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A B S T R A C T   

The use of saline slag, a hazardous waste generated during the recycling of aluminum, as aluminum source for 
the synthesis CuAl layered double hydroxides (LDH) is for the first time reported in this study. Due to the Jahn- 
Teller effect, divalent copper–aluminum LDH come usually with impurities and a pure CuAl LDH is not easy to 
obtain. The effect of synthesis pH has been examined by comparing LDH synthesized at various pH, ranging from 
6 to 12 via a co-precipitation method using aluminum obtained from an alkaline extraction of the slag. For 
comparison purposes, a sample was synthesized at pH = 9 using commercial aluminum Al(NO3)3⋅9H2O instead of 
extracted aluminum. The effects of the aging time and calcination temperature are also discussed. The LDH and 
their calcined metal mixed oxide (layered double oxide, LDO) have been analyzed with several characterization 
techniques: powder X-ray diffraction (PXRD), N2 adsorption at − 196 ◦C, thermogravimetric analysis (TGA), 
temperature programmed reduction (TPR), scanning electron microscopy (SEM), transmission electron micro-
scopy and energy-dispersive X-ray spectroscopy (TEM and EDS). Synthesis pH has been proved not only to have a 
significant effect on the nature of secondary phases but also on the structure and morphology of the samples.   

1. Introduction 

A significant amount of aluminum dross is produced each year dur-
ing aluminum smelting, generating quantities of between 15 and 25 kg 
of aluminum dross per 100 kg of molten aluminum (Mahinroosta and 
Allahverdi, 2018; Gao et al., 2021). Saline slag is the main waste 
generated during secondary aluminum processes (Tenorio and Espinosa, 
2002). It is considered a hazardous waste, given its composition and its 
possible reaction with water. 

Aluminum can be almost completely recycled into new products, 
unlike other metals, by smelting processes using tilting rotary kilns and a 
mixture of salts (brine) such as NaCl and KCl. These play crucial roles in 
this process, especially by allowing the transfer of heat to the metal and 
preventing its oxidation. They are also used to dissolve, absorb and 
allow metal oxides and other impurities to be easily separated from 
metallic aluminum (Tenorio and Espinosa, 2002). Saline slag consists of 
metallic aluminum and flux brines as main components, but also several 
oxides can be found in the composition. The percentage equivalent to 
these oxides in the form of non-metallic products (NMP) varies ac-
cording to the nature of the recycled material (Verma et al., 2020; Gil, 
2005; Gil and Korili, 2016; Gil et al., 2014). The management of saline 

slag may require separation of its constituents for eventual recycling and 
application, or storage, which requires controlled landfills. It should be 
noted that the aluminum present in the saline slag can be recovered as a 
high-valuable product by either acid or basic leaching, in order to be 
used for the preparation of several functional materials, including hex-
aaluminates (Torrez-Herrera et al., 2022), zeolites (Yoldi et al., 2020); 
layered double hydroxides (Santamaría et al., 2020; Gil et al., 2018) and 
pillared clays (Cardona et al., 2021). Several studies rely on acid 
leaching to perform the extractions, however the synthesis of LDH must 
be carried out at a basic pH, which implies a basic extraction of the 
aluminum (Gil et al., 2018). 

Layered double hydroxides (LDH) also called hydrotalcite com-
pounds are two-dimensional (2D) inorganic nanomaterials with the 
molecular formula [M(II)1− xM(III)x(OH)2]x+(An− )x/n⋅mH2O, wherein 
MII and MIII are exemplary divalent (Mg2+, Ni2+, Co2+, Zn2+, Cu2+, etc.) 
and trivalent metal ions (Al3+, Cr3+, Fe3+, V3+, Ga3+, etc.), respectively. 
An− is the interlayer anion which could be CO3

2–, Cl-, NO3
–, SO4

2-, amon 
others (Bukhtiyarova, 2019; Nejati et al., 2018) (see Fig. 1). Moreover, x 
expresses the molar ratio x = MIII /(MII + MIII) whose value is between 
0.2 and 0.33 for the pure LDH phase (Obalová et al., 2009). They are 
made up of positively charged brucite-like (Mg(OH)2) layers where the 
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cations are octahedrally coordinated with OH − and in which the 
trivalent cations partially replace the divalent ones. An interlayer region 
containing charge compensating exchangeable anions and solvation 
molecules also exist in the interlamellar region (Nejati et al., 2018). 
These functional materials are considered an emerging and versatile 
class of synthetic layered anionic clays that have received much atten-
tion in various environmental fields where LDH serve as photocatalysts 
and adsorbents (Guo et al., 2011; Guan et al., 2022; Lu et al., 2016). 
They can also be employed in catalysis (Fan et al., 2014), separation 
processes (Arabi et al., 2016; Asfaram et al., 2017), nanotechnology 
(Mohammadnezhad et al., 2015) and as supports (Hubbell and Chilkoti, 
2012) among other significant uses. They are highly effective due to 
their extraordinary physico-chemical properties as well as their excel-
lent anion exchange capacity, specific surface area, chemical resistance, 
ease of synthesis, adaptable structure (Sanvicens and Marco, 2008; 
Dinari et al., 2017) as well as their good redox behaviour (Nagendra 
et al., 2015; Zhang et al., 2014). The copper-containing hydrotalcite 
represents a particular system in this family of compounds, having an 
electronic configuration of Cu2+, that causes a deformation of the 
structure of the octahedra Cu(OH)2 due to the Jahn-Teller effect 
(Cudennec and Lecerf, 2001) thus making the preparation of LDH pre-
cursors containing only copper as M2+ difficult. Great efforts have been 
made to produce binary copper/aluminum hydrotalcites (Yamaoka 
et al., 1989; Lwin et al., 2001; Valente et al., 2000; Segal et al., 2003), 
although frequently other phases such as malachite, gibbsite or copper 
oxide are found hence disclosing the difficulty of the synthesis process. 
In order to avoid them, another metal is usually added forming a ternary 
system (Cu2+ M2+ M3+). Several metals have been tried such as (Co2+, 
Mg2+, Ni2+, Zn 2+) as M2+ or (Al3+, Cr3+, Fe3+ Ce3+, Ga3+) as M3+

(Montanari et al., 1997; Xia et al., 2015; Li et al., 2018; Yadav et al., 
2022). These LDH or their derived oxides have been tested for various 
purposes, especially as catalysts and catalyst supports (Fornari et al., 
2017; Bart and Sneeden, 1987; Dib et al., 2020; Kannan, 2006; van 
Everbroeck et al., 2022; Shannon et al., 1996; Busetto et al., 1984; Velu 
and Swamy, 1996) thanks to the interesting catalytic performance of 

copper ions. 
Keeping in mind the growing interest for LDH in recent years and 

although many types of hydrotalcites have been synthesized, the inno-
vative option chosen in this work is to develop functional materials of 
layered double hydroxides type containing pure phase Cu from 
aluminum saline slag residues as a source of aluminum which, to our 
knowledge, has not been explored so far (Santamaría et al., 2022). We 
have studied the characterization of LDH as well as calcined mixed metal 
oxides (LDO) with various physical and chemical techniques in order to 
better understand their structure–property relationship. The synthesis 
and characterization of CuAl LDH hydrotalcite prepared at various pH 
values with a fixed molar ratio M2+/M3+=3 by the coprecipitation 
method and using an aqueous solution of Na 2CO3 as the precipitant is 
reported in this work. 

2. Experimental procedure 

2.1. Materials 

The synthesis of hydrotalcites was performed using Cu(NO3)2⋅3H2O 
(Labkem, ≥ 98%), and Na2CO3 (Sigma-Aldrich, ≥ 99.99%). HNO3 was 
used for pH adjustment and NaOH (Panreac) for both pH adjustment and 
aluminum extraction (see next section). Al(NO3)3⋅9H2O (Acros Or-
ganics, ≥ 99.99%) was used for the synthesis of the commercial 
aluminum sample. 

2.2. Synthesis of compounds of the hydrotalcite type LDH and its mixed 
metallic oxide, LDO 

The aluminum was obtained from the saline slag by an alkaline 
extraction process: 5 g of the slag were added to 100 mL of a 2 mol/L 
NaOH solution, it was placed in a stirred reflux system at 500 rpm for 1 h 
and at a temperature of 100 ◦C. Centrifugation was used to separate the 
suspension, the aluminum present in the centrifuged solution was found 
to be 9.6 (±) 0.14 g/L (0.35 mol/L), determined by ICP-OES. Besides 

Fig. 1. Model structure of CuAl LDH.  
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aluminum, small amounts of other metals such as silicon, copper, po-
tassium, and iron, among others, have also been extracted (see Table 1). 

LDH were synthesized by the co-precipitation method, with a molar 
ratio of Cu/Al: M2+/M3+=3:1. Seven samples were synthesized with the 
same ratio and changing the pH value in a range from 6 to 12. As an 
example, 0.3 mol/L of copper II nitrate trihydrate (Cu(NO3)2⋅3H2O) and 
the aluminum from the extraction, slightly diluted (0.1 mol/L) were 
added dropwise to a 0.1 mol/L Na2CO3 solution. The synthesis pH was 
adjusted to 8 using both NaOH and HNO3 as required. The mixture was 
stirred at 700 rpm and 60 ◦C until finishing to add the two solutions and 
then left to age for 24 h. Milli-Q water was used to wash the samples and 
they were then centrifuged (8000 rpm, 5 min) as many times as neces-
sary until the pH was lowered to 7. All materials were dried at 80 ◦C for 
16 h and manually grinded with pestle in a mortar. The samples were 
denoted by their synthesis pH as CA6, CA7, CA8, CA9, CA10, CA11 and 
CA12 for pH = 6,7,8,9,10,11 and 12, respectively. For LDO, a certain 
amount of each LDH sample was calcined at 400 ◦C for 2 h and named 
CCA8, CCA9, CCA10 and CCA11. For comparison purposes, a sample 
was synthesized at pH = 9 using commercial aluminum Al(NO3)3⋅9H2O 
instead of extracted aluminum, named CA9X and CCA9X (when calcined 
at 400 ◦C). 

2.3. Characterization techniques 

X-ray powder diffraction (PXRD) patterns were recorded on a D8 
ADVANCE ECO BRUKER instrument using Ni-filtered Cu Kα radiation (λ 
= 0.15418 nm) in a 2θ range of 5 at 70◦ and 2◦ (2θ)/min scan rate. The 
working current of the X-ray source was 25 mA and the voltage was 40 
kV. The Eva software and Xpert Hightscore Plus were used for the 
identification of the crystalline phases present in the samples which 
were carried out by comparison with the JCPDS diffraction files (ICDD 
database). The size of the crystallites was determined from the experi-
mental diffractograms using the Debye-Scherrer equation. The textural 
properties of the solids were analyzed using a Micromeritics ASAP 2020 
Plus adsorption analyzer by adsorption of N2 at − 196 ◦C. Before the 
adsorption measurements, the samples (0.2 g) were degassed at 200 ◦C 
and pressures below 0.133 Pa for 4 h. BET specific surface area (SBET) 
was calculated from adsorption data obtained over the relative pressure 
range of 0.05–0.20. The thermogravimetric (TG) measurements were 
recorded in a METTLER TOLEDO model TGA/DSC 3 + brand device. 
The samples were heated from 40 to 700 ◦C with a heating rate of 20 ◦C/ 
min under an atmosphere of N2 (50 mL/min). Temperature programmed 
reduction (TPR) studies were performed on a Micromeritics TPR/TPD 
2900 instrument under a flow rate of 30 mL/min and a 5% concentration 
of H2 in Ar (Praxair) to reduce the samples from room temperature to 
1000 ◦C. Finally, the morphological analysis and the chemical compo-
sition of the samples were carried out by SEM (INSPECT F50, Mode: 30 
kV - Map, Detector: BSED) and TEM images were obtained with a 
coupled CCD camera (Gatan) in a Tecnai F30 microscope (Thermofisher) 
at a working voltage of 300 KV. Spatial resolution in this microscope in 
TEM mode is 0.15 nm. Also, in order to analyze the chemical compo-
sition of the materials, X-ray Energy Dispersive Spectra (EDS) were 
obtained with an EDAX detector. 

3. Results and discussion 

3.1. Structural properties 

X-ray powder diffraction patterns of uncalcined and calcined 

samples are visible in Figs. 2 and 3. First, a study was conducted on the 
effect of pH on the formation of the hydrotalcite phase for CuAl LDH, 
followed by the effect of the rest time and the calcination temperature. 
pH has an important impact on the formation of the layered structure in 
LDH, the relevance of pH throughout the synthesis is illustrated in Fig. 2 
A, B. The synthesis of CuAl LDH was carried out by changing the pH 
parameter within a range of 6 to 12, while other parameters were fixed 
(3/1 Cu/Al molar ratio, synthesis temperature 60 ◦C, aging time 24 h at 
room temperature). According to the results included in Fig. 2-A LDH 
prepared in a range of pH between 6 and 11, exhibits CuAl reflections 
corresponding to the layered double hydroxide structure. For the case of 
sample CA6 there are reflections at 11.9, 23.5 and 35.5◦, which 

Table 1 
Chemical composition of the solution after basic extraction by ICP-OES.  

Element Al Na Si Cu Fe K Ca Mg Ni 

Composition 
(g/L)  

9.60  41.83  0.16   0.0019   0.0016  0.0067  0.08 <0.02  <0.03  

Fig. 2. Powder X-Ray diffraction diagrams (PXRD). (A) Effect of the synthesis 
pH on the LDH. pH = 6,7,8,9,10,11 and 12 correspond to CA6, CA7, CA8, CA9, 
CA10, CA11 and CA12 samples. The crystal patterns of copper oxide (JCPDS 48- 
1548) and copper hydroxide carbonate (JSPD 01-072-0075) correspond to, 
respectively. Monoclinic copper Aluminum Carbonate Hydroxide Hydrate, red 
bands (JCPDS 46-0099) and rhombohedral, black bands (JCPDS 37-0630). (B) 
LDO and pH ranging from 8 to 12, corresponding to CCA8, CCA9, CCA10, 
CCA11 and CCA12. Crystal patterns of copper oxide tenorite in blue lines 
(JCPDS 48-1548). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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correspond to the diffractions of planes (003), (006) and (012) 
respectively, also corresponding to the model reported for a sample 
Cu6Al2(OH)16CO3⋅4H2O (JSPD 037–0603). Thus, highlighting the for-
mation of a layered double hydroxide structure with R-3 m rhombohe-
dral symmetry similar to those found by several other authors (Fan et al., 
2014; Tien Thao and Kim Huyen, 2015; Angelescu et al., 2008). In the 
case of samples CA7 and CA8, it can be seen the formation of more 
crystalline hydrotalcites with a slight displacement, which may be due 
to a transition of the structure from rhombohedral to monoclinic. The 
reflections which appear at 14.93, 17.60, 31.23◦ are identified as an 
additional impurity phase of malachite (JSPD 01–072-0075). It is well 
known that this type of hydrotalcites is always mixed with this phase as 
impurities due to the Jahn-Teller effect at the Cu2+ ion level (Lwin et al., 

2001; Valente et al., 2000; Segal et al., 2003). Maintaining the pH of the 
synthesis at 9 makes it possible to obtain a hydrotalcite with higher 
purity, while at pH = 10 the diffraction line appearing at 39.07◦ is 
identified as copper oxide. Another difference between these samples is 
in the intensity of the reflections. As the pH increases, the intensity of the 
reflections grows and the linewidth decreases, which corresponds to an 
increase in crystallinity. A further increase in precipitation pH leads to 
the formation of more crystalline copper oxides as can be seen for the 
sample CA11. This may be due to the rapid oxidation of copper, and the 
formation of a more soluble Al(OH)4

– instead of Al(OH)3 (Sertsova et al., 
2015) (the presence of the latter being important for carrying out the 
formation of a laminar double hydroxide type compound (Boclair and 
Braterman, 1999) followed by a decrease in crystallinity due to the 
incorporation of Cu2+ cations within the layer. All reflections observed 
in these last three samples were indexed to the monoclinic unit cell using 
the cell parameters given by Yamaoka et al. (Yamaoka et al., 1989) (a =
1.521 nm, b = 0.29 nm, c = 0.586 nm, β = 100,3◦) (JSPD 046–0099). 
This structure takes into account the deformation of the Cu(OH)2 octa-
hedron by the Jahn-Teller effect in the structure. These results are 
consistent with data reported by other authors (Li et al., 2015; Britto and 
Vishnu Kamath, 2009). The CA12 sample shows a different structure 
from those of the previous samples, with the precipitation of a pre-
dominant CuO crystalline phase and no sign of hydrotalcites since at 
strong alkaline pH, the hydrotalcite phase being a copper-hydroxy 
complex becomes more soluble and therefore dissolves in solution 
following solubility curves and predominance diagrams for Cu2+ (Har-
aketi et al., 2017). This sample was not considered for further charac-
terization. CuAl LDH is the most stable at pH = 9, at higher or lower pH 
the cations Al 3+ and Cu 2+ remain partially in the supernatant solution 
and the precipitation is incomplete, i.e. the precipitated quantities of 
aluminum and copper vary according to the OH− ions in accordance 
with Yamaoka et al. (Yamaoka et al., 1989). It is concluded that the pH 
has a significant impact on the formation of LDH and this by its effect on 
the precipitation of cations: the more the pH increases, the more 
important the content of precipitated copper is which is demonstrated 
by the results of EDS (see Table 2). Hence, the Jahn-Teller effect leads to 
a lowering of symmetry followed by a formation of a monoclinic cell. 
Therefore, a gradual transition from the rhombohedral structure to the 
monoclinic structure can be observed as the copper content increases, 
which in accord to the work reported by Intissar et al. (Intissar et al., 
2015). 

The X-ray powder diffraction patterns comparison of the two samples 
synthesized at a pH of 9, using commercial Al on one side (CA9X) and 
extracted Al on the other (CA9), shows that in sample CA9X the for-
mation of a layered double hydroxide structure with monoclinic sym-
metry is similar to that found in sample CA9. The difference lies in the 
sample synthesized with Al(NO3)3, where well-defined peaks with an 
increase in peak intensities can be seen, indicating higher crystallinity in 
this solid (Fig. S1-A). Moreover, it is important to emphasize the exis-
tence of peaks between 53◦ and 65◦, which are absent in sample CA9. 

It is well known that calcination can increase the adsorption capacity 
of LDH by producing LDO (Berner et al., 2018). The XRD patterns for 
LDO (CuAl oxides) obtained by calcining CuAl LDH at 400 ◦C for 2 h are 
included in Fig. 2-B. XRD peaks for all CuAl oxides were assigned to CuO 
(JCPDS 48–1548). No other phase was detected. The crystal phases of 
copper in the calcined LDO material also depend on the pH parameter, in 
materials where the pH is higher the diffraction patterns show finer and 
better-defined peaks and, consequently, greater crystallinity. In the case 
of the CCA9X sample, peaks are more defined than that of the sample 
synthesized by aluminum extraction (Fig. S1-B) and the formation of 
CuO can be clearly observed. 

The effect of the temperature of calcination can be seen in Fig. 3-A 
and Fig. S2. The intensity and sharpness of XRD reflections in LDO 
calcined at temperatures above 650 

◦

C (i.e. 850 and 950 
◦

C) is signifi-
cantly greater than those below with the appearance of new peaks 
identified as CuAl2O4 spinel and CuAlO2 thus indicating the destruction 

Fig. 3. Powder X-ray diffraction (PXRD) patterns. (A) LDO at various calcina-
tion temperatures. 400CCA9, 650CCA9, 850CCA9, 950CCA9 for temperatures 
400, 650, 850 and 950 ◦C, respectively. CuO tenorite (solid red lines ((JCPDS 
48-1548)), CuAl2O4 (solid black lines (JCPDS 33-0448) and CuAlO2 (solid blue 
lines (JCPDS 40-1037)). (B) LDH precursor by rest time effect from 24 to 120 h 
corresponding to CA924h, CA948h, CA972h and CA9120h. Copper Aluminum 
Carbonate Hydroxide Hydrate monoclinic (solid black lines (JCPDS 46-0099). 
(For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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of LDH. The crystalline peaks corresponding to the phase of Al2O3 were 
not detected indicating that it exists in either semi-crystalline or amor-
phous form (Song et al., 2013). The aging time was also considered as 
one of the parameters controlling crystallinity and particle size. This 
variable was studied by synthesizing the different CuAl LDH samples 
and changing the aging time while other parameters were fixed (3/1 Cu/ 
Al molar ratio, synthesis pH maintained at 9 and 60 ◦C). XRD patterns of 
samples prepared, dried at room temperature and aged for 24, 48, 72 
and 120 h, respectively, are shown in Fig. 3-B. As the synthesis time 
increases, all the precipitates show a pattern similar to hydrotalcite with 
a uniform growth of reflections. The X-ray diffraction peaks of the pre-
cipitate with a synthesis time of 24 h fully correspond to the layered 
structure, while at 120 h, more intense peaks indicate a higher degree of 
crystallinity of the samples. The crystallinity of the hydrotalcites 
increased with increasing aging time (Sertsova et al., 2015; Haraketi 
et al., 2017). 

3.2. Textural properties 

The morphologies and microstructures of LDH materials synthesized 
with a molar ratio of 3:1 at the same conditions of temperature and 
agitation but with the variation of the concentrations of [OH–] ions in 
the solution (pH = 8, 10, 11) were characterized by SEM and TEM im-
ages. The SEM images of CA8, CA10 and CA11, respectively, shown in 
Fig. 4 (A1, B1, C1) allow to visually observe the morphology of the 
characteristic platelet-like material with disorderly packing typical of 
hydrotalcites (Li et al., 2015; Song et al., 2013; High et al., 2022; Aflak 
et al., 2022; Kühl et al., 2012), in concordance to XRD results. A series of 
TEM images at several scales and resolutions for hydrotalcite samples 
are included in Fig. 4 (A2-5, B2-5, C2-5). In the case of CA8, (Fig. 4A1- 
5), we observe two types of well-defined structures where amorphous 
agglomerated blocks (dpAvrg = 144 nm) and platelet laminar structures 
with (dpAverg = 10 nm) are found. These values calculated by TEM 
correspond to those found in the DRX diffractograms (dpAverg = 8.79 nm, 

Table 2 
Structural and textural features of the CuAl LDH samples.  

Samples Phase Atomic a 

(%) 
Cu/Al dpb 

(nm) 
LDH 

dpb 

(nm) 
CuO 

dpc 

(nm) 
LDH 

SBET 

(m2/g) 
uncalcined 

SBET 

(m2/g) 
calcined  

Cu Al       

CA6 LDH very low 60.35 29.58 2.04 7.6 0 * 30 * 
CA7 LDH low 54.03 24.77 2.18 8.4 0 * 46 * 
CA8 LDH medium 65.27 30.57 2.13 8.79 0 10.25 48 46 
CA9 LDH high 70.56 27.31 2.58 10.69 0 * 60 55 
CA10 LDH, CuO low 70.56 28.71 2.45 16.42 10.84 16.09 50 26 
CA11 LDH low, CuO medium 74.95 23.29 3.21 14.16 10.26 15.25 56 29 
CA12 CuO * * * 0 17.46 * 52 * 

a: Obtained via EDS analysis, b: HDL crystallite size determined by the Debye–Scherrer equation based on (200) peak and CuO crystallite size based on (111) peak, c: 
Obtained via TEM análisis, * not determined. 

Fig. 4. SEM/TEM images of CuAl LDH prepared from co-precipitation at various pH. (A1-B-C1) SEM of CA8-CA10-CA11 samples with pH = 8–10-11, respectively. 
(A2-5, B2-5, C2-5) STEM micrographs at different scales for CA8-CA10 and CA11, respectively. (A6-B6-C6) EDX micrographs for CA8-CA10-CA11. 
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see Table 2), attributed to CuAl LDH. The amorphous blocks in this 
sample could be attributed to a secondary phase of malachite identified 
in the diffractograms of Fig. 2A. In CA8 the density of lamellar structures 
per μm2 in the sample is practically by the same as that of amorphous 
blocks. For the CA10 sample (Fig. 4B1-5), in addition to finding the 
structures of amorphous blocks and lamellar structures, a new formation 
of agglomerates of rosette-shaped nanospheres is present (zoom Fig. 4 
B2) which could be attributed to CuO nanoparticles which by action of 
the new charge balance Al+3-Cu+2/[OH–]/[CO3]-2 adopts this 
morphology and generates these structures. In CA10 sample, a sub-
stantial increase in LDH laminar structures can be observed compared to 
both the amorphous structures and the agglomerates of copper oxide 
nanoparticles. The laminar structures in CA10 have a bigger size, around 
16 nm (see Table 2) and with a much higher density than that of sample 
CA8. The presence of metallic Cu nanoparticles is also observed from 
zoom Fig. 4 B4. In the case of the last CA11 sample, here the predomi-
nant morphology is that of spherical rosettes of agglomerated crystals 
which may belong to clusters of oxide-type copper (dp = 500 nm, Fig. 4 
C2), notably reducing the laminar structures and large amorphous 
blocks. These indicate that with the logarithmic increase of OH– ions, the 
amphoteric Cu(OH)2 becomes more soluble which causes a decompo-
sition of LDH and favors the precipitation of CuO hence the appearance 
of the latter and the decrease of the former, highlighting what was 
observed in the DRX models. This phenomenon can also be explained 
indicating that the increase in OH– ions generates repellent effects of 
aluminum forms, favoring a selective interaction with copper and the 
appearance of these CuO structures. The EDX (Fig. 4 A6-B6-C6) patterns 
determined for the samples show concentrations of aluminum, copper 
and nickel. The nature of the metallic Al solution extracted from 
aluminum entails the presence of traces of other metals such as Si, Fe, Na 
already identified through ICP analysis (see Table 1) which, due to the 
sensitivity of the EDX technique, are not detected. The histogram of the 
size distribution of CuAl LDH without calcination obtained by deter-
mining the diameters between 25 and 50 nanoparticles is included in 
Fig. 4 (A4-B3-C3, bottom right). The mean diameter was determined at 
10.25, 16.09 and 15.25 nm for CA8, CA10 and CA11, respectively. 

A comparison of the calcined (CCA8-CCA9-CCA10) and non-calcined 
(CA8-CA10-CA11) samples is presented in Fig. 5 where it can be seen 
that the increase in pH, as previously stated, generates a greater amount 
of CuO in surface for calcined samples and dispersed Cu nanoparticles in 
non-calcined samples. In the case of pH = 8 (CA8 and CCA8) (Fig. 5A7- 
9), the TEM image once the sample has been calcined (see image A8 and 
zoom A8) shows the appearance of a large amount of spherical 3D 
copper oxide particles that have grown on the surface. In the SEM (A7) 
images, it can be observed the spherical agglomerates of these nano-
particles which have grown on the LDH structures, due to the surface 
diffusion effect and the sintering reaction activated by the calcination 
temperature. If we compare these samples with the uncalcined samples 
(Fig. 4 A1), only platelet/rod type laminar microstructures are visible, 
since Cu is dispersed on the material. In the sample at pH = 10, the same 
behavior as the previous one is observed, where the CuO particles that 
have grown on the LDH surface generate the blocking of the surface of 
the LDH, covering practically all the material (see Fig. 5 B8 and zoom 
B8), thus generating a significant decrease in the specific surface area 
(see Table 2), which makes it impossible to detect structures by XRD. 
Regarding the sample at pH = 11, both in the calcined (CCA11) and non- 
calcined (CA11) samples, copper oxide structures with rosette-like 
morphologies and 3D spherical agglomerates can be found, that end 
up blocking and trapping in the calcined sample the few LDH structures 
present (Fig. 5C8). Image D (HRTEM) confirmed copper oxide crystals 
with a lattice spacing of 0.25 nm. 

All nitrogen adsorption/desorption isotherms at − 196 ◦C of CuAl 
LDH/LDO as seen in Fig. 6 (6-A for uncalcined samples and 6-B for 
calcined samples), show similar profiles belonging to type IV having a 
hysteresis loop of type H3 according to the IUPAC classification, indi-
cating a mesoporous structure and narrow plate-like particles (Dib et al., 

2020; Brunauer et al., 1940; Palapa et al., 2020). A more detailed 
definition of the hysteresis loops is also included in Fig. S3. It is possible 
to partly attribute the increase in SBET to structural transformations of 
the LDH, increasing crystallite size with increasing pH as the driving 
gradient (see Table 2). As crystallite size increases in the synthesis 
process the surface increases and the LDH phase is enriched up to pH = 9 
(see Fig. 7). This effect could be related to the increase in both the 
interlaminar spaces and the quantity of these structures with increasing 
pH, as observed in TEM images. At pH = 10 (CA10), the appearance of 
the secondary CuO phase was observed with a crystallite size of 10.84 
nm (determined by XRD) and 16.42 nm for LDH. The SBET is maintained 
up to a pH = 12 and it is observed that the SBET of the samples CA11 (pH 
= 11) is dominated by the NP of CuO agglomerated in spherical struc-
tures of the 3D rosette type which make it possible to obtain a value of 
(55 m2/g) with interstices and different textural properties. As can be 
seen, the pH variation, under the aforementioned conditions, directly 
affects the type of structures to be obtained, the quantity, the enrich-
ment and the type of secondary phases, as well as the morphological and 
textural properties of the synthesized samples (see Fig. 7), making it 
possible to obtain the structural evolution as a function of the electro-
chemical potential and/or the concentration of the OH– ions. It should 
be mentioned that the final values of the specific surface area of the 
calcined samples, for high Cu/Al molar ratios, generate relatively low 
values due to excess Cu and phase competition. If the specific surface 
observed for CA9 is compared with CA9X, the use of extracted aluminum 
produces a slight increase of 50 to 60 m2/g. This increase can be related 
to a greater porosity produced by the presence of other metals in solu-
tion. (see Table 1). 

The thermogravimetric analysis derived from the hydrotalcite-type 
samples were carried out in a nitrogen atmosphere. The TG curves as 
well as the corresponding derived TG curves (DTG) representative for 
the uncalcined samples are shown in Fig. 8. All precipitates containing 
hydrotalcite-like phases were found to exhibit similar TG and DTG 
curves. Significant weight loss occurs primarily in four stages, begins at 
room temperature and ends around 700 ◦C. As can be seen from the 
results included in Table 3, the existence of these stages explains the 
difference in mass loss between the samples. According to previously 
reported data (Haraketi et al., 2017; Kannan et al., 2004; Voyer et al., 
2009), the TG diagram showed that the first corresponding weight loss 
of approximately 3% occurring below 160 ◦C is due to the loss of water 
from the surface of the materials and physisorbed gas. The following 
step spreads up to 210 

◦

C accounts for about 9–10% mass loss for sam-
ples at pH = 8–9 and 6–5% for pH = 10–11, respectively, corresponds to 
the elimination of water molecules from the interlayer. The third stage, 
shows the total loss of the intercalated water, the de-nitration, the de- 
hydroxylation as well as the beginning of the decomposition of the 
interlaminar carbonate anions in the form of CO2. At this stage a fraction 
of metal oxides is formed. Large mass loss is recorded for sample CA8 
probably due to decomposition of malachite producing simultaneously 
H2O and CO2 which is proved by DTG signal at around 325 

◦

C (Bridier 
et al., 2010), absent in the other samples. It can be noted that the solids 
at pH lower than 11, having a greater amount of LDH structure, obtained 
the greatest loss of mass in zones II and III, as also noted in the CCA9X 
sample (Fig. S4) with a total weight loss of 27% (Table S1). This can be 
related to the large capacity of water adsorption of aluminum hydroxide 
and to the structural change from LDH to copper oxide that appeared in 
sample CA10. The last step which occurred at high temperatures (above 
570 and up to 700 ◦C) showed an abrupt mass loss for all materials, due 
to the decarbonation phase. The main losses are visible on the DTG di-
agrams of Fig. 8: the corresponding curves show three endothermic 
signals which follow one another, the first peak located around 180 ◦C 
corresponds to the dehydration of the intercalated water, the second at 
around 260 ◦C is due to the dehydroxylation of the brucite-type layers 
the last is from to the decomposition of the more stable carbonate anion 
(Song et al., 2013). 
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Fig. 5. SEM and comparison of images TEM for calcined and uncalcined samples. (A7-B7-C7) SEM of CCA8-CCA10-CCA11, calcined samples. (A8-B8-C8) STEM 
micrographs of CCA8-CCA10-CCA11, calcined samples. (A9-B9-C9) STEM micrographs of the CuAl LDH precursor prepared from co-precipitation method at various 
pH. (D) HRTEM image of mixed metal oxides calcined at 400 ◦C and pH = 10 The lattice edges with a separation of 0.251 nm, is in according to the XRD interplanar 
d spacing (0.252 nm) of monoclinic tenorite CuO (JCPDS 48-1548). 
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Fig. 6. N2 adsorption/desorption measurements at − 196 ◦C of (A) uncalcined and (B) calcined samples.  
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3.3. H2-Temperature programmed reduction 

The TPR profiles of calcined CuAl LDH synthesized at various pH 
levels are shown in Fig. 9. The reduction profiles can be divided into: α, β 

and γ. The gradual reduction of copper oxide CuO (i.e. at low temper-
ature Cu2+ changes to Cu+ and at high temperature Cu+ changes to 
metallic copper Cu0) is not so easy to solve, as there are several mass 
fractions present in the samples which interact in different forms. They 
can be classified into α, α,́ β, γ and γ́ (multi-peaks adjusted according to 
the Gaussian method) and could remain linked to the structural and/or 
morphological differences of the entities of copper oxide involved. The 
first, noted (α) and located at lower temperature, is attributed to the 
reduction of highly dispersed copper oxide species on the surface. The 
peak noted (β) is attributed to species of larger and well dispersed CuO 
clusters (cluster). The peak located at a higher temperature (γ) is 
attributed to larger particles of crystalline CuO type (bulk) (Dib et al., 
2020; Bridier et al., 2010; Dow et al., 2000; Cecilia et al., 2017). It can be 
seen that the latter (γ) moves towards lower temperatures with the in-
crease in the pH rate from 327–319–300–298 ◦C for pH = 8-9-10-11, 
respectively (see Fig. 9-A). 

For CCA8 the appearance of two peaks in the α region with tem-
peratures Tmax of reduction 238–275 ◦C (for α, α,́ respectively) and 
another peak (β) at 293 ◦C (see Fig. 9-B and Table 4) could be associated 
with different morphology, size and total mass distribution, of copper 
oxide in the sample as well as unwanted impurities or secondary phases 
during synthesis. On this curve, the largest mass fraction with 43% for 
the peak (γ) presents the strongest interaction for a temperature Tmax of 
327 ◦C, perhaps probably due to the reduction of the particles in the 
larger copper oxide agglomerate (CuO/cristaline CuO) leading to low 
dispersion metallic copper. In the case of CCA9, the distribution of the 
mass fraction changes increasing its percentage towards a smaller 

Fig. 7. Crystallite size (Cs) and BET specific surface area (SBET) comparison. 
Crystallite size of CuAl LDH (green) and CuO (pink) as a function of pH 
determined by the Debye–Scherrer equation based on (200) and (111) XRD 
peaks, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 8. TGA – DTG profiles of CuAl LDH synthesized at various pH. (A) CA8, (B) CA9, (C) CA10, (D) CA11 samples at pH = 8, 9, 10, 11, respectively. The samples 
where heated at rate of 20 ◦C/min in N2 atmosphere (50 mL/min). 
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reduction temperature thus showing a greater distribution of copper 
oxide and explaining the increase in the specific surface area. With the 
existence of reduction steps at fairly close temperatures, we are talking 
about a similar interaction of species having the same morphology and/ 
or different size. It can be said that the increase in the concentration of 
hydroxides will generate the formation of structural species of Cu less 
anchored to the surface, generating a decrease at lower temperature. In 
other words, a lower reduction temperature indicates a lower stability of 
these Cu phases. In the CCA9X sample, a significant observation lies in 
the emergence of three distinct peaks, localized respectively within the 
domains corresponding to the α, αánd β (see Table S2). In comparison 
with CCA9, a shift towards lower temperatures is observed. Simulta-
neously, it is noted that the mass fraction consistently remains concen-
trated on the άpeak as displayed in in Fig. S5. The mass fraction of the 
reduced bulk copper oxide species corresponding to the region (γ) for 
the CCA10 sample is 74% (Tmax of 300 ◦C) with the disappearance of the 
smallest interaction peaks (corresponding to α and α’). 62% of the total 
mass is reduced at the same temperature range (298 

◦

C) in CCA11 and in 
both samples another peak (γ)́ appears at larger Tmax (334 and 348 

◦

C for 
CCA10 and CCA11, respectively). The formation of the latter is reported 
as the peak obtained from Cu2O as an intermediate in reduction pro-
cesses in samples with a high copper content (Teixeira et al., 2018; 
Dumas et al., 1989). Thus, the γ and γ́ peaks are explained by the 
reduction of CuO on the surface according to the reaction: 2 CuO + H2 
→ Cu2O + H2O and the next step is from Cu2O + H2 → Cu + H2O. The 
emergence of Cu+ generates higher reduction temperatures at higher 
copper content. Due to its existence in a stable way in the oxygen va-
cancy defects from where CuO would operate for the formation of Cu2O, 
possibly copper reduced at high temperatures may well react with 
copper oxide to form the latter according to the following reaction: Cu +
CuO → Cu2O (Dumas et al., 1989). At a high copper content, the pro-
portion of bulk particles increases, which implies a transition from 
smaller CuO particles to larger particles, thus disfavoring the distribu-
tion of Cu2+ in the surface. Furthermore, the type of copper species 
present in the samples contributes significantly to the change in 
reducibility. 

4. Conclusions 

The synthesis of a phase-pure CuAl LDH with a molar ratio of 3:1 and 
aluminum salt slag residues as a source of aluminum by a simple tech-
nique of co-precipitation is for the first time demonstrated. As the 
chemistry of LDH is versatile and sensitive to the preparation conditions, 
different parameters must be considered. The characteristics of the 
hydrotalcite as well as its oxide have been demonstrated to depend on 
the pH, the aging time and the calcination temperature. From our 
experimental studies, it is concluded that the pH has a significant effect 
on the formation of hydrotalcites and that by its influence on the pre-
cipitation of cations, the content of precipitated copper becomes greater 
as the pH increases. At a more alkaline pH, i.e. 12, the hydrotalcite phase 
is not favored but rather the formation of a predominant crystalline 
phase of CuO. It has also been demonstrated that the change in pH 
directly affects the amount and type of structure obtained, the enrich-
ment and the nature of the secondary phases, as well as the morpho-
logical and structural properties of the synthesized samples. The 
increase in the concentration of OH– ions does not only affect the 

Table 3 
Thermogravimetric parameters of the synthesized samples.   

I II III IV  
Temperature Samples 40–160 ◦C 160–210 ◦C 210–570 ◦C 570–700 ◦C Total weight loss (%) 

CA8  3.46%  9.14% 15.37 %  4.2%  32.17 
CA9  2.69%  10.30 % 12.55%  3.67%  29.21 
CA10  2.76%  6.34 % 11.13 %  3.36%  23.59 
CA11  2.88%  5.49% 8.79%  2.26%  19.42  

Fig. 9. (A) TPR patterns of the CuAl LDH calcined at 400 
◦

C (LDO). (B) Peak 
deconvolution for CCA8 (pH = 8), CCA9 (pH = 9), CCA10 (pH = 10), CCA11 
(pH = 11). 

Table 4 
Reducibility degree obtained from H2-TPR profiles for CCA8-CCA9-CCA10 and 
CCA11 samples synthesized at several pH levels.  

Peak Area 
(%) 

Temperature 
(◦C) 

Peak Area 
(%) 

Temperature 
(◦C) 

CCA8 CCA9 
α 12.01 248 α′  39.34 255 
α′ 21.9 261 β  31.3 297 
β 24.02 293 γ  29.34 319 
γ 43.05 327    
CCA10 CCA11 
γ 74.89 300 α  20.59 243 
γ′ 25.1 334 γ  62.15 298    

γ′  17.26 348  
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dispersion of copper (it has also been found that the proportion of loose 
particles increases with a high copper content) but also affects the 
reducibility of this metal by favoring its reduction at lower tempera-
tures. Although the calcination at 400 ◦C of the CuAl hydrotalcite gen-
erates sintering, the nanoplatelet-like morphology was preserved, the 
latter was not destroyed while observing spherical agglomerates of 
copper nanoparticles developing on the LDH structures. The higher in-
crease of the calcination temperature leads to the formation of CuAl2O4 
and CuAl2 spinel with a higher crystallinity rate for copper oxide thus 
showing a total destruction of LDH. 
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Kannan, S., Rives, V., Knözinger, H., 2004. High-temperature transformations of Cu-rich 
hydrotalcites. J. Solid State Chem. 177, 319–331. https://doi.org/10.1016/j. 
jssc.2003.08.023. 

Kühl, S., Friedrich, M., Armbrüster, M., Behrens, M., 2012. Cu, Zn, Al layered double 
hydroxides as precursors for copper catalysts in methanol steam reforming - PH- 
controlled synthesis by microemulsion technique. J. Mater. Chem. 22, 9632–9638. 
https://doi.org/10.1039/c2jm16138a. 

Li, D., Cai, Y., Ding, Y., Li, R., Lu, M., Jiang, L., 2015. Layered double hydroxides as 
precursors of Cu catalysts for hydrogen production by water-gas shift reaction. Int. J 
Hydrogen Energy. 40, 10016–10025. https://doi.org/10.1016/j. 
ijhydene.2015.05.183. 

Li, M.M.J., Chen, C., Ayvall, T., Suo, H., Zheng, J., Teixeira, I.F., Ye, L., Zou, H., 
O’Hare, D., Tsang, S.C.E., 2018. CO2 Hydrogenation to Methanol over Catalysts 
Derived from Single Cationic Layer CuZnGa LDH Precursors. ACS Catal. 8, 
4390–4401. https://doi.org/10.1021/acscatal.8b00474. 

Lu, Z., Qian, L., Tian, Y., Li, Y., Sun, X., Duan, X., 2016. Ternary NiFeMn layered double 
hydroxides as highly-efficient oxygen evolution catalysts. Chem. Commun. 52, 
908–911. https://doi.org/10.1039/c5cc08845c. 

Lwin, Y., Yarmo, M.A., Yaakob, Z., Mohamad, A.B., Daud, W.R.W., 2001. Synthesis and 
characterization of Cu-Al layered double hydroxides. Mater. Res. Bull. 36, 193–198. 
https://doi.org/10.1016/S0025-5408(01)00491-3. 

Mahinroosta, M., Allahverdi, A., 2018. Hazardous aluminum dross characterization and 
recycling strategies: A critical review. J. Environ. Manage. 223, 452–468. https:// 
doi.org/10.1016/j.jenvman.2018.06.068. 

Mohammadnezhad, G., Dinari, M., Soltani, R., Bozorgmehr, Z., 2015. Thermal and 
mechanical properties of novel nanocomposites from modified ordered mesoporous 
carbon FDU-15 and poly(methyl methacrylate). Appl. Surf. Sci. 346, 182–188. 
https://doi.org/10.1016/j.apsusc.2015.04.005. 
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