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Abstract
The aim of this article is to study the catalytic capacities of gold nanoparticles based on a layered double hydroxide prepared 
by a depo-precipitation method in oxidation. The main interest of this work is to prove the possibility of using these materials 
as catalysis for selective oxidation for succinic acid production. The textural and morphological properties were obtained 
by several analysis techniques such as: X-ray diffraction, Infrared spectroscopy, Nitrogen adsorption–desorption, Scanning 
electron microscopy, Diffuse-Reflectance UV–Visible and High-resolution transmission electron microscopy. The charac-
terization results obtained showed a very well-structured layered double hydroxide with small gold nanoparticles supported 
on surface. However, the catalytic performance of these new materials was studied in the furfural oxidation with hydrogen 
peroxide. The use of gold nanoparticles supported layered double hydroxide exhibited a beneficial effect on selectivity giv-
ing an exclusive selectivity in succinic acid.

Keywords Hydroxide double lamellar · Gold nanoparticles · Furfural oxidation · Succinic acid · Hydrogen peroxide

1 Introduction

The transformation of lignocellulosic biomass into a plat-
form molecule, (e.g. 5-hydroxymethylfurfural, furfural, 
levulinic acid, fumaric acid and succinic acid [1–3]), allows 
the synthesis of a large number of high value added prod-
ucts used to replace fuels [4, 5]. Among these molecules, 
as stated by the United States Department of Energy [6], 
succinic acid is the one of the most important platform bio-
molecule having a very broad industrial application in food, 
cosmetic, pharmaceutical and plastic production [7, 8].Suc-
cinic acid is also used as a raw material for the synthesis of 

various basic chemicals, biopolymers [3, 9, 10], solvents 
[11] and biodegradable polymers, such as polybutylene suc-
cinate adipate and polybutylene succinate [12]. Currently, 
much of the commercial succinic acid has been produced by 
conventional petrochemical processes, by a catalytic hydro-
genation of maleic anhydride previously produced by the 
catalytic oxidation of hydrocarbons (benzene and butane) 
and by a microbial fermentation processes of many biomass 
substrates exploited for its the production. Nevertheless, 
these processes require meticulous fermentation conditions 
as well as complex steps to separate succinic acid from the 
fermentation broth [13, 14].

Since the last decade, several researchers have attempted 
to find an alternative to the production of succinic acid from 
biomass-derived compounds, such as furfural and furan 
derivatives [1, 13, 15] by oxidation using different oxidiz-
ing agents under moderate conditions.

Focusing on this research angle, Choudhary et al., stud-
ied the use of hydrogen peroxide as an oxidizing agent in 
the production of succinic acid from furfural oxidation with 
homogeneous and heterogeneous catalysis [1, 16]. They 
found that the use of P-toluene-sulfonic acid as homoge-
neous catalysis has a great catalytic activity, and the use 
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of heterogeneous catalysis like commercial Amberlyst-15 
gives succinic acid yields of 74% at 80 °C for a 24-h reaction 
time. Also, Kingkaew et al., investigated furfural oxidation 
with peroxide hydrogen and Dowex-G26 as catalyst [17] and 
concluded that 75% of succinic acid was obtained at 80 °C 
under a moderate reaction condition.

The choice of hydrogen peroxide makes it the best oxi-
dizing agent taking into account the fact that it is cheap, 
ecological, environmentally friendly and with high oxygen 
content [1, 18–20]. The challenge is; therefore, to find a 
catalyst that can be easily prepared, stable, with low-cost, 
and used to improve succinic acid production in the oxida-
tion reaction.

This present research aims to investigate the production 
of succinic acid by furfural oxidation with hydrogen perox-
ide by means of new gold nanoparticles supported layered 
double hydroxides as catalyst.

The Layered double hydroxides (LDH) are known as ani-
onic clays. They consist of a positively charged edge shar-
ing octahedral and form brucite-like host layers. The net 
positive charges on the layers are balanced by exchangeable 
anions intercalated between the sheets [21]. Their struc-
ture is described by stacking sheets of M(OH)2 composi-
tion which consists of octahedral  M2+ cation surrounded 
by  OH− hydroxyl groups. These octahedral units are stuck 
by the edges forming infinite layers, with  OH− bonds per-
pendicular to the plane of the layers [22, 23]. In the LDH 
phases,  M3+ cations substitute a portion of the  M2+ cations 
in the layers, thereby inducing the positively charged leaf-
lets. The positive charge excess is compensated by anions 
and water molecules present in the interfering space allow-
ing electro-neutrality [24]. The LDH adopt the following 
formula:  [M2+

1-x  M3+
x(OH) 2] x+  [Ann−] x/n, m  H2O. Where 

 M2+ and  M3+ are the divalent  (Ni2+,  Mg2+,  Cu2+,  Zn2+, 
 Co2+ etc..) and trivalent  (Al3+,  Cr3+,  Fe3+,  Ti3+ etc.) metal 
cations, respectively, and  An− is the exchangeable interlayer 
 (CO3

2−,  NO3
−,  Cl−,  SO4

2−, etc.…) anion [21, 25]. LDH have 
received a lot of attention in recent years because of their 
potential utility as adsorbents and anion exchangers [21], 
in electrochemical reactions, medicine [26], photocatalysis 
[27], as basic catalysts [28, 29] and more importantly as 
catalyst supports [30].These applications are dependent on 
their layered structure, surface area, porosity and granular 
distribution [31].

The possibility of using LDH as supports for gold nano-
particles at low temperature reactions has attracted a big 
interest since the pioneering work of Haruta et al. which 
revealed a high activity of oxidation using gold supported 
nanoparticles on various metal oxides [32].

Gold nanoparticles supported on solids with high surface 
area are used for a large variety of catalytic reactions with 
industrial and environmental importance, such as cyclohex-
ene oxidation [33–35], CO oxidation [23],benzyl alcohol 

oxidation [36], adsorption [37], photocatalysis [38],organic 
synthesis [39, 40], organic contaminants oxidation [41] and 
furfural oxidation [42]. The solids support materials play the 
role of stabilizing gold nanoparticles at different oxidation 
states and controlling their dispersion level as nanoparticles 
size [43].

Among the numerous materials, layered double hydrox-
ides (LDH) exhibit unique features which are not found in 
other solid supports if used as support materials for gold 
nanoparticles, thereby making Au/LDH composites a spe-
cific catalyst [42]. Taking advantages of their unique tun-
able properties, LDH are suitable to manufacture Au/LDH 
composites.

In this work, we investigated facile routes at room tem-
perature to obtain novel  NixAl-LDH as the support of Au/
NixAl-LDH catalyst for furfural oxidation. Initially, we syn-
thesized  NixAl-LDH with various metals loading by copre-
cipitation at pH constant method. Gold nanoparticles were 
then immobilized on the support by using the deposition 
precipitation method. X-ray diffraction, Infrared spectros-
copy, Nitrogen adsorption–desorption, Scanning electron 
microscopy, Diffuse-Reflectance UV–Visible and High-
resolution transmission electron microscopy were employed 
to investigate the composition and structure of the catalysts 
and reveal the promotion effect of gold nanoparticles on the 
catalytic performance and succinic acid production.

2  Experimental

2.1  Preparation of materials

All the chemicals were reagents graded and used without 
further purification. Succinic acid  (C4H6O4, purity > 99%, 
118.09 g/mol), fumaric acid  (C4H4O4, purity > 99,116.07 g/
mol), furoic acid  (C5H4O3, purity 98%,112.08 g/mol), nickel 
nitrate (Ni  (NO3)2.6H2O,purity > 97%, 290.79 g/mol), alu-
minum nitrate (Al  (NO3)3.9H2O,purity > 98,375.13 g/mol), 
sodium hydroxide (NaOH, purity > 97%, 40 g/mol),sodium 
carbonate  (Na2CO3, purity > 99%, 105.99 g/mol) and Hydro-
gen peroxide  (H2O2, 30%, 34.01 g/mol) were all purchased 
from sigma Aldrich. Furfural  (C5H4O2, purity 99%, 96.08 g/
mol) was also purchased from Sigma Aldrich and used after 
distillation under reduced pressure. De-ionized water was 
used as a solvent throughout this study.

2.2  Preparation of  NixAl‑LDH (x = 2,3,4)

The syntheses of carbonate-containing  NixAl-LDH were 
conducted using a constant-pH coprecipitation method 
[22]. The synthesis procedure was as follows: a suitable 
molar ratio of a metal precursor (100 mL) solution was 
prepared containing Ni  (NO3)26H2O and Al  (NO3)3.9H2O, 
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and was slowly added drop wise at a rate of 0.23 mL·min−1 
to an aqueous solution containing 0.5 M  Na2CO3. The pH 
was raised to a value of 10 by the addition of 2 M NaOH. 
The mixture was magnetically stirred at room temperature 
to ensure the reaction medium homogeneity. The precipi-
tate was isolated by centrifugation and the solid obtained 
was washed with distilled water many times until the 
excess of nitrates and carbonates was completely removed. 
The samples were, then, dried in an oven at 80 °C for 24 h 
and finally crushed to a fine powder. The samples obtained 
were noted as follows:  NixAl-LDH (x = 2,3,4).

2.3  Preparation of 1%Au/NixAl‑LDH (x = 2,3,4)

A deposition–precipitation method was employed to pre-
pare the gold nanoparticles supported on  NixAl-LDH [44, 
45].All the preparations were performed in the absence of 
light, known to decompose the gold precursors. An amount 
of 1 g of LDH support was dispersed and stirred in 20 mL 
of water. An aqueous solution of  AuHCl4 (1 mmol) was 
kept at pH 12 adjusted with 2.5 M NaOH solution. The 
gold was loaded drop wise on the synthesized hydrotal-
cite and then stirred for 24 h at room temperature. After 
filtration, the resulting solid was washed with de-ionized 
water. After each washing, a test with  AgNO3 was carried 
out to verify the presence of chlorides. Generally, no trace 
of chloride was found, after the first wash.

Finally, the resulting solid was dried at 80 °C overnight, 
and finally crushed to a fine powder. The LDH supported 
gold sample was named as 1%Au/NixAl-LDH (x = 2,3,4).

2.4  General procedure for oxidation

An amount of 10 mg of the catalyst was added to the fur-
fural solution at the concentration of 2 mmol was loaded in 
a three-neck round bottom flask attached with a reflux con-
denser and followed by the addition of 30% of hydrogen 
peroxide (8 mmol) as oxidant and water solvent (6 mL). 
The reaction was performed by stirring under atmospheric 
pressure at 80 °C. After the reaction, the resultant reaction 
mixture was diluted 20 times with water and filtered off 
using Millex®-LG 0.20 µm.

The reaction products were analyzed by high perfor-
mance liquid chromatography (YL9100 HPLC) with 
UV–VIS detector using a C18 column. Sulfuric acid solu-
tion was used  (H2SO4 10 mmol) as a mobile phase at a 
temperature of 30 °C.

An etaloning curve was realized for the calculation of 
conversion and selectivity. The conversions of all sub-
strates were calculated by using the following formula 
[46] (Eq. 1):

Whereas the product yield selectivity was calculated by 
(Eq. 2)

2.5  Characterization

The X-ray diffraction (XRD) patterns powder of the pre-
pared samples was performed on a Rigaku diffractometer, 
with a copper anticathode and monochromatic graphite 
blade, using Cu Kα radiation (λ = 0.154 nm). The diffrac-
tion data were collected for 2 s at each 0.02 s step at 2thetas 
ranging from 2° to 80°. The d-spacing  (d00l) values were 
calculated using Bragg’s Law formula (Eq. 3).

The average crystallite size was calculated from the 
Debye–Scherrer’s formula (Eq. 4).

where k is the Scherrer constant 0.9, λ the length wave of 
incident radiation used (nm), β the width at mid-height of 
the diffraction peak used (rad), and θ the Bragg diffraction 
angle (rad).

Fourier transform infrared spectroscopy (FTIR) spectra 
of samples were collected on a Perkin-Elmer 16 PC Fourier 
transform spectrometer equipped with a diffuse reflectance 
sphere. The materials were dispersed and gently ground in 
KBr powder, placed in the diffuse reflectance sphere, and 
analyzed. The results were shown in transmittance, at the 
range of 4000–400 cm −1 with a resolution of 2  cm−1.The 
texture of the synthesized materials was identified by the 
physical nitrogen adsorption–desorption at its liquefaction 
temperature (− 196 °C) on the surface of the solid degassed 
overnight under vacuum at 200 °C beforehand to eliminate 
all traces of water and  CO2.The volumetric analysis was 
performed using a Quantachrome Nova 1000e instrument. 
The measurements of the specific surface area were deter-
mined by the BET (Brunauer, Emett and Teller) method, and 
those of the pore distribution were determined by the BJH 
method. As a method for the characterization of the LDH 
particles, FEI NOVA SEM 450 emission scanning electron 
microscope operating at the optimum accelerating voltage 
of 2.00 kV with a resolution of 500 nm was used. The Dif-
fuse Reflectance UV–Vis spectroscopy measurements were 
carried out at room temperature with JASCO UV/VIS Spec-
trometer in the range of 200–800 nm, the setup was equipped 

(1)Conversion (%)=
substrateinput − substrateremained

substrateinput
* 100

(2)Selectivity (%)=
productdetected

substrateinput
* 100

(3)n� = 2d00lsin�

(4)D = k�∕�cos�
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with a diffuse reflectance accessory set to collect the diffuse 
reflected light only. High resolution transmission electron 
microscopy (TEM) was carried out using a field emission 
microscope (JEOL 2010F) operated at 300 kV. The samples 
were prepared by placing a drop of 5 μL of sample solution 
on 200 meshes of copper grids with a lacey carbon film fol-
lowed by the solvent (ethanol) evaporation before transfer-
ring them into the microscope.

3  Results and discussion

3.1  Structural and textural characterization

The diffraction patterns of the prepared  NixAl-LDH samples 
in Fig. 1 section a exhibited sharp peaks at 10.7°, 22.0°, 
34.1°, 38.5°, 46.4°, 60.5°, 61.5° corresponding respectively 
to the (003), (006), (012), (015), (018), (110) and (113) plane 
which are characteristic diffraction peaks of the  NixAl-LDH 
nanosheets [47–50]. The diffraction is indexed in a hexago-
nal system with an R3-m space group [51–53] and a rhom-
bohedral crystal symmetry of takovite-type structure [53].

In a more in-depth exploration, the unit cell parameters 
and the crystallite size of the samples were evaluated and 
summarized in Table1.The basal spacing  d(003) reflection 

values are in agreement with the presence of the carbonate 
anion in the interlayer region[26]. The unit cell parameter a 
is the average distance between two metal ions, calculated 
from the d-spacing of the (110) reflection with the follow-
ing formula a = 2d(110) [21]. These values are unchanged as 
 Al3+substitutes the  Ni2+ cations. Also, a slit change in the 

Fig. 1  XRD Analysis (a, b), FTIR spectra (c, d) of the prepared materials

Table 1  XRD parameters of the prepared materials

[a] Unit cell parameters calculated from XRD: c = 3d(003), a = 2d(110)
[b] Crystallite size calculated from equation Debye–Scherrer d(110)
[c] calculated from adsorption atomic spectra

Catalyst d(003) (Å)[a] c (Å) [a] a (Å) [a] D (Å) [b] Au (wt%) [c]

Ni2Al-LDH 8.5 25.5 3.1 84.22 –
Ni3Al-LDH 8.6 25.6 3.1 84.21 –
Ni4Al-LDH 8.4 25.4 3.1 101.07 –
1%Au/

Ni2Al-
LDH

7.6 22.8 3.0 71.50 1.0

1%Au/
Ni3Al-
LDH

7.6 22.8 3.0 83.40 0.9

1%Au/
Ni4Al-
LDH

7.5 22.4 3.0 83.42 1.0
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crystallographic parameter c is visible as the Ni/Al molar 
ratio increase. This variation is due to the network expansion 
as reported by different researchers [53, 54].

The diffraction pattern peaks, as shown in Fig. 1 section 
b, did not change after the addition of gold nanoparticles; 
however the diffraction intensities were enhanced indicating 
that the gold supported material possesses a better general 
crystalline organization [31]. Nevertheless, the c parameter 
decrease suggests that gold nanoparticles may lodge on the 
LDH surface and not in the inter-sheet space. Moreover, the 
gold reflection at (111), (200) and (220) was not noticed 
owing to its small particle size and lower metal loading.

The Fourier transform infrared spectroscopy (FTIR) 
spectrum of the pristine  NixAl-LDH depicted in Fig. 1 sec-
tion c is in agreement with the layered double hydroxide 
materials prepared without impurities. The following spec-
trum consists of a broad band located at 3300–3550  cm−1 
confirming the presence of interlaced water molecules and 
 OH− group of the brucite sheet [55]. The water deformation 
band between 1590 and 1660  cm−1 confirms the presence 
of interstitial water molecules δ  (H2O) [21, 56, 57]. Also, 
an asymmetric band at 1370–1360  cm−1 is due to the pres-
ence of the carbonate ions interlayered within the lamel-
lar [21, 24, 55]. As summarized in Fig. 1 section d,when 
the gold nanoparticles were supported over the surface of 
the LDH materials, no changes were observed in the FTIR 
spectrum [58] as it was seen on XRD diffractions. For low 
frequencies, the vibration bands observed are attributed to 
the network [59, 60], and the lattice vibration bands at 460, 
590,735  cm−1 can be ascribed to Ni–O, Ni–O–Ni or/and 
Al–O–Al,Ni–OH or/and Al–OH deformation [31, 55]. These 
bands become sharper and clearer after the immobilization 
of gold nanoparticles confirming the increase of the crystal-
linity as observed on the XRD pattern.

The nitrogen adsorption–desorption isotherms, as well 
as the pore size distribution (PSD) of the hydroxide materi-
als phases before and after the addition of gold nanoparti-
cles were also measured and shown in Fig.S1 and Fig.S2, 

respectively. All the materials are of type IV, confirming 
their mesoporous structure with pore sizes ranging from 2 
to 50 nm [61]. The isotherms show an H3 hysteresis loop 
type pointing out the formation of aggregates generating slit-
like pores which size and shape are not uniform. The main 
textural parameters are compiled in Table 2 [62], from these 
data, it can be deduced that the specific area decreases with 
the Ni/Al molar ratio, from 86 to  53m2/g, the pore volume 
follows a clear trend, and decreases with the Ni/Al molar 
ratio. The PSD profiles illustrates that both of  NixAl-LDH 
and 1%Au/NixAl-LDH sample exhibit a unimodal type of 
distribution with a high sharp in the range of 1–25 nm with 
maxima of 18 nm for the initial LDH and 19 nm for the 
1%Au/LDH materials, except the  Ni4Al-LDH which show a 
broader PSD curve with a series of non-uniform mesopores 
from 2 to 30 nm.

The VIS–UV spectra of the dried gold supported LDH 
materials were studied and shown in Fig.S12. The LDH sup-
port shows three absorption bands located at 200–300 nm, 
300–500 nm and 600–800 nm. As  Al3+ have  d0 configura-
tion, the bans are attributed to d-d transitions of  Ni2+ in the 
octahedral geometry [63, 64]. The region 200–300 nm is 
owing to ligand-to-metal charge transmit (O 2p → Ni 3d  t2g) 
[65]. The study of the dried 1%Au/NixAl-LDH reveals the 
presence of bands at 213–231 nm and 328 nm characteris-
tic of  Au3+,  Au+ and  Auδ+, respectively [66]. However, the 
reduced  Au0 is not visible in the range 400–800 nm.

The SEM images, as illustrated in Fig.S3, indicate that 
the prepared lamellar hydroxide has a similar sand rose 
morphology with a hexagonal shape and a lateral size about 
10–15 nm. This result confirms our deductions from the 
XRD characterization. Also, the EDS images confirm that 
the Ni and Al elements accounted for a large part of the 
 NixAl-LDH composition.

Figure 2 section b and Fig.S5 section b shows the trans-
mission electron microscopy (TEM) images of the hydrotal-
cite supports  Ni2Al-LDH and  Ni4Al-LDH, respectively. The 
images illustrate clearly that the samples exhibit a lamellar 

Table 2  Textural parameters of 
the prepared materials

[a] Obtained by BET surface area analysis
[b] calculated from BJH pore size analysis
[c] Calculated from Gurvitsch equation Pd = 4*103*(Pore volume/SBET)[62]

Catalyst BET  (m2/g)[a] Total pore volume 
(cc/g)[b]

Average pore 
 diameter[b] (nm)

Pore 
 diameter[c] 
(nm)

Ni2Al-LDH 86 0.18 18.98 8.37
Ni3Al-LDH 83 0.14 19.13 6.74
Ni4Al-LDH 53 0.13 18.99 9.81
1%Au/Ni2Al-LDH 82 0.21 18.81 10.24
1%Au/Ni3Al-LDH 92 0.17 19.03 7.39
1%Au/Ni4Al-LDH 57 0.14 18.87 9.82
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overlapping crystal structure. The plates are smooth with 
very thin films, crumpled and tangled, with a turbostratic 
disorder without any defined form in the stack layers. The 
lattice fringes parameters noted in white can be indexed as 
the (003) plane of LDH material and confirm those found 
by XRD calculation.

The electron diffraction diagram in Fig. 2 section d and 
Fig.S5 section d gives diffused and accurate spots which cor-
respond to the reflections (hk0), and reflect the non-textured 
polycrystalline and turbostratic character. These diffraction 
rings can be ascribed to the LDH hydroxide structure [67, 
68].

The supporting gold nanoparticles influence on the LDH 
morphological and textural properties was also investi-
gated. The ADF-STEM images shown in Fig.S4 display 
that the 1%Au/NixAl-LDH composites conserve the lamellar 

structure; however, the gold nanoparticles are hardly visible 
because of their low grade and small size.

Besides,the TEM microscopy, in Fig. 2 section a and Fig.
S5 section a, evidenced a heterogeneous distribution of gold 
nanoparticles over the LDH support with a spherical shape 
[37] that appears as white dots on LDH surfaces highlighted 
that the introduction of gold does not alter the supported 
materials morphology.

The gold broad size distribution of the 1%Au/Ni2Al-LDH 
is reported in Fig. 2 section c in more details. Most of the 
particles have a heterogeneous size distribution with an aver-
age diameter between 3 and 8 nm, and few of them have size 
in the 8–10 nm. The average diameter of gold nanoparticles 
was calculated to be d = 5.83 nm.

On the contrary, the 1%Au/Ni4Al-LDH as shown in Fig.
S5 section c, contains highly dispersed gold nanoparticles, 

Fig.2  TEM images of a 1%Au/Ni2Al-LDH, b  Ni2Al-LDH, c size histogram distribution, d SAED patterns of  Ni2Al-LDH
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with a Gaussian shape and well evidences that most of the 
gold size is below 5 nm.

As a conclusion, we can say that, the results of XRD, 
FTIR,  N2 adsorption–desorption, SEM, UV–VIS spectra and 
TEM taken together evidenced the successful synthesis of 
1%Au/NixAl-LDH composites.

3.2  Furfural oxidation

The efficiencies of various catalysts for furfural oxidation 
to succinic acid in the presence of hydrogen peroxide under 
mild reaction parameters are shown in Fig. 3 and listed in 
Table 3. The reaction can give three products as shown in 
Fig.S6: succinic, fumaric and furoic acids [1, 13] as detected 
by HPLC. Regardless the catalysis composition, all the reac-
tions achieved a maximum conversion greater than 90% after 
5 h of reaction. Nevertheless, a slight difference in conver-
sion is observed, which might be due to the changes in the 
morphological characteristics such as the distribution of 
active cites and the decrease in the specific area when the 
molar ratio Ni/Al increases.

The kinetic reaction progression of the LDH materials 
illustrated in Fig.S7, Fig.S8, Fig.S9 section a, showed an 
increase in furfural conversion and succinic acid selectiv-
ity with an increasing reaction time and became constant 
after 3 h. Fumaric acid was formed in higher amounts than 
succinic acid at the beginning of the reaction time and then 
slightly decreased. This tendency proposed that fumaric acid 
can be an intermediary reaction product. Also, furoic acid is 
formed in a law amount [1, 69]and confirms that the furfural 
oxidation reaction may occur without the furan ring rupture 
[70, 71].

On the other hand, the use of gold supported LDH has a 
beneficial effect on the selectivity, as shown in Fig.S7, Fig.
S8, Fig.S9 section b, an unexpected behavior is observed. 
We notice that the use of 1%Au/Ni2Al-LDH catalyst gives 
an exclusive selectivity in succinic acid production of 98%, 

while for 1%Au/Ni3Al-LDH and 1%Au/Ni4Al-LDH 53% of 
succinic acid is produced with a mixture of fumaric and 
furoic acid.

This unusual behavior can be attributed to the dispersion 
of the gold nanoparticles on the surface of the LDH support. 
As it is shown on TEM analysis, it can be hypothesized that 
the observed discrepancy between the two catalysts 1%Au/
Ni2Al-LDH and 1%Au/Ni4Al-LDHis due to the different 
gold size dispersion on the support. This result indicates 
that there is a limiting gold nanoparticles size dividing the 
selectivity catalyst: where the presence of a large gold nano-
particles (size > 5 nm) in the1%Au/Ni2AL-LDH, as shown 
in Fig. 2 section c, promotes the succinic acid formation. 
Also, the smaller gold nanoparticles (size < 4 nm) seen on 
the 1%Au/Ni4AL-LDH in Fig.S5 section c, exhibit a mix-
ing between fumaric and succinic acid. As theoretically 
reported, [42, 72–74] the limiting size appears to be related 
to an intrinsic modification of the properties of gold nano-
particles and promotes the succinic acid production.

Based on the oxidation mechanisms described in the lit-
erature [1, 75–77], two types of reaction pathway can be pro-
posed. Fig.S10, proposes that the furan ring is opened up to 

Fig.3  Reaction progress for furfural oxidation, reaction condition:  H2O 6 mL, furfural 2 mmol,  H2O2 8 mmol, catalyst 10 mg, 1 atm, 80 °C, 24 h

Table 3  Catalyst scanning for the furfural oxidation

Reaction conditions:  H2O 6 mL, furfural 2 mmol,  H2O2 8 mmol, cata-
lyst 10 mg, 1 atm,80 °C, 24 h

Catalyst Conversion% Selectivity 
SA%

FA% FuA%

Ni2Al-LDH 92 71 16 12
Ni3Al-LDH 96 72 17 10
Ni4Al-LDH 91 75 16 8
1%Au/Ni2Al-LDH 92 98 1.5  < 1
1%Au/Ni3Al-LDH 93 53 13 33
1%Au/Ni4Al-LDH 91 53 45 2.5
Blank 47 – – –
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forms a dienol which ketonisis to diketo aldehyde and forms 
succinic acid. This reaction pathway was reported by Bunton 
[78]on the oxidation of diketone and keto aldehyde to carbox-
ylic acid by hydrogen peroxide, and can explain the exclusiv-
ity of succinic acid production in case of 1%Au/Ni2Al-LDH. 
However, Fig.S11, involving a Bayer-Villiger oxidation step 
[79–81], seems more in arrangement with our results (except 
for 1%Au/Ni2Al-LDH). The pathway shows that furan com-
pound can be oxidized via furan-2(3H)-one type intermediate 
forming succinic acid. However, the keto-enol tautomerization 
of the hydrolyzed product after Bayer-Villiger oxidation can 
give two products: furan-2(3H)-one and furan-2(5H)-one, and 
can explain the fumaric acid formation [16].

4  Conclusion

In sum, we succeeded in synthesizing a series of lamellar 
double hydroxides and their supported gold nanoparticles, 
using a pH constant coprecipitation and deposition–precipi-
tation route, respectively. An oxidation reaction was chosen 
to evaluate the efficiency of the catalytic activity of prepared 
materials. Tthese synthesized products exhibited an excel-
lent furfural oxidation activity and a succinic acid produc-
tion, especially in the presence of gold nanoparticles. These 
results are due to the association of gold on LDH support 
which promoted the succinic acid formation increase. The 
gold size distribution made it possible to increase the suc-
cinic acid formation exclusively when the size of this latter 
is up to 5 nm, whatever the smaller gold nanoparticles are 
to promote the formation of succinic and fumaric acids with 
a comparable amount.
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