efficiency towards light and heavy hydrocarbons selectivity and to select the most promising method
for synthesizing the best FT catalyst. The results of this research contribute to the growing body of
knowledge in sustainable fuel production, showcasing the potential of nano hydrotalcite-based

catalysts in environmental catalysis.

2. Experimental methods

2.1 Materials

Chemical reactants and catalysts precursors as Mg(NOz)2 6H20, Fe(NO3)39H20, Cu(NO3z)23H20,
NaOH, NaHCO3 and KNOs with analytical grade were purchased from Sigma Aldrich. All reagents
were used as received without further purification. Reacting gases for FT synthesis were used directly

from high purity (99.99%) cylinders purchased from Sapio Company.

2.2 Catalyst synthesis
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Sample MgCuFe-US was synthesized by means of an ultrasound-assisted co-precipitation method.
High power ultrasound irradiation was carried out by an Ultrasonic processors VC750 (Sonics and
Materials) provided with a 13 mm diameter tip, operating at a 750 W, 20 kHz and 50 % of amplitude.
The synthesis was carried out by adding 50 mL of 1M NaOH and 2M NaHCOs3 solution dropwise to
56 mL of 1M Mg, Fe, and Cu nitrate salts solution (molar ratio Mg/Fe/Cu=13.2/6/1). During the
addition process, the solution was sonicated with ultrasound for 3.5 min, and the sample was
maintained at 5°C. A yellow-brown solid immediately precipitated. At the end of the addition 100
mL of distilled water was added to suspend the precipitate. The solid was recovered by centrifugation
and washed repeatedly with deionized water, then dried in an oven at 60°C in air. The final
composition of MgCuFe-US, determined by ICP-OES (Table 1), is:
[Mgo.59Cuo.07F€0.3a(OH)2](CO3)0.170.5 H20. MgCuFe-BM was synthesized with a solvent-free
method by mixing the salts with a proper amount of NaOH pellets. To prepare 1 g of catalyst, 1.96 ¢
of Mg(NO3)26H20, 0.14 g of Cu(NO3)2:3H20, 1.34 g of Fe(NO3)39H.0 and 0.888 g of NaOH (molar
ratio Mg/NaOH = 3/1 molar ratio Mg/Fe/Cu=13.2/6/1) were ball milled for 30 minutes at a frequency
of 30 Hz in a planetary mill (Retsch MM200 swing mill, capacity 10 mL, provided with agate balls
with diameters 10 mm). The solid was collected and transferred in a PTFE bottle filled with 50 mL
of distilled water. The precipitate was aged in an oven at 80°C for 3 days. The solid was recovered
by centrifugation, washed three times with deionized water and dried at 60°C in air. The MgCuFe-
BM composition, obtained by ICP-OES measurements (Table 1), is:
[Mgo.62Cuo.06F€0.32(OH)2](CO3)0.16 0.5 H20.

Table 1. Experimental weight ppm of Mg, Cu and Fe as determined by ICP and the corresponding
molar fractions of the fresh and spent catalysts

sample Mg (ppm) | Cu (ppm) | Fe (ppm) | Xmg | Xcu XFe
MgCuFe-US fresh 8.79 2.73 11.70 | 0.59 | 0.07 | 0.34
MgCuFe-BM fresh 8.95 2.09 10.78 0.62 | 0.06 | 0.32
MgCuFe-US spent 4.46 1.42 5.92 0.59 | 0.07 | 0.34
MgCuFe-BM spent 6.30 1.71 7.79 0.61 | 0.06 | 0.33
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Before the catalytic tests the samples were impregnated with KNOs. In detail, MgCuFe-US and
MgCuFe-BM were soaked for 2 h in a KNOs solution (K = 0.5 wt%) at T= 60°C. The samples were

dried at 80°C until all water was removed.

2.3 Characterization of Catalysts

The specific surface area (SBET) and porosity distribution were obtained from N2
adsorption/desorption isotherms at 77 K using a Tristar 11 3020 (Micromeritics) apparatus and the
instrumental software (Version 1.03) and applying Brunauer—-Emmett-Teller (BET) and Barrett—
Joyner—Halenda analyses, respectively. Prior to measuring, sample powders were thermally pre-
treated (T = 150 °C, 4 h, N2) to remove adsorbed species such as water.

X-ray powder diffraction (XRPD) patterns were collected with a Bruker D8 Advance diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany) equipped with a Lynxeye XE-T fast detector and CuKa
radiation. The operative conditions were 40 kV and 40 mA, with a step size of 0.033° 20 and a step
scan time of 30 s. Phase identification was performed using the Bruker DIFFRAC.EVA V5 software,
and a COD database. Quantitative analyses of crystalline phases have been performed applying the
Rietveld method with the help of the Bruker AXS Topas Version 6 software.

The metal content of the samples, before and after the catalytic tests, was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES), using a Varian Liberty Series instrument.
Thermogravimetric analyses (TGA) were obtained using a Netzsch STA 490 C TG-DTA thermal
analyzer, operating at 10 °C/min heating rate and 30 mL/min air flow.

Attenuated total reflection (ATR) FT-IR measurements were carried out using a Shimadzu IR-8000
spectrophotometer. The spectral range measured was 400 to 4000 cm™!, with a spectral resolution of
4 cm™! acquiring 100 scans.

The morphology and composition were examined by Field Emission Gun Electron Scanning
Microscopy (FE-SEM) LEO 1525 ZEISS. Elemental composition and chemical mapping were

determined using a Bruker Quantax EDS.
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TEM images were obtained using a Philips 208 Transmission Electron Microscope. The samples
were prepared by placing a drop of an ethanol dispersion of the catalyst powder on a copper grid pre-
coated with a Formvar film and air-dried.

Contact angle measurements were performed using water as the medium. The instrument is a Data
Physics OCA 150 equipped with a SCA20 version 2.3.9 build 46 software. The analysis was
performed to check the hydrophilicity of the two catalysts, both as fresh and after performing the
activation. The reported results were determined as average of four measurements.

The Temperature Programmed Reduction (TPR) measurements were carried out by placing the
catalyst (25 mg) in a quartz reactor heating in a reductive mixture flow (5% H2/Ar) at a heating rate
of 10 °C/min from 25 to 1000 °C. Hydrogen consumption was monitored by a TCD detector with a
W/Re filament in the Autosorb 1Q instrument.

Temperature programmed desorption using CO- as a probe molecule (CO2-TPD) was carried out in
a lab-made equipment. Samples (25 mg), previously cleaned in He flow (30 mL/min) at 110 ° C for
0,5 h, were inserted in a quart reactor. After cooling to 40 °C, the samples were exposed to CO pulses
of 0.44 mL each to achieve over saturation. After cleaning the surface with He flow (30 mL/min) for
0.5 h at 40 °C, samples were heated with a temperature rate of 10 °C/min from 40 °C to 1000 °C in

He flow (30 mL/min). Gases were monitored by a Gow-Mac TCD detector with a AuW: filament.

2.4 Catalytic test

During FT reaction (H2/CO as reactants) Brooks mass flow controllers were used to measure the
amount of Hz (32 Nml min’t, 99.99% purity), CO (16 Nml min, 99.99% purity), and N, (internal
standard, 5 Nml min™, 99.99% purity) in a continuous mixer. In the case of carbon dioxide
hydrogenation reaction, the Ho/CO> ratio was set to 3, with the flow of reactants being 36 Nml min-
112 Nml mint, and 5 Nml min, for Hz (99.99% purity), CO2 (99.99% purity) and N2 (99.99%

purity) respectively.
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Fig. 1: Laboratory scale plant used for catalytic tests. (1) CO cylinder, (2) Hz cylinder, (3) N2 cylinder,
(4) CO2 cylinder, (MF) Mass flowmeters, (5) Mixing chamber, (6) Reactor, (HL) Hot line, (7)

Cooling trap, (8) Refrigerator, (BPV) Back pressure valve, (9) In-line Micro-GC analyzer.

The reactor used in the experiment had a 6 mm internal diameter and was packed with 1 g of new
catalyst and 0.5 g of SiO- as diluent to improve the heat loss [24, 25].

To prevent any false results, a blank test was conducted to ensure that the inner surfaces of the plant
were inactive. The catalyst was held in place by a quartz wool bed divided into two separate sections.
The reactor was heated with a furnace and the temperature was measured using a K-type
thermocouple. A second K-type thermocouple monitored the reactor temperature.

To activate the catalyst, a 2/1 molar ratio of H2/CO mixture (53 Nml min') was flowed in the reactor
for four hours at 350 °C and 0.4 MPa. At 5 °C, liquid products such as water and Cv+ (i.e., liquid
hydrocarbons having more than 7 carbon atoms) were condensed in a 0.13 L cold trap with an external

cooling jacket before being examined by gas chromatography.



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

To maintain a pressure of 2.0 MPa, a pneumatic back pressure regulator was utilized [27, 30, 31].
Permanent gases and non-condensable hydrocarbons went through another condenser and were
examined by an Agilent 3000A micro gas chromatograph to calculate CO and CO; conversion (Xco:

and Xco). This was based on the peak areas of N2 and CO2/CO peak areas (AN,, Aco and Aco,),

their relative response factor (k), and input (set) flow rate of N2, CO and CO: (Fjn N,» Fin,co and

Fin,C02) (Eq.3 and 4).

Finco2—Finn, Acoz
XCOZ = - X k (3)
Fm,COZ ANZ
Finco—FinnN A
XCO — n, in,No X k co (4)
Finco AN,

The oxygenated compounds produced during FT test were assumed to have completely solubilized
in the water phase collected in the cold trap. The analysis of this liquid was carried out using a
Shimadzu 5000 A Total Organic Carbon instrument.

To ensure accurate measurement of gas compositions during the Fischer-Tropsch tests, a calibration
procedure was employed using pure cylinders of CO2, CO, and Hz. The flow rates of these gases were
set by Brooks mass flow controllers and then quantified with a micro-GC analyzer. This calibration
was crucial for establishing reliable baseline data for the accurate quantification of reactants and
products in the FT tests.

The FT tests with syngas (CO/H2 mixtures) were performed at temperatures ranging from 200-300C°.
More in detail, the furnace temperature was first increased to 200 °C and held for about 18 hours.
Then, it was raised to 220 °C and maintained for 24 hours before repeating the process for 250 °C,
270°C, 300°C. Similarly, for the CO2/H: starting feed, the same catalysts were tested at temperatures
of 275, 310, 350°C, and at a pressure of 20 bar. The same procedure described above was followed,

except for the feed molar ratio CO2/H: of 1:3 instead of CO/Hz of 1:2.
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3. Results and discussion

3.1 Characterization

SEM and TEM images of the MgCuFe-US and MgCuFe-BM samples are shown in Figure 2. In both
cases, the crystals appear approximately flat and hexagonal, but the platelet size distribution is not
uniform. The samples consist of platelets ranging from 30 to 150 nm, with a greater proportion of
small crystals in MgCuFe-US. The synthesis method also affects the crystallinity, which is lower in

the ball-milled sample.

Fig. 2: SEM and TEM images of MgCuFe-US (a and c) and MgCuFe-BM (b and d). The scale bars

indicate 100 nm.

An indication of the different degree of crystallinity is evidenced by comparing the XRD patterns of
the samples, shown in Figure 3. Both samples are characterized by typical hydrotalcite-like compound
patterns at 11.6°, 23.3°, 34.3°, 59.6°, and 61.0°, which correspond to (003), (006), (012), (110), and
(013) crystallographic planes [32]. The interlayer space of HTIc hosts carbonate ions, as evidenced

11
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by the position of the first reflection at 260 = 11.6°. The XRD patterns of MgCuFe-BM before and
after the thermal treatment suggests that the as-synthesised sample is mostly amorphous, as the peaks
are broad and the (110) and (013) diffraction planes are not clearly distinguished, appearing as a
single reflection. Even after the aging process, the reflections of MgCuFe-BM have a larger full width

at half maximum than those of MgCuFe-US, indicating the presence of crystallites with smaller size.

(a) 003 (b)

Intensity (a.u.)

006

\ 012
015 018 110 013

10 20 30 40 50 60 70 10 20 30 40 50 60 70
20(°) 20(°)

Intensity (a.u.)

thermal treatment

as-synthesised

Fig. 3: XRD of as synthetised MgCuFe-US (a) and MgCuFe-BM (b).

The samples were characterized by TGA in order to study their thermal decomposition (Fig. 1 SM).
The ATR FT-IR spectra confirmed the formation of HTlc in carbonate form (Fig. 2 SM).

After the impregnation with K, the samples were activated by CO/H> and analysed by XRD patterns
(Figure 4). A quantitative analysis of the phases was also performed (Table 1 SM, Figure 3 SM).
Figure 4 shows the XRD patterns of the samples that were activated by CO/H. before undergoing the
catalytic FT test. This activation procedure involved feeding CO/H> syngas mixture at 350°C and 0.4
MPa for 4 hours directly in the catalytic reactor. Both diffractograms depict the presence of MgCOsa.
This phase is formed due to CO> activation on the surface of the basic oxide, MgO, which leads to
the formation of the carbonate [33]. Additionally, the activating conditions (350 °C and 0.4 MPa),
resulted in the detection of Fe.Cs (double peak at 20=43.4° and 44.1°), presumably the active species
in the FT process, along with superimposed phases of iron-based spinels such as FezOs [34].
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Moreover, especially in ultrasound-prepared samples, the presence of NazMg(CQO3):2 is evident. This
may derive from the trace amount of sodium derivatives already contained in the synthesized samples.
The morphology of the samples was investigated using SEM and TEM after CO/H; syngas activation.
Figure 5 shows the images obtained from the analysis, which reveal that the crystals maintained a flat
morphology in all cases. The presence of iron carbide species, as revealed by XRD, is somewhat
confirmed by TEM analysis. The TEM images also hint at the presence of a non-specified carbide
[35]. This was indicated by the covering layer formed on the surface of the crystals after the
activation, as seen in Figures 5c and 5d. This difference is evident when comparing the TEM images

of the samples.
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Fig. 4: XRD patterns of activated catalysts with Syngas at 350°C: (a) MgCuFe-US and (b) MgCuFe-
BM (left). Enlargement in the 40-46 2theta range (right). FesO4 (magenta line, COD#1532796) and/or
MgFe204 (magenta line, COD#1011241), MgCOs (green line, COD#2101057), Fe2Cs (blue line,

COD#1521831), NazMg(COs) (cyan line, COD#9000298).
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Fig. 5: SEM and TEM images of MgCuFe-US (a and c¢) and MgCuFe-BM (b and d) activated with

syngas.

Table 2: Specific surface areas

nne

Catalyst BET surface  volume of p6res
area (m?/g) (cm?®/g) 296

MgCuFe-US fresh 287
87 0.34 298

MgCuFe-US 299
activated 31 0.23 300

MgCuFe-BM fresh

112 0.30

MgCuFe-BM

activated 41 0.19
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The specific surface area and pore structure of catalysts play a crucial role in determining their
catalytic efficiency, especially in processes like Fischer-Tropsch synthesis. In our study, we measured
the BET surface area of the freshly synthesized MgCuFe-BM and MgCuFe-US catalysts, and found
them to be 112 m?/g and 87 m?/g, respectively (Table 2). These values are in accordance with those
typically observed for hydrotalcite-like compounds [36, 37]. According to IUPAC classification, their
isotherms are of type IV (Figure 6) (Table 2) with an H3 hysteresis loop, indicating a mesoporous
structure [38]. With non-rigid aggregates of plate-like particles, in agreement with SEM results. This
structure favors mass transport of reactants and products within the catalyst.

Upon activation, a decrease in surface area and cumulative pore volume was observed for both
catalysts (MgCuFe-US values: 31 m*g and 0.23 cm*/g, and MgCuFe-BM to 41 m?/g and 0.19 cm?3/g).
This decrease is likely due to structural changes that occur at high temperatures, particularly close to
the activation temperature of 350 °C. These changes cause the collapse of smaller pores, leading to
an increase in the average pore width and a decrease in total pore volume. As a result, activation step
potentially affects the accessibility of reactant molecules to active sites, ultimately impacting the
reaction rate. Nevertheless, both MgCuFe-US and MgCuFe-BM retained their mesoporous structure,

as demonstrated by the adsorption isotherms performed on fresh and activated samples (Figure 6).
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Fig. 6: BET adsorption isotherms a) before the catalytic test, fresh catalyst and b) after activation.
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These results are in accordance with literature data reporting that sonochemical synthesis typically
results in finer, loosely agglomerated particles with larger pores [39, 40], whereas mechanochemical
synthesis often leads to denser, more tightly packed agglomerates with smaller pores. The
implications of these findings are significant for the catalytic performance of MgCuFe-US and
MgCuFe-BM, suggesting that, depending on the desired reaction and on the size of the reactants, it
is possible to tune the most effective structure by changing the synthesis method.

These results are confirmed by pore size distribution (Table 3), which reveals a difference between
the two hydrotalcites and the two synthesis methods. In particular, the as- synthesized ball milled
sample contains smaller pores compared to the fresh ultrasound sample, which is constituted by larger
pores. This trend is maintained even after the activation. As reported above, such structural
differences affect the diffusion of reactant/product molecules, and hence the reaction rate and yield.
The largest pores in MgCuFe-US allow easier diffusion and retro-diffusion from catalytic sites,
potentially enhancing the reaction rate for larger molecule reactants. Conversely, the smallest pores
in MgCuFe-BM could be more effective for reactions involving smaller molecules, as they offer a
higher surface area per unit volume, increasing the likelihood of reactant-catalyst interactions. SEM
and TEM analysis support this finding, showing that ultrasonic synthesis tends to produce smaller

particles and larger pores compared to ball milling.

Table 3: pore size distribution of the fresh catalysts (as %) in nm
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373

Catalyst 2<d<5 5<d<10 10<d<20 20<d<50 50<d<100 100<d

MgCuFe-US fresh 42.0 16.9 16.6 17.1 6.8 0.5
MgCuFe-US activated 23.8 14.3 30.8 21.2 5.1 4.7

MgCuFe-BM fresh 53.9 18.7 16.2 9.3 1.4 0.5
MgCuFe-BM activated 58.8 16.7 18.0 5.4 1.0 0

In FT-CO2 hydrogenation, water is a byproduct. The hydrophobic nature of catalysts is crucial for
efficient operation [41]. Contact angle measurements for the MgCuFe nano hydrotalcites catalysts
reveal essential insights. The fresh MgCuFe-US catalyst has a contact angle of 75.81°, indicating
moderate hydrophilicity. However, after activation, this angle decreases to 57.92°, suggesting
increased hydrophilicity, which might be less desirable in CO2 hydrogenation due to potential
challenges in water removal.

In contrast, the fresh MgCuFe-BM catalyst starts at a hydrophilic 59.92°, but after activation, it shifts
to a slightly more hydrophobic angle of 62.65°. This subtle increase in hydrophobicity could be
advantageous for CO2 hydrogenation, as it implies better water management, maintaining catalyst
efficiency and preventing deactivation.

Overall, the observed changes in contact angles indicate the significant impact of synthesis and
activation methods on the catalysts' surface properties. While initial hydrophilicity might offer some
benefits, a trend towards hydrophobicity, particularly after activation, aligns more effectively with
the needs of CO2 hydrogenation. These insights highlight the importance of tailoring surface
properties, prioritizing hydrophobic characteristics to optimize performance in reactions where

efficient water management is crucial.
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3.2 FT Activity test

The main products of the Fischer-Tropsch reaction are CHs, CO2, H>O and CxHy in the range of C;
to Cio00. The distribution of CxHy follows the so-called Anderson-Schulz-Flory distribution (Eq. n°5).
According to this theory, the mass distribution (w) depends on two factors: the number of monomer

units (k) and an empirical factor, the a value which is a number from 0 to 1:
wp (M) = a™ 'n(1l - a)? ()

From Eq. 5 it is possible to obtain a linear relationship (Eqg. 6) between the carbon number of a

product and its relative weight fraction.

In (%) =In(1l-a)’+(n—-1)'Ina (6)

The length of the hydrocarbon chain depends on the chain growth probability («), which can be
determined by analysing the semilogarithmic graphs and it defines the products obtained. The higher
the a, the longer the hydrocarbons chains.

MgCuFe-BM and MgCuFe-US catalysts were tested both for classical FT reaction (CO and H> as
feed) and CO- hydrogenation (CO2 and Hz as feed) for the production of hydrocarbons. The results
will be presented based on CO and CO: conversion rates, as well as the selectivity towards methane,
carbon dioxide, light hydrocarbons (C2.6), and heavy hydrocarbons (C7+). The total yield to Co+
hydrocarbons is calculated by combining the results of both conversions and product selectivity as
calculated by Equations (7) and (8). Methane and carbon dioxide will not be considered in the total

yield calculation since they are usually regarded as undesired products in the FT process.
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Co+ total yield = CO conversion X (selectivity <C7 + selectivity >C7) x 102 (7)

C2- total yield = CO2 conversion X (selectivity <C7 + selectivity >C7) x 102 (8)

All the data presented in this paper pertains only to the steady state conditions of the experimental
plant. It took 14 hours for the FT reactor to reach this state, during which the flow rate and
composition remained constant with respect to reaction time. Therefore, we only provide data
collected after this initialization period.

It is important to note that the activation step directly performed in the reactor before starting the FT
test, strongly influences the catalyst’s performance.

In particular, it is well-known that iron carbide, a highly active species in FT, can be formed by using
a mixture of Hz and CO for activation [42]. To investigate this, we performed TPR and CO2-TPD
analyses on these catalysts activated by pure Hz or H2/CO mixture and found no significant
differences in the results (see Fig. 4-5 SM), these analyses were discussed in the Supporting Materials.
Based on these findings, all the catalysts used in this paper, were activated by means of a flowing
mixture of H2/CO in the reactor.

Regarding conversions obtained, Figures 8 and 9 illustrate the ultrasound and ball milled catalysts

used in the study.
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Table 4: Cy+ yields

MgCuFe-US MgCuFe-BRA

Mixture feed Temperature °C Co- yield

275 21.2 11.7

CO2/H2
(1:3 molar 310 22.3 25.8
ratio) 350 34.1 35.8
200 8.7 1.8
CO/Ha 220 12.9 6.4
(1:2 molar 250 28.5 24.7
ratio) 270 45.3 49.2
300 51.3 50.2

Results of TOC analyses showed that oxygenated compounds had a very low concentration (<0.5%)
in all the catalytic tests. GC-Mass analysis of the condensed phases corroborated the TOC results,
confirming that the alcohol content was below 0.5% by weight. The catalysts containing integrated
iron in the HTlc structure were proven to be highly active for CO and CO, hydrogenation in FT
synthesis, as demonstrated by the satisfactory results presented in Table 4 and Figures 8 and 9. This
is not commonly observed in other studies in the literature [43], where iron is mostly utilized in its
metallic form in Fe-supported catalysts.

By feeding CO/H> mixtures, increasing the reactor temperature, the activity of both catalysts
increases, as expected, leading to higher CO conversion and greater selectivity towards CO2, CHg,

and light hydrocarbons. In particular, CHs percentage swings from 1-2% up to 6% while CO; starts
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at 20% at 200°C increasing gradually to ca 40% at 300°C. The maximum conversion is observed for
both MgCuFe-US and MgCuFe-BM at 300 °C (Fig 8), with difference in activity detected at lower
temperatures. In fact, at temperatures ranging from 200 to 250 °C, the MgCuFe-US sample exhibits
a CO conversion rate roughly 10% higher than that of the MgCuFe-BM sample. The same
phenomenon is observed during CO> hydrogenation reaction with US reaching ca. 20% increase in
CO2 conversion at 275 °C.

Significant variation is observed in terms of lighter hydrocarbon cut (C2.6) and heavier one (C7+
fractions). As the temperature increases, the MgCuFe-BM sample has a higher C.. yield than the
MgCuFe-US sample, while the latter exhibits a higher selectivity towards C7+ hydrocarbons [44].
This can be explained considering that the MgCuFe-BM sample showed a higher concentration of
lower pore size particles both in fresh and activated form, while the ultrasound sample displayed
greater predominance of larger pore size particles, thus yielding longer hydrocarbon chains as
products. The correlation between catalysts pore size and catalytic activity has been investigated in
literature and is line with the above-mentioned results [45]. The fact that the total C>+ yield has
comparable values demonstrates that, even if the conversions are almost equal, the selectivity towards
short and long hydrocarbon chains is proven to be distinct between the two-iron based hydrotalcites.
In the case of CO/H: as feed, similar trends were observed (Table 5), with the MgCuFe-US catalysts
still showing higher selectivity for C7+ hydrocarbons in all evaluated temperatures, while the
MgCuFe-BM catalysts showed higher selectivity for Co.¢ hydrocarbons. The selectivity to methane

and carbon monoxide remained stable and under 20% for the CO and 12% for methane.

Table 5: Hydrocarbon selectivities with starting feed CO2/H>

Temperature MgCuFe-BM MgCuFe-US
°C %C2-6 %CT+ %C2-6 %CT7+
275 33.9 32.8 37.3 42.5
310 42.4 33.5 34.5 36.2
350 51.9 31.2 48.6 33.4
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The differences in selectivity are confirmed through the evaluation of the hydrocarbon distribution

(o) obtained from the cooled trap by GC analysis of the heavier cut.

When working with CO/H; as initial feed, o values are substantially different between the two

catalysts, being 0.86 for the MgCuFe-US and 0.79 for the MgCuFe-BM.

The same phenomenon was investigated for the tests performed after the CO> hydrogenation (Fig 9).

In the case of MgCuFe-US sample, the o value of 0.62 is significantly higher than 0.51 which was

obtained using the MgCuFe-BM catalyst.
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Fig. 10: Catalytic stability of the two samples with different feeding mixtures, TOS = time on stream,
a) isotherm catalytic test at 250 °C, CO% =carbon monoxide conversion. b) isotherm catalytic test at

310°C, CO2% =carbon dioxide conversion.

Taking into consideration the composition of activated catalysts and the results of surface area and
contact angle, we can make assumptions about how the surface of the catalyst interacts with the
substrate and explain its reactivity. During the activation phase, the catalyst is heated for four hours
in the reactor. The heat causes HTIc to dehydrate and to progressively dehydroxylate. As a
consequence, the HTIc structure partially collapses, making the basic sites composed of M-OH
(M=Mg, Fe, Cu) more accessible to the syngas as confirmed by CO.-TPD (Fig. 5 SM). As the
temperature increases, HTIc converts to mixed oxides that act as Lewis acid-basic pairs and interact
with syngas starting the synthesis [46]. Among the oxides, FezO4 is responsible for the reverse water-
gas shift (RWGS) reaction, which is crucial in the reduction step of CO2 to CO in the CO2-FT reaction.
As indicated by the XRD patterns in Figure 4, another product of HTIc activation is Fe2Cs, which
drives the subsequent hydrogenation of CO through the classical FT reaction [47]. The RWGS step
is endothermic, meaning it is favored at higher temperatures. This is demonstrated by the increased
conversion rate at correspondingly increased activation temperature.

The different yields at lower temperatures can be explained based on the degree of aggregation and
surface roughness of the two HTIlcs. These parameters influence the contact angles. HTlcs produced
through ball milling have a more disordered structure and agglomerated particles. This results in a
denser product with less interparticle space, which leads to reduced water permeability and
hydrophilicity. On the other hand, the sample prepared through ultrasonication has a more crystalline
structure and larger spaces between particles, which improves wettability. Upon activation, the
disparity in value between the two contact angles reduces significantly (from 15.89° to 4.73°) as

compared to the fresh samples. Additionally, the yields obtained from both samples are almost
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identical. This indicates that activation process partially eliminates the initial differences that were
caused by the distinct synthesis methods.

Together with the morphological stability revealed by XRD analysis, an activity evaluation was also
performed. Considering the two experiments, performed at different temperatures, as reference cases,
a 90-hour catalytic run was performed to assess the stability of CO and COz conversion over time. As
evidenced by Figure 10, the conversions remain consistent throughout the TOS, with negligible
discrepancies of less than 1% for both samples. This suggests satisfactory stability in the catalytic
activity over prolonged use, whether CO or CO: is used as a starting reagent. Moreover, the
composition of the catalysts recovered after the reaction was analysed via ICP-OES, and it was found
that there was no change in comparison to the pristine samples (the molar fractions vary by maximum
3%, Table 1). The active phases (FesCz and FezO4) are still present in the spent compounds as evinced
by the phase analysis (Table 2 SM and Figure 6 SM). In addition, metallic Fe and Cu were detected
only in MgCuFe-US, graphite in MgCuFe-BM while FeCO3z is common in both the samples and
Na:Mg(COs). disappears.

Studies on other iron-based compounds were compared with the investigated hydrotalcite
performance, revealing that the catalyst exhibited a higher catalytic activity than classical silica-
supported iron catalysts like FeSi or FeSBA-15 [42], but slightly lower performance than the
expensive iron-based metallosilicates like Fe/Ce/SiO, and Fe/Zr/SiO- [26, 48-51]. For instance, at
280 °C and 1.5 MPa, the Fel5Si catalyst achieved 50% CO conversion, with a heavy hydrocarbon
cut selectivity below 40% [48-50, 52]. This comparison highlights the enhanced efficacy of our
catalysts, especially in achieving higher conversion rates and balanced selectivity towards heavier
hydrocarbons under similar reaction conditions. On the other hand, the previously mentioned
metallosilicates exhibit CO conversion ranges between 50 and 60% at 250°C and 2.0 MPa, with heavy
phase selectivity between 55 and 65% [46]. This comparison indicates that while our hydrotalcite-
based catalysts surpass traditional iron-based catalysts in terms of activity, there is still room for

optimization to reach the efficiency levels of the latest metallosilicates.
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The performance of our MgCuFe US and MgCuFe BM catalysts was also compared with various
iron-based catalysts reported in the literature for CO. hydrogenation. As benchmark for the
comparison, results achieved at 310°C, 20 bar, and a GHSV of 3200 ml gcat™ h™ were considered.
The MgCuFe BM catalyst exhibited a CO. conversion of 34.4% and a C»- selectivity of 75.9%, while
the MgCuFe US catalyst showed a CO2 conversion of 31.9% and a C»- selectivity of 70.7%.
Comparatively, the 92.6Fe7.4K catalyst [53] achieved a CO. conversion of 41.7% and a Co+
selectivity of 83.8%, and the 10Fe0.8K0.53Co catalyst [54]] showed higher CO, conversion of 54.6%
with a selectivity of 79.1%. Both were tested at 300°C and 25 bar with a GHSV of 560 ml gcat™ h.
The K-Fel5 catalyst [55], at 300°C and 10 bar, reported a CO- conversion of 48.5% and a selectivity
of 74.4%.

Other catalysts, such as the 1wt% Na-10 wt % Fe/ZrO> [56], showed lower selectivity (46.6%) and
similar conversion (39%) at 340°C and 20 bar, while the 10Fe3Znl1K/Al;Oz [57] had a CO:
conversion of 38.6% but much lower selectivity (30.9%) at 400°C and 30 bar.

The CuFe0O»-12 catalyst [7] had a lower CO- conversion (18.1%) and selectivity (65.4%) compared
to our catalysts. Similarly, the 5Na/Fe catalyst [56] at 340°C and 20 bar showed lower conversion
(24%) and selectivity (47.3%).

The 20Fe-1K/m-ZrO; catalyst [58] and ZnFeOx-4.25Na catalyst [59] also demonstrated lower
performance in terms of selectivity compared to our catalysts, with 30% and 75.2% C+ selectivity,
respectively.

Overall, our MgCuFe BM and MgCuFe US catalysts show competitive CO2 conversion rates and
high selectivity towards Cz+ hydrocarbons, outperforming several reported catalysts, particularly in
terms of selectivity. This demonstrates the effectiveness of our synthesis methods and the potential
of these catalysts for CO> hydrogenation applications and opens the possibility to evaluate with
interest the application of these materials, scarcely investigated till now for the Fischer Tropsch
synthesis, for CO and CO2 hydrogenation processes. The list of catalysts taken from literature is

represented in Table 3 SM in the Supplementary material.
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These findings underscore the potential of MgCuFe-US and MgCuFe-BM catalysts in the context of
sustainable and cost-effective Fischer-Tropsch synthesis. They offer a competitive alternative to
traditional catalysts, balancing performance with economic feasibility, which is crucial for industrial
applications. Future enhancements, possibly through modification of synthesis methods or
compositional tuning, could bridge the gap in performance with high-end metallosilicates, while
maintaining the advantages of lower cost and simpler synthesis associated with hydrotalcite-based

catalysts.

4. Conclusions

In this study we synthesized new Fe-based hydrotalcites and used them as catalysts in both Fischer—
Tropsch synthesis and CO> hydrogenation. We examined the catalytic activity of the materials under
different temperatures by using two distinct synthesis routes: ball milling and ultrasonic processing.
Our studies showed that specific preparation procedure significantly influences catalytic the activity
of the materials and that it is temperature dependent.

Both MgCuFe-BM and MgCuFe-US catalysts demonstrated comparable CO conversion capacity at
higher temperatures, but they exhibited different product distribution, primarily due to different pore
size distribution. However, under 250 °C, the ultrasound processed Fe-based catalyst exhibited
roughly 10% higher catalytic activity. Similar trends were observed for CO> hydrogenation, with the
MgCuFe-US catalysts showing higher selectivity for C7+ hydrocarbons in all evaluated temperatures,
while the MgCuFe-BM catalysts showed higher selectivity for C,.s hydrocarbons.

The experiments conducted at 300 °C vyielded the greatest C»+ production and conversions (up to
98.5%) among the reactions carried out at various temperatures for both CO and CO; feeds. This
resulted in 50.2% for the ball milled sample and 51.3% for the ultrasound-processed sample in the

case of CO hydrogenation. Interestingly, during CO. hydrogenation, the MgCuFe-US sample
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maintained a higher alpha value, indicating a higher selectivity towards longer chain hydrocarbons
compared to the MgCuFe-BM sample.

Our study offers promising insights into the performance of iron-based hydrotalcite catalysts in both
CO and CO hydrogenation reactions, suggesting a versatile utility for such catalysts in diverse
application conditions. Following these encouraging findings, further research will be conducted on
this class of hydrotalcite catalysts in different CO2/H> feed ratios and conditions to further explore

and optimize their potential in sustainable chemical production.
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