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Development of ceramic-MOF filters from aluminum saline slags for 
capturing CO2 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Aluminum saline slags were used to 
prepare ceramic filters. 

• Ceramic filters are used as supports of 
MOF structures. 

• Ceramic-MOF filters as adsorbents of 
CO2.  
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A B S T R A C T   

This study describes the procedures followed to synthesize ceramic-MOF filters using aluminum saline slag 
wastes. Briefly, the raw aluminum saline slags were washed at 80 ◦C to significantly reduce the saline content 
and eliminate gases. The pretreated material was mixed with glucose (G/S ratios between 0.2 and 1.6) and 
acetone by stirring for 4 h. After this time, the resulting solid was dried at 60 ◦C and then at 190 ◦C. During the 
glucose caramelization step, PegMn400 was also added and the temperature increased to 1200 ◦C. The obtained 
solid was impregnated with precursor solutions to achieve a supported ZIF-8 MOF. The ceramic-MOF filters were 
characterized by X-ray diffraction (XRD), N2 adsorption at 77 K, X-ray fluorescence (XRF), scanning electron 
microscopy (SEM) and transmission electron microscopy (HR-TEM), thereby confirming the presence of a 
structure that allows dispersion of the synthesized and supported ZIF-8. Finally, the performance of these 
ceramic-MOF filters as CO2 adsorbents was evaluated in the temperature range 50–300 ◦C, with isosteric heats of 
19 kJ/mol being obtained using the Clausius-Clapeyron equation.   

1. Introduction 

The 2030 Agenda for Sustainable Development, adopted by all 
United Nations Member States in 2015, provides a strategic plan for, 

among other things, the prosperity of people and the planet. In this 
agreement are the 17 Sustainable Development Goals (SDGs), which are 
an urgent call to action by all countries, developed and developing. In 
the case of the research work that we address here, the SDGs that are 
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addressed would be: SDG 9 Industry, innovation and infrastructure. By 
including technology minimization/prevention measures, it would try 
to reduce CO2 emissions through the development of adsorption pro-
cesses; SDG 12 Responsible consumption and production. Through the 
recovery of industrial waste, such as aluminum saline slags, it is possible 
to encourage sustainable practices and thus reduce the use of natural 
resources; SGD 13 Climate action. Development of ceramic foams that 
could work as filters to reduce greenhouse gas emissions, in particular 
CO2. 

The adsorption of greenhouse gases such as CO2 continues to arouse 
great interest among the scientific community due to its impact on 
climate change. CO2 generation has increased by approximately 143% 
over the past few decades, mainly among five sectors: transport, in-
dustry, electricity generation, buildings and agriculture, which account 
for 45% of all emissions. Indeed, in the case of the combustion of fossil 
fuels, it is estimated that this process releases 32 Gt/year (1 Gigatonne 
(Gt) = 1 billion tonnes), which are the main source (80%) of CO2. Ac-
cording to the EU, 0.03 Gt of CO2 could be captured and stored by 2050 
in Europe and, globally, this amount could reach 0.240 Gt [1–4]. 
However, it is necessary to increase the measures so that the capture and 
use processes are more effective. From here arises the development of 
Carbon Capture, Utilization and Storage (CCUS) technologies whose 
objective is to reduce/avoid biogenic and non-biogenic CO2 emissions. 

Greenhouse gas emissions, such as CO2, accumulate heat on the 
earth's surface, which has an impact on an increase in its temperature. 
The Paris agreement established the objective of limiting the current 
increase in global temperatures to 2 ◦C, thus meaning that, for example, 
CO2 emissions into the atmosphere must be reduced and adsorption 
technologies developed [5–8]. Efficient adsorption technologies depend 
on the development of adsorbents with textural, topological and 
morphological properties that allow optimal CO2 storage with the best 
possible cost/benefit ratio. The most commonly used advanced physical 
adsorbents include activated carbons, zeolites and most metal–organic 
frameworks (MOFs) [9–13], which fix CO2 in their structure as a result 
of van der Waals forces or electrostatic interactions. MOFs present sig-
nificant potential for the capture, concentration and, ultimately, storage 
and transport of CO2. Thus, it has been reported that a gas cylinder filled 
with MOF-177, which has a specific surface area of 4500 m2/g, can 
capture and store nine times more CO2 at room temperature than the 
same gas cylinder without the MOF [14,15]. 

MOFs represent one of the most important research fields due to their 
applicability in various areas, such as gas storage and adsorption, het-
erogeneous catalysis, biological treatments, biomedical applications and 
chemical sensors, among others [16]. These organometallic networks 
present large specific surface areas, with pore diameters ranging be-
tween 0.5 and 2.5 nm. Among these materials, there is a subgroup with a 
sodalite topology, known as ZIFs (zinc-imidazole (Im) frameworks), 
with interesting thermal stability and chemical properties. Typically, 
these materials exhibit structures similar to those of sodalite, which have 
a tetrahedral structure [Si(Al)O4], with metals bound to the organic 
binder (Im) while maintaining the same distribution (M-Im-M) [17–19]. 
One of the most important ZIFs is ZIF-8 (Zn(mim)2, mim = 2-methyl-
imidazole), which has a typical sodalite-like structure and exhibits me-
chanical, structural and configurational properties that give it excellent 
thermal stability up to 400 ◦C and high specific surface areas [20–23]. 
The most important characteristics for the applications of ZIF-8 arise 
from morphological aspects of the particles, the growth of nano- 
microcrystals and the final forms obtained, which determine the flexi-
bility of the structure and its catalytic and adsorbent performance. Many 
of these morphological and textural modifications are closely related to 
the synthesis methods used, the most common of which include: high- 
throughput, solvothermal, electrochemical, hydrothermal mechano-
chemical, microwave-assisted, template, sonochemical, atomic layer 
deposition, sol-gel, spray-drying, supercritical and chemical synthesis 
methods [23–37]. Of these, the two most widely used, due to their easy 
application, are solvothermal synthesis and room-temperature 

synthesis. Currently, the use of hybrid materials allows the possible 
applications and functionalities to vary widely. These materials, which 
have large specific surface areas and excellent stability, can be deposited 
in different materials and structures (alumina, carbon, ceramic sponges, 
alloys, composites, etc.) that allow fixing of the particles [38]. 

The second-generation aluminum industry generates a waste known 
as aluminum saline slag as a consequence of the large amounts of fluxing 
salts used. The composition of this slag varies slightly depending on the 
type of materials recycled [39,40]. Generally, this slag is composed of 
non-metallic oxides, salts, metallic aluminum and other trace com-
pounds [41–45]. This material currently poses a serious problem for 
industry, since it is considered to be highly hazardous given the vapors it 
contains and generates in contact with water. As such, new ways to treat 
and reuse this waste to also obtain added value in the synthesis of new 
materials as a result of the extraction of metallic aluminum, are urgently 
required [39,42,44]. The materials synthesized using this slag includes 
alumina [44–47], hexaaluminates [48–50], zeolites [51–55], calcium 
aluminate [56–58], double-layered hydroxides [59–64], and molecular 
sieves, among others [65–67]. 

There are some reports of the use of saline slags as a foaming agent 
for the generation of glass–ceramic sponges from urban solid waste [68]. 
The physicochemical and mechanical properties of these sponges make 
them suitable to be used in several areas, such as wastewater and solid 
waste treatment, noise absorption and reduction, construction, metal 
casting and as catalysts for combustion gases in automobiles and cata-
lytic supports, etc. [69–75]. From our knowledge, these materials could 
be applied directly in these applications or as a support for structures 
developed from industrial waste [13,40,49,60,63,64,67]. The most 
widely used methods to produce ceramic sponges include replication of 
polymeric foams, foaming and setting of ceramic powder suspensions, 
emulsion templates, and thermofoaming with sucrose and molten 
glucose [76–85]. Similarly, aluminas are some of the most common 
materials for the elaboration of ceramic sponges due to their properties 
and availability. Considering the mitigation of climate change, the reuse 
of hazardous waste and the potential of ZIF-8 and aluminum saline slags, 
the aim of this study was to develop a ceramic-MOF foam filter that 
brings together the most important qualities of both materials and re-
sults in a robust device for various applications. As a first objective of 
this work, a ceramic foam is synthesized from the aluminum saline slags. 
In order for the hazardous waste used to have mechanical resistance and 
to be used as a filter/support, it is necessary to add glucose and a sur-
factant. Once the ceramic foam was obtained, this material has been 
used as a support for ZIF-8, for which several procedures have been used 
that involve, on the one hand, impregnation with a ZIF-8 precursor and, 
on the other hand, the in-situ synthesis of ZIF-8. The ceramic-MOF filters 
thus obtained have been used as CO2 adsorbents and their capacities 
have been compared with several commercial MOFs: MIL-53 (Basolite 
A100), HKUST-1 or Cu-BTC (Basolite C300), Fe-BTC (Basolite F300) and 
ZIF-8 (Basolite Z1200). 

2. Experimental 

2.1. Materials, reagents and gases 

The materials and reagents used to synthesize the ceramic-MOF fil-
ters included Zn(NO3)2⋅6H2O (99.9%, Sigma-Aldrich), 2-methylimida-
zole (Hmim) (99%, Sigma-Aldrich), anhydrous N,N- 
dimethylformamide (99.8%, DMF), methanol (99.8%, ACS), D 
(+)-glucose (99.5%, Sigma-Aldrich), acetone (ACS reagent, ≥99.5%, 
Aldrich), polyethylene glycol Monolaurate 400 (PegMn400, Aldrich) 
and aluminum saline slags (kindly supplied by IDALSA). Various com-
mercial MOFs were used to compare CO2 adsorption: MIL-53(Al) 
(Basolite A100, Sigma-Aldrich), which has a structure built up from 
infinite chains of corner-sharing AlO4(OH)2 octahedra connected via 
1,4-benzenedicarboxylate ligands; HKUST-1 or Cu-BTC (Basolite C300, 
Sigma-Aldrich), which is a crystallized hybrid porous solid built up from 
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inorganic subunits connected to organic linkers such as carboxylates; Fe- 
BTC (Basolite F300, Sigma-Aldrich), which has a hybrid super-
tetrahedral structure comprising oxo-centred trimmers of iron(III) 
octahedra connected via trimesate anions; and ZIF-8 (Basolite Z1200, 
Sigma-Aldrich), which comprises metal ions and imidazolate anions. 
Carbon dioxide (99.996%, Nippon Gases), nitrogen (99.999%, Nippon 
Gases) and helium (99.999%, Nippon Gases) were also used in the 
characterization and application studies. 

2.2. Synthesis of ceramic foams from aluminum slags 

Aluminum saline slags, which have a high content of alumina, salts 
(NaCl+KCl), magnesia and silica (see Table 1), were used as raw ma-
terials to synthesize the ceramic foams. These slags were subjected to a 
successive washing process at 80 ◦C under vigorous stirring, using the 
procedure described by Gil and Korili [43], which allows the salt content 
to be significantly reduced and also eliminates gases such as NH3, H2S, 
and CH4, among others. The result is a clean saline slag whose chemical 
composition is summarized in Table 1. 

Once the saline slags had been pretreated, mixtures with several 
weight ratios of these slags and glucose powders were prepared (100 g of 
saline slag as a constant base and glucose/slag (G/S) ratios between 0.2 
and 1.6). These mixtures were placed in a ball mill with a porcelain body 
with a volume of 1500 cm3 and unvitrified porcelain balls of several 
sizes (20 mm (60%), 15 mm (20%), 9 mm (20%)), for a total of 100 
units. Acetone was added to each of the mixtures, as a liquid matrix, in a 
1:1 ratio with the powder mixture, that is, 250 cm3 for the 1.5 G/S 
mixture (250 g). The A:G:S (acetone:glucose:slag) mixture inside the 
mill was homogenized and compacted for 4 h to give a powder cake with 
a water content of 20–30 wt%. Subsequently, the wet powders were 
placed in an oven with an air atmosphere at 60 ◦C for 2 h. Once the 
powders had been dried, they were deposited in alumina ceramic molds, 
occupying between 60 and 70% of their maximum volume. The powders 
were compacted in the mold and placed in an oven at 190 ◦C for 10 min, 
manually mixing the sludge every 3 min until complete caramelization 
of the glucose was achieved. Then, 2–3 cm3 of PegMn400 was added to 
the mixture, which was subsequently mechanically stirred to ensure 
complete incorporation of the polymer. Once cold, the resulting green 
glucose-slag-PegMn400 capsules were placed in the oven again at 
170 ◦C for 45 min until complete swelling of the caramelized matrix had 
been achieved. After this step, the temperature was increased to 230 ◦C 
for 1 h, thus resulting in the solidification of the carbonaceous matrix of 
glucose in the green sponge. The temperature was subsequently 
increased again up to 700 ◦C (10 ◦C/min) and 1200 ◦C (2 ◦C/min), at a 

steady state of 2 h at both temperatures. 

2.3. Synthesis of Zeolite Imidazolate Framework (ZIF-8) 

The ZIF-8 compound was synthesized using two methods: 
a) Room-temperature synthesis [86,87] (MOF-1). In this method, 

9.87 mmol of Zn(NO3)2⋅6H2O and 79.04 mmol of 2-methylimidazole 
(Hmim) were dissolved in 20 and 200 cm3 of methanol, respectively, 
with vigorous stirring. Subsequently, 20 cm3 of zinc nitrate-methanol 
solution was added dropwise to the Hmim solution at room tempera-
ture, and the mixture was sonicated for 30 min. After a few minutes, the 
mixture became more cloudy and a white slurry was obtained after 1 h. 
This slurry was centrifuged at 1500 rpm for 15 min and the MOF crystals 
washed with methanol and the sludge was then dried at 40 ◦C for 4 h. 

b) Solvothermal synthesis [87] (MOF-2). In this second method, 2 
mmol of Zn(NO3)2⋅6H2O and 2 mmol of 2-methylimidazole (Hmim) were 
dissolved in 50 cm3 of N,N-dimethylformamide with vigorous stirring to 
obtain a translucent solution. This solution was transferred into a 100 
cm3 Teflon-lined stainless-steel autoclave, which was placed in an oven 
at 140 ◦C for 24 h. The precipitate was then separated by centrifugation 
of the liquid matrix at 1500 rpm for 15 min and washed with methanol. 
The resulting MOF crystals were dried at 40 ◦C for 4 h. 

2.4. Manufacture of the ceramic foam-ZIF-8 

The two methods used to synthesize MOF-ZIF-8 were also used to 
impregnate the ceramic foam:  

a) The ceramic foam, prepared using a glucose/slag ratio of 0.7, was 
treated to remove physisorbed gases, humidity and impurities, by 
adding it to a solution of acetone, methanol, isopropanol in a 1:1:1 
ratio (150 cm3). The beaker containing the solution was then placed 
in a sonicator for 30 min and subsequently dried at 90 ◦C for 1 h. 
After this first treatment, the solid was impregnated and mixed with 
the MOF–methanol solution (white slurry) and synthesized using the 
room-temperature method for 1 h with mechanical stirring. Subse-
quently, two rinses with methanol were performed to remove surface 
nanoparticles. The ceramic MOF-filter was placed in an oven at 
100 ◦C for 1 h and then activated at 120 ◦C for 6 h. 

A reference sample was also prepared using a commercial ZIF-8 
(Basolite Z1200, Sigma-Aldrich). Thus, 200 mg of this powder was dis-
solved in 100 cm3 of methanol to form a slurry saturated with nano-
particles of the zeolitic MOF, subsequently repeating the previous 

Table 1 
Chemical composition by FRX of the saline slags before (A) and after cleaning treatment (B), and of the ceramic foam prepared using a glucose/slag ratio of 0.7 (C).  

(A) 

Composition Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO 
wt% 8.65 2.76 41.71 4.23 0.05 0.52 11.83 4.40 2.08 
Composition TiO2 Cr MnO Fe2O3 Ba Cu F Zn  
wt% 0.31 0.04 0.17 2.05 0.08 0.35 0.41 0.18    

(B) 

Composition Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO 
wt% 0.77 6.49 55.23 4.23 0.07 0.41 0.47 0.50 2.12 
Composition TiO2 Cr MnO Fe2O3 Ba Cu F Zn  
wt% 0.65 0.07 0.26 1.25 0.07 0.51 0.41 0.17    

(C) 

Composition Na2O MgO Al2O3 SiO2 P2O5 Cl K2O CaO 
wt% 0.41 4.64 75.49 8.20 0.06 0.2 0.26 2.26 
Composition TiO2 Cr MnO Fe2O3 Ba Cu Zn  
wt% 0.7 0.11 0.27 4.15 0.18 0.58 0.27   
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procedure. 

b) In the second method, the treated ceramic support without phys-
isorbed gases, humidity and impurities was added to a solution 
comprising 4 mmol of Zn(NO3)2⋅6H2O and 4 mmol of 2-methylimi-
dazole (Hmim) dissolved in 150 cm3 of N,N-dimethylformamide. 
The solution and support were then transferred into a 500 cm3 

Teflon-lined stainless steel autoclave, which was placed in an oven at 
140 ◦C for 24 h. After this time, a caramel-colored precipitate was 
obtained. The support was then washed twice with methanol and 
added to 150 cm3 of n-hexane for 90 min. The resulting solid was 
dried at room temperature for 48 h, and then at 120 ◦C for 6 h. 

2.5. Characterization 

The structural phases were analyzed using an X-ray diffractometer 
(model Siemens D5000) equipped with an Ni-filtered CuKα radiation 
source (λ = 0.1548 nm). The crystallite size was determined from the 
experimental diffractograms using the Debye–Scherrer equation. The 
main textural properties of the solids were determined by N2 adsorption 

at − 196 ◦C using a Micromeritics ASAP 2020 Plus adsorption analyzer. 
Prior to the adsorption measurements, 0.3 g of sample was degassed at 
200 ◦C for 2 h at pressures lower than 0.133 Pa. The BET specific surface 
area (SBET) was calculated from nitrogen adsorption data obtained over 
the relative pressure range from 0.05 to 0.20. The total pore volume (VP) 
was calculated from the amount of nitrogen adsorbed at a relative 
pressure of 0.99. The chemical compositions of the samples were 
determined semi-quantitatively by X-ray fluorescence (XRF) spectros-
copy using a PANalytical AXIOS instrument. Finally, the morphological 
analysis and chemical composition of the samples were carried out by 
SEM (INSPECT F50, Mode: 30 kV - Map, Detector: BSD Full) and TEM 
(FEI Tecnai F30, Accelerating voltage: 200 kV, Detector: HAADF-STEM). 

2.6. CO2 adsorption 

CO2 adsorption was evaluated using a static volumetric method with 
a Micromeritics ASAP 2010 instrument and 0.3 g of solid. The samples 
were pre-treated at a heating rate of 10 ◦C/min, under a flow of He at 
50 ◦C for 2 h and then heated to the adsorption temperature in the same 
stream. The samples were degassed under vacuum to a pressure of <0.6 

Fig. 1. Ceramic foam prototypes made with two molds using the experimental process. 1-a) G/S paste (0.7 wt%) melted and homogenized inside a truncated conical 
ceramic mold for high temperatures 1-c). 2-a) cylindrical ceramic mold, 2-b)-c) green carbonaceous foam, 2-d) cylindrical prototype of the ceramic support filter at 
1200 ◦C. (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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Pa at the adsorption temperature. CO2 adsorption data were collected in 
the pressure range between 0.1 and 82 kPa. 

3. Results and discussion 

3.1. Characterization of aluminum saline slags and ceramic foam 

The chemical composition of the aluminum saline slags before and 
after cleaning, and of the ceramic foam can be found in Table 1. 

The ceramic foam supports obtained from the aluminum saline slags 
after the washing process, which had various shapes and sizes depending 
on the ceramic molds used, are summarized in Fig. 1. The two alumina 
molds for high temperatures, with dimensions DA1 = 4.8 mm, DA2 = 2.2 
mm, hA = 4.2 mm (1c) and DB = 5 mm, hB = 6 (2a), were used as an 
expansion vessel during the glucose decomposition. To obtain this solid, 
various G/S mass ratios were used, with G/S values >0.75, during the 
glucose melting/caramelization stage, giving a highly fluid syrup that 
resulted in a high foaming rate and prevented the control of sponge 
growth. Under these conditions, weak green foams and an overflow of 
the molds were observed. In contrast, at lower values (< 0.65), expan-
sion of the slag due to foaming of the glucose syrup was ineffective and 
prevented the formation of interstices and growth of the solid matrix. 
The use of a small dose of PegMn400 as an adjuvant flux generated 
homogeneity and integration of the caramelized syrup and the saline 
slags. Several combinations of temperatures and melting-foaming times 
were used, performing inspections and mechanical stirring every 5–8 
min until an integral and homogeneous matrix was obtained. Based on 
these data and results, it was possible to identify the optimal mass ratios 
and the process parameters that allowed us to control and obtain the 
prototypes, namely a mass ratio (G/S) of 0.7, a melting temperature and 
residence time of 190 ◦C and 30 min, respectively, and 3–5 cm3 of 
PegMn400 flux. After glucose melting, the syrup was stirred 

mechanically with a glass rod and homogenized. The foaming temper-
ature was 190 ◦C for 20–30 min, until an expansion of 30% in volume 
had been achieved, in air, followed by subsequent carbonization at 
220 ◦C for 2 h, using an accelerated ramp of 50 ◦C/min from 190 to 
220 ◦C, which allows the consistency of the foam to be maintained and 
prevents over-foaming of the mixture. 

A series of composite images showing the evolution of the G/S 
powders with a 0.7 weight ratio after the maceration–grinding stage, 
using conical and cylindrical molds, can be found in Fig. 1. The saline 
slag powders and mixtures are presented in Fig. 1 (3)–(4). When 
applying the experimental process carried out, once the powders had 
been mixed and macerated, using acetone as a dispersive medium, and 
dried at 60 ◦C for 2 h, a mixture such as that shown in Fig. 1 (4) was 
obtained (light gray powder without agglomerates). The powders 
deposited in any of the molds of Fig. 1 [1-c), 2-a)] up to 45% of the hTotal 
were mechanically compacted and deposited in a muffle oven, with 
manual stirring, until the G/S base paste had melted and become ho-
mogeneous, as shown in Fig. 1 [1-a)], for subsequent caramelization, 
foaming and carbonization of the expanded paste. At the end of the 
sintering process for the green sponge, Fig. 1 [2-b), c)], the ceramic 
prototype shown in Fig. 1 [(1,2)-d)] sintered at high temperature was 
obtained. The prototypes produced are presented in Fig. 2. These pro-
totypes were characterized using several techniques in order to deter-
mine their structural and textural properties and chemical composition. 

The diffractograms obtained for the ceramic foam powders synthe-
sized at 1200 ◦C are shown in Fig. 3. From the Tnternational Centre for 
Diffraction Data (ICDD) database, the presence of corundum, magne-
sium aluminum iron oxide and calcium aluminum silicate is observed. A 
refinement analysis showed that the chromium aluminum oxide phase 
(corundum type) represented 67.37%, followed by magnesium oxide 
(spinel type) with 19.12% and aluminosilicate with 13.51%, but this 
result would be taking into account only the phase adjustment by means 

Fig. 2. Prototypes of ceramic foam filter supports synthesized from aluminum saline slags with several composite morphologies.  
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of XRD. The chemical composition of these powders, which were ob-
tained by mechanical shearing of the ceramic sponge filter, was deter-
mined by X-ray fluorescence (XRF) spectroscopy after the preparation of 
a borated glass bead by melting in an induction micro-furnace, mixing 
the Spectromelt A12 flux from Merck (Ref. 11,802) and the ground 
sample in approximate proportions of 20:1. The percentage of the main 
components of the samples by weight are included in Table 1 (C), with 
the majority percentage corresponding to Al2O3 (75 wt%), followed by 
SiO2 (8.2 wt%), MgO (4.64 wt%), Fe2O3 (4.15 wt%) and, finally, trace 
metals. These values are in partial accordance with the phases identified 
during the XRD analysis. The chemical composition found is not fully 
justified, but the phases detected are possible. 

The curves obtained from the thermogravimetric and calorimetric 
analyses performed on the G/S mixture (0.7) using a temperature ramp 
of 40 ◦C/min are summarized in Fig. 4. The DSC curve shows various 
scenarios that occur in the heat flow associated with the transformations 
of glucose and clean saline slags. Thus, an endothermic peak (Fig. 4-A, 
red curve), possibly associated with the release of moisture and phys-
isorbed species in the mixture, which are released spontaneously and 
generate this thermodynamic behavior, is observed at around 60 ◦C. In 
the same curve, two intensely negative peaks with Tmax at 177 and 
235 ◦C, which may be related to the caramelization of glucose and the 
subsequent transformation of caramel to carbon, are also identified. 
Several transition states corresponding to the decomposition (by com-
bustion) of glucose and the transformations experienced by the saline 
slag powders, specifically related to the changes of state of alumina and 
other constituent oxides, are observed in the temperature range from 
300 to 700 ◦C, whereas the degradation of inorganic materials and/or 
coal ash is seen between 1000 and 1400 ◦C. 

As regards the mass loss with temperature, above 500 ◦C we iden-
tified several kinetic regimes associated with the transformations of 
glucose and structural changes in the saline slags (Fig. 4-A, blue curve). 
Initially we found that the loss of water, which occurred at between 50 
and 100 ◦C, represented 1.31 wt%, followed by 15.2 wt% attributed to 
the glucose fusion process and subsequent caramelization. In the next 
range of transformations, there is another slope, with a weight decrease 
of 13 wt%, which we attribute to decomposition of the carbonaceous 

matrix generated. Finally, the remaining 5.8 wt% weight loss was due to 
the final stage of carbon removal by vaporization and structural trans-
formations of the saline slag powders, which were mostly dominated by 
alumina transitions. The total sum of all the weight loss stages repre-
sented almost 45% of the original weight, thus meaning that the G/S 
mixture lost almost half its weight during the process and that the largest 
fraction was controlled by melting, caramelization, foaming, carbon-
ization and decomposition of glucose. 

The loss of mass with temperature, the conversion and the derivative 
of the conversion with respect to temperature are presented in Fig. 4-B, 
which confirms the previous comments regarding the mass evolution of 
the mixture. The curve for the first derivative of the conversion shows 
four peaks (according to the deconvoluted peaks) associated with the 
various conversion regimes of the mixture. The highest conversion/ 
transformation is located between 238 and 290 ◦C, in which glucose 
monomers are transformed into porous carbon and swollen slag pow-
ders, as shown in Fig. 1–2c). 

3.2. ZIF-8 characterization 

The X-ray diffractograms obtained for both the synthesized MOF- 
ZIF8 and for the commercial one used in the comparison are included 
in Fig. 5. The type of structure identified in all samples corresponds to 
that of the ZIF-8 pattern, with a maximum intensity peak at a 2ϴ value of 
7.37◦, followed by 10.38◦, 12.77◦, 18.07◦ and 16.52◦ in order of 
decreasing intensity. In the case of the commercial MOF, before and 
after impregnation on the foam at room temperature (Fig. 5, MA and 
MB), the structure remains unchanged and maintains the same crystal-
linity, with no alterations in the number of peaks present. In the case of 
the synthesis with methanol at room temperature (Fig. 5, MC), very low 
intensity peaks between the peaks corresponding to the basolite-like 
structure are observed, possibly due to another type of structure pre-
sent in lower quantities or amorphous clusters of the crystals. The 
highest intensity peaks, which are narrow and very well defined, for the 
synthesized samples are found for the solvothermal synthesis method 
(Fig. 5, MD), which causes an accelerated growth of MOF crystals with 
large independent morphologies and an average crystallite size of 88.8 

Fig. 3. Diffractogram of ceramic foam powders synthesized and calcined at 1200 ◦C. Corundum (#PDF 88–0883), magnesium aluminum iron oxide (#PDF 
74–1135), calcium aluminum silicate (#PDF 52–1344) standards included. 
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nm, which is larger than that for the MC sample (44.7 nm). 

3.3. Characterization of the ceramic-MOF filter 

Once the ceramic foam had been synthesized, the MOF powders 
obtained were impregnated on the ceramic foam support. The nitrogen 
adsorption isotherms for the MOF-ZIF-8 samples synthesized are shown 
in Fig. 6. The behavior of the isotherms in both the adsorption and 
desorption branches is very similar for both samples, with a single dif-
ference in the hysteresis loop stage. The adsorption isotherms are type I, 
which is related to microporous materials. MOF-1 presents a small in-
crease and broadening of the loop that can be attributed to independent 
growth of the nanocrystals, low sintering and the generation of inter-
connected inkwell-type porosity. The textural properties of the three 
MOF samples (MOF-1, methanol synthesis; MOF-2, solvothermal 
method; and commercial ZIF-8 from Sigma-Aldrich) are presented in 
Table 2. For the synthesized samples, an increase of approximately 40% 

is seen for the sample synthesized following the methanol method. 
Reduction of SBET for the solvothermal method may arise due to sin-
tering of the nanocrystals during the heat treatment process. For the 
ceramic foam support, the SBET was null or zero as a result of the final 
sintering temperature, which suggests that lower temperatures could 
result in a considerable improvement in the distribution, deposition and 
fixation of the MOF on the support. The textural properties of other 
commercial MOFs have also been included in Table 2 for comparison. 

SEM images of a section of the ceramic-MOF-ZIF8 filter are shown in 
Figs. 7 and 1S, with the commercial ZIF-8 powders being deposited using 
the immersion procedure described above with methanol as dilution 
medium (see Section 2.4). Fig. 1S A) (left) shows SEM images for a cross- 
section of the ceramic foam filter. The morphology of the interstices 
formed during the foam expansion stage can easily be seen, along with 
large amorphous interconnected pores with an average area of 58 μm2 

uniformly distributed throughout the volume of the prototype (Fig. 7 A) 
and B) (left)). Similarly, Fig. 1S A) (center-right) clearly shows the 

Fig. 4. (A) TGA-DSC analysis and (B) TGA-conversion and first derivative analysis for the G/S mixture (0.7) using a heating ramp of 40 ◦C/min up to a temperature 
of 1400 ◦C. 
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presence of MOF particle deposits on the support surface. These are 
heterogeneously distributed, forming islands of MOF agglomerates as a 
result of the deposition method (saturated solution and immersion under 
agitation), which causes this effect in addition to a deficient coating due 
to very weak or almost null impregnation forces, thus resulting in the 
removal of the material deposited during washing. The distribution of 
irregular hexagonal plate-like particles of commercial ZIF-8, with an 
average particle size of 0.41 μm, can be seen in Fig. 7 A) and B) (right). 
The SEM images of the MOF-1 particles synthesized at room temperature 
in methanol and deposited on the ceramic foam are presented in Fig. 2S. 
Fig. 2S A) shows an amorphous MOF particle measuring 3.79 × 2.41 μm 
and representative of the entire batch. In the case of the ceramic foam 
pores, we observe two types of crater-type pores and smaller amorphous 
pores with average apparent diameters of 46 μm and average areas of 99 
μm2. The deposition and impregnation of the material on the ceramic 
surface presents the same deficiencies in terms of distribution and fix-
ation of the MOF on the support described above, since this room- 
temperature method does not benefit these aspects, thus resulting in a 
weak film supported on the very easily removable ceramic, although 
with a better distribution compared to MOF-ceramic foam presented 
previously (see Fig. 7). However, it is still very poor in terms of optimal 
coating. 

Fig. 8 presents a morphological analysis of the MOF particles 
deposited in situ on the ceramic-MOF-2 filter using the solvothermal 
method. In this case, the crystals grow directly on the surface of the 
ceramic foam (Fig. 8 A)-B)) and two important aspects are observed, 
namely a better deposition is achieved along with greater stabilization of 
the MOF particles, which evolve from the precursors to the final mor-
phologies generated, adhering with greater cohesion forces as a result of 
the high pressure and temperature. Figs. 8 and 3S reveal that the dis-
tribution of the total mass of particles is not uniform over the entire 
ceramic volume but is located mainly in one region of the foam (Fig. 3S), 
with a small fraction in the rest of the volume (Fig. 8). This heteroge-
neous or localized distribution of MOF-2 could be improved by fixing the 
ceramic support inside the reactor during the solvothermal synthesis, 
which allows the porous body to be kept static during the entire reaction 
period and the total charge of particles that grow to be increased by 
complete immersion in the liquid matrix and by decreasing the turbu-
lence during the solvothermal synthesis. Fig. 8 D)-E) shows large 
rhombic dodecahedron (RD) morphologies as the majority morphology, 
with a maximum size of 34 μm but an average size for the bulk particles 
of 11.51 μm (Fig. 3S). A small fraction also shows a perfectly defined 
truncated rhombic dodecahedron (TRD) morphology (Fig. 8 C)), with dp 
= 14.02 μm (two times smaller than RD), as well as the appearance of 
particles with interpenetrating twin RD particles. These morphological 
variants are the result of changes in the sequential ordering of the 
tetrahedral Hmim-Zn units due to the interference that the prototype 
could generate within the liquid matrix, favoring or disfavoring indi-
vidual crystal growth and generating a mainly RD fraction, along with 
TRD, to a lesser extent, and a partial interpenetrating twin morphology 
(PIT). 

The images obtained for MOF-1 and MOF-2, as well as the compo-
sitions obtained by EDX mapping in both cases, are summarized in 
Figs. 9 and 4S. Fig. 9 A)-B) shows the formation of grains of ZIF-8 and 
heterogeneous particles with various morphologies and sizes, including 
both large and very small particles with an RD or TRD morphology 
(Fig. 9 E)-F)), as observed in the fraction deposited on the ceramic 
support. This suggests that this morphological and topological effect is 
mainly due to cohesion and interaction forces during solvothermal 
synthesis and that other effects of growth and/or redispersion or diffu-
sion resulting from the support are reduced. The composition obtained 
in this sample has the empirical formula C8H10N4Zn, corresponding to 
the ZIF-8 frameworks (boxes in Fig. 9 E)-F)), with atomic percentages for 
C, N and Zn of 56.86% ± 0.98, 33.91% ± 1.07 and 7.68% ± 0.15, 
respectively (C7.4H10N4.42Zn). In the case of the synthesis at room 

Fig. 5. Diffractograms of the MOF-ZIF8 powders synthesized by various 
methods. Commercial MA-MB ZIF-8 (before and after foam deposition, MA-MB, 
respectively), MOF-1 (MC), MOF-2 (MD). 

Fig. 6. N2 adsorption-desorption isotherms for the MOF-ZIF8 powders 
synthesized. 

Table 2 
SBET specific surface areas, pore volumes, volumes of CO2 adsorbed and isosteric 
heats.  

Sample SBET 

(m2/g) 
Vp 
(cm3/g) 

VCO2* 
(mmol/g) 

qst 

(kJ/mol) 

MOF-1 840 0.48 0.60** 18.59 (23.34)*** 
MOF-2 500 0.28 0.45** 18.91 (27.01)*** 
HKUST-1 1400 0.59 1.306 22.88 (24.94)*** 
MIL-53 465 1.05 1.029 22.06 (24.33)*** 
Fe-BTC 1000 0.52 0.621 21.05 (32.10)*** 
ZIF-8 1322 0.70 0.365 10.61 (13.05)*** 

Samples studied: MOF-1 (ZIF-8 synthesized at room-temperature), MOF-2 (ZIF- 
8 synthesized from a solvothermal method). Commercial MOFs: MIL-53 (Baso-
lite A100), HKUST-1 or Cu-BTC (Basolite C300), Fe-BTC (Basolite F300) and ZIF- 
8 (Basolite Z1200). 
(*) Volume of CO2 adsorbed at 50 ◦C and 80 kPa. 
(**) These data correspond to the ceramic-MOF filter. 
(***) Isosteric heats at zero loading (n = 0). 
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temperature in methanol, we observe much larger grains (Fig. 4S A)-B)) 
than those observed using the solvothermal method, and it becomes 
difficult to identify the size and morphology of the individual particles, 
thus indicating that they are below the detection level of the equipment. 
This could be attributed to the effect of redissolution and Otswal 
maturation of the MOF during sonication of the slurry [88], which re-
sults in regrouping of the crystals. These large agglomerates are formed 
from grouped crystalline structures, thus preventing their independent 
growth resulting in the aforementioned RD and TRD morphologies 
(Fig. 4S C)-D)) and generating open organometallic structures. The 
elemental composition analysis corroborates the presence of ZIF-8, with 
atomic % values for C, N and Zn of 53.96%, 37.68% and 5.96%, 
respectively. These results confirm the presence of MOF structures of the 
C8H10N4Zn type and is in agreement, in both cases, with the diffracto-
grams presented in Fig. 5. 

TEM images for MOF-1 and MOF-2 are shown in Fig. 10. The sol-
vothermal method generated large crystals in the range 500–1500 nm. 
However, the irregular particles obtained from the methanol synthesis 
are due to agglomerates of independent nanocrystals with a sodalite-like 
structure (inset Fig. 10 B)-right) and a mean size of approximately 65 nm 
(Fig. 10 B-center). The size of the irregular agglomerates (Fig. 10 B-left)) 
is about 3000 nm. This difference between the growth of the crystals and 
the final morphologies of the particles discussed above appears to be 
associated with the intermolecular forces to which the precursors are 
subjected during the synthesis. Thus, in the case of the room- 
temperature method, the driving force that allows intimate contact of 
the precursors is the concentration gradient when working with excesses 

of both constituents, which results in very small nanocrystals that end up 
agglomerating. In contrast, when using the solvothermal method, the 
temperature (increase in the kinetic energy of the system, high fre-
quencies of vibration of the atoms) and internal pressure (molecular 
confinement with an increase in intimate contact) used result in large 
uniform crystals that adopt specific positions, thus giving rise to well- 
defined morphologies (RD-TRD-PIT). This effect of different growth 
pathways impacts crystal size, morphology and topology as well as the 
textural and structural properties of both MOFs as a consequence of the 
synthesis method. 

The TEM images for MOF-1 and MOF-2 included in Figs. 11 and 5S 
correlate with the structural simulations carried out using the lattice 
parameters and interplanar distances obtained by image analysis, FFT 
and from the profile graphs. Fig. 11 A)-B)-C)-D) shows the surface pat-
terns obtained in different regions that help us determine the interplanar 
distances and atomic distribution for each area selected by making fast 
Fourier and profile graphs. The surface pattern of diagonals, which 
presents an interplanar distance of 0.29 nm, is easily observable in 
Fig. 11 A). This distance is determined from the graphic profile (boxes 
Fig. 11 A) and complemented with the FFT pattern, with other inter-
planar distances (0.14, 0.19, 0.25, 0.28, 0.56 nm) being associated with 
the atomic distribution of ZIF-8. The complete pattern of the MOF 
network is observed in Fig. 11 C) (lower left box). The atomic distri-
bution (FFT right box) is almost entirely consistent with the sodalite-like 
structure of the MOF and allows us to determine the interplanar distance 
for a large percentage of the atoms that form the structure using the 
interplanar distance values of 0.139, 0.142, 0.162, 0.170, 0.247, 0.282, 

Fig. 7. (A) SEM images of the ceramic-MOF-ZIF8 filter and commercial MOF particles. (B) Pore-size distribution of the ceramic support (left) and particle-size 
distribution of ZIF-8 deposited on the ceramic support (right). 
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0.299, 0.450, 0.625 nm. It is also possible to identify similar patterns 
with distances of 0.691 (211), 0.565 (310), 0.513 (311), 0.265, 0.231, 
0.182, and 0.132 nm for (FFT Fig. 11 B) and planes (200− 210) in the 
patterns shown in Fig. 11 C)-FFT. 

The TEM images for MOF-1 are shown in Fig. 5S. In all cases, the FFT 
patterns in said images appear as concentric rings that suggest the for-
mation of amorphous structures. In this case, although the unit cell is the 
same (sodalite-like structure coinciding with the XRD pattern), the 
driving forces (concentration gradient, diffusion with low kinetic energy 
and low electrochemical gradient) are not sufficient to achieve the su-
perposition of crystalline planes that allows particles with defined RD- 
TRD morphologies to be obtained. The crystals remain quasi- 
independent or form networks of few nuclei, which agglomerate 
randomly, thereby failing to form an ordered configuration such as that 
seen in Fig. 11 (MOF-2). 

Using the data from the TEM images and from the diffractograms, 

Bragg's law can be used to determine the interplanar distances and the 
approximate planes corresponding to these interplanar distances. It is 
also possible to obtain the lattice parameters and the corresponding 
space groups from the experimental data. This information allows us to 
perform the structural simulations and model a ZIF-8. The values ob-
tained for interplanar distances, Miller indices and corresponding planes 
from XRD, compared with the FFT analysis of the patterns in the TEM 
images, are summarized in Fig. 12. A composite image with the XRD 
pattern simulated from the calculated network parameters, using the 
experimental data, whose arrangement obeys the sodelite-type atomic 
distribution, as a unit cell are included in this figure. Here the values 
correspond to the interplanar distances associated with the position, of 
the diffraction angle 2 ϴ, of each peak and therefore their respective 
planes and Miller indices, thus showing that the plane where the crystals 
grow preferentially is (110) with a 2ϴ ≈ 7.3744◦ (d-interplanar ≈
1.19844 nm, simulation and experimental). The superimposition of the 

Fig. 8. SEM images of the ceramic-MOF-2 filter and MOF-2 particles grown on the support using the solvothermal method (region with light deposition). (A) Ceramic 
filter prototype, (B) ceramic support fraction, (C) MOF particles with zeolite-like morphology (truncated rhombic dodecahedron-TRD), (D)-(E) MOF particles with 
partial twin interpenetrated morphology-PIT and rhombohedral dodecahedron-RD, (F) combined MOF morphologies. 
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Fig. 9. SEM images of MOF-2 powders obtained by solvothermal synthesis. (A) Agglomerates of MOF particles form grains. (B)-(C) Images of the different mor-
phologies and sizes of the MOF. (D)-(E)-(F) Elemental mapping of the MOF powders and EDX composition. (E)-(F) Morphology truncated rhombic dodecahedron and 
rhombic dodecahedron, respectively. 
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ZIF-8 pattern, obtained by XRD for both MOFs, is also included (upper), 
on the simulated pattern with the tabulated data, indicating a 100% 
coincidence between both, which shows that both MOFs structurally 
obey the MOF ZIF-8 with sodalitic structure as unit cell. 

3.4. CO2 adsorption 

The CO2 adsorption capacity was determined for the ceramic-MOF 
filters at several temperatures in the range 50–300 ◦C. The experi-
mental isotherms at corresponding temperatures of 50 and 200 ◦C are 
shown in Fig. 13; the maximum adsorption capacities for ceramic filters 

MOF-1 and MOF-2 at 50 ◦C and 80 kPa were 0.60 and 0.45 mmol/g, 
respectively. The behavior of the isotherms shows that the maximum 
amount adsorbed, as a function of the pressure gradient, decreases with 
an increase in temperature. The behavior observed for other commercial 
materials (HKUST-1, MIL-53, Fe-BTC and ZIF-8) is also included in these 
figures, with the highest CO2 adsorption capacity corresponding to 
HKUST-1 (1.31 mmol/g). The amount adsorbed is included as mmol/ 
gceramic filter+MOF in the case of MOF-1 and MOF-2, and mmol/gMOF in the 
case of the commercial MOF. However, the comparison must take into 
account that the amount of CO2 adsorbed on the ceramic-MOF filter 
supports is negligible and that only 10 wt% MOF has been deposited. 

Fig. 10. TEM images of the MOF-2 and MOF-1 particles synthesized using the solvothermal and room-temperature methods. (A) Solvothermal synthesis (large 
crystallites 500–1500 nm). (B) Room-temperature synthesis (nanocrystallites 45–70 nm). 

Fig. 11. Patterns and interplanar distances obtained from TEM images of MOF-2 applying FFT, profile graph and direct measurement, in different regions and mass 
fractions of the crystals. 
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The ceramic filter has several properties that justify the deposit of MOF 
on its surface. It provides mechanical and thermal resistance to the MOF, 
and therefore to its application. In the same way, it allows the MOF 
particles to be dispersed, giving a greater CO2 adsorption capacity. In the 
present work, the adsorption of CO2 has been studied up to 300 ◦C, a 
temperature value that is not too high where the MOFs studied are 

resistant. The dispersion of the MOF in the ceramic material has allowed 
them to have, for the amount of MOF evaluated, a greater adsorption 
capacity than if the pure MOF is considered. Therefore, the presence of 
the ceramic filter is a clear advantage. 

The isosteric heat of adsorption allows to describe the heat effects 
produced during the adsorption of a gas, as in this case CO2. Isosteric 

Fig. 12. XRD pattern simulated with the structural parameters of MOF-2 (a = 1.69389 nm) (upper). Bottom, miller indices, interplanar distances, peak intensities 
and phase, determined by simulations. 
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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 to calculate the isosteric heat of adsorption [89], 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 
adsorbed at temperature T (K) and R (kJ/mol⋅K) is the universal gas 
constant. Initially it is necessary to determine the CO2 adsorption ca-
pacity with pressure (adsorption isotherms) at various temperatures 
(experimental results indicated above and presented in Fig. 13 for two 
temperatures). Next, make a representation of ln(n) versus 1/T, named 
as isosteres. The slope of each of these linear representations provides a 
value of the isosteric heat (qst) that it can represent as a function of the 
amount adsorbed (n). In this case, the evolution is included in Fig. 14. 
The results show that the isosteric heats are constant with loading, in 

some cases increasing at low loading. These values suggest that the 
adsorption process needs a small amount of energy to be activated and, 
therefore, that regeneration of the material also needs only a small 
amount of energy, thus meaning that it is easy to regenerate. As the 
relationship between the isosteric heat and loading is essentially linear, 
some authors have related it to the surface energy homogeneity of the 
materials. The difference in values between the materials (see Table 2) 
must be related to the surface chemical composition, thus suggesting 
that the presence of Zn (ZIF-8) reduces the surface–CO2 interaction, 
confirming this when it comes to commercial ZIF-8 given which presents 
a lower isosteric heat than the other materials. The values observed with 
respect to zero coating (n = 0) increase slightly. This result may be due 
to the fact that the surface is clean and the interaction with the first CO2 
molecules adsorbed increases. 

4. Summary and conclusions 

This work has presented the synthesis of ceramic-MOF filters from 
aluminum saline slags for the removal of CO2. These slags are used as the 
main raw material for production of the ceramic support using a foam 
and porosity-generation method based on the use of glucose as a 
foaming polymer and generator of a carbon template. The effect of 
temperature and reaction time on the porosity of the ceramic foam was 
verified during the glucose foaming and carbonization stages. Similarly, 
two methods for the synthesis of ZIF-8 were evaluated, followed by 
deposition on the ceramic support. The synthesis of ZIF-8 at room 
temperature in methanol resulted in a material with a specific surface 
area of 800 m2/g with independent sodalite crystals, whereas the sol-
vothermal synthesis gave a specific surface area of 500 m2/g and slightly 
lower thermal stability. The surface distribution and deposition of the 
MOF on the support was also affected by the synthesis method, with a 
better adherence being observed when using the solvothermal method. 

The performance of the ceramic-MOF filters (MOF-1 and MOF-2) as 
CO2 adsorbents was evaluated, in both cases finding similar adsorption 
capacities and isoteric heats of adsorption. These results are indicative of 
the adsorption capacity and ease of regeneration for both MOF filters, 
although with differences due to their topologies and surface properties. 

The results presented in this work indicate that aluminum saline 
slags can be used as a starting material for the synthesis of ceramic filters 
and that they can be used as MOF supports that allow the storage of 
greenhouse gases such as CO2. 

Fig. 13. CO2 adsorption isotherm at 50 and 200 ◦C for ceramic-MOF filters 
(MOF-1 and MOF-2). Commercial MOFs are also included for comparison. 
The amount adsorbed is included as mmol/gceramic+MOF in the case of MOF-1 
and MOF-2, and mmol/gMOF in the case of the commercial MOF. 

Fig. 14. Isosteric heat of CO2 adsorption as a function of the amount of CO2 
adsorbed on the MOF. 
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One-step synthesis of NaP1, SOD and ANA from a hazardous aluminum solid waste, 
Microporous Mesoporous Mater. 226 (2016) 267–277, https://doi.org/10.1016/j. 
micromeso.2016.01.037. 
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