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Design of Multicationic Copper-Bearing Layered Double
Hydroxides for Catalytic Application in Biorefinery
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Thomas Cacciaguerra,[a] Pierrick Gaudin,[a] Nathalie Tanchoux,[a] Stefania Albonetti,[b]

Annalisa Martucci,[e] Fabrizio Cavani,[b] Didier Tichit,[a] and Francesco Di Renzo*[a]

Ethanol has been used as a renewable hydrogen-donor in the
conversion of a lignin model molecule in subcritical conditions.
Noble metal-free porous mixed oxides, obtained by activation
of Cu� Ni� Al and Cu� Ni� Fe layered double hydroxide (LDH)
precursors, have been used as heterogeneous catalysts for
Meerwein-Ponndorf-Verley (MPV) hydrogen transfer and further
hydrogenation by ethanol dehydrogenation products. Both the
Cu/(Cu+Ni) ratio and the nature of the trivalent cation (Al or

Fe) affect the activity of the catalysts, as well as the selectivity
towards the different steps of the hydrogenation reactions and
the cleavage of lignin-like phenylether bonds. Accounting for
the peculiar behaviour of Cu2+ and M(III) cations in the
synthesis of LDHs, the coprecipitation of the precursors has
been monitored by titration experiments. Structural and
textural properties of the catalysts are closely related to the
composition of the LDH precursors.

Introduction

The growing interest in replacing oil-derived chemicals by bio-
based molecules is drawing increased attention on the lignin
fraction of lignocellulosic biomass, a poorly exploited renewable
source of aromatics. The extraction of valuable lignin-derived

chemicals during the fractionation of lignocellulosic biomass
was initially addressed in organosolv pulping processes, by the
use of appropriate solvents in acid or basic conditions.[1] More
recently, organosolv pulping has found a new revival in lignin-
first biorefineries, in which heterogeneous catalysis of hydro-
genation reactions has been introduced in the biomass
fractionation process.[2] The resulting increase of H/C and
decrease of O/C ratios contribute to the improved separation of
phenolics and open new markets for lignin products.[3] It has
been suggested that catalytic hydrogen transfer from hydro-
gen-donor solvents can replace hydrogenation by H2 molecules
in lignocellulose pulping.[4] This has prompted a renewed
interest in heterogeneous catalysts of MPV (Meerwein-Ponn-
dorf-Verley) hydrogen transfer in organosolv pulping, notably
by the development of porous copper-bearing mixed oxides
obtained from activation of layered double hydroxide (LDH)
precursors.[5]

The interest of LDHs as precursor of catalysts mainly
depends on the wide variety of cations that can be uniformly
distributed in the structure by syntheses in mild precipitation
conditions. LDHs are a family of lamellar compounds whose
chemical composition is expressed by the general formula
[MII

1� xM
III
x(OH)2][(A

n� )x/n.m H2O], where MII and MIII represent
divalent and trivalent cations; An� stands for the n-valent anion;
m is the number of water molecules and x the molar fraction of
trivalent cation which for the most stable LDH is between 0.2
and 0.4. Calcination of the precursor LDHs is a versatile method
for the preparation of effective mixed oxide catalysts. It is
particularly the case for LDHs based on transition metal cations,
e.g. Cu2+, Ni2+ Co2+, which are effective precursors of catalysts
used in an increasing range of industrial processes.[6] A
Cu� Zn� Al LDH was the precursor of the low-pressure methanol
(LPM) catalyst by ICI, at the basis of the production of methanol
since 1965.[7] Catalysts based on Cu� Zn� Al LDH precursors have
been extensively used in water gas shift reaction,[8] steam
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reforming and dehydrogenation of alcohols,[9] or phenol
hydroxylation.[10]

The importance of the composition and structural features
of the LDH precursors, as well as of the activation conditions,
on the properties of the derived mixed oxide catalysts has been
often stressed.[11] Synthesis and properties of LDHs have been
extensively reviewed.[12] Pure LDH phases are easily formed with
divalent and trivalent cations in a wide range of cation size and
precipitation conditions (pH, temperature, concentration and
mode of mixing of solutions…).

Cu-LDH has been often presented as an exception to this
easy formation as it was only obtained for long time in the
presence of other divalent cations, therefore only as multi-
cationic structures.[12a,13] The specific behaviour of the Cu-LDHs
was attributed to Jahn-Teller distortion of the CuO6 octahedra,
preventing the formation of brucite-type layers with a high
content of copper.[12b] In many attempts of synthesis, malachite
Cu2CO3(OH)2 or gerhardtite Cu2(NO3)(OH)3 were instead formed,
depending on the nature of the precursor salts.[13b,14]

The alleged difficult formation of Cu-LDHs represented an
interesting riddle, as such materials exist in nature, as wood-
wardite, with a quite low divalent/trivalent cation ratio, which
allows a dilution of Cu by Al in the brucite-like layer.[15] Indeed,
synthetic Cu� Al LDH has been formed at a low divalent/
trivalent cation ratio of 2, in a narrow pH range intermediate
between the precipitation conditions of oxysalts and Cu(OH)2.

[16]

The formation of synthetic analogues of woodwardite with low-
temperature long-time synthesis and divalent/trivalent cation
ratio of 3 has proved more elusive, often bringing to LDH
phases contaminated by CuO.[17] Cu� Al LDH presents an
orthorhombic symmetry, instead of the usual rhombohedral
symmetry of LDH, a difference attributed to the relaxation of
the Jahn-Teller distortion of the CuO6 octahedra in the layers of
the structure.[18] Attempts to synthesize Cu� Fe LDH or Cu� Cr
LDH resulted in the formation of oxysalts or hydroxides,[13a,19]

despite modelisation has suggested Cu� Fe LDH to be a stable
phase.[20]

The use of heterogeneous catalysts in biomass processing is
often limited by the need for separation of the catalyst from
residual solid biomass. This drawback can be overcome using
magnetically separable catalysts.[21] The superparamagnetic
properties of Ni-bearing ferrites render them suitable materials
for pulping treatments,[22] in which the extraction of lignin
leaves abundant solid cellulosic matter. Effective catalysts for
biomass treatment require both an improved accessibility and a
proven catalytic activity.[23] Catalysts derived from Ni-bearing
LDHs are used for steam reforming of hydrocarbons and have
featured a high CO2 selectivity in methane dry reforming.[24]

They have been proposed for reactions of oxygenate condensa-
tion, like the synthesis of methyl vinyl ketone from acetone.[25]

The redox properties of LDH-derived nickel catalysts are
exploited in oxidative water remediation treatments,[26] hydro-
genation of nitriles or alkynes,[27] and hydroprocessing of heavy
oils.[28] Recently, they have been proposed in the catalytic
pyrolysis of heavy oils. It can also be remarked that Ni� Fe LDH
found extensive applications as electrocatalytic material.[29]

Considering the specific properties provided by Cu and Ni,
in the present work, mixed oxides in the Cu� Ni� Fe and
Cu� Ni� Al systems, designed for magnetic separation of hydro-
gen-transfer catalysts, have been prepared from LDH precursors
and tested in catalytic hydrogen transfer reactions on a model
molecule representative of the main functional groups of lignin.
Ethanol, a solvent obtained from renewable resources, has been
used as a hydrogen donor in subcritical conditions. The
reported difficulties in the formation of Cu-LDH have motivated
a preliminary titration study of the synthesis of Cu� Al and
Cu� Fe LDH.

Results and Discussion

Monitoring LDH formation

The objective of the work is to design NiCuAl and NiCuFe LDHs
as efficient precursors of catalysts for hydrogen transfer valor-
isation of lignin model molecules. Several previous works have
shown that the pH titration curves of the mixed cation solutions
are powerful tools for a comprehensive analysis of the LDHs
formation.[30] This approach is particularly relevant regarding
copper-based LDHs emphasizing the specific behaviour of this
divalent cation in such materials. The pH titration curves of
multicationic solutions (Cu� Ni� Al and Cu� Ni� Fe) cannot be
easily exploited but those of the dicationic solutions containing
Ni or Cu as divalent cation and Al or Fe as trivalent cation
(Ni� Al, Ni� Fe, Cu� Al and Cu� Fe) are able to provide useful
information. The pH titration curves of the mixed Ni� Al and
Ni� Fe solutions have been previously reported and
discussed,[30a,31] contrary to those of the Cu� Al and Cu� Fe mixed
solutions. These latter ones will be studied in the present work.

The number of moles of OH� consumed per moles of Cu
and Al (or Fe) expressed as R (R=n OH� /(n Cu2+ +n M3+) is
plotted in function of the pH in Figure 1. The obtained curves

Figure 1. Titration curves in the systems Cu� Al and Cu� Fe: Cu2+ (a), Al3+ (b),
mixed Cu2+ and Al3+ (c), Fe3+ (d) and mixed Cu2+ and Fe3+ (e). The similar
pH of precipitation of Cu2+ and Al3+ favours the formation of mixed phases.
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correspond to the titration of mixed Cu(NO3)2
.3H2O (0.375 M)

and Al(NO3)3
.9H2O or Fe(NO3)3

.9H2O (0.125 M) salt solution by
NaOH (2 M) at room temperature. Those of each single Cu2+,
Al3+ and Fe3+ cation are also reported for sake of comparison.

The titration curve of the aluminium solution (Figure 1,
curve b) exhibits a slight increase up to a quasi-plateau near
pH=4.5 which is extended up to R=2.7. This evolution
corresponds to the progressive hydrolysis and polymerization
of Al3+ where OH� reacts first with the hexahydrated Al(H2O)6

3+

species at low pH leading to aluminium aquo hydroxo
complexes intermediates such as Al2(OH)4

2+ and Al5(OH)13
2+

further polymerizing into larger species such as Al13O4(OH)24
7+

and Al30(OH)58
32+. A steeper increase is observed between R=

2.7 (pH=4.5) and R=3 (pH=9) showing that the polymer-
ization of the species occurs slowly. At pH=9 a sol gel Al(OH)3
is formed corresponding generally to an amorphous pseudo-
boehmite. The slight increase above pH=9 is assigned to the
dissolution of Al(OH)3 to form Al(OH)4

� species.[32]

The titration curve of the blue copper solution (Figure 1,
curve a) with initial pH=3.6, shows a smooth increase
extending until pH=4.6 at R=1.5 corresponding to the
formation of copper hydroxynitrate Cu(OH)1,5(NO3

� )0,5. An
abrupt increase is then observed until R=2 where a green
precipitate corresponds to a mixture of Cu(OH)2 and Cu-
(OH)1,5(NO3)0,5. At R=2.3 (pH=12.5), the suspension becomes a
clear green solution and the precipitate is identified as Cu(OH)2
by XRD.

Titration of the deep turquoise blue mixed solution of
copper and aluminium nitrates (Cu/Al=3) (Figure 1, curve c)
shows a rapid increase of pH from 3.2 to 4 when the first drops
of NaOH are added. An almost horizontal plateau is then
observed until R=2.5. The pH values of this plateau which
increase slightly from 4 to 4.6 are higher than those of
precipitation of the single aluminium cation until R=1 and
then practically merged with the precipitation of single copper
cation between R=1 and 1.5. Such behaviour is consistent with
the independent sequential mechanism of precipitation of the
trivalent and then the divalent cation described in the literature
for the formation of LDH.[30a] The abrupt increase at about R=

2.8 with an equivalent point at pH=8 corresponds to the
coprecipitation of Cu/Al LDH as confirmed by XRD and previous
reports.[33]

The pH titration curve of the yellow iron nitrate solution
(Figure 1, curve d), with initial pH=1.3, shows a slow increase
to R=0.75 (pH=2) followed by a pseudo-plateau whose
medium pH is around 2.5 which is extended until R=3 with
formation of a red precipitate. The value R=3 at the end of the
plateau well corresponds to the precipitation of a goethite
phase, FeOOH.[31] One can note that FeOOH is formed in
presence of NO3

� anions while previous works have reported
different behaviour in presence of Cl� and SO4

2� anions where
akaganeite (FeIIIO(OH,Cl) and schwertmannite ((FeIIIO(OH,SO4)
phase were formed, respectively.[30e,31] NO3

� is probably less able
to substitute structural hydroxyls or to be incorporated in the
tunnels. The iron hydroxide species is totally precipitated at
around pH=8.

Blending blue Cu nitrate (pH 3.6) and yellow Fe nitrate
(pH 1.3) solutions gives a deep green mixed solution with pH=

1.3. The curve (Figure 1, curve e) then increases until reaching a
first plateau at pH=2.5 where the solution becomes black. It
corresponds to the precipitation of the ferric ions in presence of
an excess of Cu2+ in the solution. A pH increase is observed
from R=0.6 to reach a second plateau around pH=4, where
the suspension turns brown. The plateau extends up to R=1.8
(pH=4.5) and is close to that observed for Cu2+ alone,
confirming the sequential precipitation of the divalent and
trivalent cations of the mixed Cu� Fe solution.

The XRD pattern of the dried precipitate at R=1.5
corresponds to Cu2NO3(OH)3 phase (Figure 2). The pH increases
from 4.5 at the end of the plateau to 12.5 at R=2.5 where the
suspension becomes green. The XRD patterns of the dried
precipitates during this step reveal the presence of a mixture of
Cu2NO3(OH)3 and Cu(OH)2 at R=2 (pH=9) and of Cu(OH)2 alone
at R=2.5 (pH=13) (Figure 2). EDX analysis shows that iron is
always present in these precipitates and that the Cu/Fe molar
ratio increases from 1.6 to 3.3 when going from R=1.5 to 2.5
due to progressive dissolution of the iron phase. The presence
of iron is responsible for the amorphous phase clearly identified
by the broad peak centred around 30° in the XRD patterns of
the precipitates obtained at R=2 and 2.5 (Figure 2).

It is noteworthy that the value R=2.25 at the end of the
titration (pH=13) well corresponds to the precipitation of
Cu(OH)2 and Fe(OH)3 with Fe3+/(Cu2+ +Fe3+)=0.25 in the
synthesis solution.

The pH titration curves of the mixed Cu� Al and Cu� Fe
cation solutions and the characterizations by XRD and EDX
analyses of the precipitates at various stages of the titration
reveal two different behaviours. The main feature is that a CuAl-
LDH phase is formed, which precipitated at pH=8, whereas an
LDH phase is not formed in the presence of iron as trivalent
cation. Instead, a mixture of Cu(OH)2 and amorphous iron phase
is obtained at the end of the coprecipitation (pH=13). These
behaviours probably account for the different reactivity and
morphology of the aluminium and iron hydroxide phases
formed at the early stage of the process. The pseudo-boehmite
Al(OH)3 is a lamellar structure and Cu2+ adsorbed on the surface

Figure 2. XRD patterns of the dried Cu/Fe precipitates obtained at different
alkalinity ratios OH� /(Cu+Fe): R=1.5 (a), 2 (b) and 2.5 (c).
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at low pH values is progressively inserted in the structure by
dissolution-precipitation as the pH increases as previously
reported for the Mg� Al system.[34] The initially formed iron
hydroxide species is a bulk material and its dissolution rate is
probably lower than the precipitation rate of Cu2NO3(OH)3 at
high nitrate concentration and acid pH. This copper hydroxyni-
trate phase is thus likely formed in presence of a low amount of
dissolved Fe3+ in solution.

Phase characterization of as-prepared precursors

The XRD patterns of the Cu� Ni� Al and Cu� Ni� Fe samples with
(Cu+Ni)/MIII=3 (MIII=Al or Fe) and 0�Cu/(Cu+Ni)�1 copreci-
pitated at pH=10 and aged at 80 °C are shown in Figure 3.

In the Cu� Ni� Al system, all samples exhibit the character-
istic pattern of a well-crystallized LDH phase with 003 and 006
peaks in the 2θ range below 25°, and 0kl peaks between 30 and
50°. The cell parameter c calculated from the d003 basal spacing
(c=3 x d003) assuming a rhombohedral symmetry decreases
slightly from 23.047 Å for NiAl-LDH to 22.540 Å for CuNiAl-LDH
with Cu/(Cu+Ni)=0.9 (Table 1). The lattice c values depend on
the nature of the anion, the average charge of the layers and
the amount of interstitial water molecules. Nevertheless, the
obtained c values are consistent with the intercalation of
carbonate anions provided by Na2CO3 during synthesis. Besides,
it can be assumed that the decrease of the c parameter
accounts for an increase in the layer charge of the LDH, well
consistent with the formation of additional CuO tenorite phase,
detected since Cu/(Cu+Ni)=0.5 and increasing with the Cu

content. These behaviours confirm the easy formation of pure
NiAl-LDH with Ni/Al=3 and, on the contrary, the difficulty to
achieve synthesis of rhombohedral CuAl-LDH with high Cu/Al
ratio, due to the distortion of the layer structure assigned to
Jahn-Teller effect previously reported.[12a] Therefore, a significant
amount of copper segregates as CuO phase.

It is noteworthy that the crystallinity in the c direction
increases at high Cu/(Cu+Ni) ratio, as shown by the decrease
of the full width at half maximum (FWHM) of the 001 peaks
(Table 1). Concurrently, the 110 and 113 peaks at around 63° 2θ
progressively vanish being no more detected in high-copper
CuAl-LDH. This accounts for a regular improvement in stacking
of the layers when going from NiAl-LDH to CuAl-LDH and can
be related to a concurrent increase in the layer charge.

The lattice parameter a calculated from the position of the
110 peak (a=2 x d110) of the NiCuAl-LDH phases with cationic
composition similar to the synthesis solution should slightly
decrease when Cu/(Cu+Ni) increases according to the smaller
ionic size of Cu2+ (0.69 Å) than Ni2+ (0.72 Å). Unlike this
expected result, a slight increase from 3.040 to 3.050 Å of the a
parameter is observed when Cu/(Cu+Ni) increases from 0 to
0.5 (Table 1). On the other hand, formation of copper-free
phases, due to segregation of copper into CuO phase, should
lead to pure NiFe-LDHs with decreasing Ni/Al molar ratios and
then contribute to the decrease of the a parameter. This
behaviour and the observed segregation of CuO since Cu/(Cu+

Ni)=0.5 confirms that the cationic content of the LDH layers
does not correspond to that of the solution. Although the exact
composition can hardly be established based on the XRD data
only, one can suggest that true tricationic NiCuAl-LDH are
formed because it is well-known that insertion of copper in the
brucite-like layers is facilitated in presence of another divalent
cation.[12a]

At higher Cu content, in Cu07Ni68Al25, the diffraction peaks
related to the a parameter of the rhombohedral structure
disappear, whereas the peak multiple of interlayer module
becomes narrower (Table 1) and a weak diffraction at 32.75°
could be attributed to monoclinic LDH.[18] Ni-free Cu75Al25
presents a single monoclinic phase, with a=15.235 Å, b=

2.919 Å, c=5.734, β=99.99° and a very narrow (0.32°) peak at
11.8°.

In the Cu� Ni� Fe system, a LDH phase is detected in all
samples with 0�Cu/(Cu+Ni)�0.5. CuO, tenorite, is also
present when Cu/(Cu+Ni) � 0.1 and is the only phase detected
when Cu/(Cu+Ni)>0.5 (Figure 3B). A pure NiFe-LDH whose
XRD pattern has a similar shape to that of NiAl-LDH, although
less crystallized, is obtained. It is noteworthy that all the Fe-
bearing samples are less crystallized than the corresponding Al-
bearing ones. It can be underlined that the intensity ratio
between the 110 and 00 l peaks of the LDH phases in the
Cu� Ni� Fe system is higher than that in the Cu� Ni� Al system
indicating an increase of crystallinity in the (a, b) direction at
the expense of the c direction. The main difference with the
Cu� Ni� Al system is that, for higher copper content (Cu/(Cu+

Ni)�0.9), any LDH phase is formed, i. e. pure CuFe-LDH cannot
be obtained. The XRD patterns show formation of an
amorphous phase with broad maxima around 35 and 60 °2θ.

Figure 3. XRD patterns of CuNiAl and CuNiFe samples precipitated at 30 °C
and aged at 80 °C. Cu/(Cu+Ni) ratios 0), 0.1, 0.5, 0.9, 1.

Table 1. Cell parameters and peak width of rhombohedral LDH.

Cu/(Cu+Ni) c [Å] a [Å] FWHM(003)/°2θ
CuNiAl CuNiFe CuNiAl CuNiFe CuNiAl CuNiFe

0 23.047 22.571 3.040 3.084 1.18 2.9
0.1 23.042 23.300 3.046 3.088 1.25 2.3
0.5 22.755 23.401 3.050 3.097 1.20 3.9
0.9 22.540 n.a. n.a. n.a. 0.60 n.a.

ChemCatChem
Research Article
doi.org/10.1002/cctc.202201622

ChemCatChem 2023, 15, e202201622 (4 of 11) © 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Montag, 13.03.2023

2306 / 290605 [S. 191/198] 1

 18673899, 2023, 6, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202201622 by U
niversita D

i Ferrara, W
iley O

nline L
ibrary on [16/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



This is in accordance with the results of titration experiments.
Indeed, the Cu� Fe mixed solution gives rise to the precipitation
of CuO and an amorphous iron-rich phase.

The lattice parameter a of the Fe-LDH phases are higher
than those observed for the Al-bearing LDHs, in agreement
with the higher ionic size of Fe3+ (0.64 Å) than Al3+ (0.50 Å)
(Table 1). The evolution of the lattice cell parameter a of the Fe-
bearing LDHs shows a similar tendency to the previous Al-
based LDHs. It indeed increases from 3.084 to 3.097 Å when Cu/
(Cu+Ni) increases from 0 to 0.5, unlike the expected behaviour
assuming that Cu2+ is substituting Ni2+ in the amount
corresponding to the synthesis solution or that Cu-free samples
are formed. This suggests that tricationic CuNiFe-LDHs are
formed in the Cu/(Cu+Ni) range from 0.1 to 0.5. Nevertheless,
copper must be introduced in limited amounts because pure
CuFe-LDH cannot be formed and CuO is largely segregated.
Therefore, one can assume that multicationic CuNiFe-LDH
phases have lower Cu content than the corresponding CuNiAl-
LDHs.

In summary, the characterization by XRD evidenced a
different behaviour of the as-prepared samples obtained in the
Cu� Ni� Al and Cu� Ni� Fe systems. In the former system, a LDH
phase is present in the whole composition range with the CuO
phase in addition to the rhombohedral LDH since Cu/(Cu+

Ni)=0.5. In the absence of Ni, pure monoclinic CuAl-LDH is

obtained. In the Cu� Ni� Fe system, the rhombohedral LDH
phase is only present when Cu/(Cu+Ni)�0.5 and CuFe-LDH is
not formed. Moreover, the nature and content of the obtained
phases suggest the formation of copper-richest CuNiAl-LDHs
than CuNiFe-LDHs.

Phase characterization of activated catalysts

The XRD patterns of the catalysts obtained by calcination of the
precursors at 600 °C for 6 h under air flow are shown in Figure 4
and the crystalline phase ratios determined by the Rietveld
method are reported in Table 2.

The nature and ratio of the crystalline phases as function of
the composition differ notably in the two Cu� Ni� M(III) systems
with different trivalent elements. The main difference is the
presence of a Fe-bearing spinel phase in the CuNiFe system,
while no Al-bearing phase is observed in any sample of the
CuNiAl series. This clearly indicates the persistence at 600 °C of
the amorphous material formed by thermal dehydration of the
Al-bearing LDH, in agreement with literature data reporting
spinel formation at temperatures beyond 800 °C.[13b,35] The
peculiar stability of the amorphous alumina matrix is also
confirmed by the retention of Cu and Ni, witnessed by the
phase ratios in the mixed samples.

In the Cu� Ni� Al system only one NiO or CuO crystalline
phase is present in the two samples containing the largest
amounts of nickel (Cu/(Cu+Ni)=0 and 0.1) and copper (Cu/(Cu
+Ni)=0.9 and 1), respectively. The presence of a single NiO
phase in presence of low copper content (Cu/(Cu+Ni)=0.1) is
in accordance with previous reports. Jobbagy et al. indeed
found single-phase NiO in Ni1� xCux(OH)2 mixed hydroxides with
x�0.33 calcined at 400 °C and Rives et al. did not find CuO
peaks when the Cu content was not much higher than that of
nickel in CuNiAl-LDHs calcined at 500 °C.[36]

The sample Cu38Ni37Al25 presents NiO and CuO crystalline
phases in a ratio of 82/18, far from the Cu/Ni ratio of 1/1 in the
solid. This confirms that the segregation of the discrete CuO
phase is delayed in the presence of NiO until relatively high
copper concentration. This clearly suggests a stronger retention
of Cu2+ than Ni2+ in the amorphous alumina material formed
by the decomposition of the LDH.

In comparison with the Cu� Ni� Al system, the Cu� Ni� Fe
system is characterized by the presence of spinel ferrite phases,
whose formation occurs at lower temperature than that
generally observed for spinel aluminate. The lattice parameter
of the ferrite phase increases with the Cu content from 8.32 Å
in Ni75Fe25 to 8.42 Å in Cu75Fe25, in fair agreement with the
8.325 Å literature value for NiFe2O4 and 8.416 Å for CuFe2O4.

[37]

The NiO and CuO particles exhibit higher mean crystallite
sizes in the Cu� Ni� Fe than in the Cu� Ni� Al system. This
accounts for the inhibition of the growth of M(II)O oxides by
the matrix of amorphous alumina. This represent a further
difference with the Cu� Ni� Fe system, where formation of a
separate ferrite phase decreases the interaction with the
crystallites of divalent oxide.

Figure 4. XRD patterns of CuNiAl and CuNiFe catalysts calcined at 600 °C. Cu/
(Cu+Ni) ratios 0), 0.1, 0.5, 0.9, 1.

Table 2. Phase ratios, spinel lattice parameter and Scherrer crystallite sizes
of catalysts calcined at 600 °C.

phase [%] (w/w) a [Å] crystallite size [nm]
NiO spinel CuO spinel NiO spinel CuO

Ni75Al25 100.0 3.4
Cu07Ni68Al25 100.0 3.4
Cu38Ni37Al25 82.4 17.6 3.1 14.0
Cu68Ni07Al25 100.0 8.4
Cu75Al25 100.0 8.4
Ni75Fe25 84.5 15.5 8.319 10.7 11.8
Cu07Ni68Fe25 80.0 20.0 8.333 17.1 13.7
Cu38Ni37Fe25 41.0 27.7 31.3 8.318 16.4 11.8 21.1
Cu68Ni07Fe25 12.0 26.9 61.1 8.339 10.7 9.1 15.6
Cu75Fe25 22.2 77.8 8.424 10.0 17.5
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Textural characterization of catalysts

The N2 sorption isotherms of the samples calcined at 600 °C are
reported in Figure 5 and their textural data in Table 3. The
isotherms are type IV, corresponding to mesoporous materials,
an important factor for any biorefinery application.[38] The pore
diameter for the Ni-richest samples is about 12 and 16 nm for,
respectively, the NiAl and NiFe samples. The maximum pore
volume in each series is observed for sample with Cu/(Cu+

Ni)=0.1: 0.54 cm3g� 1 for CuNiAl and 0.51 cm3g� 1 for CuNiFe. At
the increase of the Cu content, pore volume decreases and
pore size increases. The Cu-richest samples present a pore
volume near 0.16 cm3g� 1. However, this value has a limited
significance, as their isotherms present a limited hysteresis and
the mesopore size approaches 50 nm, the conventional border-
line between mesoporosity and macroporosity, where adsorp-
tion on external surface prevails on condensation in mesopores.
The trends of pore volume and size suggest that mesoporosity
is largely connected to the presence of small NiO nanocrystals.

Al-bearing samples present a nearly twofold larger surface
area than their corresponding Fe-bearing samples, with values
in the range 178–44 m2g� 1 and 99–30 m2g� 1, respectively. The
difference between the two series could be correlated to the
distinct size of the crystallites of the main phases. As indicated

in section 3.3, crystallites of both NiO and CuO are smaller in
Cu� Ni� Al than in Cu� Ni� Fe series. (Table 2). However, it has to
be remarked that the Al-bearing samples contain a significant
fraction of amorphous alumina, which contributes to the
surface area probably more than the iron-bearing spinels. On
the other side, in both series of samples there is a clear
tendency toward a decrease of surface area with the increase of
copper content. This behaviour is largely due to the increase of
the fraction of larger-crystallite CuO at the expenses of smaller-
crystallite NiO, albeit such an effect does not completely explain
the variations of surface area and the evolution of amorphous
material can also play a role.

Catalysis tests

Processes for the decrease of oxygen content of biomass by
hydrodeoxygenation are limited by the drawbacks relative to
the use of molecular hydrogen (cost, transport, storage).[39]

Alternative hydrogen donors have been proposed, based on
catalytic exchange hydrogenation.[40] Several studies have
reported data on catalytic hydrogen transfer on Cu-bearing
oxides derived from LDHs. In most cases supercritical methanol
has played the twin role of solvent and hydrogen donor.[5b,e,41]

Tests in methanol at a lower temperature (200 °C) have also
shown that it is possible to avoid supercritical conditions, not
easily implementable in industrial organosolv processes.[42] The
choice of methanol is interesting due to its large availability
and the easier separation of gaseous CO and CO2, coproducts of
the hydrogen transfer reaction. However, methanol has a
relevant toxicity and is generally not produced from renewable
resources. From these points of view, ethanol is more attractive,
as largely produced by biomass fermentation and allowed for
human use. It is also a more effective hydrogen donor than
methanol and has already been proposed for lignin depolymer-
isation in supercritical conditions.[43]

In the present work, the catalysts obtained from the CuNiAl-
LDH and CuNiFe-LDH precursors have been tested in the
conversion of 4-benzyloxy-3-methoxybenzaldehyde (BMBA) in
subcritical ethanol. Reactions have been conducted at 160 and
200 °C, near the lowest and highest temperature levels
commonly used in ethanol organosolv pre-treatment of
lignocellulosic biomass.[44] The phenolic ether bond and the
carbonyl group of BMBA allowed monitoring of the reactivity of
the functional groups most involved in lignin hydrodeoxygena-
tion and depolymerisation. The main products observed in the
reaction and their formation pathways are summarized in
Scheme 1. Benzyloxymethoxybenzyl alcohol (BMBAlc) and
acetaldehyde were formed from BMBA and ethanol by the MPV
mechanism of hydrogen cross-exchange between alcohol and
aldehyde groups.[4b,40] Acetaldehyde was also formed by direct
dehydrogenation of ethanol and the hydrogen species formed
were active in hydrogenation reactions beyond the MPV trans-
fer.

Hydrogenolysis of the α-O-4 bond of BMBA led to the
formation of vanillin, which was converted to vanillic alcohol by
MPV transfer. Hydrogenation of the C� O bond of BMBAlc and

Figure 5. N2 sorption isotherms of CuNiAl and CuNiFe samples calcined at
600 °C. Cu/(Cu+Ni) ratios 0, 0.1, 0.5, 0.9, 1. The isotherms are shifted by
60 cm3g� 1 for sake of clarity.

Table 3. Surface area, pore volume and average mesopore size of the
catalysts.

Surface area Pore volume Pore diameter
[m2g� 1] [cm3g� 1] [nm]

Ni75Al25 170 0.48 11.7
Cu07Ni68Al25 178 0.54 12.1
Cu38Ni37Al25 136 0.34 10.3
Cu68Ni07Al25 78 0.40 22.5
Cu75Al25 44 0.17 28
Ni75Fe25 69 0.28 16.3
Cu07Ni68Fe25 99 0.51 20.3
Cu38Ni37Fe25 59 0.33 29
Cu68Ni07Fe25 31 0.19 34
Cu75Fe25 30 0.16 48
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vanillic alcohol formed benzyloxymethoxytoluene (BMT) and o-
cresol. Their C� C bonds were further hydrogenated to form
benzyloxymethoxybenzene (BMB) and guaiacol.

The activity of the catalysts was significantly dependent on
their composition. Conversion, carbon balance and selectivity of
the main products observed after 2 h reaction at 160 °C are
reported in Table S1. To better follow the effect of the catalyst
on the complex cascade of hydrogenation reactions, the results
can be presented by type of reaction, namely MPV transfer, α-
O-4 hydrogenolysis, C� O hydrogenation and C� C hydrogena-
tion. The sum of yields for the products issued by each type of
reaction is presented in Figure 6. The presence of consecutive
reactions obviously led to a sum of yields higher than the value
of the conversion. As an example, a product like o-cresol, which
is the result of consecutive MPV transfer, α-O-4 hydrogenolysis,
and C� O hydrogenation, contributes to the yield of each of the
three types of reactions considered.

The conversion of BMBA was quite low on the Cu-free
catalysts (32% on Ni75Al25 and 23% on Ni75Fe25) and rapidly
rose with the Cu content to a maximum at Cu/(Cu+Ni)=0.5
(95% on Cu38Ni37Al25 and 98% on Cu38Ni37Fe25). At higher
Cu content, the conversion slightly decreased in the Al series
until 78% at Cu75Al25 but remained almost constant in the Fe
series. The mass balance, higher than 95% for all tests with low
conversion, was significantly lower in all tests with high
conversion, reaching 88% on Cu38Ni37Al25 and 78% on the
catalysts of the CuNiFe series with Cu/(Cu+Ni)�0.5. The
observed deficits of carbon balance may be attributed to non-
analysed products of consecutive reactions, likely light products
of α-O-4 hydrogenation and deeper hydrogenation.

The yield of MPV hydrogen transfer was higher than 90% of
conversion on all catalysts with nearly quantitative carbon
balance. Only a limited fraction of converted BMBA did not
undergo MPV transfer and was converted to small amounts of
acetals and esters (see Table S1). This was logically expected by
assuming that MPV transfer represents the first step of the
cascades of BMBA reactions (see Scheme 1].

The positive effect of Cu on the conversion was also
observed on the yield of hydrogenation reactions beyond MPV
reaction. Cu-free catalysts were extremely poor in C� C and C� O
hydrogenation. The yield of C� O hydrogenation on Cu-free
catalysts was very low: 4.6% on Ni75Al25 and just 0.6% on
Ni75Fe25, whereas it reached a maximum at 30% on
Cu38Ni37Al25 and 46% on Cu38Ni37Fe25. The yield on Ni-free
catalysts was somewhat lower than on mixed CuNi catalysts:
10% on Cu75Al25 and 16% on Cu75Fe25, indicating a
synergistic effect of Ni on the Cu catalysts. The yield of C� C
hydrogenation products was only slightly lower than the yields
of C� O hydrogenation, indicating that the hydrodeoxygenation
of the alcohol groups formed by MPV transfer was very rapidly
followed by the hydrogenation of the aromatic-methyl bonds.
However, as already observed for hydrogen transfer from
methanol,[42] C� C bonds were less easily hydrogenated in
volatile monomers than in dimers. Indeed, o-cresol presented a
selectivity higher than guaiacol, while BMT was only observed
in traces and BMB was a major product (see Table S1).

The high activity and selectivity of catalytic transfer hydro-
genation was correlated with the oxidation states of copper on
LDH-derived catalysts.[45] The different activity of Cu- and Ni-
bearing catalysts was attributed to easier reducibility of the Cu-

Scheme 1. Cascade of α-O-4 hydrogenolysis (a), MPV (b), C� O hydrogenation
(c), C� C hydrogenation (d) reactions of BMBA.

Figure 6. Conversion, carbon balance and yield of BMBA reactions in ethanol
at 160 °C for 2 h on catalysts of the Cu� Ni� Al (top) and Cu� Ni� Fe (bottom)
series.
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bearing catalysts also in the case of BMBA conversion in
methanol.[42] A synergistic effect of Ni on the reducibility of
Cu� Ni mixed catalysts was also observed. Cu-bearing catalysts
in the Fe series were more active and less selective –due to
consecutive reactions- in comparison to the Al series. This effect
is especially remarkable when one considers that the catalysts
of the CuNiFe series have specific surfaces twofold smaller as
those of the CuNiAl series.

The same trends of activity were observed when the
reaction temperature was raised to 200 °C. The catalytic activity
data in these conditions are reported in Figure 7 and Table S2.
The strong effect of the presence of Cu on the activity was
confirmed at this temperature. The conversion of BMBA was 68
and 32% for the Cu-free catalysts, respectively in the presence
of Al and Fe, while it was higher than 90% for all Cu-bearing
catalysts. The carbon balance, near 100% on the Cu-free
catalysts, presented a different trend in the CuNiAl and CuNiFe
series. In the Al-bearing catalysts, the incorporation of 10% Cu
(Cu08Ni67Al25) minimally affected the carbon balance despite
an increase of conversion from 68 to 95%. At equivalent Cu and
Ni content, the carbon balance presented a minimum at 76%,
in correspondence with a maximum conversion at 97%. At

higher Cu contents, the conversion slightly decreases and
reaches 90% for the Ni-free catalyst, whereas the carbon
balance improved up to 90%. In the Fe-bearing catalysts, the
introduction of 10% Cu brought to a rise of conversion from 32
to 97% and to a decrease of carbon balance from about 100%
to 80%. Further increase in the Cu content brought an increase
of conversion up to 100% for Cu68Ni07Fe25 and to a gradual
worsening of carbon balance, which reached 67% for the Ni-
free Cu75Fe25 catalyst.

MPV hydrogen transfer represented more than 90% of
conversion on all catalysts with nearly quantitative carbon
balance. The measured MPV yield presented a minimum at Cu/
(Cu+Ni)=0.5 in the Al series and a continuous decrease with
Cu content in the Fe series, in correspondence with the
worsening of the mass balance. As already observed at 160 °C,
the yield of hydrogenation products was very low on Cu-free
catalysts: 13% on Ni75Al25 and below the detection threshold
for Ni75Fe25. The yield of C� O hydrogenation was at a
maximum above 50% for catalysts with 10% Cu/(Cu+Ni) and
decreased at higher Cu content.

No products of aromatic dehydrogenation or ring opening
were observed. It is interesting to compare these results with
the data on hydrogen transfer from ethanol at 340 °C provided
by Hensen and co-workers.[43b] In their work, aromatic rings
were systematically cleaved in the presence of Mg-bearing Cu
catalysts from LDH, while they were preserved on Cu� Al
catalysts. It appears that the well-known strong basicity of the
mixed oxide obtained from Mg� Al LDH precursor is needed for
the opening of the phenolic aromatic rings also in the super-
critical conditions of their test.[46] In our experiments, the high
density of weaker basic sites provided by Ni is likely at the
origin of the observed synergistic effect of nickel on the activity
of the Cu catalysts.[47]

In hydrogen transfer processes, the formation of hydro-
genation products of the substrate is naturally accompanied by
the formation of dehydrogenation products of the hydrogen
donor. Separation and reuse of these products can be crucial
factors in the assessment of the viability of the process. The use
of methanol as hydrogen donor has been proposed because of
its low cost and the easy disposal of gaseous CO and CO2. The
use of 2-propanol has been supported by its high effectiveness
as a hydrogen donor and by the relative ease of separation of
the volatile coproduced acetone. The use of ethanol as a
hydrogen donor, in contrast to the advantage of its current
production from renewable resources, has to cope with the
formation of acetaldehyde, a quite reactive dehydrogenation
product.

In our system, the reactivity of acetaldehyde has been
monitored by analysis of condensation products. The main
product observed was diethoxyethane, the diacetal of
acetaldehyde. 1,3-butanediol, butyraldehyde diacetal and 3-
hydroxy butyraldehyde were also observed in minor amounts.
The amount of diethoxyethane formed in tests at 160 and
200 °C is reported in Figure 8. The trends of formation of the
condensation product of acetaldehyde can be compared with
the trends of the BMBA reactions (Figures 6 and 7). A fair
parallel can be observed between the effects of the nature of

Figure 7. Conversion, carbon balance and yield of BMBA reactions in ethanol
at 200 °C for 2 h on catalysts of the Cu� Ni� Al (top) and Cu� Ni� Fe (bottom)
series.
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the catalyst on the diethoxyethane concentration and the
BMBA hydrogenation products. This effect would correspond to
a mechanism in which the formation of hydrogen by dehydro-
genation of ethanol is the limiting step for hydrogenation
reactions beyond the MPV hydrogen transfer. In some way, the
best hydrogenation catalysts would be the most effective in
ethanol dehydrogenation.

Conclusion

CuNiAl and CuNiFe mixed oxides obtained by activation of LDH
are effective catalysts for H-transfer reactions to lignin model
molecules in mild reaction conditions and in the absence of
added acid or bases. The texture of the catalysts is highly
affected by the composition of the precursor LDH. NiO and CuO
particles in the calcined material exhibit higher mean crystallite
sizes in the CuNiFe than in the CuNiAl system, due to the
inhibition of the growth of M(II)O oxides by the matrix of
amorphous alumina where they are embedded. On the
contrary, the formation of a separate ferrite phase in the CuNiFe
system prevents the interaction of the matrix with the
crystallites of the M(II)O oxides, leading to easier crystal growth.

The composition of the oxides significantly affected the
productivity and selectivity of the reactions. The comparison of
catalysts with different composition has allowed identifying a
major contribution of Cu to the catalytic activity. However, the
most active catalysts have been mixed Cu� Ni oxides, indicating
a synergistic role of the high density of relatively weak basic
sites provided by Ni. Moreover, Ni introduced in the LDH
structures will also provide magnetic properties, useful for the
recovery of the catalyst.

The use of Mg-free LDH precursors has contributed to the
retention of valuable aromatic rings in the products, preventing
the effects of the well-known strong basicity of the mixed oxide
obtained from Mg� Al LDH precursor. When comparing the
activity of catalysts with different trivalent cations, Fe-bearing
catalysts were more active than Al-bearing catalysts, despite
their lower surface area. However, the higher activity of Fe-
bearing catalysts brought to a worsening of carbon balance
and a decrease of product selectivity.

In the presence of the appropriate catalyst, ethanol appears
as an effective hydrogen donor for the conversion of lignin
materials, not just for MPV hydrogen transfer reactions but also
for deeper hydrogenation. Reactions in subcritical ethanol seem
appropriate for the breaking of phenylether lignin bonds while
retaining valuable aromatic rings.

Experimental Section

Synthesis

Four different LDH precursors were synthesized n Cu� Ni� Al and
Cu� Ni� Fe systems. Samples are named by the percent atomic
fraction of cations, for instance Cu08Ni67Fe25. Nickel (II) nitrate
hexahydrate �98.5% (Ni(NO3)2.6H2O), copper (II) nitrate trihydrate
�99% (Cu(NO3)2.3H2O), aluminium nitrate nonahydrate �98%
(Al(NO3)3.9H2O), iron (III) nitrate nonahydrate �99.95% (Fe-
(NO3)3.9H2O), and sodium hydroxide �97% (NaOH) from Sigma
Aldrich and Sodium Carbonate �99% (Na2CO3) from VWR were
purchased and used as received without any further purification.
Deionized water was used throughout the synthesis experiments.
The syntheses were done by co-precipitation at a constant pH of
10�0.1.[48] The cation ratio was M2+/(M2+ +M3+)=0.75 (M2+ =Ni,
Cu and M3+ =Fe or Al). Stoichiometric amounts (M2+/M3+ =3) of
respective nitrate salts (M(NO3)n.xH2O) were taken to prepare 0.5 M
divalent cation(s) and 0.3 M trivalent cation solutions that were
stirred well together to form a homogenous solution. The cationic
solution was then added dropwise with a pump into 50 mL of
0.25 M Na2CO3 solution at the rate of 0.4 mL/s with constant stirring
at 1000 rpm. All syntheses were conducted at 30 °C with controlled
addition of alkaline solution NaOH (2 M) by pH-STAT Metrohm 877
Titrino. The resulting slurry was aged for 15 h at 80 °C, unless
otherwise stated, under constant stirring at 1000 rpm; centrifuged
at 5000 rpm for 10 min; washed three times with deionized water
to remove the excess free metal salts and alkali. The samples were
dried under vacuum for 3 h and further kept at 80 °C under air flow
for 12 h. The catalysts were obtained by calcination of the dried
LDH precursors at 600 °C for 6 h with a heating rate of 2 °C/min in
air flow.

Characterization

For the structural identification of the materials, powder XRD
patterns of the synthesized catalysts were recorded on a Bruker
AXS D8 Advance diffractometer with θ-θ Bragg-Brentano setting
using nickel-filtered monochromatic CuKα (1.5402 Å) radiation at a
2θ range 4–80 ° with step size 0.02 °. Cell parameters of LDH were
calculated by the lines 003, 006 and 110 in rhombohedral setting
and by profile refinement from the cell of Yamaoka in monoclinic
setting. Phase ratios and cell parameters of the calcined materials
were determined by Rietveld treatment. The textural character-
ization and surface area were studied using conventional adsorp-
tion-desorption of N2 as the adsorbate at 77 K by a multipoint
method; conducted using Micrometrics Tristar-3000 automated gas
adsorption system with improved vacuum system. Prior to the
nitrogen adsorption, the samples were outgassed for 12 h under
vacuum at 80 °C for uncalcined samples and 250 °C for calcined
samples by Micrometrics VacPrep 061 auto-degassing station. The
Brunauer- Emmett-Teller (BET) method was used to evaluate the
specific surface area of the catalyst. Pore properties were evaluated
by a DFT kernel.[49] The composition of the prepared catalysts was
measured by Energy Dispersive X-Ray analysis (EDX) by QUANTA
200F with Detector Oxford Instruments X-Max N SDD/ working

Figure 8. Acetaldehyde diacetal formed on catalysts of the CuNiAl and
CuNiFe series in the BMBA reaction at 160 and 200 °C. The lines are a guide
for the eye.
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condition at 15 kV/1 μm3 area, BSE electron in which samples were
at vacuum (0.38 torr) at room temperature.

Catalysis

In a typical test, 25 mg of catalyst calcined at 600 °C was introduced
in each of six 120 ml autoclaves containing 20 ml of 8 mM solution
of 4-benzyloxy-3-methoxybenzaldehyde (BMBA) in anhydrous
ethanol. The autoclaves were connected to a Parr 5000 system and
deoxygenated by bubbling N2 in successive cycles of pressurization
and depressurization. The closed autoclaves were heated at 5 °C/
min and maintained 2 h at 200 °C under stirring at 350 rpm. The
liquid products recovered after cooling were identified by GC-MS
(Shimadzu GCMS-QP 2010 with a ZB-5HT Inferno low polarity
column) and quantified by comparison with standard solutions on
a GC-FID equipped with a polyimide Zebron ZB-5HT column.
Conversion was calculated from the difference between the
concentrations of BMBA at the beginning and the end of the
reaction. Yields of products were calculated as molar ratios
between aromatic rings of each product and aromatic rings of
BMBA reagent. Selectivity of each product was calculated as the
ratio of product yield and BMBA conversion.
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