Catalysis Today 439 (2024) 114791

ELSEVIER

Contents lists available at ScienceDirect
Catalysis Today

journal homepage: www.elsevier.com/locate/cattod

t.)

Check for

The several hydrotalcites investigated as precursors of catalysts by e

Angelo Vaccari

P. Benito , G. Fornasari, F. Basile, T. Tabanelli, C. Lucarelli, A. Fasolini, N. Dimitratos,

S. Albonetti, F. Cavani, F. Trifirdo

Dipartimento Chimica Industriale “Toso Montanari”, Viale Risorgimento 4, Bologna 40136, Italy

ARTICLE INFO ABSTRACT

Keywords:

Hydrotalcite
Hydrogenation

Reforming

Condensation
Environmental applications

Hydrotalcite-derived catalysts are applied in a very broad range of processes. In this paper, the contribution of
Angelo Vaccari’s work to the development of these catalysts is reported. His work spanned from the preparation
of novel hydrotalcites in powder and in structured forms, which after thermal treatments are applied in gas phase
catalytic processes for reactions of hydrogenation, steam and dry reforming, partial oxidation, condensation and
environmental applications. Moreover, he reviewed several aspects of hydrotalcite-derived catalysts. In this

work, we summarize the main results that Angelo Vaccari together with his numerous co-workers has achieved.

1. Introduction

Hydrotalcite (HT)-type compounds, anionic clays or layered double
hydroxides are the names commonly used to describe a family of
lamellar compounds with applications in several fields, such as absor-
bents in liquid and gas phase, drug delivery, antiacids, polymers, and
catalysis [1]. The structure of the hydrotalcite is described as positively
charged layers of edge-sharing Mg(OH)g octahedra partially substituted
by AI®*. The charge excess is balanced by anions located in the inter-
lamellar space that coexist with water molecules. The general chemical
formula of HT compounds is written as [M25,M3"(OH)2l* (A" )y
mH50. The nature of the cations is not limited to divalent and trivalent
ions, monovalent and tetravalent cations have been also reported [2].
Their advantages as catalysts or catalyst precursors derive from the
ability to host in the layers most of the metals active in catalytic pro-
cesses (transition and noble metals) usually in combination with Mg?*
and AI**. Moreover, the interlayer region can also host anions to provide
further active sites. The topotactic decomposition of hydrotalcites dur-
ing thermal treatment gives rise to bulk catalysts with tailored
acidic-basic character (for instance modifying the Mg2*/AI3**) and metal
species highly interacting with the support. An additional reduction
treatment generates metallic particles well dispersed and stabilized,
even at high active phase loading. Hence, HT-derived catalysts may
overcome conventional impregnated catalysts in some applications.

In this work, we would like to review the work of Angelo Vaccari in
the field of hydrotalcites and catalysis. The article starts with two

* Corresponding authors.

general sections focusing on the preparation methods of the hydro-
talcites and the catalysts, as well as the insights in the characterization of
the catalysts, to later focus on the catalytic processes where they have
been applied. A. Vaccari also published several review papers on the
topic [2-9], the most important the one in collaboration with F. Cavani
and F. Trifiro in 1991 [2], with more than 5550 citations, an index of the
interest of the topic hydrotalcites and catalysis.

2. Preparation of hydrotalcite precursors and derived catalysts

The effect of the preparation method on the properties of HTs and
HT-derived catalysts was investigated by A. Vaccari, including the
development of novel procedures [10,11]. The selection of the prepa-
ration method was studied for Cu-containing HTs in the first works [12].
The results evidenced that the coprecipitation, which is currently the
most used method, produced homogeneous precipitates. The structure
depended on the composition, a pure HT structure was obtained with
Cu/M*" < 1.0 (M= metal) and M>"/(M>*+M?") = 0.24-0.31 atomic
ratio. Then the level of supersaturation in the coprecipitation and/or the
role of a following aging hydrothermal treatment were shown to influ-
ence the crystallinity of Ni/Cr and Ni/Al precipitates, but they did not
modify their nature [13]. The key factors involved in the preparation of
pure Ni/Al HT compounds were also examined, showing how several
techniques allowed to verify the HT structure and decomposition
products (e.g., XRD, EXAFS, 27A1 NMR and TG analysis) [14]. Moreover,
noble metal containing HTs were prepared by coprecipitation (Rh3,
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Ir*T, Ru®t, Pd?' and Pt*"), however in this case for the Pt-containing
sample about a 20 % loss of the noble metal ions occurred [15].

Novel preparation methods of HT materials were also developed. The
synthesis of HTs was performed directly on metal surfaces by the electro-
base generation method. The procedure was initially developed to pre-
pare modified electrodes [16] and it was later extended to obtain
structured catalysts [17-20], studying the influence of electrodeposition
parameters on the properties of the coatings. Finally,
geopolymer-hydrotalcite composites shaped as beads were prepared by
ionotropic gelation [21].

The first step to develop an optimized catalyst is to control the
properties of the HTs, but then a thermal treatment, usually calcination
followed by reduction, is required to obtain the final catalysts. A. Vac-
cari carefully investigated the effect of calcination and reduction pa-
rameters on the properties of several HT-derived catalysts. A kinetic
study of the reduction of CuO in ternary copper-zinc-aluminum catalysts
(with different atomic ratios) revealed that the reduction took place in
three different steps [22]. On this topic, a great part of the work was
centered on Ni-containing catalysts. The structure of Ni/Al and Ni/M-
g/Al catalysts obtained by calcination in the 350-900 °C temperature
range was elucidated. NiO and Ni-doped Al;Os in strong interaction
with partially decomposed precursor layers or with a spinel-type phase
at the NiO-Aly,O3 interface were found in Ni/Al derived catalysts
[23-25]. Then the attention shifted to Ni/Mg/Al catalysts, to identify
the Ni distribution and its reducibility, and in turn to control the Ni°
particle sizes. After calcination at 750 °C a surface spinel-type phase
decreased the accessibility of the surface to the reducing mixture. The
reduction of the Ni%* ions is also hindered by the presence of a fraction
of A1 ions inside the oxide phases. Higher calcination temperatures
provoked the segregation of stoichiometric spinel and oxide or oxide
solid solution. In Ni/Mg/Al catalysts, the formation of NiO/MgO solid
solutions in Mg-rich samples decreased the Ni2* reducibility [26,27].
The evolution of the HT phase to mixed oxide and finally the segregation
of the spinel phase was investigated by Neutron diffraction using a
programmed temperature control facility [28]. A model of the structure
was obtained by Rietveld refinement of the diffraction patterns. The
model showed that although the samples essentially show a rock-salt
type structure pattern, they have a spinel-type structure. A high
replacement of aluminum for magnesium in the magnesium-richer
samples was proposed. In noble metal-containing catalysts (Rh>, Ir>*,
Ru®", Pd** and Pt**) obtained at 650 °C, the noble metal ions could
segregate as oxide or metal side-phases, with the following scale of
stability: Rh>Ir>Ru>Pd>Pt [15]. The segregation increased after a 900
°C calcination; meanwhile the not segregated noble metal ions were
always present inside the spinel-type phases and not in MgO. After
reduction, small nanoparticles were obtained whose size depended on
the reduction temperature, i.e. the Rh crystal size increased from 1.4 nm
to 1.8 nm when the reduction temperature increased from 750 °C to 950
°C [29]. The crystalline phases at 900 °C were modified in catalysts
derived from HT compounds intercalated by silicates [30,31], which
were added to the composition to enhance the mechanical stability. The
formation of the forsterite (MgSiO4) altered the development of other
Mg-containing phases (MgO and MgAl;04).

3. HT as precursors of catalysts for hydrogenation reactions

3.1. Synthesis of methanol, hydrocarbons and higher alcohols from CO
and H,

The preparation and development of hydrotalcite-derived catalysts
for the synthesis of methanol from syngas (CO+H,) was the first work of
A. Vaccari in the field of HTs [32-38]. The aim was to develop catalysts
active at lower temperatures than the traditional ones. HTs containing
Cuy /Znye.x/Alyg (x= 25.3, 38) atomic ratio, % [32] and Cu/Cr with
other elements Cusg/ Znsg/ Alys/ Crya, Cugg/ M3g/ Crog and Myg/ Crog
(with M= Zn, Co, Mn, Mg) atomic ratio, % [37,38] were prepared by
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coprecipitation; the catalysts were obtained by calcination and consec-
utive reduction. The Cu/Zn/Al HT precursors, characterized by the
presence of cations in positively charged brucite-like layers, decom-
posed at a lower temperature than the hydroxycarbonate to oxides, fa-
voring the interactions among the elements and after reduction
producing very small size copper crystallites (nearly 3 nm) [33,34].
However, aluminum showed an inhibitor effect on the synthesis of
methanol and the delaying role on the overall reducibility at values
higher than 10 atomic ratio, %, namely in catalysts Cuy/Znye.x /Ala4 (x=
25.3, 38, 50.7, 60.8) and Cuy ./Zngg.x /Al1o (x= 30, 45) atomic ratio, %
[35]. An easily reoxidizable copper (CuO and copper not detected by
XRD) and copper related to the ZnO were suggested as active species
[36]. In Cu/Cr HTs the presence of Zn promoted methanol synthesis, in
comparison to Co and Mg; it prevented the formation of CuCrO; [37].
The selectivity of Cusg/Zngg/Ma4 (with M= Al and/or Cr) catalyst could
be also tailored to the production of higher molecular weight alcohols in
the 250-300 °C by adding K, up to about 0.4 % by weight, or by
modifying the reaction conditions (high pressure, low Hy/CO ratio in the
gas mixture, and low GHSV) [39].

The addition of Co till 4 % (catalyst Co-4.0), with a corresponding
decrease of Cu, in the same Cu/Zn/Cr catalyst, after an initial deacti-
vation up to 2 % Co content, increased the activity with a high selective
formation of short hydrocarbons (C;-C7), probably due to a synergetic
effect between the cobalt containing cubic spinel type phase and highly
dispersed metallic copper (Fig. 1) [40]. The activity was fully shifted to
the Fischer-Tropsch reaction to hydrocarbons, till C;;, with typical
Schulz-Flory distributions by increasing Co content and promoting the
synergistic effect in catalysts Cu 7¢_(x1y) / Cox/ Zny/ Cra4 HT (x= 4, 9,
12.7,19, 25.3, 38, 76 and y= 0, 38, 49, 50.6) and Cu 100_(x+z) / Cox/ Cr;,
(x= 25, 33.3, 50 and z= 50, 66.7) atomic ratio, %. The maximum yields
of hydrocarbons were obtained with comparable amounts of copper and
cobalt (Cuj9/Co19/Zngg/Cra4). The relative depletion gave rise to a
change in selectivity and/or catalytic activity, Fig. 1b [41].

3.2. Hydrogenation of organic compounds

HT-derived catalysts were applied in the hydrogenation of several
organic compounds. Cusg/Zngg/Ma4 HTs (with M=Al, Cr or Ga) atomic
ratio, % were used as precursors of hydrogenation catalysts of maleic
anhydride to y-butyrolactone as a chromium-free alternative to chro-
mite catalysts. The catalysts with Al (Cu/Zn/Al) reached better perfor-
mances. A complete maleic acid conversion and high yields in y-
butyrolactone were obtained with an Al-content of 17 atomic ratio, %
and Cu/Zn = 0.5-1.0 atomic ratio and lower tar formation [42].

Ni based HT reduced catalysts, in which the divalent cations were
both Ni%2* and Mg?*, i.e. Ni/Mg(Al)O, were prepared and resulted very
efficient for the gas phase hydrogenation of acetonitrile [43]. The
monoethylamine selectivity depended on the Mg/(Mg -+ Ni) molar ratio,
the acidity is partly responsible for the formation of secondary products.
The catalyst with the optimal value of Mg/(Mg + Ni) =~ 0.23 reached a
maximum of monoethylamine selectivity of 92.6 % at 99 % acetonitrile
conversion, due to a compromise between the reducibility of Ni and the
acido-basicity of the material, both decreasing with the introduction of
Mg.

The calcined commercial Mg/Al hydrotalcite (SASOL, D) was used as
a support to prepare Pd/Pt catalysts for the gas phase hydrogenation of
naphthalene. The use of a basic mixed oxide allowed to highlight the
role of Pd/Pt active phase in the absence of acid sites of the support. The
catalysts presented a high hydrogenation activity to decalin. With
decreasing the Pd/Pt atomic ratio, the decalin decreased, while the yield
of high molecular weight products (at high cetane number) increased,
putting in evidence the role of the hydrogenolysis/ring opening re-
actions, catalyzed by Pt. With the lack of strong acid sites useless low
molecular weight cracking compounds and tar could not be formed.
Notably, the Pd/Pt pair was thio-resistant [44].



P. Benito et al.

2p,
2 Cu2
Co2p P32 .
2p‘/2 SAT
calcination
reaction
reduction
11 11 1 1 I 1
800 790 780 945 940 935 930
B.E.CeV)

Catalysis Today 439 (2024) 114791

b

O Methanol!
W Olefins
O Paraffins

SeleTtivity (%)

In=0%

3
S

@
S

Zn=38%

o

° 10

Zn=50%

05

Co/(Co+Cu) a.r.

Fig. 1. Cu/Co/Zn/Cr HTs for the synthesis of hydrocarbons. a) Co 2p and Cu 2p3,, XPS lines for the Co-4.0 sample after different treatments: i) calcination, ii)
reaction, and iii) further reduction; b) Selectivity in methanol, paraffins, and olefins as a function of the Co/(Co + Cu) atomic ratio for catalysts with 24 % chromium
and three different zinc contents, reaction temperature 290 °C, gas mixture, Hy:CO:CO, = 65:32:3 v/v, P = 1.2 MPa, GHSV = 3600 h Adapted from [40,41].

3.3. Hydrogenation of CO3 to CHy

In the last years, the attention has shifted to the hydrogenation of
CO4, to produce CH4 (methanation or Sabatier reaction). By calcination
of a Niys/Alys HT at 600 °C, after reduction small Ni nanoparticles were
dispersed on the oxidic matrix, whose basic character was modified by
adding rare-earth elements (Niyo/Ms/Alps HT, with M= La, Y or Ce)
atomic ratio, % [45] (Fig. 2). A high CH, productivity (101 L gyi h™)
and stability at low oven temperature and high space velocity (480 L g~}
h’l, CO2/Hy/Ny 1/4/1v/v) was achieved with the La-catalyst.
Dissociative and associative CO5 activation on more reduced, highly
dispersed, stable Ni nanoparticles and basic sites in the LayO3-Aly03
matrix explained the catalytic results. The same catalysts were deposited
on NiCrAlloy open-cell foams, and the HT precursors were prepared by
electrodeposition. The combination of a stable coating, wherein Ni
nanoparticles are well-dispersed, and small pore open-cell foams
increased the performance of the structured catalysts in comparison to
their pelletized counterpart, which could be related to an enhanced heat
transfer [46]. The amount of Ni could be reduced by adding Mg to the
catalyst composition (Ni/Mg/Al); however, the decreased Ni reduc-
ibility made it necessary to operate the reduction pretreatment at higher
temperatures. A comparison between La and Fe promoters showed that
the La-containing catalyst reached a better CH4 productivity rate at high
oven temperature (200 L gﬁli h! at 325 °C), which could be related to
the ability of lanthanum to keep smaller Ni’ particles and provide a
higher basicity, despite in the Fe catalyst the NiFe alloy contributed to

2]

CO,/H,/N, = 1/4/1 viv

CO,/H,IN, = 1/4/0 viv
1

100 = = 7 T 100
\J | ] [} I L.
i 1 1 | 1 CH, Selectivity
U | .
| I | I
80 | | 1 N 1 : L 8o
) s s 1:!; I.i. e
: ‘I' I | " | '
X ® | | ] [ Conversion
= 60—‘ 1 1 1 N 1 ' L 60
g | | I | [N I 1
® | | | l N 1 1
[ ‘ 1 1 | 1 | 1
= | | | I I 1
8 40" 1 1 1 N 1 [ 40
Y I I | [N | 1
Q | I [N I 1
Q l : | | [N | 1
| [N I 1
20—’ : : 1 1 | 1 20
| | | | [N | 1
i. d ! ! : : 'l CO Selectivity
mﬁtg e e TRTAX 1€ €€EEEeEeaEeeeeeeteetetecel
0 /)0
0 5 10 15 20 25 30 45 50 55 60 65

Time-on-stream / h

the higher improved activity [47].
4. HTs as precursors of catalysts for syngas and Hy production
4.1. Catalysts for steam reforming of methane

The research on catalysts for the highly endothermic steam reform-
ing of methane to produce syngas was focused on novel HT Rh/Ni/Mg/
Al catalysts, containing silicate as interlayer anion, calcined at high
temperature, 900 °C for 12 h, to obtain a thermally stable catalyst. The
silicates remained in the catalysts and an innovative structure was ob-
tained. The structure was made by a forsterite-type crystalline phase
(Mg3SiO4) as well as minor phases such as MgO, in which Ni and Rh
were inserted, and a spinel defective phase. The catalysts were used in
pelletized form, resulting in high activity (comparable to that of com-
mercial catalysts) and stability with time-on-stream [48,49].

To prepare innovative catalysts with better heat transfer, a new
method based on electrochemical deposition was developed. It allowed
to deposit a Ni/Al HT on FeCrAlloy foams, as supports with high thermal
conductivity [50]. The structured catalysts prepared by electrodeposi-
tion, after calcination at 900 °C, were made by a thin, strongly adherent
film and with a suitable amount of active and stable catalyst. The opti-
mized catalyst showed performances close to the thermodynamic equi-
librium and stable with increasing the time-on-stream under

industrial-like conditions [51].

o]

La-L +Al-K

Selectivity / %

Fig. 2. CO, methanation on Nio/Las/Alys catalyst: a) stability test of CO, methanation at 325 °C oven temperature. Flow 240 mL min~!, 30 mg catalyst diluted in
470 mg quartz, 480 L g~* h™. Arrows denote shut-down to room temperature and start-up in N, flow; b) HRTEM and c) HAADF images of the spent catalyst, Ni
particle size distribution (insets of Fig.); d) STEM-HAADF and elemental distribution in the yellow square. Adapted from [45].
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4.2. Catalysts for partial oxidation of methane

The thermal stability and homogeneity of HT-derived catalysts were
exploited for the preparation of materials for the exothermic catalytic
partial oxidation (CPO). A wide variety of HTs were used as catalyst
precursors based on noble metals, nickel, and bimetallic noble metal-
transition metal.

For an industrial application HTs containing rhodium and ruthenium
(Rh/Mg/Al and Ru/Mg/Al) were used after calcination at 900 °C to
obtain new catalysts with well dispersed and reproducible noble metal
particles, active in CPO and stable under severe reaction conditions
[52].

The rhodium and ruthenium species in HT precursors, contained in
low amounts, Rhy/Mg71/Alg.x (x= 0.04, 1, 5) and Ruy/Mg71/Algg.x (x=
1, 5) atomic ratio, %, after calcination at 900 °C were stabilized in an
inert matrix and the used catalysts did not show any sintering or
segregation phenomena [53]. HTs containing other noble metals were
prepared: besides Rh and Ru also Ir, Pd and Pt (Irs/Mgy1/Alyg;
Pds/Mges/Alsg; Pts/ Mge7/Alag). Among all the catalysts investigated
the partial oxidation activity decreased according to the order Rh > Ru
= Ir >> Pd > Pt. The best catalysts were those prepared from a
Rh/Mg/Al HT with a 1 % Rh atomic ratio [54] (Fig. 3). Using a model
catalyst with a 5 % Rh atomic ratio, highly dispersed Rh particles were
obtained after reduction, active and stable after 100 h of time on stream,
due to the formation of Rh dissolved in the Mg and Al matrix. The metal
support interaction using HT-derived catalysts was superior to that
obtainable by impregnation or deposition methods. The total amount of
Rh was distributed 41 % in the spinel type and 59 % in the MgO phase
[55]. The crystal structure refinements of M/MgAl = 5:71:24 atomic
ratio, % (M= Ru, Rh or Ir) HTs calcined at 650 or 900 °C showed
different solubilities of noble metals in the oxide phases but an invari-
able substitution in the 16d site of spinel structure. The variation of the
Mg/Al ratio, i.e. Rh/MgAl = 5/71/24, 5/65/30, 5/80/15, 1/71/28,
1/65/34, 1/80/19 atomic ratio, %, changed the distribution of the Rh
and Ru in the MgO and MgAl;04 phases and consequently the activity in
the partial oxidation of methane. The activity and syngas selectivity
were higher at high Mg/Al ratios, when Rh and Ru were almost
completely mixed in the MgO [56,57] (Fig. 3c). Catalytic tests were
carried out in autothermal conditions as a function of the residence time,
using a Rh/MgAl =1/71/28 atomic ratio, %. The temperature on the
catalyst surface by IR thermography showed that the exothermic re-
actions are confined in the first part of the catalytic bed, while the
reforming reactions happened at the end of the bed (Fig. 3b). Very short
residence times evidenced that CO and Hj had to be considered mainly
as primary products [58].

The high price of Rh made it necessary to decrease its loading in the
HT-derived catalysts without decreasing the performance trying to
replace or combine it with the less expensive Ni active phase [59-62]. In
Ni-based catalysts with different Ni content, i.e. Niy/Mgy1.x /Alag (x=
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10, 34, 61, 71) atomic ratio, %, the reducibility and activity depended
on the Ni content, due to the different distribution of Ni species among
NiO, (Ni, Mg)Al,04 and NiO-MgO structures. High-loaded Ni catalysts
required mild reduction conditions but were quickly deactivated due to
carbon formation. Contrarily, catalysts with low Ni-content needed a
severe reduction treatment but they were stable during the reaction at
short contact times [59]. In these conditions, large temperature gradi-
ents and hot spots were measured. However, some parts of the Ni’ at the
entrance of the catalytic bed could be oxidized. The combination of
small amounts of Rh with Ni, i.e. Rh;/Mg71/Alag, Rhg,.1/Nis/Mgee,/Alag,
Rhg.1/Nig/Mgs9/Algs atomic ratio, % helped to keep nickel in the
reduced state during reaction in the first part of the bed and improved
the reducibility of Ni%* during the pretreatment. The scale of activity
and syngas selectivity, also in comparison with a Ni;o/Mge1/Alyg cata-
lyst, was the following: Ni;o>Rhg 1Nig>Rh;, which could be explained
based on the heat distribution and outlet surface temperature [60,61].
Bimetallic Rh/Ni, Ru/Ni, Ir/Ni catalysts prepared from HT precursors, i.
e. Nig/Mo.1/Mgso/Alzs (M= Rh, Ru, Ir), Rhy /Mg71/Alyex/ (x= 1, 5)
atomic ratio, %, were investigated at very low residence times, in con-
ditions where O was still present. The high activity of the Rh/Ni cata-
lysts, in which the Rh maintained the Ni in the reduced state, was
highlighted [62].

All the above reported works deal with catalysts prepared by the
conventional coprecipitation method. In addition, Ni/Mg/Al and Rh/
Ni/Mg/Al catalysts were obtained by calcination of HTs aged by mi-
crowave hydrothermal treatment [63]. Moreover, Rh was added by
chemical vapor deposition to the calcined Ni/Mg/Al catalyst, instead of
being incorporated into the parent HT in the coprecipitation [64]. The
characterization and catalytic activity tests demonstrated the strongest
Rh/Ni interaction in coprecipitated catalysts, which yielded better
performances with a lower carbon formation and high resistance to-
wards metallic particle sintering.

The ability of intercalating anionic species different from carbonates
in the interlayer region was exploited to prepare Ni, Rh, and Rh/Ni
catalysts with enhanced mechanical stability for the catalytic partial
oxidation due to the formation of a forsterite phase (MgSizO4) [48,
65-68]. The low-loaded Rh catalyst prepared by HT silicate was more
active and selective than the one prepared by CO% [62]. The activity of
both Rh and Ni catalysts depended on the silicate content since it
modified the available MgO and MgAl,0, phase to incorporate Rh®* or
Ni2* in the calcined catalyst and in turn to disperse their metallic par-
ticles after reduction [64,68]. In the case of Ru-based catalysts, i.e.
RuyMggoAlaox HT (x= 0.1, 0.25) atomic ratio, %, the inclusion of sili-
cates fostered the segregation of RuO, and therefore the deactivation
after tests at high temperature and 55-65 ms [69].

To decrease the formation of hot spots in the catalytic partial
oxidation of CH4 and increase the mass transfer, structured catalysts
based on small pore FeCrAlloy and NiCrAl foams were studied. Most of
the works were performed with Rh/Mg/Al catalytic coatings prepared

]

«
&e

Fig. 3. Rh/Mg/Al HTs for the CPO of CHy4: a) schema of the structure of the HT precursor, the calcined catalyst and the reaction over reduced catalyst; b) IR
thermography of the top Rhs/Mgy;1/Aly4 catalyst bed recorded under autothermal conditions CH4/O2/He=2/1/4 v/v, t: 1.8 ms, catalyst: 0.05 g; ¢) HRTEM after
calcination of Rh;/Mg71/Alyg at 900 °C and reduction at 750 °C spinel zone (left) MgO zone (right). Adapted from [55-57].
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by electrodeposition of the HT precursors directly on the foam surface
followed by calcination at 900 °C [70-78]. The reduced catalysts were
made by thin coatings, highly adherent to the metallic surface due to
their chemical interaction [73], but that contained enough
well-dispersed and stabilized Rh® particles to provide a high catalytic
activity in the syngas production [74,75] (Fig. 4). The use of NiCrAl
foams allowed, under reaction conditions, a decrease of the hot spots in
comparison to FeCrAl foams [76]. Likely, the heat generated in the first
part of the bed due to the total methane oxidation is transferred to the
second part and used for the endothermic steam reforming.

4.3. Catalysts for steam and dry reforming of clean biogas

Ni-based catalysts promoted by different amounts of Rh, for instance,
Ni/Rh/MgAl = 10/0.5/35.6/14.6 wt %, were used as precursors of
catalysts of the combined dry and steam reforming of clean biogas (CH4/
CO, = 50/50 v/v) to produce syngas suitable for Fischer-Tropsch or
methanol synthesis. The addition of a small amount of Rh increased the
CO4, conversion and significantly decreased the carbon formation. While
increasing the M2*/M>" atomic ratio from 3 to 4 (and consequently the
basicity of the catalyst) enhanced the affinity of the CO5 with the cata-
lytic surface and favoured the formation of highly dispersed, stable and
more reducible Ni-Rh nanoparticles, therefore improving the activity
[79]. The incorporation of Rh using a {Ni;oRh(CO);9}{(CH3CH2)4N}3
cluster as a precursor of the active particles promoted the Ni-Rh inter-
action. Low metal loaded catalysts with highly dispersed bimetallic
nanoparticles on the MgO and MgAl,O4 matrix displayed better catalyst
activity and stability, with low carbon deposition with time-on-stream
[80].

The heat transfer was also enhanced in the endothermic combined
steam and dry reforming by using Rh and Ru HT-derived catalysts, Rh or
Ruy/Mg70/Algox (x= 2,5) atomic ratio, %, coated on metallic foams
[81]. The structured catalysts operated at high space velocities and low
Steam to CH4 ratio, increasing the biogas valorization and thus the
productivity.

4.4. Catalysts for the water gas shift

HT-derived catalysts were applied in water gas shift reaction to
further produce Hy from syngas through the conversion of CO [82].
Medium temperature water gas shift catalysts, operating at 250-350 °C,
were obtained by calcination at 550 °C and reduction of Cu/Zn/Al HTs
with a Cu content lower than 30 wt %. The best catalyst had a 20 wt %
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Cu, M2t/M3* = 2.0 atomic ratio, reaching the equilibrium value like a
commercial catalyst. The catalytic behavior was related to the Cu°
surface area and the Cu/ZnO interactions.

5. HT as precursors of catalysts for environmental applications

HT-derived catalysts were also used in environmental catalytic pro-
cesses such as the removal of NOy for lean-burn gasoline or light-duty
diesel vehicles by selective catalytic reduction and storage/reduction.

The selective catalytic reduction with NH3 in the absence or in the
presence of oxygen to decrease NO emissions was investigated with
catalysts obtained from Cu/Mg/Al HT precursor and compared with a
catalyst obtained by Cu impregnation on a Mg/Al mixed oxide [83].
HT-derived catalyst performed better than the CuO-supported catalyst
feeding the gas mixture containing excess oxygen due to the presence of
well dispersed and stable octahedrally coordinated Cu®" ions. The
competitive NH3 oxidation on the surface of the Mg/Al mixed oxide was
suppressed by controlling the catalyst composition. The optimized
catalyst exhibited a behaviour comparable to that of a commercial
V205-WO3/TiO4 catalyst. The role of Cu and the Mg/Al matrix on the
properties of the catalyst and in the reaction mechanism were elucidated
and identified by FT-IR feeding NH3 and NO [84].

For the NOy storage-reduction (NOxSR) novel catalysts were pre-
pared by impregnation of calcined commercial Mg/Al HTs with Pt
(1 wt %), 1Pt/HT-x (x =Mg/Al atomic ratio), and/or with Cu (4 wt %)
[85-89]. The optimized -catalyst, 1Pt-4Cu/HT-2.0 was renamed
1Pt-4Cu/HT-C (HT-C= Condea with Mg/Al 2.0 at. ratio). This catalyst
showed better performances than 1Pt-15Ba/Al;03 Toyota-type NO,SR
catalysts at reaction temperature lower than 250 °C and improved
resistance to deactivation by SO, Fig. 5. Using HTs with different Mg/Al
atomic ratios, 1Pt/HT-x (x =1.3, 2.0 and 3.0, respectively) the catalytic
activity and the stability increased with increasing the Mg/Al, Fig. 5b,c,
also after hydrothermal treatment. The basicity of the well-dispersed Mg
(AD)O mixed oxide particles, lower than the one of BaO, was responsible
for the promoted low-temperature activity, due to a lower inhibition of
Pt activity and thermal stability of the stored NO,. The catalyst
1Pt/HT-2.0, having a most compact morphology, showed a slightly
higher deactivation. The presence of Cu slightly inhibited activity at low
temperature, although improved activity and resistance to deactivation
at 300 °C.

The decomposition of N3O to Ny under conditions of industrial in-
terest for its removal in adipic acid plants, NoO concentration about
18 % v/v also in the presence of 10 % O, was investigated over Rh/
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Fig. 4. Characterization of Rhy/Mgyo/Al,g catalyst after CPO of CHy tests: a, b) FE-SEM images; ¢, d) HRTEM and STEM-HAADF images; e) FFT of regions indicated
in the TEM image; f) nano-XRF/XRD distributions; g) Rh particle size distribution. Adapted from [75].
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Fig. 5. Commercial Mg/Al HTs impregnated with Pt for NOy storage-reduction: a) Mean NOy conversion (over one cycle) at 300 °C as a function of time-on-stream in
NOSR tests in the presence of 20 ppm SO5; b) SEM replica for the different HT-x (x =Mg/Al atomic ratio) precursors; ¢) NOLSR activity as a function of the reaction
temperature for the 1Pt/HT-x (x =Mg/Al atomic ratio) and the reference 1Pt-15Ba/Al,03 and 1Pt/MgO catalysts. The optimized catalyst, 1Pt-4Cu/HT-2.0 was
renamed 1Pt-4Cu/HT-C (HT-C= Condea with Mg/Al 2.0 atomic ratio) *(SOy)=after deactivation by SO,. Adapted from [85,88].

Mg/Al and Rh/Co/Al HT, Rhy/Mg71/Alygx (x= 0, 5, 1) and Rhgs
/Co74.5/Alys atomic ratio, %, derived catalysts [90]. The catalysts were
active and stable under severe reaction conditions. Other active ele-
ments, i.e. Pd 1 % or La 1 % atomic ratio, were added in the HT
structure to develop synergetic effects, without any interactions due to
side phase segregation, or lack of homogeneity.

HT-derived catalysts were tested in the decomposition of N2O in very
diluted feeds (1000 ppm), also in the presence of inhibitors (O2 + NO),
to simulate a stream from nitric acid production [91]. A thin coating of
RhMgAl catalysts, i.e. Rho/Mg7o/Alsg, Rhy/Mg7o/Alsg, was deposited on
open-cell FeCrAlloy foams, which became reduced to Rh® during the
reaction. The activity of the structured catalyst was comparable with
that of a pelletized counterpart for constant Rh loading. However, the
low amount of active phase in the thin catalytic coating provoked a
steady deactivation during the first 20 h of time-on-stream and then a
stable level was reached.

6. Miscellaneous

The gas phase Beckman rearrangement, the transformation of
cyclohexanoneoxime to caprolactam, was performed with Mg/Al or Ni/
Al catalysts containing boron species as the active phase. Borate species
were incorporated in the interlayer space of the parent HTs and the
catalysts were obtained by calcination at 400 °C. A high boron content
led to higher caprolactam selectivity and cyclohexanone-oxime con-
version. However, only a part of boron was stabilized in the HT structure
and surface borates were more easily obtained by washing with
ammonium tetraborate the solid with more satisfactory catalytic results
[92-94].

A Pds/Mgee/Alg HT atomic ratio, % was a precursor of a catalyst for
the total oxidation of methane [95]. The thermal treatment led to the
segregation of PdO and/or Pd°, in amounts and size that depended on
the atmosphere. The catalyst containing a mixture of PdO and Pd°® was
more active at low temperatures, while Pd® was the active specie at
higher temperatures.

Mg/Al HTs intercalated by OH’, were used as basic catalysts for the
condensation of aromatic aldehydes with acetone [96]. The catalysts
were prepared by calcination of Mg/Al HTs at 500 °C and rehydration at
room temperature in absence of CO,. High reaction temperature and
long reactions favoured the formation of arylideneacetone, meanwhile,
the best catalytic performance was achieved with a MgAl = 2.5 atomic

ratio. A semi-continuous process was developed consisting in the addi-
tion of the aromatic aldehyde during the process when the conversion
was below 80 %; this significantly increased the productivity per kilo-
gram of catalysts.

Bifunctional HT-derived catalysts were used for the synthesis of
isobutyl alcohol from methanol and n-propanol through the Guerbet
condensation. The catalysts contained the basic MgAlOx mixed oxide
and a dehydrogenating/hydrogenating metal (Pd, Rh, Ni or Cu) [97].
The CuMgAlOx mixed oxide catalysts showed the best activity and
selectivity values. These values were similar to those achieved with the
mixture of copper chromite and MgAlOx mixed oxides [98], but
reducing pollution problems related to the use of chromite. Similar
catalysts were later used in the Guerbet condensation of ethanol to give
n-butanol [99]. The Cu content was the key to control the selectivity; a
low Cu-content favored the condensation to n-butanol and higher al-
cohols (hexanol), while a high Cu content promoted the ester formation.
The differences were related to the metallic/acid/basic sites in the fresh
catalysts, a decrease in the Cu content provoked an increase of the basic
sites and a decrease of the Cu reducibility. However, the catalysts were
partially reconstructed to the parent HT structure due to the coproduced
water.

7. Conclusions

The work performed by A. Vaccari together with his numerous co-
workers demonstrated that hydrotalcite-derived catalysts have been,
are, and will be optimal materials not only for catalytic processes
requiring metallic particles highly dispersed on supports with tailored
acidic-basic properties, but also in unexpected areas, thanks to the
possibility of tailoring the catalysts for specific substrates and/or re-
actions. The basis for their wide applicability in hydrogenation, oxida-
tion, reforming, condensation, organic, and environmental application
reactions relies on the high versatility of the layered structure: i) a
variable M%>*/M3* ratio (e.g. Mg/Al, Zn/Al); ii) ability to host the cat-
ions of catalytic active elements (e.g. Ni2t, Co?*, Cu®*, Rh®*, Ru®") or
promotors (e.g. La>"), so capitalizing on unusual synergistic effects, and
iii) the possibility for intercalating different anions. But other features
make them materials with unique catalytic properties. The catalysts are
obtained by thermal decomposition of the layered structure from me-
dium (350-600 °C) to high (up to 900 °C) temperature. The calcination
temperature determines the crystalline phases, hence the distribution of
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the active species, reducibility, and metal-support interaction, but also
surface area, porosity, and acidic-basic sites, and it is possible to
reconstruct to the parent hydrotalcite by exploiting the memory effect.
Regardless of the calcination temperature the catalysts show a high
dispersion and stability of the metallic particles after reduction (and
reaction). This is true for a wide range of active phase loadings, making
them an alternative to conventional impregnated catalysts. The syn-
thesis of HTs is easily and reproducibly performed by coprecipitation,
but other methods can be used to directly precipitate them on the sur-
face of supports. The electrodeposition of HTs on metallic supports is
one example that increases the applicability of the catalysts not only for
thermocatalytic processes limited by mass and heat transfer, but also for
electrochemical processes. Thus, A. Vaccari’s work highlighted and
contributed to the understanding of the properties of cheap, non-
corrosive, environmentally friendly HTs for application in catalysis, in
the laboratory and in industrial processes.
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