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A B S T R A C T   

Layered double hydroxides (LDH) have been proposed as the materials that offer the best performance in the 
moderate-temperature range, between 200 and 450 ◦C, for CO2 adsorption, so the effect of some synthesis pa-
rameters and surface modification on their adsorption capacities is herein investigated. This work reports the use 
of M2+ (Co, Mg, Ni and Zn)/Al layered double hydroxides synthesized with a 3:1 molar ratio by the co- 
precipitation method and using aluminum extracted from saline slags as source of this metal as CO2 adsor-
bents. The synthesis and use of Zn/TiAl is also reported considering several proportions of Al-Ti. Structural 
characterization and comparison of the series has been achieved using powder X-ray diffraction (PXRD), scan-
ning electron microscopy (SEM), nitrogen physisorption at –196 ◦C and thermogravimetry measurements 
(TGA). The performance of calcined LDH as CO2 adsorbents was evaluated in the 50 – 400 ◦C temperature range 
and 80 kPa and results show that Ni6Al2 and Mg6Al2 samples present a significant adsorption capacity at low 
temperature (0.382 and 0.292 mmolCO2/g, respectively). At 400 ◦C only Mg6Al2 maintains its high adsorption 
capacity (0.275 mmolCO2/g) compared to the other calcined LDH. Its adsorption capacity at moderate- 
temperature range was proven to be better than that of a commercial Mg6Al2 sample. In all materials the CO2 
adsorption capacity at 200–450 ◦C increased by incorporating potassium (K2CO3 and KOH as sources) up to 0.58 
mmolCO2/g for Mg6Al2 +K2CO3. The addition of the amine TEPA in the low-temperature range worked for Co6Al2 
and Mg6Al2 (increment > 40 %). In the case of Zn6Al2, the partial substitution of Al by Ti also increased the CO2 
adsorption capacity from 0.177 to 0.244 mmolCO2/g, finding isosteric heats between 17.07 and 23.30 kJ/mol 
using the Clausius-Clapeyron equation.   

1. Introduction 

The measures implemented over the years to mitigate CO2 emissions, 
such as the price of its emissions, are trying to decrease the concentra-
tion of CO2 in the atmosphere. Diverse strategies have been proposed for 
Carbon Capture, Utilization and Storage (CCUS), aiming to avoid both 
non-biogenic and biogenic CO2 emissions [1,2]. In the case of the 
Sorption Enhanced Water - Gas Shift (SEWGS) reaction, the primary fuel 
is first burned with the help of steam or oxygen, resulting in CO + H2. 
The CO is then converted to CO2 through a water gas shift reaction that 
requires moderate temperatures, between 200 and 450 ◦C, and high 
pressures, more than 10 bar. In this case, adsorbent materials have been 
proposed to retain the CO2, in such a way that it also improves the 
conversion rate of the reaction. Another alternative would be to retain 
the CO2 from the exhaust pipes, at lower temperatures and atmospheric 
pressure. These two options would correspond to those known as 

pre-combustion and post-combustion strategies, which can be related to 
general minimization and purification methods [3]. 

The adsorbent materials that can be used for pre-combustion capture 
must meet a series of conditions [3]: efficiency, selectivity towards CO2 
(other substances that are commonly present in these effluents are Hg, 
SO2 or NOx), thermal and mechanical stability over several cycles, good 
sorption-desorption kinetics and positive response to the presence of 
steam. In the materials in which only physical interactions will partici-
pate, such as zeolites, activated carbons or aluminum oxide; or those 
materials with interactions of a chemical nature, such as calcium oxide 
or lithium zirconate; there is a requirement of either lower or higher 
temperatures, and they can also present drawbacks due to the presence 
of water [4,5]. Likewise, it has been cited that MOF-type materials can 
also suffer from a decline in their CO2 adsorption capacity when in the 
presence of steam [6]. As alternative materials that show greater effi-
ciency to retain CO2 by combining physical and chemical adsorption and 

* Corresponding author. 
E-mail address: andoni@unavarra.es (A. Gil).  

Contents lists available at ScienceDirect 

Journal of Environmental Chemical Engineering 

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

https://doi.org/10.1016/j.jece.2023.110936 
Received 30 May 2023; Received in revised form 31 July 2023; Accepted 2 September 2023   

mailto:andoni@unavarra.es
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2023.110936
https://doi.org/10.1016/j.jece.2023.110936
https://doi.org/10.1016/j.jece.2023.110936
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Environmental Chemical Engineering 11 (2023) 110936

2

also being resistant to the presence of water vapor, with relatively good 
thermal stability, arise Laminar Double Hydroxides (LDH). 

LDH have been proposed as the materials that offer the best perfor-
mance in the moderate temperature range for CO2 adsorption. However, 
there is still room for improvement in terms of their adsorption capacity, 

mechanical stability in multicycle processes (adsorption-desorption) 
and adsorption kinetics. Thus, some strategies that are being developed 
for this technical upgrading can refer to the study of the LDH synthesis 
processes and internal structure (cations, M2+/M3+ ratio, anions), to the 
synthesis of composite/hybrid adsorbent materials or to the alkalization 

Fig. 1. Powder X-ray diffraction patterns of the non-calcined (a) and calcined samples (without modification and modified with KOH or K2CO3) with either cobalt 
(b), magnesium (c), nickel (d) and zinc (e) as M2+. 
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of the LDH surface by a simple impregnation procedure. Alternatively, it 
has also been proposed to modify the working conditions in terms of 
temperature, pressure or steam content. 

When it comes to increasing the CO2 adsorption capacity of LDH, 
impregnation with different amounts of K, and especially using K2CO3, is 
the most widely reported procedure [7–9]. Thus, Walspurger et al. [10] 
propose that the promotion of LDH with K2CO3 can encourage the 
carbonation of periclase (MgO). The formation of MgCO3 can be cata-
lyzed by a high enough concentration of a carbonate species such as 
K-CO3-Al in equilibrium with CO2. Another alternative mechanism is the 
one proposed by Hoffman and Pennline [11] and Yang and Kim [12]. In 
addition to potassium, other alkali metal or alkaline earth cations that 
have been used to improve the adsorbent properties of LDH are: Na 
[13–15], Cs [16–18] and Sr [16]. 

As the purpose of this study is to tackle a global environmental issue, 
the impact of the adsorbent synthesis process must not be neglected. 
Choosing environmental-safe materials with low costs is crucial for its 
potential upscaling. Taking a step further with the promotion of a cir-
cular economy model and a zero-waste goal is to be aimed for: selection 
of materials such as the use hazardous waste to extract the aluminum 
and prevent the material from ending up in secure deposits at best can be 
an interesting choice [19,20]. 

In the present work, the CO2 adsorption capacity in a wide range of 
temperatures (between 50 and 400 ◦C) of various series of LDH prepared 
with Al3+ extracted from saline slags is reported. The effect of either the 
divalent cation or the incorporation of titanium in several proportions as 
trivalent cation in the adsorption capacity is evaluated, as well as the 

modification of the surface properties by the incorporation of K from 
two sources, K2CO3 and KOH. In addition, the samples modified with 
KOH have been functionalized with an amine tetraethylenepentamine 
(TEPA) to test the adsorbent capacity in post-combustion conditions (up 
to 100 ◦C). 

2. Experimental procedure 

2.1. Materials 

The reagents employed for the synthesis of LDH were: Co(NO3)2 •

6H2O (Panreac, ≥ 98 %), Mg(NO3)2 • 6H2O (Sigma-Aldrich, ≥ 99.99 %), 
Ni(NO3)2 • 6H2O (Panreac, ≥ 98 %), TiCl3 (≥ 12 %, Sigma-Aldrich), Zn 
(NO3)2 • 6H2O (Sigma-Aldrich, ≥ 98 %) and Na2CO3 (Sigma-Aldrich, ≥
99.99 %). Nitric acid was used for pH adjustment together with sodium 
hydroxide (Panreac) which was also employed in the aluminum 
extraction process from the saline slags. Carbon dioxide (Praxair, 99.990 
%), nitrogen (Praxair, 99.999 %) and helium (Praxair, 99.998 %) were 
used. Commercial hydrotalcite ([(Mg6Al2(CO3)(OH)16 • 4H2O], Sigma- 
Aldrich) was also used as reference. Ethanol (Panreac, max 0.02 % 
water) KOH (Scharlau, 90 %) K2CO3 (Sigma Aldrich) and tetraethyle-
nepentamine (technical grade, Sigma-Aldrich) were use for the surface 
impregnation. 

2.2. Hydrotalcite-like compounds synthesis and modifications 

LDH had been synthesized with aluminum extracted from saline 
slags via a simple alkaline extraction process with NaOH [21]. The 
M2+/M3+ chosen ratio was 3:1 using either cobalt, magnesium, nickel or 
zinc as M2+ and Al3+ from saline slags as M3+. In the case of the Zn-Al 
LDH, another series was also synthesized in which Al3+ was partially 
substituted by Ti3+, maintaining in all cases the Zn2+/M3+ ratio equal to 
3:1 [21]. In the synthesis method used, an aqueous solution of M2+ and 
the Al3+ extracted were dropwise added to an aqueous solution of 
Na2CO3 to a final volume of 400 mL, NaOH was used during the process 
to adjust the pH to 10. The mixture was stirred at 500 rpm and 60 ◦C for 
60 min and aged for 24 h. The slurries obtained were centrifugated at 
8000 rpm for 5 min and washed. This process was repeated several times 
until the washing water achieved a pH of 7. The samples were then dried 
at 80 ◦C for 16 h, manually grounded with a mortar and calcined at 400 
◦C for 4 h. The nomenclature used for the samples was M6Al2, for the 
cobalt, magnesium, nickel and zinc-based calcined LDH, and Zn6AlxTiy 
(with x + y = 2) for the calcined zinc LDH modified with titanium. 
Samples have been previously characterized and tested as drug adsor-
bents in aqueous media [21,22]. Therefore, this paper will highlight the 
most important results of the characterization obtained. 

2.2.1. K2CO3 impregnation procedure 
M6Al2 were impregnated with 15 wt% K2CO3 following the pro-

cedure used by Battha et al. [23], using an incipient wetness method 
[24]. In order to obtain 15 wt% K2CO3 loading, an aqueous solution (1.5 
mL) containing 0.088 g of K2CO3 was added to 0.5 g of M6Al2 to the 
point of incipient wetness. The resulting paste was dried at 120 ◦C for 16 
h and then calcined at 400 ◦C for 4 h. The amount of potassium was 
chosen following the results obtained by Wang et al. [25] after trying 
various percentages of K2CO3, ranging from 5 to 25 wt% and obtaining 
the best results at 15 wt%. The nomenclature used for the samples were 
M6Al2 +K2CO3. 

2.2.2. KOH impregnation procedure 
The four calcined samples were impregnated with the same amount 

of potassium than in the K2CO3 samples. The procedure followed was 
similar to that used by Thouchprasitchai et al. [26]. 1 g of calcined 
M6Al2 was dispersed in 0.1 mol/L KOH in ethanol and stirred at 120 rpm 
for 30 min. The samples were then washed with ethanol several times 
and finally dried for 10 h at 60 ◦C and atmospheric pressure. The 

Fig. 2. Powder X-ray diffraction patterns of non-calcined (a) and calcined 
(b) Zn6AlxTiy. 
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nomenclature used for the samples were M6Al2 +KOH. 

2.2.3. TEPA impregnation procedure 
Half the amount obtained previously (Section 2.2.2.) was separated 

and impregnated with TEPA at a 40/60 TEPA/M6Al2 +KOH proportion. 
The steps followed for obtaining the tetraethylenepentamine- 
functionalized samples were: first, a mixed solution of TEPA/ethanol 
at a constant mass to volume ratio of 1/2 was prepared and then was 
added to the M6Al2 + KOH samples and stirred for 30 min at 120 rpm. A 
slurry was obtained after a drying step of 1 h at 60 ◦C and the final 
adsorbent was collected after a 10 h drying process at 90 ◦C. The 
nomenclature used for the samples were M6Al2 +KOH+TEPA. 

2.3. Characterization of the adsorbents 

The crystalline phase of the samples was identified by powder X-ray 
diffraction (PXRD) using a Bruker D8 Advance Eco X-ray diffractometer 
with Ni-filtered Cu Kα radiation (λ = 0.1548 nm) at a scanning rate of 2◦

(2θ)/min. and a 2θ range from 5◦ to 70◦. 
The textural properties of the samples (0.4 g) were analyzed by ni-

trogen adsorption-desorption at − 196 ◦C using an accelerated surface 
area and porosimetry system (Micromeritics ASAP 2020 Plus adsorption 
analyzer). The samples were firstly degassed at 150 ◦C for 24 h under a 
pressure lower than 0.1 Pa. The Brunauer-Emmer-Teller (BET) method 
was applied to a relative pressure range of 0.05 – 0.20 in order to esti-
mate the specific surface area (SBET) of the samples. The external surface 
area (Sext) and the micropore volumes (Vµp) were also estimated using 
the t-plot method. 

Thermogravimetric measurements were performed on a Mettler 
Toledo TGA/DSC 3 + apparatus under an air atmosphere (50 cm3/min) 

and using a 10 ◦C/min heating rate from room temperature up to 900 ◦C. 
The chemical composition and morphological analysis of the samples 

was carried out by SEM (Inspect F50, accelerating voltage 10 Kv, BSED 
detector) and an EDAX detector obtained the X-ray Energy Dispersive 
Spectra (EDS). 

2.4. CO2 adsorption experiments 

The adsorption of CO2 was evaluated using a static volumetric 
method with a Micromeritics ASAP 2010 instrument and 0.2 g of solid. 
The samples were pre-treated at a heating rate of 10 ◦C/min, under a 
flow of He at 200 ◦C for 2 h, evacuated for 60 min and then the degassing 
continued while cooling down the sample until a pressure of less than 
0.6 Pa was achieved at the adsorption temperature. CO2 (Praxair, 
99.990 %) adsorption data were collected in the pressure range between 
6 and 80 kPa. 

3. Results and discussion 

3.1. Adsorbents characterization 

The PXRD patterns of the fresh and calcined M6Al2 LDH and also 
impregnated M6Al2 +K2CO3 and M6Al2 +KOH are summarized in Fig. 1. 
Co6Al2 sample shows the crystal structure of the Co3O4 spinel with peaks 
at (showing 2θ and (hkl) reflections): 19◦ (111), 31◦ (220), 37◦ (311), 
45◦ (400), 56◦ (422), 59◦ (511) and 65◦ (440). The impregnation of the 
sample with KOH or K2CO3 did not display any new peaks but the same 
peaks with less definition, peaks at 59◦ and 65◦ are less defined and 
blurred together in KOH sample. The Mg6Al2 sample presents the peri-
clase crystal structure of MgO when calcined, the main peaks appeared 

Fig. 3. SEM micrographs of the 4 Mg6Al2 samples synthesized: (a) Mg6Al2, (b) Mg6Al2+K2CO3, (c) Mg6Al2+KOH and (d) Mg6Al2+KOH+TEPA.  
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at 35◦ (111), 43◦ (200) and 62◦ (220) planes. Samples impregnated with 
potassium show the periclase peaks together with a peak at 11◦, 
revealing the rehydration of the structure (as is the main peak (003) of 
the LDH) and a series of small peaks between 25 and 35 2θ degrees in the 
carbonate sample, typical of K2CO3. In the Ni6Al2 sample nickel oxide 
(NiO) was formed with peaks at 37◦ (111), 43◦ (200) and 63◦ (220) and 
the Zn6Al2 sample was transformed into zincite (ZnO) when calcined 
(typical peaks at 32, 36 and 57 2θ degrees corresponding to (100), (101) 
and (110) planes, ref. pattern 00–005–0664). In both cases a different 
structure can be appreciated only in the carbonate impregnation, with a 
peak appearing at ~15◦ and a group of peaks at between 25◦ and 35◦

(Ref. pattern 00–016–0820). 
The PXRD patterns of the non-calcined and calcined Zn6AlxTiy are 

summarized in Fig. 2. For the non-calcined samples, the crystallinity 
decreased with the increase of the titanium content and no diffraction 
reflections corresponding to titanium compounds were observed in the 
XRD patterns, suggesting that titanium was incorporated into the LDH 
structure or well dispersed into the LDH surface. The distinct basal (003) 
reflection, characteristic of LDH-like materials, was found around 11.7º. 
The small basal observed for Zn6Ti2 suggested that the LDH structure 
was not properly formed. After calcination at 400 ◦C, the structure was 
destroyed and zincite (ZnO) was found in all the cases. No diffraction 

reflections corresponding to TiO2 phases, anatase or rutile, were 
observed suggesting a high dispersion or a low crystallinity of the 
oxides. 

The modification of the adsorbents surface has been studied by 
means of SEM technology. As they will prove to have the best adsorption 
capacity (see 3.2), Mg6Al2 samples are shown in Fig. 3. The Mg6Al2 
sample (3a) shows the typical LDH arrangement, with laminar plate-like 
structures. In Fig. 3b, corresponding to the Mg6Al2 +K2CO3 sample, 
another pattern can be found, showing sharp and straight structures. 
This salt appears throughout the sample and its presence will be trans-
lated into a bigger loss of surface (see next paragraph). The appearance 
of these kind of arrangements has been reported before [16,17,27]. 
Samples Mg6Al2 +KOH and Mg6Al2 +KOH+TEPA, corresponding to 
Fig. 3c and d respectively, show no difference with the original struc-
ture, no new structures are found. The data obtained by EDS shows that 
the average Mg/Al ratio in the surface of the sample is ~2.71. Sample 
M6Al2 +K2CO3 had a 14.87 wt% of potassium in its surface while sample 
Mg6Al2 +KOH had an average of 1.93 wt% of potassium, being that the 
reason why no new structures were found in this sample and its smaller 
decrease of surface. 

The N2 adsorption-desorption results of the LDH can be seen in 
Figs. 4 and 5. According to the IUPAC classification, all samples 

Fig. 4. The N2 adsorption-desorption isotherms of the calcined samples (without modification and modified with KOH or K2CO3) with either cobalt (a), magnesium 
(b), nickel (c) and zinc (d) as M2+. 
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presented a type II adsorption isotherm, confirming the existence of 
nonporous or macroporous adsorbents. A hysteresis loop of the type H3 
was identified in all the samples, usually found in laminar particles 
which show pores with a slit shape, that has no adsorption limit at high 

relative pressures, thus indicating a weak reliability in the total pore 
volume and also the pore distribution [28]. BET specific surface area 
(SBET), specific external surface area (Sext) and specific micropore vol-
ume (Vμp) of the non-calcined, calcined and calcined and 
potassium-modified samples can be found in Table 1. In the case of 
M6Al2 sample series, TEPA-modified samples are not portrayed as the 
temperature needed during the degassing step (150 ◦C), that tries to get 
rid of the adsorbed water and gases, would imply the loss of TEPA as 
seen in the thermogravimetric tests. Calcined samples have SBET superior 
to 200 except in the case of zinc were only 83 m2/g were obtained. This 
could be related to the higher crystallinity of this sample, a common fact 
of this LDH [29–32], its better-ordered structure can imply a lesser 
amount of adsorption sites. Even though the BET surface results have 
been proven of not having a direct cause-effect on the CO2 adsorption 
capacity [16,33], the fact that zinc sample has less than half the avail-
able surface could be related to its poorer results. KOH-impregnation of 
the samples brings a loss of surface between 30 % and 50 % and the 
impregnation with K2CO3 reduces it even more with results showing a 
decrease of surface between 55 % and 80 %. Adsorption results will 
show that this loss of surface does not imply a decrease in the CO2 
adsorption capacity, as CO2 will be attracted to the alkaline properties 
that potassium brings. In the case of the Zn6AlxTiy series (see Table 2) 
the SBET increased with the addition of titanium up to a maximum value 
of 199 m2/g in the case of Zn6Al0.5Ti1.5. The results of Sext and Vμp 
confirm the non-porous character of the samples. When the samples 
were calcined, SBET decreased in all cases, except in the case of Zn6Al2 
where the SBET slightly increases. 

Thermal analysis of the M6Al2 +KOH+TEPA samples was performed 
in order to analyze the thermal stability of the samples impregnated with 
TEPA and thus select the maximum temperature of the CO2 adsorption 
experiments of these samples. The decomposition behavior of TEPA on 
its own has been analyzed by Thouchprasitchai et al. [26] and showed a 
97 % loss as TEPA decomposed between 120 and 260 ◦C preceded by a 
small 3 % water loss at lower temperature. Five mass loss steps were 
observed and the results were summarized in Table 3. The thermogra-
vimetric analysis (upper lines) and differential thermal analysis (lower 
lines) results obtained for the four samples are displayed in Fig. 6. All the 
samples have a first step at around 100 ◦C, bigger in the case of cobalt 
and magnesium samples, which is assigned to the loss of loosely bound 
water and gases. From 250◦ to 450 ◦C the second major loss occurs 
which corresponds to the loss of TEPA. In some samples, like nickel, this 
loss is divided into two steps. Surface interactions of the impregnated 
TEPA onto M6Al2 +KOH samples have a delaying effect on the TEPA 
degradation of more than 100 ◦C. Magnesium sample has different 
behavior which can be seen in the 10 % loss at around 200 ◦C, attributed 
to the loss of interlaminar water and a second peak located at 400 ◦C 
that comes from dehydroxylation/decarbonation process together with 
the loss of TEPA. These peaks, located at the same position of the 
non-calcined MgAl-LDH [22], appear because of the memory effect of 
the LDH and the great affinity of this sample to atmospheric water vapor. 
Differences in the TEPA-impregnated and calcined samples show a ~30 

Fig. 5. The N2 adsorption-desorption isotherms of non-calcined (a) and 
calcined (b) Zn6AlxTiy. 

Table 1 
Textural properties of the M-Al LDH and M6Al2 modified with potassium 
samples.  

Sample SBET 

(m2/g) 
Sext 

(m2/g) 
Vμp 

(cm3/g) 

Co6Al2 Non-calcined 141 137  0.0006  
Calcined 220 169  0.0273 
Calcined with KOH 107 95  0.0056 
Calcined with K2CO3 66 57  0.0046 

Mg6Al2 Non-calcined 115 103  0.0053  
Calcined 245 218  0.0127 
Calcined with KOH 153 143  0.0046 
Calcined with K2CO3 47 46  0.0002 

Ni6Al2 Non-calcined 113 103  0.0042  
Calcined 200 189  0.0042 
Calcined with KOH 141 131  0.0044 
Calcined with K2CO3 90 78  0.0056 

Zn6Al2 Non-calcined 79 71  0.0037  
Calcined 83 73  0.0046 
Calcined with KOH 52 47  0.0022 
Calcined with K2CO3 34 30  0.0024  

Table 2 
Textural properties of the Zn-Al/Ti LDH and Zn6AlxTiy samples.  

Sample SBET 

(m2/g) 
Sext 

(m2/g) 
Vμp 

(cm3/g) 

Zn6Al2 Non-calcined 78 69  0.0045  
Calcined 83 73  0.0046 

Zn6Al1.5Ti0.5 Non-calcined 152 145  0.0027  
Calcined 100 91  0.0041 

Zn6Al1Ti1 Non-calcined 152 148  0.0013  
Calcined 93 86  0.0029 

Zn6Al0.5Ti1.5 Non-calcined 199 199  0  
Calcined 95 89  0.0023 

Zn6Ti2 Non-calcined 184 184  0  
Calcined 95 95  0  
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% loss, assigned to TEPA disappearance. 

3.2. CO2 adsorption experiments 

Several techniques such as thermogravimetric analysis (TGA), 
temperature-programmed desorption (TPD) or volumetric gas sorption 
can be used for testing the CO2 adsorption capacity of a sample. For 
calcined LDH at moderate temperatures, TGA is the most commonly 
used [7,27,34–36] as is fast and inexpensive and can be used at pressures 
higher than 1 atm although its results are not as precise as using volu-
metric gas sorption equipment [37]. The volumetric method has been 
used in this study, and previously by a few others [38,39]. 

The CO2 adsorption capacity was evaluated for the materials, pre-
viously treated at 200 ◦C, at several temperatures in the range of 50 and 
400 ◦C. The experimental isotherms at these temperatures for Zn6AlxTiy 
are shown in Fig. 7. The maximum adsorption capacities for the solids at 
50 ◦C and 80 kPa were between 0.177 and 0.244 mmolCO2/g, for Zn6Al2 
and Zn6Ti2 respectively. The behavior of the isotherms showed that the 
maximum amount adsorbed, as a function of the pressure gradient, 
decreased with an increase in temperature up to values of 
0.073–0.081 mmolCO2/g. It can also be observed that the incorporation 
of titanium caused an increase in the CO2 adsorption capacity with 
respect to Zn6Al2. At 50 ◦C the amount adsorbed by Zn6Ti2 was 1.4 times 
higher than that of the starting solid. The shape presented by the iso-
therms shows that the amount of CO2 adsorbed at low pressures was 
high and grew steadily with the increment in pressure. From these re-
sults, the strong interaction with the adsorption centers was confirmed. 
This interaction was mostly physical since it decreased with 
temperature. 

The isosteric heat of adsorption allows us to describe the heat effects 
produced during the adsorption of a gas, in this case CO2. Isosteric heat 
defines the energy change resulting from the phase change of an 

infinitesimal number of molecules at constant pressure and temperature 
and a specific charge of adsorbate. The Clausius-Clapeyron equation 
allows us to calculate the isosteric heat of adsorption [40], which relates 
the isosteric heat to the change in pressure of the bulk gas phase as a 
consequence of a change in temperature for a constant amount of 
adsorbed gas. The equation can be written as: 

qst = − R
[

∂lnp
∂(1/T)

]

n
(1)  

where p (kPa) is the equilibrium pressure, n is the amount of gas 

Table 3 
Mass losses (wt%) in the steps indicated from the thermogravimetric analyses of the M6Al2 +KOH+TEPA series.  

Sample 1 2 3 4 5 TOTAL (wt%) 

Co6Al2 0–150 ◦C 150–270 ◦C 270–450 ◦C 370–500 ◦C 500–900 ◦C   
91.73 83.69 73.79 67.77 65.01  35.0 

Mg6Al2 0–150 ◦C 150–270 ◦C 270–450 ◦C 370–500 ◦C 500–900 ◦C   
92.64 79.75 67.43 55.20 52.31  47.7 

Ni6Al2 0–150 ◦C 150–270 ◦C 270–450 ◦C 370–500 ◦C 500–900 ◦C   
96.80 91.11 77.50 71.01 69.41  30.5 

Zn6Al2 0–150 ◦C 150–270 ◦C 270–450 ◦C 370–500 ◦C 500–900 ◦C   
95.85 88.44 75.34 67.62 65.88  34.1  

Fig. 6. TG and DTG curves of the calcined and modified with KOH 
+ TEPA LDH. 

Fig. 7. CO2 adsorption isotherm at 50, 100, 200, 300 and 400 ◦C for Zn6Al2 
and Zn6Ti2. 

L. Santamaría et al.                                                                                                                                                                                                                            



Journal of Environmental Chemical Engineering 11 (2023) 110936

8

adsorbed at temperature T (K) and R (kJ/mol⋅K) is the universal gas 
constant. The evolution of the isosteric heats of adsorption calculated 
from Eq. (1) versus the quantity adsorbed by each sample is presented in 
Fig. 8. It is possible to show that the isosteric heats of adsorption varied 
with the surface loading. A maximum is obtained at 0.035 mmolCO2/g. 
This maximum has been related to the coating of the hydrotalcites 
surface with CO2 [41,42]. Once the maximum is reached, the adsorption 
on lower energy sites of the surface and the formation of multilayers of 
CO2 adsorbed may be the reasons for the steady decrease of the isosteric 
heat of adsorption with the increment of loading. 

The limiting heat, qst
0 , can be determined from the temperature 

dependence of Henry’s constant by applying the Clausius-Clapeyron 
equation in the low region [42,43]. It has been reported that the Hen-
ry’s constant is an important characteristic of adsorption because it 
provides an indication of the strength of adsorption and the isosteric 
heat of adsorption at low pressure. There are various possibilities to 
calculate the Henry’s constant (H), but it is possible to calculate it from 
the isotherm if there are sufficient data in the low-pressure region 
available [40]. In this case, the Eq. (1) can be also written as: 

qst = − R
[

∂lnHi

∂(1/T)

]

n
(2) 

The results found are also included in Table 4. The values found show 
that with the presence of Ti the values of the constant increase with 
respect to Zn6Al2, the highest values being those obtained for 
Zn6Al0.5Ti1.5. The limiting heats obtained from Fig. 7 have been also 
included in Table 4. The values are higher than those obtained when 
calculating and from Henry’s constant, but the trend is the same, also 
obtaining that the highest value corresponds to Zn6Al0.5Ti1.5. 

The CO2 adsorption isotherms obtained at 50 and 400 ◦C of the 

Fig. 8. Isosteric heat of CO2 adsorption as a function of the amount of CO2 
adsorbed on the Zn6AlxTiy samples. 

Table 4 
Isosteric heats of adsorption at zero coverage.  

Samples qst
0 

(kJ/mol)a 
qst

0 

(kJ/mol)b 

Zn6Al2 4.02  12.62 
Zn6Al1.5Ti0.5 4.85  17.87 
Zn6Al1Ti1 11.27  17.25 
Zn6Al0.5Ti1.5 16.86  23.30 
Zn6Ti2 7.38  17.07  

a From the Henry constant. 
b From the Clausius-Clapeyron equation. 

Fig. 9. Comparison of the CO2 adsorption capacity of the different non- 
impregnated samples at 50 and 400 ◦C. 

Fig. 10. CO2 – adsorption capacity differences between a commercial sample 
Mg6Al2 and that synthesized from saline slags. 
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calcined LDH with different M2+ (Co, Mg, Ni and Zn) are summarized in 
Fig. 9. At 50 ◦C the sample Ni6Al2 is the solid with the highest adsorption 
capacity, followed by Mg6Al2, Co6Al2 and Zn6Al2, which has the lowest 
capacity. Both Ni6Al2 and Mg6Al2 are characterized by their significant 
adsorption capacity at low pressures. This initial capacity is what allows 
them to remain above the other two samples in the rest of the pressure 
range. If the amounts of CO2 adsorbed at 80 kPa are considered, we 
would have 0.382, 0.292, 0.265 and 0.144 mmolCO2/g, respectively. 
There are a few studies that highlight the potential of Ni6Al2 as CO2 
adsorbent: Hanif et al. [14] obtained results with exfoliated Ni6Al2 
similar to that of Mg6Al2, Sparks et al. [44] obtained synthesized 
Mg/Ni/Al samples with better adsorption capacity than MgAl on their 
own and Tsuji et al. [45] obtained the best results when using Ni instead 
of Mg, Co, Cu or Zn, although samples were not calcined beforehand. 
Ni6Al2 catalysts have been widely studied for the CO2 methanation re-
action as they are one of the most effective in the group VIIIB metals 
together with Ru and Rh catalysts [46], but also offer enviable low cost 
and ample availability compared to them [47]. Ni6Al2 offer a dual 
function: capture and conversion of CO2 could be better achieved with 
these samples. When considering the moderate temperature range 

200–400 ◦C, more adequate for pre-combustion application, Mg6Al2 
offers the best results with a maximum adsorption capacity of 
0.275 mmol/g. At 400 ◦C (see Fig. 9), it can be seen how Mg6Al2 
maintains its adsorption capacity, while the other materials suffered a 
significant reduction in theirs. The maximum values found in these cases 
are 0.136 (Ni6Al2), 0.088 (Co6Al2) and 0.074 mmolCO2/g (Zn6Al2). 

As Mg6Al2 sample provided the greatest outcome, this sample 
adsorption capacity was compared to that of a commercial hydrotalcite 
(also with a Mg/Al ratio of 3/1 and calcined at 400 ◦C for 4 h). The 
results at several temperatures and 80 kPa pressure are represented in 
Fig. 10. The commercial Mg6Al2 seems to reduce its capacity as the 
temperature increases and has the best result at 50 ◦C. The Mg6Al2 
synthesized from slag has more potential in the range of pre- 
combustion-working temperature as its best capacity is obtained at 
300 ◦C. 

The adsorption results of the samples modified with potassium 
(either KOH or K2CO3) and TEPA are represented in Figs. 11 and 12. The 
experiments performed at 50 ◦C show that the best results are obtained 
by Co6Al2 and Mg6Al2, specially with the TEPA-functionalized samples 
(maxima adsorption capacity up to 80 kPa: 0.450 and 0.456 mmolCO2/ 

Fig. 11. Comparison of the CO2 adsorption capacity of the impregnated Co6Al2 and Mg6Al2 at 50 and 400 ◦C.  
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g). This could be related to the presence of adsorbed water in these 
samples (seen in TGA analysis) as water vapor is known to ameliorate 
CO2 adsorption capacity [48]. At this range of temperature KOH works 
better than K2CO3, in fact the latter reduces the adsorption capacity of 
the non-modified samples in three cases, as the alkalinity boost that 
provides K2CO3-impregnation does not seem to compensate the severe 
loss of available surface. At 400 ◦C Mg6Al2 gives the best results 
(Mg6Al2-K2CO3, 0.58 mmolCO2/g). The incorporation of KOH and K2CO3 
overall increase the adsorption capacity of the samples and present 
similar improvement in cobalt and zinc samples whereas in magnesium 
and nickel the impregnation with carbonate works better. 

One of the most critical aspects to examine for industrial imple-
mentation is the durability of the adsorbents. As there is usually a lack of 
stability in the initial adsorption capacity of the M6Al2 and is not cost 
effective to change the adsorbent after each cycle, the working capacity 
of a sample is the most adequate feature to measure. Having the best 
results, K2CO3-impregnated Mg6Al2 adsorption capacity was put to the 
test in a series of adsorption-desorption cycles at 400 ◦C using the 
pressure swing approach, as is faster and more energy-efficient. Results 
obtained are presented in Fig. 13. The initial adsorption capacity in the 
first cycle (0.72 mmolCO2/g) is reduced to 0.58 mmolCO2/g in the second 

Fig. 12. Comparison of the CO2 adsorption capacity of the impregnated Ni6Al2 and Zn6Al2 at 50 and 400 ◦C.  

Fig. 13. CO2 – adsorption capacity of K2CO3-modified MgAl LDH at 400 ◦C 
over a series of cycles. 
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cycle and later stabilizes at around 0.50 mmolCO2/g for the next 6 cycles, 
which could be considered its working capacity. The initial drop is due 
to the fraction of adsorbate that is irreversibly chemisorbed and thus, 
cannot be easily removed. This remaining fraction is known to be 
pressure dependent [16] and also affected by the preparation method of 
the LDH [49]. As can be seen, the initial adsorption capacity, 
0.72 mmolCO2/g is superior to that obtained in the series performed at 
different temperatures (Fig. 10) as the latter sample had been previously 
subjected to cycles at lower temperatures. 

To our best knowledge, this is the first time that LDH synthesized 
from slags have been promoted with potassium or amines to test their 
CO2 adsorption capacity. The results obtained were compared to those 
reported in literature from other LDH obtained from waste materials or 
promoted with K2CO3 (see Table 5). Results obtained are within the 
range of magnesium-aluminum LDH. 

4. Summary and conclusions 

This study gives an insight of the overall performance of calcined 
LDH synthesized from aluminum slags when subjected to several 
modification strategies (M2+, M3+ and surface modification) in an 
attempt to boost its CO2 adsorption capacity at both low and moderate 
temperatures. Calcined LDH with aluminum extracted from saline slags 
and a M2+/M3+ ratio of 3:1 were tested as adsorbents over a range of 
temperatures for pre-combustion (200–450 ◦C) and post-combustion (<
100 ◦C) CO2 capture. Cobalt, magnesium, nickel and zinc are tested as 
M2+, with nickel-containing calcined LDH having the best adsorption 
capacity at lower temperatures followed by Mg6Al2. The latter maintains 
the adsorption capacity in the moderate-temperature range, performing 
better than the commercial sample at pre-combustion temperatures. The 
effect of aluminum substitution by titanium while maintaining the Zn+/ 
M3+ ratio caused an increment in the adsorption capacity (1.4 times 
higher) at low temperatures although this difference decreased with 
temperature increase. Surface modification with KOH or K2CO3 give 
various effects; while KOH improves usually the adsorption capacity of 
the samples, K2CO3 impregnation tends to work better at higher tem-
peratures, giving the best overall result on the Mg6Al2 sample 
(0.58 mmolCO2/g). This sample, M6Al2 +K2CO3 was tested in a series of 
adsorption-desorption cycles at 400 ◦C using the pressure swing 
approach and its working capacity was found to be 0.50 mmolCO2/g. 
M6Al2 +KOH samples were impregnated with the amine TEPA in with 
the aim of improving their performance at post-combustion conditions, 
obtaining good results for cobalt and magnesium samples. 
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