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Abstract 

Methanol synthesis catalyst (MSC) waste was applied as the principal component (till 70 wt.%) 

of sustainable ceramics in composites with bauxite processing waste (RM), and waste foundry 

sand (FS). The results of the initial components' chemical interaction studies by a complex of 

methods (XRD, SEM/EDS/mapping, AAS and LAMMA) during heating demonstrated the 

synthesis of amorphous glasslike new formation, their filling of pores and compaction of the 

ceramic’s structure. In this case, a strong chemical and mechanical binding of all heavy metals 

and other hazardous elements of the initial industrial waste occurs with their transfer to an 
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insoluble in an acidic environment. The materials with the highest MSC contents have the 

highest axial resistance values ill 25.98 MPa after firing at 1050°C. 

Keywords  

Spent methanol synthesis catalyst; bauxite processing waste; steelmaking slag; sustainable 

construction materials; environment protection  

 

1. Introduction 

Significant increase in the Globe atmosphere temperature is responsible for many contemporary 

natural disasters like droughts, floods, devastating storms, giant fires and many human deaths. The 

main reason for the increase in the intensity of these tragic events is the contamination of the 

atmosphere with the dust of industrial and municipal waste annually released into dumps. 

Therefore, the urgent disposal of all industrial and municipal waste long-stored and newly produced, 

outgrows the problem of the survival or death of mankind in the following 300 years, scientifically 

calculated and predicted by S.W. Hawking. The results of an actual experimental study convincingly 

show the possibility of recycling at once three hazardous industrial wastes (methanol synthesis 

catalyst, red mud from bauxite processing and waste foundry sand) as valuable raw materials for 

the production of highly durable and environmentally friendly ceramic for civil construction instead 

of traditional natural materials such as clay and sand. 

The total amount of waste generated in the European Union in 2010 was over 2.5 billion tons. 

The amount of waste from catalytic processes among them is small. However, their high content of 

heavy metals makes researchers develop the most diverse and reliable methods for their utilization. 

According to McNaught and Wilkinson [1], a catalyst increases the speed of a reaction without 

changing Gibbs's total energy variation. In recent years, a large number of spent catalysts have been 

used in the potential production routes are composed of metals such as cobalt (ethanol production), 

iron-copper-rubidium in the Fischer-Tropsch process (olefins, gasoline, paraffin, and diesel), and 

copper-zinc-aluminum (methanol production) [2]. 

Therefore, intensive development of methods for using spent catalysts is being carried out 

worldwide, especially by isolating valuable heavy metals from them. 

Worch and Dove [3] believe that catalytic chemical recycling or upcycling can alleviate numerous 

issues related to our current and future refuse and, in doing so, help pivot our materials economy 

from linearity to circularity. Luo, et al. [4] published an overview of the investigation of the 

relationship between structure and activity/selectivity on oxide-supported metal catalysts. Sutton 

et al. [5] published a paper containing an extensive literature review of the three main groups of 

catalysts (dolomite, alkali metals and nickel), which have been evaluated for the elimination of 

hydrocarbons of biomass gasification.  

This study by Al-Sheeha, et al. [6] investigates the recovery of Mo, V, and Ni metals from the 

industrial spent hydro-processing catalyst, using various steps such as deoiling, drying, grinding, 

sieving, decoking, and treating with acid–base reactions in order to separate the various 

components of the spent catalyst. A spent equilibrium catalyst from the oil refinery company was 

partially replace sand and/or cement in concrete mixtures by Abdolpour, et al [7]. Applied catalysts 
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for the thermochemical recycling of plastic waste were analyzed by Huang, et al. [8]. Subramani and 

Gangwal [9] critically assesses various catalytic routes for converting syngas to higher alcohols, 

emphasizing ethanol. Kim, et al. [10] suggested methods to be highly applicable to upcycling Poly 

(ethylene terephthalate) waste PET. The leaching rate was enhanced by ultrasound, and large 

percentages (>95%) of all valuable metals (Mo, V, and Ni) present in the spent catalyst were 

extracted in a short time at a relatively low temperature (e.g., 60°C) by combined use of citric acid 

and ultrasound [11].  

The second component of the initial mixtures of this study is red mud (RM), an industrial waste 

of bauxite ore beneficiation for aluminum production. The cumulative world stock of RM will be 

almost 4 billion tons by 2021 [12] with pH near 13. It is usually stored in factory dumps, polluting 

the environment and threatening the local population with a breakthrough in the walls of these 

dumps. The corner of an RM storage dam in Hungary (Turi, Pusztai, Nyari, 2013) [13] collapsed, and 

a wave of RM flooded the streets of a neighboring city, causing ten people to die (Carmo, Kamino, 

Junior, et al, 2017) [14]. The spill poured into the Danube and polluted 40 km2 of land, contaminating 

the region's soil. RM's high heavy metal content (Cd, Pb, Cu, Cr, Zn) and high pH = 13 value caused 

by sodium oxide are two main reasons for its classification as hazardous industrial waste. A million 

cubic meters of the RM sludge of high alkalinity spilled from a reservoir at an alumina plants in Brazil 

[15, 16]. There were hundreds of victims, and the economic damage was several billion dollars.  

Nevertheless, one of the problems of RM recycling is that customers do not accept products 

made from waste materials, especially in the case of bauxite tailings, which are hazardous waste 

materials [17]. The utilization of RM in road bases and asphalt mixtures was reviewed and future 

research priorities were pointed out by Lima and Thives [18]; Rychkov, et al. [19] intensified 

carbonate scandium leaching from bauxite red mud. (Liu, et al, 2014) [20] presented a completely 

different approach to RM recycling, where RM was treated as a valuable material for further 

extraction of metals and other elements. The main flaw of this approach was that it led to the 

generation of even more residues. RM was used as an adsorbent for enhancing ferricyanide removal 

[21]. Pontikes, et al. [22] replaced 20% ordinary Portland cement with calcined RM and hydrated 

lime without any loss of treated RM to foamed geopolymer.  

Rai, et al. [23] comprehensively reviewed the disposal and neutralization methods of RM. They 

gave a detailed assessment of the work carried until now for the utilization of RM in the field of the 

building (geopolymers, clay material, cement, ceramics, fired and non-fired building materials, 

concrete industry), pollution control (in wastewater treatment, absorption and purification of acid 

waste gases), metal recovery (iron, titanium, aluminum, alkali, rare earth), coagulant, adsorbent, 

catalyst and in soil remediation.  

A systematic review of the current literature on the use of RM and slag in the production of red 

mud-slag geopolymer was done by Qaidi et al. [24]. A deep investigation into the hydration 

mechanism of bauxite-calcination-method red mud-coal gangue-based cementitious materials was 

conducted by Zhang et al. [25]. They observed the microstructure of C-A-S-H gel as a main hydration 

product.  

Results presented by Kurtoğlu, et al. [26] provide a guideline for modifying RM by HCl and H2SO4 

at different molarities to tune its structural characteristics, potentially offering opportunities for its 

utilization as cost-effective and environmentally friendly solutions to various applications. 

The results of Liu et al. [27] indicate that red mud calcined at 600°C has good cementitious activity 

due to the formation of poorly-crystallized Ca2SiO4. Recently, entropy-stabilized catalytic systems 



Catalysis Research 2023; 3(1), doi:10.21926/cr.2301009 
 

Page 4/21 

have raised great concerns due to the urgent demand for functional materials aiming to realize 

chemical catalysis Gao, et al. [28]. 

Waste foundry sand (FS) is the liquid metal casting and molding residue. As a result of thermal 

shocks, the sand modifies its granulometric composition and, therefore, is discarded as industrial 

waste with a high content of heavy metals. The yearly production of FS is approximately 62.64 

million metric tons (Singh K, Guleria, 2020) [29]. The ever-growing dumps of this type of waste also 

make it necessary to develop a wide range of methods for their disposal. 

Martins, et al. [30] used FS as a partial substitute (10%, 20%, 30%, 40%) for natural sand in self-

compacting concrete. Parashar, et al., 2020 [31], investigated the usability of waste foundry sand in 

self-compacting concrete (SCC) and reported that WFS is suitable up to a certain extent for the 

replacement of fine aggregate in concrete. It is possible to predict the mechanical properties of 

concrete containing FS using an artificial neural network assisted by a multi-objective multi-verse 

optimizer algorithm [32]. FS with 22% cement for paver production presented a compressive 

strength of 35 MPa in 28 days [33]. 

Dyer and Lima [34] experimentally proved that the microstructure, and physical and mechanical 

properties of hot mix asphalt with FS are similar to regular concrete asphalts. Yaghoubi studied 

waste foundry sand's bearing capacity and physical properties, et al. 2020 [35]; waste foundry sand 

was found suitable as an engineered fill and road embankment fill material. Mymrin, et al. [36] 

suggested foundry sand along with the addition of other industrial wastes for the sintering of 

environmentally-safe ceramics at 950-1050°C with samples' flexural strength values of up to 14 

MPa. Coppio, et al. [37] experimentally proved that the concrete electrical resistivity changes 

according to the FS composition  

This brief review of the scientific and technical literature on the methods of methanol synthesis 

catalyst waste, bauxite processing waste, and waste foundry sand shows the lack of information on 

the possibility of a complete replacement of traditional natural materials with these industrial 

wastes. 

Therefore, the objectives of the study were: 

1. To develop new composites of sustainable ceramic materials production only from three 

hazardous industrial wastes (methanol synthesis catalyst waste, bauxite processing waste, 

and waste foundry sand) without application of the traditional raw materials like clay, sand 

and similar; 

2. To study the values of all physical, mechanical and ecological properties of the developed 

ceramics, which must comply with Brazilian technical and environmental norms; 

3. To study the processes of developed materials' structure formation and the influence of each 

component on these processes to regulate the values of their properties. 

2. Materials and Methods 

Raw materials characterization.  

2.1 Materials  

Three types of industrial wastes-methanol synthesis catalyst (MSC), red mud (RM) from bauxite 

processing and waste foundry sand (WFS)-were used as the only raw materials components of the 

developed ceramics, completely replacing traditional raw materials (natural clay and sand).  
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The representative sample of MSC was obtained at the factory near Curitiba. The sample of RM 

was received from an aluminum factory in Sao Paulo after the extraction of Al(OH)3 from bauxite 

processing. The sample of waste foundry sand was obtained in the steel plant of the company 

Gerdau, in Curitiba.  

2.2 Methods  

To study the raw materials and the developed composites’ physicochemical processes of 

structure’s formation, the following complex methods were applied: mechanical, physical and 

environmental properties of the raw materials and developed ceramics were carried out by particle 

size distribution by laser diffraction analysis in combination with sew method; chemical composition 

by X-ray fluorescence analysis (XRF); mineral composition by X-ray diffraction (XRD) with an 

automated database of minerals PDF-2; the chemical composition of new formations by the method 

of energy-spectrum spectroscopy (EDS) and isotope composition by laser micro-mass analysis 

(LAMMA); morphological structure by scanning electron microscopy (SEM); solubility and leaching 

of metals-by atomic absorption analysis (AAA); the dispersion of the principal chemical elements in 

ceramics’ new formations by mapping method.  

The following studies were applied to investigate the mechanical and physical properties of the 

ceramics' test samples: flexural resistance strength, water resistance, water absorption, expansion 

and shrinkage. 

2.3 Calculations 

The water resistance coefficient (CWR) was determined based on the ratio: 

CWR  =  
RSAT

RD
(1) 

where RSAT is the axial compressive strength of saturated TSs after total immersion in water for 24 

hours; and RD is the axial compressive strength of the specimen oven-dried at 100°C for 24 hours.  

Water absorption values were calculated in accordance with by the equation: 

WA =  [
(Mh– Md)

Md
] · 100 (2) 

where, WA-the absorption of water by the test sample (%), Ms-mass of the sample after drying in 

oven at a temperature of 110°C for 24 hours (g) Mh-mass of the humid test sample after immersion 

in water at room temperature for 24 hours (g). At this moment, I, Vsevolod Mymrin, consciously 

assure that for the manuscript /insert title/ the following is fulfilled: 1) This material is the authors' 

original work, which has not been previously published elsewhere. 2) The paper is not currently 

being considered for publication elsewhere. 3) The paper reflects the author's research and analysis 

truthfully and completely. 4) The paper properly credits the meaningful contributions of co-authors 

and co-researchers. 5) The results are appropriately placed in prior and existing research context. 

6) All sources used are properly disclosed (correct citation). Copying of text must be indicated as 

such by using quotation marks and giving proper references. 7) All authors have been personally 

and actively involved in substantial work leading to the paper, and will take public responsibility for 
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its content. The violation of the Ethical Statement rules may result in severe consequences. To verify 

originality, your article may be checked by the originality detection software authenticate. I agree 

with the above statements and declare that this submission follows the policies of solid-state Ionics 

as outlined in the Guide for Authors and in the Ethical Statement. 

3. Results and Discussion  

The research results are presented in three sections: 1. Raw materials characterization; 2. 

Mechanical and physical properties of the developed materials; 3. Physicochemical processes of 

their structure’s formation, explaining the reasons for these properties obtaining. 

3.1 Raw Materials Characterization  

3.1.1 Particle Size Distribution of the Raw Materials 

All raw materials were crushed on a jaw crusher, dried till the constant weight at 100°C, milled 

in a ball mill and sieved on a sieve 1.14 mm. After grinding the main part of MSC particles (66.39%) 

have a size between 0.15-0.29 mm and the maximum number (86.37%) of the smallest particles 

between 0- and 0.29-mm. RM has 39.33% of the coarsest particles between 0.60 and 1.19-mm. FS 

exhibited a more uniform size composition, with an 81.45% particle content ranging from 0.30 to 

0.59 mm. Similar granulometric composition of RM was also described by Damayanti and 

Khareunissa (2011) [38]. The bulk density of MSC was 1.17 g/cm3, RM-3.2 g/cm3, and FS-2.65 g/cm3. 

The FS presented a minimum humidity level (of 1.52%) (Table 1), because it is a waste from high-

temperature processes, unlike red mud, which had high (32.21%) humidity due to a chemical 

reaction with NaOH solution.  

Table 1 Particle size distribution (wt.%), bulk density (g/cm3) and humidity (wt.%) of the 

raw materials. 

G
ra

in
 s

iz
e

 d
is

tr
ib

u
ti

o
n

 Size (mm) MSC Red mud 
Foundry 

sand 

0-0.074 1.35 0.32 0.17 

0.075-0.149 17.63 1.08 1.54 

0.15-0.29 66.39 13.14 16.20 

0.3-0.59 14.63 46.13 81.45 

0.6-1.19 0 39.33 0.64 

≥ 1.2 0 0.00 0.00 

Bulk density (g/cm3) 1.73 3.16 2.65 

Humidity (wt.%) 41.35 32.21 1.52 

3.1.2 Chemical Composition of the Raw Materials  

The chemical composition of the MSC determined by the RXF method (Table 2) mainly 

consists of copper oxide (58.23%), zinc oxide (24.00%), and aluminum oxide (6.05%). The 

principal oxides of RM are Fe2O3 (29.85%), Al2O3 (21.16%), SiO2 (15.51%) and Na2O (10.36%), 

and ignition loss (I.L. 16.24%), which coincides with many aluminum smelters in the world. In 
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particular, the red mud of the aluminum smelter plant in Tayan, West Kalimantan [38] of 

Indonesia has Fe2O3 (28.6%), Al2O3 (23.3%), SiO2 (16.88%) and Na2O (6.78%). The foundry sand 

mainly consisted of SiO2 (88.2%), Fe2O3 (4.0%), SO3 (2.0%), CaO (1.5%) and Al2O3 (2.3%). Some 

researchers (Oliveira and Holanda, 2004) [39] and Wendling, Douglas, Coleman (2009) [40] 

rather informed similar chemical compositions of ferrous slag. 

Table 2 Chemical composition of the raw materials (by XRF method). 

Oxides 
Compositions, wt.% 

Oxides 
Compositions, wt.% 

MSC RM FS MSC RM FS 

SiO2 0.00 15.51 88.16 CaO 1.53 4.22 1.53 

CuO 58.23 0.00 0.00 MgO 0.00 0.17 0.00 

ZnO 24.00 <0.15 0.00 TiO2 0.00 2.38 0.00 
Al2O3 6.05 21.16 2.34 P2O5 0.00 0.00 0.00 
SO3 0.25 0.00 2.02 BaO 0.00 0.00 0.00 
Fe2O3 0.11 29.85 4.04 Cr2O3 0.00 <0.10 0.26 
Na2O 0.00 10.36 0.00 I.L. 10.83  16.24 1.74 
K2O 0.12 0.26 0.00 Total 100.0 100.0 100.0 

Note: I.L. – Ignition Loss. 

The high content of the non-bonded chemical element in the liquid extract of acid solutions was 

detected by the AAS method. The results (Table 2) showed that leaching of all metals from flotation 

waste highly exceeded the demands of Brazilian standard sanitary norms NBR 10.004 [41]: Solid 

waste: As-in 5 times, Cr-2.3 times, Cd-9 times, Pb-6 times, Hg-22 times, Se-2 times. 

High Na2O content (10.3%) significantly reduced the melting point of the ceramics’ composites. 

Foundry sand consisted mainly of SiO2 (93.2%). The presence of 3.7% I.L. was most likely due 

toclogging with organic materials when preparing the molding form and when stored in industrial 

dumps. 

Spent foundry sand essentially contained SiO2-89.06%, and Al2O3-4.02%, with impurities of 

Fe2O3-1.06% and SO3-1.03% and rather low C.L. = 4.15%. The study of the AAS method’s leaching 

and solubility of metals from red mud showed (Table 3) a high content of all metals, including heavy 

metals, also far exceeding Brazilian standards [41]. 

Table 3 Leaching and solubility of metals from red mud and composition 6 after sintering 

at 1150°C. 

Chem. 

elements 

Leaching, mg/L Solubility, mg/L 

MSC Comp.5 Comp.6 [41]  MSC Comp.5 Comp.6  [41] 

As 5.12 0.27 0.18 1.0 7.40 <0.001 <0.001 0.01 

Cr total 11.29 0.86 1.26 5.0 18.53 0.02 0.01 0.05 

Ba 79.13 0.86 1.22 70.0 82.15 0.02 0 0.7 

Cd 4.35 0.09 0.13 0.5 9.22 0 0 0.005 

Pb 6.19 0.10 0.15 1.0 8.06 <0.01 <0.01 0.01 

Hg 2.17 0.12 0.05 0.1 3.11 <0.001 <0.001 0.001 

Se 1.92 0.14 0.27 1.0 2.26 <0.001 <0.001 0.01 
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Al 2.16 0.11 0.19 * 5.13 0.11 0.04 0.2 

Mn 3.55 0.14 0.08 * 5.21 0.07 0.02 0.1 

Fe 23.47 0.43 0.73 * 29.16 0.1 0.04 0.3 

Cu 7.72 0.07 0.04 * 8.28 0.49 0.25 2.0 

Zn 6.38 0.04 0.08 * 7.45 0.76 0.54 5.0 

A significantly more excess of hazardous chemical elements when comparing with the 

requirements of the same standards for the solubility of metals: Al-in 25 times, Mn-in 52 times, Fe-

97 times, Cu-4 times, Zn-1.5, As-740, Cr-371, Ba 117, Cd-1844 times, Se-in 226 times. 

3.1.3 Mineral Composition of the Raw Materials  

The XRD pattern of MSC (Figure 1a) shows the presence of the crystalline minerals melaconite 

(CuO), zincite (ZnO) and berlinite (AlPO4) with a rather high content of amorphous materials. The 

scale of the intensity of the peaks of crystalline structures of MSC almost reaches 1,500 counts per 

second (I cps), indicating a larger quantity of crystalline structures than the other two wastes. The 

highest of them belongs to melaconite and berlinite.  

 

Figure 1 X-rays diffractogram patterns of the raw materials: a-waste of methanol 

synthesis catalyst, b-red mud, c-foundry sand.  
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The mineral composition of the bauxite treatment RM (Figure 1b) is presented by the rest of the 

untreated bauxite Al2O3·xH2O, hematite Fe2O3 and magnetite Fe3O4 and a very small quantity of 

quartz SiO2. Only two minerals’ crystalline peaks at the angles of 2Θ° = 18° and 26.5° have intensities 

near 700 cps due to the coincidence of the two minerals’ peaks; all other peaks barely exceed the 

x-ray background line. That means the approximal equality of crystalline and amorphous phase in 

RM, or even the predominance of the amorphous phase over the crystalline.  

The diffractogram patterns of the FS (Figure 1c) demonstrate extremely low crystalline peaks 

(with I cps near 200-300 cps) and the biggest container the amorphous materials. Such a ratio of 

amorphous and crystalline phases should lower the melting point of materials; the low of potassium 

(63.6°C) and zinc (419.5°C) will also reduce the melting temperature of the initial mixtures. 

Conversely, a relatively high copper content (58.23%) in MSC with a sufficiently high melting point 

(1,084°C) can neutralize the effect of these elements. 

3.1.4 Morphological Structure of the Raw Materials  

The analysis of the MSC sample by SEM method (Figure 2a), in the magnifications at 5,000 times, 

presents cloudy conglomerates of irregularly shaped particles of different sizes from 1 to 4 µm with 

deep cracks, apparently due to grinding of the material. The RM sample (Figure 2b) at the same 

5000 times magnification is represented by smaller particles from 1 to 2 µm. 

 

Figure 2 Morphological microstructures of the raw materials: a-waste of methanol 

synthesis catalyst, b-bauxite red mud, c-waste foundry sand. 

These particles have mainly rounded shapes typical for amorphous materials and are divided by 

pores also of various shapes and sizes. The degree of aggregation of these particles is much lower 

than that of MSC. 

The ferrous slag particles after milling are presented (Figure 2c) by the grains of 40-50 µm size, 

with a very dense monolithic structure. 

3.2 Mechanical Properties of the Developed Ceramics  

The values of flexural resistance, linear shrinkage, and water absorption of the compositions 

submitted to sintering at 900°C, 1000°C, 1050°C, 1100°C and 1150°C were measured and discussed.  
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3.2.1 Flexural Resistance of the Developed Ceramics 

It is observed (Table 4) that the highest resistance (28.42 MPa) at all temperatures had ceramics 

5 with the biggest (70%) of MSC, 30% RM and zero content of FS. The MSC substitution in the 

ceramics 5 by 10% red mud (ceramics 6) causes a strong decrease in the resistance of the ceramics 

at all temperatures; particularly, at 1050°C it was 23.76 MPa with the following beginning of 

excessive melting at 1100° and complete melting at 1150°C. The third place in the ceramic's strength 

values is occupied by ceramics four, with very high (60%) MSC content and beginning excessive 

melting between 1050°C and 1100°C. 

Table 4 Flexural resistence of the developed ceramics after sintering at different T°C. 

Compositions (wt.% ) Flexural resistence (MPa) after 0at T°C 

N° MSC RM FS 900° 950° 1000° 1050° 1100° 1150° 

1 0 90 10 2.14 2.94 3.40 3.98 5.12 6.79 

2 0 80 20 1.83 2.11 2.64 3.44 4.28 6.90 

3 50 0 50 1.11 3.38 7.62 9.72 10.23 4.65 

4 60 0 40 1.62 4.20 8.92 17.34 11.03 Melt. 

5 70 30 0 4.11 13.56 18.40 28.42 11.28 Melt. 

6 60 40 0 0.93 8.11 15.22 23.76 9.38 Melt. 

7 45 40 15 2.65 3.41 4.75 7.27 5.32 Melt. 

8 50 30 20 2.90 7.52 11.35 6.17 Melt Melt. 

9 40 50 10 1.82 5.69 10.82 12.48 5.22 Melt. 

10 30 55 15 2.17 4.93 7.85 11.69 14.23 5.26 

Note: Melt. – means complete melting of the test samples. 

Complete substitution of MSC by 80-90% of RM with 10–20% of FS in ceramics 1 and 2 leads to 

the lowest strength indices of all ceramics of the Table 3. These ceramics continued strengthening 

at 1150°, while all other ceramics were melted. 

The substitution in ceramic 5 of 20% MSC by 20% of FS (ceramic 8) is accompanied by decreasing 

in the melting point of ceramics 8 between 1000°C to 1050°C with almost complete melting of these 

test samples at the following temperature of 1050°C.  

All these facts indicate the principal positive influence of MSC on the flexural resistance of the 

developed ceramics.  

Replacing 10% FS with an equal amount of MSC (compositions 3 and 4) causes an increase in 

sample strength from 9.72 to 17.34 MPa at 1050°С, followed by an accelerated onset of excessive 

melting of ceramic composition 4 at 1100°C.  

The replacement of 30% FS in composition 3 by 30% RM in composition 8 causes an accelerated 

increase in the strength of ceramic sample 8. It reduces their melting point to the temperature range 

1000°C–1050°C. 

Replacing 15% MSC in composition 7 with RM in ceramic 10 leads to a significant increase in the 

strength of ceramics at all temperatures. An even greater increase in the strength of the samples 

occurs when replacing 40% RM (composition 1) with MSC (composition 9). 
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Flexural resistance values of all developed composites correspond to the maximum requirements 

of the Brazilian standards NBR 7170 [42] (2012) for ceramic blocks-class 15 = 1.5 < 2.5, class 25 = 2.5 

< 4.5. 

The standard deviation values of the flexural resistance from the obtained experimental data 

never exceeded 4% of the average means. 

3.2.2 Linear Shrinkage of the Developed Ceramics 

The values of the developed ceramics' linear shrinkage (LS) increased with increasing the 

sintering temperature (Table 5). The ceramics 1 and 2 with zero contents of MSC had less LS after 

sintering at all temperatures. Their insignificant compaction can explain this fact during firing 

ongoing thermochemical processes of the component’s interaction, which determines their low 

resistance (1.83-6.90 MPa) at al sintering temperatures. 

Table 5 Linear shrinkage of the developed ceramics after sintering at different 

temperatures. 

Compositions (wt.%) Linear shrinkage (%) after sintering at T°C 

N° MSC RM FS 900° 950° 1000° 1050° 1100° 1150° 

1 0 90 10 1.20 1.43 1.56 3.45 4.72 1.30 

2 0 80 20 1.11 1.35 1.44 2.92 4.93 3.32 

3 50 0 50 2.15 4.12 7.09 8.16 8.74 6.15 

4 60 0 40 2.22 4.27 7.11 7.52 6.15 Melt. 

5 70 30 0 6.70 12.58 13.22 14.03 10.32 Melt 

6 60 40 0 5.55 10.09 12.25 13.39 11.44 Melt 

7 45 40 15 3.26 4.80 7.67 9.46 9.15 Melt 

8 50 30 20 3.03 4.25 7.84 8.73 Melt. Melt 

9 40 50 10 3.30 8.19 10.83 13.83 10.64 Melt 

10 30 55 15 2.83 5.98 8.62 11.30 9.11 2.39 

The ceramics 5 and 6, with zero FS content, had the maximum shrinkage values at all 

temperatures, confirming the role of FS particles as a skeletal additive. The chemical composition 

of MSC includes 58.2% of Cu with a melting point of 1080°C and 24% of Zn with a melting point of 

420°C (total of 82.2%). During firing they produce a well-known alloy called brass with a melting 

point of 880°C-950°C, which depends on the percentage of these two metals. Exactly in this 

temperature range appeared an increase in the flexural resistance of ceramic samples 5 and 6 (Table 

3) and their linear shrinkage by 2-3 times (Table 5). The resulting brass can serve as a bonding glue-

like mass for 30-40% of the RM of the ceramics 5 and 6, but also as a flux for its melting. 

Therefore, the ceramics 3 and 4 with maximum (50 and 40%) FS contents also had the minimum 

(after ceramics 1 and 2) shrinkage values also at all temperatures. Shrinkage values closest to 

composition 10 are observed for ceramics 7 with 15% content of FS.  

The standard deviation values of the linear shrinkage were between 3-5%.  
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3.2.3 Water Absorption (WABS) of the Ceramics after Sintering 

The study of changes in water absorption (Table 6) is of great interest, since this characteristic is 

an indirect indicator of changes in the open porosity of materials. The value of WABS steadily changes 

with increasing temperature of ceramics sintering due to the formation of gases during three 

processes: 1. burnout of the organics; 2. sulfur from an FS (2.0%) and MSC (0.3%, Table 2), 3. the 

exit of water from the crystalline structure of bauxite Al2O3·xH2O (Figure 2b). Rather high values of 

Ignition Loss (I.L., Table 2)-10.8% of MSC, 16.2% of RM and 1.7% of FS-confirmed the inevitability of 

these reactions which are reasons for pores’ formation when firing ceramics. But there is still a 

fourth reason, most effective and difficult to calculate: 4. gases of the thermo-chemical interaction 

of the components’ mixtures.  

Table 6 Water Absorption (WABS) of the Developed Ceramics after Sintering. 

Composition (wt.%) Water absorption (%) after sintering at T°C 

N° MSC RM FS 900° 1000° 1050° 1100° 1150° 

1 0 90 10 21.68 19.11 20.61 14.52 7.05 

2 0 80 20 23.07 21.68 19.40 13.66 6.43 

3 50 0 50 19.84 16.38 11.78 7.57 4.11 

4 60 0 40 17.53 15.57 10.24 7.03 Melt. 

5  70 30 0 10.45 9.32 5.47 3.39 Melt. 

6  60 40 0 11426 10.63 6.48 4.16 Melt. 

7  45 40 15 12.39 11.00 9.43 5.00 Melt. 

8 50 30 20 13.80 11.27 9.44 Melt. Melt. 

9 40 50 10 19.59 12.26 9.49 4.38 Melt. 

10 30 55 15 20.12 11.47 7.65 6.44 Melt. 

The highest values of WABS belonged to ceramics 1 and 2 with 90% and 80% RM of bauxite RM 

and 10-20% FS, which is the best explanation for such low characteristics of these two ceramics. 

Ceramics 5 and 6 had the lowest WABS values at all temperatures before the start of excess melting 

at 1050°C due to the maximal (70% and 60%) of MSC contents.  

The values of the standard deviation of water absorption of ceramics after sintering at all 

temperatures do not exceed 0.4%.  

3.3 Physical-Chemical Processes of Structure Formation of the Developed Ceramics 

To study the physical-chemical processes of structure formation of the ceramics, two 

compositions were selected-5 and 6; both of them demonstrate the best resistance (Table 4) before 

the beginning of the excessive melting, the highest linear shrinkage (Table 5) and the lowest water 

absorption (Table 6).  

3.3.1 Mineralogical Composition of Ceramic 5 after Firing at Temperature 1050°C 

Comparison of the XRD pattern of the ceramic 5 (Figure 3) with de XRD pattern of the raw 

materials (Figure 1) demonstrates the increase in the intensity of the main peaks from 1400 cps to 

2100 cps, which indicates, the successful thermochemical destruction of the crystalline lattice of 
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bauxite and its low content in the flotation sludge. On the other hand, it indicates satisfactory 

conditions for the synthesis of a new mineral albite (NaAlSi3O8) with a more intense peak at 2Θ° = 

39.2° during ceramic 5 sintering at 1050°C.  

 

Figure 3 XRD patterns of the ceramics 5 (a) and 6 (b) after sintering at 1050°C. 

Almost all initial minerals of the raw materials disappeared because of thermo-chemical 

destruction and synthesis of other new minerals, such as magnetite Fe3O4 due to the predominance 

of Fe2O3 (29.9%) in red mud; paramelaconite (Cu4O3) due to 58.2% CuO in MSC; zincite ZnO 

confirmed by 24.0% in MSC; albite (NaAlSi3O8) synthesized by the presence of Al in all components; 

small peaks of ilmenite FeTiO3 because of the presence of TiO2 (2.4%) in RM.  

A small decrease in the vertical scale of peak intensity confirmed the common increase of 

amorphous phase in ceramics 6 compared to ceramics 5. It can be one of the reasons for ceramics' 

6 higher flexural strengths (Table 4) at all temperatures before the beginning of excessive melting. 

3.3.2 Morphological Structure of Ceramic 5 and 6 after Sintering at Temperature 1050°  

The better density of the morphological structure of the ceramics 10 in comparison with the 

ceramics 9 and after sintering at 1050°C was confirmed using the SEM method (Figures 5a and b).  

Less quantity of open and closed pores, cracks, and more completely molten particles in the 

structure of the ceramic sample 6 can explain these differences in the properties of the two 

materials. Practically all pores of the ceramics 6 are closed in contrary to many deep (black) pores 

of different configurations and sizes from 1 to 18 µm of the ceramics 5. On the surface of the ceramic 

sample 5, unbound particles or insufficiently fused particles are visible, which cannot increase the 
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solidity and strength of the structure, in contrast to the structure of ceramics 10 with a wave of 

completely molten material. 

3.3.3 Microchemical Composition of the New Formations of the Ceramics 9 and 10 after Sintering 

at Temperature 1050°C 

Results of EDS microchemical composition analyses of the new formations (Figure 4) of the 

ceramics 5 (points 1-3) and 10 (points 4-6) after sintering at a temperature of 1050°C (Table 7) 

showed a very high level of heterogeneity of all nearest points. Some of them differed in the set of 

chemical elements and their percentage ratio neither within the limits of each ceramic, nor in 

comparing these two ceramics.  

 

Figure 4 Morphological structure of the composites 5 (a) and 6 (b) sintered at 1050°C 

and points of EDS analyses. 

Table 7 Microchemical composition of new formations of the ceramics 5 and 6 after 

sintering at temperature 1050°C by EDS method (Figures 4a and b). 

Points 
Content of chemical elements (wt.%) in the EDS points 

Na Al Si S Ca Ti Fe Cu Zn Total 

1 7.22 12.46 13.39 0.62 0.83 0 5.84 44.21 15.43 100.0 

2 0 1.03 0 0.85 0 0 1.11 89.26 0 100.0 

3 17.28 0.86 11.10 0 11.32 0 1.17 26.09 32.18 100.0 

4 15.63 1.12 2.03 4.19 0 0 0.53 72.35 4.15 100.0 

5 0 0 12.53 8.74 20.01 0.53 0 8.45 49.56 100.0 

6 0 20.33 6.17 0 3.04 1.07 18.28 10.52 40.59 100.0 

7 9.18 18.21 12.90 4.63 1.25 1.22 15.97 6.45 30.19 100.0 

Max. 17.28 20.33 13.39 8.70 0.01 1.67 18.28 89.26 51.94  

Min. 0 0 0 0 0 0 0 8.45 0  

These results well explained the complexity of the chemical composition of the initial mixture 

(Table 2) for the synthesis of new minerals with a perfect crystalline structure at 1050°C, confirmed 

by the XRD analysis (Figure 4). Therefore, all the maximum and minimum values of all nine chemical 

elements of Table 6 have differences from zero to 49.56% (Zn), or from 8.45% to 89.26% (Cu).  
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3.3.4 Isotopes’ Composition of the Ceramics 5 after Sintering at Temperature 1050°C 

The study of the nearest points of ceramics 9 after firing it at 1050°С by the laser micro-mass 

analyses (LAMMA) method (Figure 5) showed a large difference both in the atomic mass units (amu) 

of the isotopes and in their intensity (peak intensities). These results confirm both the results of the 

EDS (Figure 4 and Table 7), and the results of the XRD (Figure 4). 

 

Figure 5 Isotopes’ composition of the nearest points of the ceramics 5. 

3.4 Mapping of Chemical Elements of the Ceramic 5 after Sintering at 1050°C 

The method of mapping the chemical elements (Figure 6) on the scanning electron microscopy 

was used to study their distribution in a ceramic sample 5 after firing at 1050°C. This analysis made 

it possible to verify the great irregularity of their position for two possible reasons: 

1. insufficient homogenization of the initial components before compaction and firing; 2. 

synthesis of microcrystals during the firing and cooling of the samples, which is confirmed by the 

results of the XRD (Figure 3). 

The maximum distribution uniformity stands out for Ti, followed by Fe, Ca and Si the maximum 

unevenness had-Al, Na, Zn, Cu. But the general irregularity of the chemical element’s distribution 

confirmed the predominant amorphism of the developed ceramic materials. 
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Figure 6 Mapping of principal chemical elements of the ceramic 5 after sintering at 

1050°C. 

3.5 Environmental Characteristics of the Ceramics 5 and 6 by AAS Method  

3.5.1 Leaching and Solubility of the Developed Ceramics  

Leaching and solubility tests from ceramics 9 and 10 in acid solutions allow us to evaluate the 

effect of thermo-chemical bonding of metals in the process of test samples’ firing at 1050°С to 

prevent environmental pollution by the developed ceramics. The values of leaching and solubility 

are given (Table 2) in comparison with the sanitary standards NBR 10.004 [41] and the initial 

methanol synthesis catalyst (MSC) used as the most environmentally hazardous component of the 

ceramics. The leaching of all hazardous chemical elements (Table 2) from ceramics 9 in comparison 

with MSC decreased in 13 (Se and Cr) till 110 (Cu) times: solubility-in 17 times (Cu) till 4057 times 
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(Ba). Leaching values of the composition 10 decreased in 8 times (Cr and Se) and to 193 times (Cu); 

solubility values of the ceramics 10 decreased from 33 times (Cu) to 8218 times (Ba). This 

comparison confirmed strong chemical bonding (or mechanical capsulation) of all hazardous metals 

in practically insoluble new mainly amorphous glass-like formations of ceramics during their 

sintering at 1050°C. All obtained leaching and solubility values are significantly lower than 

permissible sanitary norms NBR 10.004 of Brazil [41]. 

3.5.2 Gas Emission Control Results during Ceramics Sintering (by AAS Method) 

Samples of the heat gases were collected during ceramics’ sintering at 1,275°C in the glass filter 

with a thickness of 0.45 µm. The separation of the solid particles deposited on the filter was 

performed by ultrasound (after three hours in an acidic medium) and determined by the AAS 

method (Table 8).  

Table 8 Gas emission rates during the sintering of the developed ceramic. 

Heavy metals Contents, mg/Nsm³ 
NBR 10.004] [42], 

mg/Nm³ 

Cu 1.720 5.0 

Cd 0.055 0.2 

Pb 0.313 5.0 

Cr 0.426 5.0 

Ni 0.261 1.0 

These results, along with leaching and solubility tests (Table 3), convincingly confirmed the robust 

bond of heavy metals in insoluble and non-volatile condition. 

4. Economic Efficiencies of the Application of the Developed Materials 

It is impossible to estimate the economic efficiency of using industrial wastes without 

information on the application in specific places with the local price of natural raw materials, 

distances and delivery prices, and many other data sources. Therefore, the calculation of economic 

efficiency was not included in the objectives of this study. Nevertheless, in common sense, free 

industrial wastes must be very cost-effective instead of relatively expensive natural. Also, 

considering that the tailings are materials that have already been extracted, crushed and processed 

(methanol synthesis catalyst, bauxite red mud), the real beneficiation costs for their reuse are 

significantly lower compared to the primary ores tailing that need to go through the entire mining 

beneficiation process, since processing represents about 40 to 60% of the total mineral processing 

cost. 

5. Conclusions  

1. It was confirmed that hazardous industrial waste used in this research as the raw materials-

methanol synthesis catalyst (MSC), red sludge from bauxite processing (RM) and waste foundry sand 

(FS)–can be used as valuable raw materials for the production of ceramic materials instead of 

traditional natural raw materials like clay and sand. 



Catalysis Research 2023; 3(1), doi:10.21926/cr.2301009 
 

Page 18/21 

2. The best mechanical and physical properties were obtained with two ceramic compositions: 

1. 70wt.% MSC and 30% RM, and 2. 60% MSC and 40% RM. Their flexural resistance reached 28.42 

and 23.76 MPa correspondingly after sintering at 1050°C, linear shrinkage till 14.03% and 13.39%, 

and water absorption–5.47% and 6.48%. These properties far exceeded the demands of Brazilian 

national norms for ceramics materials.  

3. It was proved by the complex of XRD, SEM, EDS, LAMMA and chemical elements mapping 

methods that during the sintering of the ceramics at 1050°C the thermochemical dislocation of 

almost all minerals of the initial components and the synthesis of a small amount of new crystalline 

minerals occurred. However, the decisive role in the structure formation processes and properties 

of the developed ceramics is played by amorphous glassy formations, which fill the pores of the 

materials. 

4. By the method of atomic absorption analysis of a liquid extract obtained in an acidic medium, 

it has been established that the developed ceramic firmly binds or reliably encapsulates all 

hazardous elements into an insoluble state. This allows them to use them as building materials. At 

the end of their service, their demolition waste can be used as crushed stone to produce new 

environmentally friendly construction materials. This allows the use of a large amount of hazardous 

industrial waste as a valuable raw material, improving the environment of the industrial region. At 

the same time, it becomes possible to reduce the destruction of unrecoverable natural ties by 

quarries of traditional natural building materials. 

5. The calculation of the economic efficiency of the production of developed materials was not 

part of the purpose of this study, because each time it depends on many specific local parameters. 

But from common sense, using free raw materials (hazardous industrial waste) instead of costly 

natural building material is always much more profitable.  
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