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Abstract

The utilization of red mud is a topic of significant interest due to its great production around the world, being the major
by-product of alumina production. Nevertheless, its correct valorization is a matter of great complexity. In this work, we
propose a novel use of red mud as a catalyst for the release of hydrogen from hydrolysis of ammonia borane in mild
conditions. Ammonia borane is among the best chemical hydrogen carriers with a gravimetric hydrogen capability of up to
19 wt% but is characterized by a complex reactivity under thermal stimuli. Accordingly, ammonia borane hydrolysis has
emerged as a solid route for direct and safe hydrogen release. In this work, we achieved complete hydrolysis of ammonia
borane both at 30 °C and 40 °C after 660 s and 12 s, respectively, with a red mud loading of 10 wt%. The addition of
red mud decreased the activation energy of the hydrolysis reaction over 90% and increased the kinetic constant over two
orders of magnitude. Furthermore, red mud preserved the catalytic activity after three cycles with no significant changes.

Keywords Ammonia borane - Hydrogen storage - Red mud - Hydrogen evolution - Hydrolysis

1 Introduction

Nowadays, energy demand has considerably depleted the
available resources compromising the quality of both health
and environment [1]. Several complex waste streams retain
a great value in resources even if their efficient utilization is
quite complex [2, 3]. Among them, the solid waste residue
resulting from the alkaline digestion of bauxite ores known
as red mud (RM) is of particular interest due to its com-
position rich in alumina, silica, iron oxide, and titania [4,
5]. The disposal of RM is quite complex due to its diverse
composition and the amount produced (around 600 Mton in
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2019 [6]). RM disposal is also expensive and represents up
to 2% of the final cost of alumina. Accordingly, the efforts
of both the academic and industrial communities have
been devoted to the valorization of RM with the minimum
amount of efforts due to its relatively stable composition
considering its major components [7]. Venkatesh et al. [8]
diffusely described the utilization of RM as an additive for
the production of reinforced cement, while other authors
proposed the use of RM as a composite filler [9-11] or as a
catalyst [12—14]. Particularly, Das et al. [15] suggested the
utilization of RM-based catalysts for the green energy tran-
sition in the thermal cracking of several feedstocks. Interest-
ingly, RM catalyst can be efficiently used for the production
of molecular hydrogen, as reported by Kurtoglu et al. [16].
The authors used an RM-derived catalyst for the release of
molecular hydrogen from the decomposition of ammonia
while other studies reported similar processes using meth-
ane [17]. Hydrogen release from molecular stable precur-
sors is a promising solution for achieving a carbon-negative
society based on hydrogen-fuelled technologies [18, 19].
Among safe hydrogen storage precursors, ammonia borane
(AB) stands as one with the highest gravimetric capacity up
to 19.6 wt%. Nevertheless, AB complex thermal reactivity
[20] prevents its use for the release of molecular hydrogen
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under thermal stimuli [20]. Alternatively, AB hydroly-
sis represents a simple and solid alternative route for the
release of hydrogen in presence of water using several types
of catalytic materials [21], including ionic liquids [22-24],
carbon [25] or inorganic porous species [26—28], and nano-
structured metal supported catalysts [29-34]. Actually, the
most performing catalyst contains costly supports (i.e. car-
bon nanotubes [35], graphene oxide [36]) and contains criti-
cal raw metals such as platinum group metals [37-41].

In this work, we investigated the utilization of RM as
catalysts for AB hydrolysis under mild conditions to merge
the virtuous management of RM with the challenging
field of chemical hydrogen storage and release. We inves-
tigate the use of RM as an efficient, low-cost catalyst for
the hydrolysis of AB under mild conditions valorizing an
industrial waste while enabling high hydrolytic conversion
of AB with release of hydrogen. Contrary to conventional
catalysts based on scarce or expensive metals, RM provides
an abundant alternative with inherent catalytic activity due
to its composition, particularly iron, aluminum, and tita-
nium oxides. Furthermore, RM exhibits excellent stability
and reusability over multiple cycles, reinforcing its potential
for scalable applications. This work stands out by merging
waste remediation with clean energy production promoting
a virtuous approach to hydrogen storage and release.

2 Materials and Methods
2.1 Materials

Sodium Borohydride (>99%), Ammonium sulfate (>98%),
and tetrahydrofuran (THF, >98) were purchased from
Merck-Sigma Aldrich and they were used without any addi-
tional purification.

RM was provided by Alcan International Ltd., Canada
as slurry, dried in a muffle oven at 105 °C for 12 h and then
pulverized manually.

2.2 Synthesis of AB

AB was synthesized and purified accordingly with an exper-
imental procedure reported by Ramachandran et al. [42].
NaBH, (3.25 g, 0.086 mol, 1 eq.) was dissolved in 150 mL
of THF and (NH,),SO, (13.21 g, 0.100 mol, 1.1 eq.) and
the reaction mixture was stirred at 40 °C for 6 h. The reac-
tion mixture was cooled down and filtered to remove the
Na,SO, formed and the solution was dried to recover AB
as a white solid, which was further dried under vacuum at
40 °C overnight. AB was used without any further purifica-
tion. AB was analyzed in order to evaluate the presence of
contaminants and no other species were detected.
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2.3 Materials Characterization

RM was characterized using Raman spectroscopy (Ren-
ishaw inVia (H43662 model, Gloucestershire, UK) equipped
with a red laser line source (785 nm) in the range from 200
to 1000 cm™.

RM were analyzed through Fourier transform infrared
(FT-IR) (ATR mode) spectroscopy using a TENSOR II
spectrometer (Bruker) equipped with a ATR module Plati-
num IT (Bruker).

The specific surface area of RM was measured using
N, sorption at —196 °C by using a Micromeritics Tristar I1
(Micromeritics Instrument Corporation, USA) and applying
the Langmuir model.

XRD patterns were acquired by using a Panalytical dif-
fractometer (X’PERT PRO PW3040/60 Almelo, The Neth-
erlands). with a Cu K o radiation at 40 kV and 40 mA as
X-Ray source. The diffraction patterns were obtained from
RM powder in the 26 range from 20° to 80° (step size of
0.013°) and analyzed by using QualX software.

RM was investigated by using X-ray photoelectron
spectroscopy (XPS) using a PHI 5000 VersaProbe Physical
Electronics (Chanhassen, MN, USA) scanning X-ray pho-
toelectron spectrometer (monochromatic Al K-alpha X-ray
source with 1486.6 eV energy, 15 kV voltage, and 1 mA
anode current).

The elemental composition and morphology of RM
particles were investigated using a Field Emission Scan-
ning Electrical microscope (FE-SEM, Zeiss SupraTM 25
Oberkochen, Germany) operating at 5 keV equipped with
an energy dispersive X-ray detector (EDX, Oxford Inca
Energy 450, Oberkochen, Germany) operating at 10 keV.

2.4 AB Hydrolytic Test for Hydrogen Evolution

AB hydrolysis was carried out at different temperatures
(20, 30, and 40 °C) in a nitrogen atmosphere using a proce-
dure established by Gianola et al. [43]. RM was placed in a
two-neck flask connected to a gas burette and to a pressure-
equalized funnel as reported in Scheme 1.

RM was stirred at 300 rpm for 10 min and AB was added
reaching a final concentration of 0.5 M and an RM/AB ratio
of 0, 5, and 10.0 wt%. The hydrogen evolution was moni-
tored using the gas burette considering the external pres-
sure and temperature. After the catalytic test, the catalyst
was recovered by filtration, dried under vacuum (20 mbar,
50 °C). Each catalytic test was replicated three times and no
detectable changes were observed among them.

Conversion was calculated as follow:

NHs produced

Conwversion : 100 * —F=2==% @)
NH; ap
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Scheme 1 Set up for monitoring gas evolution: (1) heater, (2) reaction vessel, (3) volumetric burette, (4) expansion chamber and (5) barometric
station

PxV AFE
MHaproaucea= 4 T @ In(k) =In(a) + 7, 3)
where P is the measured atmospheric pressure, V is the vol-  where k is a rate constant, a is a pre-exponential factor, R is
ume of hydrogen released, T is the temperature and R is the  the gas constant, and T is the reaction temperature measured

molar gas constant. in K.
Kinetic constants (k) for each reaction were obtained by

using a pseudo first order model as reported by Abutaleb

et al. [44] and activation energies (AE,) were calculated by

using the Arrhenius equation [45] reported as follows:
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3 Results and Discussion
3.1 Characterization of the Catalysts

The materials were initially characterized by XRD, IR and
Raman spectroscopy (Fig. 1).

Asreported in Fig. 1a, the XRD pattern of neat RM (black
curve) shows the simultaneous presence of silica, iron oxide,
alumina, and sodium oxide, with traces of titanium oxide, in
accordance with the current knowledge of RM composition
[46]. Raman spectrum of this sample (Fig. 1b, black curve)
supports the presence of such species with signal centered at
222 and 292 cm™!, 405 cm™! and 610 cm ™" due to the vibra-
tional mode Fe-O, Si-O and Al-O, respectively [47]. As
reported in Fig. 1c, FT-IR spectra showed the ng; (, centered
at 997 cm™! [48] and the Np..o [49] centered at 429 cm’!
prior and after three catalytic cycles without observing any
residual species from AB hydrolysis [20]. There are no evi-
dence of residual organic contaminants from the recovery
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process of RM suggesting that the procedure enforced for
recovery it guaranteed good reproducibility despite the
collecting period [4]. The morphological analysis of RM
(Fig. 2a) showed the presence of micrometric flower-like
particles with a specific surface area of up to 8.3 m?> g™! and
a pore volume of up to 0.06 cm®/g. The elemental composi-
tion reported in Table 1 showed a significant amount of iron
and aluminum up to 30.2 and 13.5 wt% respectively. Such
a large amount of these elements is critical for the utiliza-
tion of RM as a catalyst for AB hydrolysis as mentioned by
several authors [50, 51]. On the other hand, the presence of
Ti (5.1 wt%) and Na (4.3 wt%) can be highly beneficial for
the RM catalytic activity in the hydrolysis of AB as reported
by Kalindi et al. [52].

As reported in Fig. 3a, the iron contained into RM was
Fe(IIl) with a two peaks (2 p 3/2 and 1/2) centred at 711.0
and 724.6 eV respectively and two satellite peaks at 715.4
and 732.4 eV. The signal of Al 2p showed only a one peak
due to AI(III) centered at 73.5 eV. The oxidation states of

(b) Fe-O Si-0
2
3
o
S
g
2
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Wavenumbers (cm™)
——— RM exhausted
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Fig. 1 Investigation of the crystalline structure of RM prior (black
lines) and after five catalytic cycles (red lines) using (a) XRD in the
2q range from 20° up to 80° and (b) Raman spectra of RM before and
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after three catalytic cycles in the region from 200 to 1000 cm™ and
(¢) FT-IR (ATR mode) spectra of RM before and after three catalytic
cycles in the region from 500 to 4000 cm ™!
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Fig.2 FE-SEM images of RM (a) before and (b) after five catalytic cycles

Table 1 Chemical composition evaluated through EDX analysis of
RM before and after five catalytic cycles

Element RM (wt%)
Neat After five catalytic cycles

o 412 393
Na 43 45
Al 13.5 13.2
Si 5.7 5.1
Ti 5.1 52
Fe 30.2 32.7

both iron and aluminum were in good agreement with the
XRD data and the presence of their oxides.

3.2 Catalytic Tests

The AB hydrolysis mechanism is summarized in Fig. 4
showing a selective production of molecules of H, for each
unit of AB reacted with water and the formation of adsorbed
boron species [53] on M(II) sites. As reported by Lapin
et al. [51], the acidic sites of metal are able to drastically
increase the hydrolytic kinetics of AB hydrolysis while the

——Fe2p
a
@) —— Fe** 2p 312
——— Fe® 2p 3/2 satellite
|| MO ——Fe%2p 112
T ——— Fe%* 2p 112 satellite
3 —— Background
o
=
5
2
g RM reovered
£

730 720 710 700

Binding energy / eV

740

other oxides (i.e.silica, titania, and sodium oxide) can fur-
ther boost this reactivity through adsorption processes as
reported by several authors [54-56].

The simultaneous presence of both Fe(Ill) and Al(III)
as shown by Fig. 3 and b support the acid sites mediated
mechanism of RM while the XRD spectrum (Fig. 1a) con-
firmed the presence of complex support of mixed and poorly
crystalline oxide.

We evaluated the hydrogen release from AB hydrolysis
process at temperatures from 20 °C to 40 °C using a RM
loading ranging of 0, 5 and 10 wt%, as reported in Fig. 5,
evaluating both AE, and k as reported in Table 2).

As reported in Fig. 5a, the non-catalyzed hydrolysis of
AB involves a very slow and poor release of hydrogen,
reaching a maximum conversion of 21.2% at 20 °C after
900 s according with the literature [57]. A moderate incre-
ment was observed by increasing the temperature up to
40 °C with a conversion of 32.3%, while a comparable
conversion to that obtained at 20 °C was observed at 30 °C
(24.8%). The increase in reaction temperature slightly
affected k, that reached a value of 9.0-107 s™! at 40 °C.
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Fig.3 XPS spectra of (a) Fe and (b) Al of RM (a) before and (b) after five catalytic cycles
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Fig. 4 Hypothetical mechanism of AB hydrolysis over multimetallic RM catalyst
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Fig. 5 Hydrogen release experiments carried out using a loading of RM of (a) 0 wt%, (b) 5 wt%, and (¢) 10 wt%

As shown in Fig. 5b, the addition of RM with a loading of
up to 5 wt% improved the hydrogen release reaching total
conversion after 240 s at 40 °C, with an increase in k from
2.0-:1073 s71 (20 °C) to 14.0-1073 (40 °C). These values are

@ Springer

10 times higher than those obtained for the non-catalyzed
reaction. A further increase in RM loading up to 10 wt%
(Fig. 5c) further improved the activity, with this sample
reaching a total conversion at 30 °C after 660 s with a k of



Complex Waste Stream Utilization for Hydrogen Evolution: Ammonia Borane Hydrolysis Over Red Mud Catalyst...

Page70f 10 273

Table 2 Values of AE, and k of hydrolysis of AB under different load-
ing of RM

RM ks AE,

loading (Wt%) 20 °C 30°C 40 °C (kJ
mol’l)

0 0.6x102 07x103 09x1073 127

5 2x1073 3x1073 14x1073 73

10 2x1073 6x1073 57 %1073 19

up to 3.0-107> s”!. A higher temperature further increased
the reaction rate, reaching a total conversion after only 120 s
with a k of up to 57.0-10 s~!. The influence of reaction
temperature was further investigated by calculating the acti-
vation energy (AE,) using k and Arrhenius equation. The
positive effect of the catalyst was proved by the decrease of
AE, from 127 kJ mol ™" for the uncatalyzed reaction down to
19 kJ mol ! using an RM loading of 10 wt%. Considering the
decrement of AE, a close relation of between temperature

and the formation of transitional state of adsorbed AB on the
RM surface as reported by Wang et al. [58].
Next, we evaluated the stability of RM as catalyst: as
shown in Fig. 6, all the samples (with different loadings)
showed good stability upon 5 cycles at 40 °C, with only a
small decrease in the reaction rate. Nevertheless, the cata-
lytic system reached full conversion after 180 s. As reported
in Fig. 1a, b (red curves), the XRD and Raman spectra did
not show any significant modification while the elemental
composition (Table 2) showed minor fluctuations, reason-
ably due to the small surface rearrangement while surface
area remained similar (7.1 m? g'!). As reported in Fig. 3a,
b, the iron and aluminum preserved their oxidation states as
Fe(III) and Al (II) after. This evidence support the stability
of metal centres without any reduction induced by the pres-
ence of AB [59].
As reported in Fig. 1¢ (red curve), there were no absorbed
residual species on the surface of the RM catalyst supporting

100

804 *

(®))
o
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Conversion (%)
N
o
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20
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| | |
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Fig. 6 Hydrogen evolution test with an RM loading up to 10 wt% during five catalytic cycles run at 40 °C
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Table 3 Literature review and comparison of catalytic performance of RM and other performing catalysts

Catalyst Particle size (nm) Conversion (%)  t(min) AE, (k] mol™) Catalyst loading (wt%) Refs.
RM >100 nm 100 2 19 10 This work
Fe onto biochar 80 99 15 54 10 [43]
Co/AlL O, 13 99 70 62 10 [62]
Fe nanoparticles 60 100 8 Not reported 12 [64]
Ni nanoparticles <19 100 6 Not reported 10 [63]
Cu supported onto zeolite 50 100 120 54 2 [61]
Ru/ALO; 2 100 3 23 2 [60]
Rh/AL,O4 3 100 2 21 2 [60]
Pt/AL,O4 2 100 1 21 2 [60]
Ru/zeolite 1 100 8 67 0.5 [66]

also the efficiency of desorption of dehydrogenated AB after
the hydrolytic conversion.

We further compared the catalytic performances of RM
for AB hydrolysis with those found in the literature for the
same reaction. As shown in Table 3, RM showed a AE,
comparable with the one achieved by using noble metals
nanoparticles supported onto alumina [60], outperforming
copper [61], cobalt [62], nickel [63], and other iron-based
catalysts [43, 64]. The good catalytic performances of RM
were possibly due to the strong M(III) sites able to act as
acidic sites surrounded by a very basic environment due to
the sodium oxide, silica, and titania [65].

4 Conclusion

The hydrogen release from AB hydrolysis has gained great
interest in the context of a hydrogen-based economy. Utiliz-
ing RM as a catalyst to improve the hydrogen release rate
combines the valorization of a hard-to-manage waste stream
with the superior performance of RM, guaranteed by the
massive presence of non-critical raw metals, such as iron
and aluminum, mixed in a silica defective-based matrix.
The catalytic performances were among the best in litera-
ture, reaching a total conversion after 660 s and 120 s at
30 °C and 40 °C, respectively, using an RM loading of 10
wt%. Furthermore, we observed a two-order of magnitude
increase in k and a 90% reduction of AE, compared with the
non-catalyzed process.

We believe that the valorization of complex metal-based
waste represents a valuable strategy to boost a hydrogen-
based economy and to promote a carbon-negative society
development.
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