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Abstract

With no precedent in the literature, steel slag, an inexpensive and plentiful by-product
of the steel industry, was discovered to be a highly selective and active catalyst for the
hydrodeoxygenation (HDO) of triglycerides and fatty acids. This material, which is not al-
ways recyclable, proved to perform in the virgin state (without any chemical pretreatment),
actually fostering the conversion, via a hydrothermal reaction, of palmitic and stearic acids
into the corresponding (C16 and C18) alkanes with selectivity above 90%. In addition,
by moving to a more complex system such as soybean oil, a complete conversion and
the possibility of recycling the catalyst were maintained. Catalytic material, which came
from an Italian steel industry (Acciaierie d’Italia), was characterized by XRF, XRD, Np
physisorption analyses, TPR, and TPD techniques. Catalytic performance was successfully
correlated with the characterization results, and mechanistic proofs were provided on the
catalytic role played by the several iron species present in the slag. The results reported in
this work represent a significant contribution to the large-scale production of green diesel
and, thanks to the possibility of using a catalyst based on steel slag in HDO processes, open
the way to decarbonization and climate neutrality processes.

Keywords: steel slag; green diesel; HDO; catalysis; green chemistry; circular economy

1. Introduction

The worldwide transition toward sustainable energy and the need for reducing green-
house gas emissions (GHG) have driven substantial research into renewable fuels [1,2].
Among numerous biomass feedstocks, fatty acids (FAs) have drawn attention due to
their vast availability and potential for conversion into high-energy hydrocarbons [3].
One of the most promising methods for upgrading FAs is hydrodeoxygenation (HDO),
a catalytic process that removes oxygen from long carbon chains of carboxylic acid func-
tionalities, converting these compounds into alkanes, alkenes, and other hydrocarbons,
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thus enhancing their energy density while simultaneously improving their stability and
combustion properties.

This strategy results in the production of hydrocarbons suitable for use as jet fuel
or renewable diesel [4]. The latter, known as green diesel, is the biofuel possessing the
same composition (Cy5-Cyg) of fossil diesel, but showing properties that make it a valuable
green alternative (e.g., higher cetane number, lower sulphur content, higher energy density,
etc.). Such features also allow it to overcome the limitations of 1st generation biodiesel (the
so-called FAMEs), which typically include higher oxygen content, pour point and viscosity,
and low compatibility with conventional engines [5,6].

The HDO reaction of fatty acids normally requires harsh conditions (Pyy; in the range of
4-12 MPa and T of 200-450 °C) and either noble or non-noble metal catalysts, preferentially
anchored on supports (silica, alumina, zeolites, etc.) and assembled in sulfide, bimetallic,
or alloy form [7]. The incorporation of acidic or basic sites can further influence product
distribution, enabling better control over the reaction pathway. To date, the high cost of
noble metals (Pd, Pt, Ru [8-11]), which limits their large-scale application, as well as the
sulfur leaching observed with sulfide catalysts, which leads to contamination of the alkane
products, are serious problems to circumvent, and the rational design of a highly active
and stable catalyst remains a key challenge.

Consequently, non-noble metals (Ni, Co, Cu, Mo, Fe, etc. [6]) have recently received
greater attention in mediating the HDO reaction of FAs. Among them, nickel-based
materials proved to be the best-performing catalysts, with more than fifteen reports only in
the last five years [12,13].

In this context, the use of steel slag is particularly intriguing, an abundant and cheap by-
product of the steel industry that seems to be an ideal candidate for large-scale applications
(8.5 Mt produced in Europe in 2023 [14,15]). Even if up to 80% of the slags are already
recycled, they are only used as inert materials, particularly in the civil sector [14,16].
However, by virtue of its composition, which is rich in metals, a better option to valorize
this material is to turn it into an efficient and recyclable catalyst [17].

Our prior investigations have already demonstrated that steel slag displays good cat-
alytic characteristics in the energy sector, facilitating the CO, photo- and thermo-reduction
to solar fuels [18,19] and the transesterification of triglycerides [20] to generate FAMEs. In
this regard, we hypothesized that this industrial waste may be utilized as a valuable HDO
catalyst, expanding the material’s spectrum of uses to the catalytic field where it has never
been employed.

We report herein an unprecedented catalytic ability displayed by steel slag in the
hydrodeoxygenation of fatty acids (palmitic and stearic) and soybean oil to produce the
corresponding alkanes (hexadecane and octadecane). Notably, the material is efficient and
highly selective for HDO without any chemical or thermal pretreatment, thereby enabling a
high circularity rate. Such features, together with the large volume of unrecycled steel slag
produced yearly (about 1.1 Mton in 2023) [14], suggest a high feasibility for the large-scale
extension of this protocol.

2. Results
2.1. Steel Slag Selection

Slags play a fundamental role in the liquid steel production process as they allow the
removal of unwanted components such as SiO,, Al,O3, sulfur, and phosphorous. The slag
material used in the present study was obtained from an Italian integral cycle steel plant
(Acciaierie d’Italia). Besides blast furnace (BF) slag, other types of residues are produced
during the successive steps of the steelmaking process. All these materials are classified as
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intermediate, waste or by-products depending on their composition and destination after
production, as shown in Table 1.

Table 1. Typical slag composition of integrated steelmaking plants @),

Slag Matrix ®  Si0, AlLO; CaO MgO TiO Fe,039 P,0s MnO C S  Classification @ Destination ¥
Blast furnace ~ 30-35 10-15 4045 5-10 <1 <1 S0 0 -0 < 100% Cement, concrete, road
y-product construction
Secondary 5-10 3540 3540 5-10 <1 0-5 ~0 05 ~0 01 >85% Most for road construction
C . by-product (by-product)
o 10-15 510 4550 510 <1 2025 <2 05 ~0 ~0 Landfilled o for filling
( ) <15% waste quarries (waste)

@ According to ADI analyses and [12]. ® Slag origin and its average weight% compositions. () Sum of all iron
oxides present, here reported as Fe;O3. @ Data from [14].

Blast furnace slag (BF), converter slag (BOF) and slag from secondary treatment are
generally considered to be residues or by-products with a high intrinsic value, containing
recoverable elements for different sectors. Despite this, steel slag is not always easily
recyclable, as mentioned above.

With the ambition of transforming steel slag into a precious catalyst for energy pro-
duction, we selected BOF slag for this study. The rationale behind this choice was (i) the
abundance of this material among the steel slags produced in Europe annually (60%);
(ii) the noticeable percentage that is landfilled as waste (about 15% corresponding to 1 Mt
per year [14]); (iii) the remarkable iron oxides content (20-25%), which we speculate to
be the HDO active species; and finally (iv) the absence of dangerous elements that can be
present in other materials, such as EAF slag, due to the use of scraps [21].

In order to evaluate the catalytic performance of BOF slag, two main grain sizes were
selected after the grinding and sieving of the pristine material: sizes < 1600 pm (labeled
as SLAG-1600) and sizes in the range 90-210 um (labeled as SLAG-90). Both slag samples
were used throughout all the experiments without any further treatment (see Materials and
Methods section).

The purpose of using two different particle sizes, rather than just the largest, lies in the
influence of particle size on catalyst activity and surface area. Smaller particles generally
offer a larger surface area, which can increase the availability of active sites for the catalytic
reaction. On the other hand, larger particles can exhibit different diffusion properties
and provide a more stable catalytic environment under certain conditions. By testing
both particle sizes, we aimed to evaluate how variations in surface area and particle size
distribution affect the selectivity, activity, and overall efficiency of the hydrodeoxygenation
process. Furthermore, using both particle sizes allowed for a more in-depth investigation
of the material’s performance under real-world conditions, where particle size distribution
can vary due to processing or handling.

2.2. Catalyst Characterization

The slag fractions were thoroughly characterized by means of XRD, XRF, and SEM-
EDX techniques together with physiochemical analyses (adsorption/desorption isotherms,
BET, BJH, TPD and TPR).

2.2.1. Mineralogical Analyses

X-ray diffraction (XRD) analyses provided information about the crystalline phases
present in the slag fractions (Figures S1 and S2). The data in Table 2 show the weight
distributions of such phases that mainly arise from calcium, aluminum and iron oxides,
with small amounts of metallic Fe, MgO and MnO,. The distribution appears to be
dependent on the grain size as it varies from SLAG-1600 to SLAG-90.

https:/ /doi.org/10.3390/ catal16030205



Catalysts 2026, 16, 205

40f19

Table 2. XRD analyses.

Weight Distribution (%)

Phases

SLAG-90 SLAG-1600

(90-210 pm) (<1600 pum)
Larnite, Ca;SiO4 65.1 39.6
Gehlenite, Cap Al(SiA1)Oy 0 10.2
Woustite, FeO 6.2 10.7
Hematite, Fe, O3 0 12.1
Magnetite, Fe304 5.8 42
Srebrodolskite, Ca,Fe;O5 9.7 14.7
Periclase, MgO 0 6.1
Metallic, Fe 5.1 2.4

Ramsdellite, MnO, 2.2 0

The chemical composition (elements and oxides) of the slag materials was studied by
means of X-ray fluorescence analyses (Table 3). The results highlighted the distribution
of elements and oxides between the two fractions under study, confirming a substantial
homogeneity for several components, with narrow ranges for most of the elements and
oxides, except for CaO and Fe;Os.

Table 3. XRF analyses *.

Weight Distribution (%)

Element/Oxide SLAG-90 SLAG-1600

(90-210 um) (<1600 um)
CaO 40.36 3417
SiO, 13.56 12.34
P,05 0.53 0.58
S 0.05 0.15
AlL,O; 3.18 5.57
MgO 7.59 7.37
Fe, O3 22.65 31.75
TiO, 0.44 0.46
MnO 1.15 147
LOI® 10.33 6.14

@ Toss of ignition. * Instrumental error: +0.02.

SEM analyses were carried out to gain information about the morphology of the two
BOF slag fractions (Figure 1).

The elemental surface composition of the catalyst material was determined via EDX
(Figures S3-56) by mapping different spots at different magnifications (100 um and 25 um)
for both granulometries. In addition, morphologically, the two slag fractions exhibited
no significant differences aside from their distinct granulometry. However, EDX analysis
revealed that the iron content on the surface was slightly higher in the case of SLAG-90
(Table 4).
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Figure 1. SEM images of SLAG-1600: (a) overview image at 100 pm, (b) 10 um expanded view;
SLAG-90: (c) overview image at 100 um, (d) 10 um expanded view.

Table 4. Slag EDX at different magnifications.

Distribution (%)

Element SLAG-90 SLAG-1600
100 pm 25 pym 100 pm 25 um
O 57.13 56.17 56.99 53.10
Mg 0.92 0.65 2.09 2.20
Al 1.34 1.00 0.00 1.31
Si 6.39 5.04 6.20 5.67
Ca 31.43 32.85 32.51 34.40
Fe 2.80 4.29 2.22 3.33
Total 100.00 100.00 100.00 100.00

The results confirmed the XRF analyses and showed a substantial homogeneity for
several elements on the slag surface independent of the grain size.

However, all these data required more specific physiochemical analyses to determine
the abundance of active sites on the surfaces of several fractions.

2.2.2. Physiochemical Analyses

To gain information on the surface features of slag, N, physisorption analyses were
conducted (Figure 2). The adsorption/desorption isotherms of SLAG-90 (Figure 2a,b) and
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SLAG-1600 (Figure 2c,d) were very similar, in accordance with the IUPAC nomenclature,
revealing a type III isotherm characterized by a convex shape, which is typical of weak
interactions with the gas phase. Additionally, the isotherm exhibited an H3 hysteresis loop,
commonly associated with the presence of interstitial pores formed by particle aggregates.
Overall, the materials can be classified as mesoporous (2-50 nm), as demonstrated in
Figure 2b, with a heterogeneous pore network characterized by a broad pore size distribu-
tion with large pores. Finally, the Sggt surface area values were very low in the case of both
samples: 6 m? g~! for the SLAG-90 and 10 m? g~! for SLAG-1600. These results suggest
that the different mean particle size of the samples does not demonstrate a significant
change in the porous structure of the materials.

0.05

SLAG-90
40 1 SLAG-90

BET Surface Area = 6.16 m?/g 0.04

30
0.03

20
0.02

Quantity Adsorbed (cm®/g STP)
dV/dlog(r) Pore Volume (cm?¥g)
dV/dlog(r) Pore Volume (cm¥g)

0.01 4

T T T 0.00 r
0.0 0.2 0.4 06 0.8 1.0 1 10

Relative Pressure (p/p°) Pore diameter (nm)
(a) (b)

0.05
SLAG-1600 SLAG-1600

BET Surface Area 10.43 m?/g

40

0.04

30
0.03 4

20
0.02

Quantity Adsorbed (cm®*/g STP)
dV/dlog(r) Pore Volume (cm?g)

0.01

0 T T T T 0.00 T
0.0 0.2 04 0.6 0.8 1.0 1 10

Relative Pressure (p/p°) Pore diameter (nm)

(c) (d)

Figure 2. Adsorption—desorption isotherms at 100 °C of (a,b) SLAG-90 and (c,d) SLAG-1600 samples.
Instrument error: £0.03.

The H-TPR profiles of the SLAGs are shown in Figure 3a. For both samples, two main
bands from 400 to 900 °C can be observed. The peaks can be attributed to the reduction
of different iron species. According to previous reports [22], the reduction of Fe** to
Fe?* in isolated ions, oligomeric clusters or nanoparticles is responsible for TPR peaks
below 500 °C, whereas the reduction of Fe?* to Fe in oligomeric clusters or nanoparticles
is ascribed to peaks between 500 and 900 °C. The two reduction profiles are practically
overlapped to indicate that, regardless of the sieving, the redox behavior of the samples
remains unchanged.
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Figure 3. H,-TPR profiles for (a) SLAG-90 and SLAG-1600, (b) iron oxides, SLAG-90 and SLAG-1600.

Figure 3b shows the TPR profile of iron(Ill) oxide A-Fe;O3 (hematite) compared with
the catalyst profiles previously shown.

The typical TPR-H, profile of the iron oxide consists of two fairly well separated
reduction peaks; the smaller low-temperature peak (300 °C) of the TPR curve, reflects the
first stage of the reduction of hematite to magnetite (x-Fe;O3 — Fe30O4), and the second
broad and much larger high-temperature peak (T > 400 °C) represents the reduction of
magnetite to metallic iron (Fe3O4 — Fe) [23]. In the TPR profile of both SLAGs, exactly the
same higher temperature reduction band is present as in the iron oxide TPR curve. This
confirms that the two main crystalline phases of iron oxide present in SLAGs are magnetite
and wiistite, which is in accordance with XRD results.

Since the HDO reaction is strongly influenced by the acidity and basicity of the
catalysts, measurements of CO, and ammonia TPDs were performed on the SLAGs to
acquire information on the quantity and strength of the surface acid and base sites. The
position and area of the desorption peak of the samples determined by CO,-TPD or
ammonia-TPD measurements are indicative of the basic and acidic strength and the number
of base and acid sites, respectively [24].

As shown in Figure 4a, all samples give two well-defined CO; desorption bands, which
are related to the presence of basic sites with different strengths. The low-temperature
desorption peak (<500 °C), with maximum desorption at 450 °C, is due to chemisorption
of CO; on basic sites of medium strength. The CO, desorption peak at around 600-800 °C
reflects, instead, the presence of strong basic sites on the slag surface. A quantitative
calculation based on the CO,-TPD and nitrogen physisorption measurements indicates
that the surface density of basic sites, defined as the number of moles of CO, adsorbed
per surface area of solids, is almost the same in both analyzed SLAGs (~85 pmol/m?). The
TPD profiles of ammonia are shown in Figure 4b. In the case of SLAG-1600, there is only
one well-defined peak centered at 300 °C that can be associated with medium-strength
acid sites.

The lower-grain-size sample (SLAG-90) shows, on the other hand, two bands. The
first, at the lower temperature (120 °C), is correlated to interaction with weak surface acid
sites, and the second, at 300 °C, is associated, as in the case of the previous sample, with
the presence of acidic sites of medium strength. The amount of chemisorbed ammonia
is different in the two samples: 100 umol/m? for SLAG-90 compared to 80 pmol/m? for
SLAG-1600. These experimental data indicate not only the presence of acid sites of different
strength on the two samples but also a higher overall surface acidity in the SLAG with the
lower grain size (SLAG-90). This TPD response can be associated with the surface metal
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composition highlighted by the SEM-EDX analyses. Indeed, in the SLAG-90 sample, the
iron content seems slightly higher than in the SLAG-1600 sample, justifying the different
balance and amount of acid sites revealed by TPD measurements.

750 2500
600 2000 -
© 450 o 1500
300 1000 A
150 4 SLAG-1600 500 4
SLAG-90 SLAG-90
0 . : : : 0 SLAG-1600
0 200 400 600 800 1000 0 2(‘)0 4(‘)0 6(‘]0 8[‘]0 1000
Temperature °C Temperature °C
@) (b)
Figure 4. (a) CO,-TPD and (b) ammonia-TPD profiles for slags.
2.3. Catalytic Test
The literature was consulted in selecting the hydrodeoxygenation conditions [25].
Using the pristine slag as a catalyst (sizes < 1600 um), the experimental set-up was calibrated
to handle 100-500 mg of fatty acids under a hydrogen pressure of 15 bar. From the
preliminary experiments conducted on two representative substrates, namely palmitic
(PA) and stearic acid (SA), encouraging results emerged, attested by a complete and
highly selective conversion (>90%) of these model fatty acids into the corresponding HDO
products, hexadecane (C16) and octadecane (C18), as is evident in the GC-chromatograms
displayed in Figure 5 [2].
E‘All:ane €16 (a) “,Alkane c18 (b)
standard C14 sla‘ndardcu
u 1
- Alkene c16 i
pliane c15 (- aldehyde C16 et
h‘k ,",r Alohel c16 4« ”/Alkanecn
I I” o I Alcohol
v e /’:o 0l C18
.lﬂ . A n 1 L~ - wax
g o0 b 100 00 2

Figure 5. Representative GC chromatograms of HDO reaction mixture for palmitic acid (a) and stearic
acid (b). HDO conditions: fatty acid 100 mg, slag catalyst 300 mg, 5 mL of hexane, Pfp = 15 bar,
T =260 °C, time = 10 h. Tetradecane was used as an internal standard.

Besides the expected alkanes, small amounts of the reaction intermediates, namely
aldehydes, alcohols, alkenes, and esters (waxes), were observed, together with the decar-
bonylation (DCN) and decarboxylation (DCX) side-products (C15 and C17).

All of them were formed according to the reaction pathways listed in Scheme 1, where
iron oxides are assumed to be the catalytically active species (see Section 3.1) [20,26]. These
results were obtained with both palmitic and stearic acids, thus confirming the slag as a
superior catalyst capable of achieving very high selectivity in the HDO of fatty acids.
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H,, [Fe] Hy, [Fe] acid sites
n-C;sH;;COOH n-CsH;;CHO ——» n-C;sH;;CH,OH —> n-C;4,H,qCH=CH
154131 R 154131 1541431 2 H.0 144129 2
- -2
palmitic acid (PA) hexadecanal 1-hexadecanol 1-hexadecene
H,, [Fe] \ _ Co, - H,0/ H,, [Fe] PA | -H,0 H,, [Fe]
(DCX) —-CO/(DCN)
H,
n-CysHs, n-CysH3,CO,C16Hz; —  n-CygHyy
pentadecane (C15) palmityl palmitate hexadecane (C16)
(wax) (HDO)

Scheme 1. Reaction pathways in HDO of fatty acids.

The successive catalytic experiments were carried out with palmitic acid as the sub-
strate. Firstly, the influence of the substrate/slag ratio was surveyed using the largest-
grained slag powder (SLAG-1600). As can be seen in Figure 6a, the expected decreased
catalytic activity (caused by the large granule sizes) was used to increase the impact of
this parameter. With a substrate/slag ratio of 5:3, a very low conversion was observed,
suggesting that the massive amounts of PA substrate adsorbed on the catalyst surface had
an inhibitory effect. Conversions increased when the ratio was reversed in favor of the
slag, eventually reaching completeness with a 1:3 ratio. The blank experiment, conducted
without the slag, confirmed that this material is truly a catalyst for the process.

Notably, the data in Figure 6a clearly show that steel slag behaves as a precious catalyst,
yielding the hydrodeoxygenation product (C16) with a selectivity of 90%, a truly astonishing
result considering that this material is made from a non-pretreated, inhomogeneous waste
powder possessing large grain sizes.

Next, due to the low TONSs (turnover numbers) exhibited by the largest grains (SLAG-
1600), the influence of particle dimension was examined by comparison with the smaller
slag particles. Adopting a substrate:slag ratio of 5:3, conversion remarkably increased with
the decrease in grain sizes, passing from 10% (SLAG-1600) to 90% (SLAG-90) (Figure 6b).
The difference in productivity is associated with the different surface properties exhibited
by the two catalysts. In the case of the sample with the lower grain size, the higher
concentration of surface iron ensured the availability of a greater number of active metal
sites and a catalytic surface with an optimal synergy of low- and medium-strength acid
sites, as highlighted by ammonia-TPD experiments (Figure 4b).

The HDO reaction was likewise predictably impacted by temperature. To magnify the
influence of such a parameter, an even higher substrate/slag ratio of 5:1 (wt/wt), together
with the smaller slag size (SLAG-90), were adopted, monitoring a large temperature range
(260-340 °C). Due to the growth of undesirable cracking products, heating at temperatures
higher than 340 °C was avoided. Expectedly, the temperature increase enhanced the slag
performance in a sensible manner, enabling a 60% conversion rate without decreasing
selectivity toward HDO products (Figure 6c).

Solvent and reaction time were adjusted by means of the targeted experiments listed
in Figure 6d. Hydrocarbon solvents were found to be the best reaction media. Among them,
heptane offered the best performance, achieving the maximum conversion and limiting the
cracking by-products.

Finally, the hydrogen pressure effect was investigated in the range of 15-30 bar. The
lowest temperature in the range (260 °C) was adopted to magnify the effect. The results are
shown in Figure 6e. At lower pressure, little conversions were observed, accompanied by
high selectivity toward an HDO product. With the increase in Hj pressure, a correspond-
ing increase in fatty acid conversion was observed, but at the same time, the selectivity
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gradually decreased due to the formation of cracking by-products. Therefore, 15 bar was
selected as the optimal pressure for the successive experiments.

100 r 100 100 - - 100
[ Wax W ax
mmm hexadecanal (C15-CHO) = hexadecanal (C15-CHO)
0 | = pentadecane (C15) l 80 go | ™= pentadecane (C15) L 80
mmm hexadecanol (C16-OH) I hexadecanol (C16-OH) _
mmmm hexadecane (C16) 3y B hexadecane (C16) g
= 60 4 —o— PA conversion L 60 % ~ 60 1 —o— PA Conversion | 60 S
£ s @
- oo 5]
© 0|l z
£ 40 L 40 2 || > 40 L 40 ©
o O
< <
< a
20 L oo & 20 - L 20
0 - Lo 0 -
blank 53 2:3 1:3 SLAG-1600 SLAG-90
substrate/slag ratio (wt/wt) slag range size (um)
(a) (b)
100 r 70 100 1
. wax m5h
[ hexadecanal (C15-CHO) 60 m10h
[ pentadecane (C15) i 80
80 1 E=mhexadecanol (C16-OH)
I hexadecane (C16) L 50 = =
—o— PA conversion s s 60
g 60 L a0 & © 597
= 4 o
ke’ [ k)
£ 40 r3o 2 T 40 A
3 Q
20 < >
20 20 A
+ 10
0 ] 0
340 Hexane Heptane Tetradecane
Solvent
() (d)
100 - m Conversion
mHDO Selectivity
< 801
=
2
8 ]
[
Q
8 40
o
]
g
G 20 1
o
0
10 15 20 25 30
Pressure (bar)

(e)

Figure 6. Studies of factors affecting Sthe slag-catalyzed HDO reaction. (a) Influence of the sub-
strate/slag ratio (wt/wt): substrate (PA) 100-500 mg, SLAG-1600 300 mg, solvent (hexane) 5 mL,
Prp =15bar, T =260 °C, time = 10 h. (b) Influence of the slag particle sizes: substrate (PA) 500 mg;
slag catalyst 300 mg, solvent (hexane) 10 mL, Pyyp = 15 bar, T = 260 °C, time = 10 h. (c) Temperature de-
pendence: substrate (PA) 500 mg, SLAG-90 100 mg (5:1 wt/wt), solvent (hexane) 10 mL, Py, = 15 bar,
time = 10 h. (d) Solvent and time effect: substrate (PA) 500 mg, SLAG-90 100 mg (5:1 wt /wt), solvent
10 mL, Pyyp = 15bar, T = 340 °C, and time = 10 h. In the case of tetradecane, conspicuous amounts of
cracking products were found. (e) Pressure dependence: substrate (PA) 500 mg, SLAG-90 100 mg,
solvent (hexane) 10 mL, T = 260 °C, time =5 h.

A final optimization test was carried out to incorporate the optimal energetic condi-
tions and accomplish quantitative conversion after these crucial parameters were methodi-
cally investigated. A yield of around 100% of the hydrodeoxygenation product (C16) was
successfully obtained using a substrate/slag ratio of 2:3, the finest slag powder (SLAG-90),
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a temperature of 260 °C, heptane as the solvent, and a hydrogen pressure of 15 bar. This
outcome validates the improved protocol’s great efficacy.

3. Discussion
3.1. Mechanistic Insight

Due to the complex structure and the variable composition of the steel slag samples
(Section 3.2), attempts were made to identify both the active species and a plausible
mechanism operating in the HDO reactions under study. Regarding the active species,
attention was paid to the iron oxide components (FeOy), which are abundant in the slag
matrix (21-32%, see Table 2) and have long been known to be HDO catalysts, specifically in
the selective reduction of carboxylic acids to aldehydes [27,28]. Many different Fe-based
catalysts have been studied in this field [29], for example in the hydrodeoxygenation of
lignin-derived phenolic compounds [30] and in the deoxygenation of fatty acids [31,32].
However, very few HDO studies have focused on pure iron/iron oxide phases as bulk
catalysts. On this basis, guided by the literature and appropriate experimental data, we
formulated the following hypotheses on the role of the catalyst material.

3.1.1. The Plausible Mechanism

Iron shows more promising features as an HDO catalyst candidate compared with
other non-noble metals such as Ni and Co, as it is among the cheapest and most abundant
transition metals [33]. In addition, due to its high oxygen affinity, it exhibits a higher oxygen
removal percentage, a useful feature for the regeneration of oxygen vacancies, which is a
crucial HDO pathway.

From a mechanistic point of view, it is well known that deoxygenation of carboxylic
acids requires the coexistence on the catalyst surface of multiple functionalities, such as
metallic sites to deliver hydrogen, acid sites for alcohol dehydration, and oxygen vacancies
for C-O cleavage and oxygen abstraction [7]. The synergistic effect of these sites determines
a partial or complete deoxygenation.

Recent studies on iron-based HDO catalysts [5,29,31] suggested the pathways depicted
in Scheme 2.

H_ R R
R C l
| Il H{ ™ Cx
H C=Q H H 0) ~N H/ 0
' O ! -H0 / H-> i
O Fe— —» —Fe—O ] Fe— > —Fe—0—| |—Fe—
' hydrogenolysis | E |
1':6 Fe
Oxygen vacancy Oxygen vacancy
regeneration
i lu‘
H ! Acid sites

—Fa— — — —Fe—0 Fe—
Fe O—L J—Fe [_H20 _I— |
Fe +H, Fe

dehydration/
hydrogenation

Scheme 2. Plausible mechanism for HDO of fatty acids on slag catalyst.

At first, activated hydrogen at the metallic Fe? sites on the slag surface migrates (by
spillover) to the fatty acid, which in turn is bound to oxygen vacancies, and this favors
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multiple C-O bond scission, affording aldehyde and alcohol. Next, dehydration and
hydrogenation reactions on acid sites lead to alkene and alkane formation.

The hypothesis of a mechanism based on the coexistence of different active sites is cor-
roborated by recent studies [32], suggesting an active transformation of the catalyst surface
through a continuous reduction by H, and oxidation by the carboxylic acid, presumably
through a reverse Mars—van Krevelen mechanism [34].

The oxygen vacancies, created by hydrogen reduction, can abstract oxygen atoms
from fatty acids, restoring the initial surface structure. Similar conclusions on the formation
of a Fe(0) phase were reached by Pestman et al. in studies on the HDO of acetic acid
to acetaldehyde over iron oxides [35]. Alternatively, water release after the first step
could regenerate the vacancy, or oxygen could remain inside the oxide lattice, filling the
vacancy itself.

Experimental proofs were sought to support these assumptions. Specifically, in-depth
XRD analyses of slag samples (Table S1 and Figures 7, S1, S2 and S7) provided valuable
information on the crystalline phases, showing that Fe(0) (metallic) weight percentage
increases under the hydrogenation conditions, corroborating the hypothesis of an active
transformation of the slag surface.

Weight %

70

60

50 -

30 4

20 4

10 A

Larnite
Ca,Sio,

SLAG 1600
ESLAG 90
M SLAG 90 reduced

alna, 1]

Gehlenite Wustite Hematite Magnetite Srebrodolskite Periclase  Metallic Ramsdellite Coesite Portlandite Wollastonite
Ca,ALSiO, FeO Fe,0, Fe;0, Ca,Fe,0; Mgo Fe Mno, Si0, Ca(OH),  CaSi,0,

Figure 7. XRD analyses of slag fractions.

3.1.2. HDO vs. DCN Selectivity

Another crucial aspect addressed was explaining the high selectivity exhibited by the
slag catalyst. The tendency of Fe to favor hydrodeoxygenation (HDO) over decarbonylation
(DCN) can be directly related to the high iron oxyphilic nature and consequently to the
strength of the Fe-O bonds formed during the reaction (see Scheme 2) [36]. This capacity
allows for longer retention times of the oxygenated intermediates on the slag surface,
preventing the reaction from stopping at the carbonyl stage (Scheme 3, path a), thus
enabling the successive steps of alcohol formation (path b) and dehydration/hydrogenation
(paths d-e) that afford the HDO product R-CHj3 [32]. An opposite selectivity is generally
observed with Pd, Ni and Co metals, which display a carbophilic nature and tend to form
weaker bonds with oxygen, thus stopping the reaction pathway at the carbonyl stage and
consequently favoring the decarbonylation product R-H (path c) [11,37].
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+H +
R-COOH T2> R-CHO ﬁf—2> R-CH,OH
R +H, path f)
pat i 555
_ +H
R-H R-CH=CH, ——=—> R—CH;
minor product path e) major product
(DCN) (HDO)

Scheme 3. Representative pathways for HDO versus DCN selectivity with slag catalyst.

Special attention was also paid to establishing the role played by the slag lattice in this
process to understand if it takes part in drawing the selectivity toward hydrodeoxygena-
tion products.

The ammonia-TPD profile (Figure 4b) showed SLAG-90 displaying a surface acidity of
100 pumol/m?, with acid sites of both weak and medium strength. These data can explain
the capacity of the catalyst to perform the final steps of alcohol dehydration/hydrogenation
in Scheme 3 (path d—e), producing the HDO product. Remarkably, the slag also possesses
basic sites, as shown by the CO,-TPD profile (Figure 4a), that do not seem to hinder the
HDO process, but, on the contrary, could favor it by improving the adsorption of fatty acid
molecules on the slag surface through an acid-base reaction.

Nevertheless, another mechanism that is alternative to paths d—e, known as the reverse
Mars—van Krevelen pathway (path f), is often invoked in the case of the HDO process
over reducible metal oxides. In this route, the catalyst can directly remove the O atom
from the alcohol by C—O bond scission over an oxygen vacancy with a simultaneous H
back-donation from the OH, leaving the O in the oxide lattice [31,38]. To ascertain if this
mechanism is operating with slag, a control experiment was carried out by submitting
benzoic acid to HDO conditions [32]. The yield of 78% confirmed our assumption, as
benzyl alcohol, one of the key intermediates, is forced to react via a reverse Mars—van
Krevelen kind of mechanism rather than dehydration/hydrogenation because of the lack

of «-H (Scheme 4).
Oreom 2 O
yield 75%

h CH, - H
= QCHon padt v N4
| (0] I

SLAG-90
_

PHz 15 bar
260 °C/hexane

oxygen
vacancy
acid sites no o-H
pathd reverse Mars-van
Krevelen

Scheme 4. A reverse Mars-van Krevelen mechanism involved in the slag-catalyzed HDO of benzoic acid.
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3.2. Recycling Experiments

Recycling tests were conducted to evaluate the deactivation resistance of the slag
catalyst under HDO conditions. Due to the large-volume availability of slag and its
virtually zero cost, the potential industrial application of this material was verified using
soybean oil as a model triglyceride representative of waste lipid feedstocks used in a real
industrial process of biofuel production (WCO, exhaust and fish oils, etc.) (Table S2).

The results listed in Figure 8 clearly show that the steel slag catalyst exhibits good
performance and stability across six recycling experiments, displaying no loss of catalytic
efficiency without any regeneration treatment. This statement was also corroborated by
ICP-MS analyses, resulting in a total iron content of 13.0% for the initial sample and 10.5%
for the recycled one. The absence of deactivation, even when switching to a more complex
substrate, underscores the inherent stability and promising potential for successful scale-up
of this catalytic system to the industrial level.

Recycling tests
100

60
4
2
| Il ]l v \% \

m Conversion (%) mHDO selectivity

[0.0]
o

o

o

Ylield (%), Selectivity (%)

o

Figure 8. Recycling tests for HDO of soybean oil catalyzed by SLAG-90, Roman numerals are
associated with the corresponding catalytic recycling test (for details see Section 2.3).

3.3. Comparison of Slag Catalytic Performance

To highlight the qualities of slag as a catalytic material, its performance in the HDO
process was compared with that of the most efficient Fe-based catalysts reported in the
literature. Based on the data in Table 5, it clearly emerges that the slag is a superior HDO
system. While it is active in the pristine form, the analogous catalysts require complex
preparation procedures (commonly impregnation followed by calcination). In addition,
slag can operate under milder temperatures and H; pressure conditions, enabling a more
convenient and sustainable industrial process.

Table 5. Comparison with Fe-based catalysts for HDO reactions reported in the literature.

Catalyst (Coptent %) Feedstock/Loading HDO Conditions Results Ref.
BOF steel slag (20-25%) Substrate = palmitic acid Py 15 bar, 260 °C, 5-10 h Conv. >99% .
(pristine material, ground, Sub/catalyst = 2:3 (/) lvent = heptan HDOw .t o 90% This work
no-chemical pretreatment) ub/catalyst = = solvent = heptane selectivity 770
(ci;ar;ﬁigfﬁ‘léc(zgc’h(fr(e) ?gr Substrate = stearic acid Ppp 40 bar, 320 °C, 8 h Conv. >99% [32]
catalyst preparation) Sub/catalyst = 3:2 (w/w) solvent = dodecane HDOgelectivity 90%
(Comee‘ysgcfdﬁ)re o Substrate = oleic acid Pppp 30 bar, 290 °C, 6 h Conv. >99% -
plexp Sub/catalyst = 1:4 (w/w) solvent = hexane HDOgelectivity 83%

catalyst preparation)
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In addition, the industrial application of slag as an HDO catalyst presented a strategic
trade-off between kinetic intensity and process sustainability compared to commercial
catalysts (NiMo/y—Al, O3, NiW /y—Al,O3, CoMo/y—ALO3). Commercial catalysts ex-
hibited higher intrinsic activity and standardized selectivity. In contrast, slag required
more rigorous experimental optimization to calibrate the feedstock load and residence time
(as previously highlighted), ensuring a balance between conversion rates and complete
deoxygenation. Slag demonstrated superior mechanical robustness and a high resistance to
impurities (S, N, P) found in crude biomass, which typically “poison” expensive commer-
cial alternatives. Its mineral matrix is ideal for continuous operation in tubular reactors
without significant structural degradation. While commercial catalysts involve high pro-
duction costs and mining footprints, slag is a zero-cost industrial by-product. Utilizing slag
facilitates a circular economy model, significantly reducing operational costs (OPEX) and
the overall carbon footprint of biofuel production.

4. Materials and Methods

Reagents and solvents were procured from Sigma-Aldrich and used as received. Steel
slag was provided by “Acciaierie d’'Italia (ADI, Taranto, Italy)”, the Italian industry that
produces steel through an integrated cycle. The catalytic material used in this work was the
Basic Oxygen Furnace (BOF) slag, which is produced during the process of converting pig
iron into steel (see Section 3.1). For catalytic evaluation and to ensure the reproducibility of
the samples, the slag was sampled and prepared in the ADI laboratories through grinding
procedures to obtain particle sizes smaller than 1600 pm. Subsequently, the obtained
material was further sieved to obtain 90-210 um particle sizes (the amount of material
smaller than 90 um was negligible). The two samples were labeled as SLAG-1600 and
SLAG-90 and were used throughout all the experiments without further treatment. Multi-
sample analyses revealed optimal reproducibility throughout different industrial batches,
maintaining an uncertainty in composition of less than 5%.

The hydrogen source was generated through a H2 Generator Desk (MicroPROGEL.
Padova, Italy) with an available flow rate of up to 1200 cc/min, outlet pressure of up to
16 bars and hydrogen purity > 99.99999%.

4.1. Material Characterization
4.1.1. Mineralogical Analyses

Spectroscopic characterization was carried out by XRD, XRF and FESEM-EDX tech-
niques to ensure the mineralogic (phases) and the chemical (elements or oxides) compo-
sition of slag materials. Analyses were conducted on both the pristine BOF slag and the
various fractions obtained by grinding and sieving.

4.1.2. Physiochemical Analyses

Surface areas and pore size distributions were derived from N2 adsorption/desorption
isotherms at 77 K (using a Micromeritics Tristar analyzer, Norcross USA Micromeritics). The
BET equation [39] was used to calculate the surface area from the N2 adsorption isotherm,
and the BJH method [40] was used to assess pore size distribution. Total pore volume was
taken at P/P0 = 0.99.

Further instrument details are reported in the Supplementary Materials.

4.2. General Procedure for HDO Reaction

Typically, a stainless-steel autoclave reactor (300 mL) was filled with feedstock (stearic,
palmitic acid, or soybean oil) (0.5-1 g) and the slag catalyst (0.1-0.3 g), together with
a magnetic stirrer, after which the solvent was added (10 mL of hexane, heptane, or
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tetradecane). Then, the reactor was shut, purged three times with Hy and charged at
the hydrogen pressure of 15-30 bar. After that, it was heated for five to ten hours at
temperatures in the range of 260-340 °C while being stirred at 300 rpm.

Upon completion, the reaction mixture was centrifuged, and the supernatant was
analyzed by GC/MS (GC-MS Shimadzu instrument Milano, Italy) to determine product
yields and substrate conversions. For every experiment, the rate reproducibility was better
than 5%.

The work-up was the same for recycling testing, and following centrifugation, the
catalyst was recovered and dried at 60 °C for a few hours to eliminate any leftover solvent
traces. The catalyst was then moved to the autoclave once more for the subsequent reaction.

4.3. Product Analysis

The fatty acid composition of soybean o0il was determined by standard analyses (see
Table S1 for details). Hydrodeoxygenation products were examined as follows: a total of
1 mL of the liquid phase sample was taken from the reactor, and 200 mL of silylating agent
BSTFA (N,O-Bis(trimethylsilyl)trifluoroacetamide) was added in order to analyze fatty acid
conversion by GC-MS. Silylation was carried out for one hour at 60 °C. Tetradecane was
added as an internal reference for quantitative calculations. The samples were analyzed
using a GC-MS Shimadzu instrument, as reported in detail in the Supplementary Materials.

5. Conclusions

The results of the present study have shown that BOF steel slag, one of the main
wastes from the steel industry, displays promising catalytic performance for green diesel
production by the hydrodeoxygenation of lipidic matrices (fatty acids and triglycerides).
The unrecycled slag, classified as waste, is a large-volume material available at virtually no
cost and does not require any pretreatment to work in HDO, other than a light grinding (to
less than 200 um) to make the material more homogeneous and increase its specific surface.

In addition to being effective in the pristine state, slag is surprisingly selective (>90%)
toward the most desirable hydrodeoxygenation (HDO) pathway, while minimizing the
parasitic processes of cracking, decarbonylation (DCN) and waxes production.

Fe oxides, which are abundant in the slag matrix (20-25%), are assumed to be the
active species together with Fe?, which is generated during the reaction. The oxyphilic
nature of iron justifies the high HDO selectivity, and acid and basic sites seem to work in
synergy with iron sites.

In addition to its catalytic efficiency, the use of steel slag significantly contributes
to waste valorization, offering a sustainable solution to large-scale industrial waste man-
agement. By utilizing this abundant by-product, the process not only reduces the en-
vironmental footprint of steel production but also minimizes the reliance on costly and
resource-intensive catalyst production.

Finally, the slag proved to be robust and resistant to deactivation, with the ability to
be recycled many times and to work on more complex substrates such as soybean oil. High
availability, no cost, selectivity and stability render the BOF slag a promising candidate for
successful scale-up to the industrial level in green diesel production.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal16030205/s1, Instrument analyses, Figure S1: XRD analyses
of SLAG-1600, Figure S2: XRD analyses of SLAG-90, Figure S3: SEM-EDX analyses of SLAG-1600
with 100 um magnification, Figure S4: SEM-EDX analyses of SLAG-1600 with 25 um magnification,
Figure S5: SEM-EDX analyses of SLAG-90 with 100 pm magnification, Figure S6: SEM-EDX analyses
of SLAG-90 with 25 um magnification, Figure S7: XRD analyses of SLAG-90 reduced, Table S1: XRD
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analyses of slag fractions, Figure S8: XRD analyses of SLAG-90 post reaction, Table S2: Fatty acids
composition of soybean oil [41].
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