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Abstract  

Industrial slag containing Si, Al, Ca, Fe, Mg and Ti was used as source for synthesis of novel 

catalytic materials upon variation of the treating agents (sodium hydroxide, 

ethylenediaminetetraacetic acid disodium salt dihydrate - sodium hydroxide and 

tetraethylammonium hydroxide - sodium hydroxide mixtures) and synthesis parameters (solution 

concentration, synthesis temperature and time). Physico-chemical properties of the raw slag and 

the catalysts were evaluated by nitrogen physisorption, scanning electron microscopy, energy 

dispersive X-ray analysis, temperature programmed desorption of CO2 and NH3, transmission 

electron microscopy, and X-ray powder diffraction. Catalytic activity of the most promising slag-

based material was investigated in analytical pyrolysis of wood biomass. 

Synthesized materials exhibited highly crystalline phases of CaCO3, Ca(OH)2, Ca2SiO4, SiO2, 

Al2O3, Fe2O3,and TiO2 and showed high basicity due to the presence of large amounts of basic 

components. Treatment with surfactants had a significant influence on formation of acid sites. 

Modification of slag textural properties and internal porous structure by such treatment resulted 

in formation of pores and channels depending on the leaching agent. Upon variation of a 

leaching agent the specific surface area of the raw slag could be changed from 19 m2/g up to 

80 m2/g, what turned out to be important in creation of an effective catalyst for biomass 

pyrolysis. Slag treatment improved its catalytic activity, which was evidenced by variations of 

the liquid yield and composition of pinewood derived compounds in non-catalytic and catalytic 

pyrolysis using original slag and the catalysis synthesized on its basis. 

 

Key words: slag-based catalysts, EDTA treatment, NaOH treatment, surfactant application, 

physico-chemical characterization, pyrolysis of biomass  
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1. Introduction  

Ferrous slags are the by-products of iron recovery or steel making industry with a complex and 

diverse chemical composition dominated by Ca and Si with variable amounts of Al, Fe and Mg, 

comprising up 98% of the material [1, 2]. The major areas of slag application areas fall on road 

construction, metallurgical utilization and cement production [3-5]. Environmental application of 

slag consists in their use as adsorbents in waste water treatment [6, 7]. Another area of industrial 

slag utilization, which has gained popularity in the recent years, is synthesis of low-cost catalysts 

in such chemical processes as oxidation [8], pyrolysis of biomass [9, 10], catalytic cracking [11] 

or transesterification [12]. 

Despite a low cost of slag this slag material has several disadvantages such as complexity of 

elemental composition and rather low surface area, what has a significant influence on catalytic 

properties. It was also reported [13], that a high amount of CaO (more than15 wt.%) inhibits the 

nucleation of crystal phases and diminishes crystallinity of the synthesized materials. 

In our previous work [14], influence of alkaline treatment on the textural and structural 

properties of the slag catalysts was investigated. Synthesized alkaline-treated catalysts were 

active in analytical pyrolysis of softwood sawdust exhibiting changes in the product distribution 

and the yield of the degradation products. It was proved that the highest liquid yield was 

achieved for the catalyst possessing the highest amount of both acid and basic sites. 

The main purpose of the current research was synthesis of low-cost slag catalysts with a high 

developed surface area by selective leaching of calcium with their further application as catalysts 

in analytical fast pyrolysis of wood biomass. The resulting catalysts should exhibit not only high 

surface area, but also highly developed mesoporosity, which is required for facilitating access of 

the reactants to the internal catalytic surface. 

One of the ways of surface area increase by selective leaching of calcium is treatment with 

chelating agents, namely ethylenediamine tetraacetate dihydrate (EDTA) [15, 16]. Another way 
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for synthesis of catalysts with the desired properties is organic functionalization of the internal 

and external surfaces by cationic surfactants – quaternary amines [17, 18].  

In many cases these industrial by-products, namely desulfurization slag, cannot be used in its 

original form due to a poor porosity and amorphous structure. Numerous research groups applied 

different treating agents such as alkaline solutions [19, 20], EDTA [15, 16] or acids [21] for 

obtaining catalysts with desired properties. However, typically high concentrations of treating 

agents are used, requiring application of special equipment. At the same time, high concentration 

leads to higher leaching of calcium and other elements, which increases the amount of by-

products after the treatment and requires their further utilization.  

The present paper addresses synthesis of catalytic materials from a steel slag by treatment with 

low-concentrated alkaline solutions, as well as EDTA-NaOH and TEAH-NaOH mixtures 

varying synthesis parameters. According to the authors knowledge in the open literature there are 

no reports on application of surfactants to treat ferrous slag materials for synthesis of catalysts. 

The synthesized catalysts were evaluated in analytical fast pyrolysis of wood biomass.  

Pyrolysis of biomass gives so-called bio-oil [22, 23] of high complexity reflecting complexity of 

feedstock. A simplified scheme of lignocellulosic biomass degradation pathways is illustrated in 

Figure 1 according to the results reported in the literature [24, 25].  

Depolymerization of lignin giving various phenol derivatives is taking place during fast catalytic 

pyrolysis. Char formation occurs also by polycondensation of lignin. In the catalytic fast 

pyrolysis the secondary pyrolysis pathways are favorable. Furans can be catalytically converted 

to aromatics, olefins and gaseous products through a series of reactions such as dehydration, 

oligomerization, decarbonylation and decarboxylation. The pyrans and phenols can be also 

transformed into aromatics and olefines [26, 27]. 
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Figure 1. Primary and secondary pathways in lignocellulosic biomass pyrolysis. 

 

Catalytic cracking, hydrolysis and reduction reactions remove the oxygen functionalities and 

fractionate biomass to simple structures. At the same time, higher gas and char formation may 

take place providing lower liquid product yield. Acid zeolites and especially HZSM-5, has been 

studied widely for biomass conversion to enhance the carbon content in liquid biofuel [28, 29].  

In this work several slag-based catalysts were synthesized by treatment with different agents 

such as NaOH, EDTA, TEAH, which selection was based on the analysis of the literature aiming 

at selective leaching of calcium and subsequent modification of the slag structure. Successful 

utilization of NaOH was described in our previous work [14]. EDTA established itself as a 

perfect leaching agent in [15, 16]. Application of surfactants, namely TEAH, is well known in 

the synthesis of zeolite, however, to the best of our knowledge it has never been applied for slag 

treatment. The costs of the pretreatment can be reduced by decreasing the concentration of the 

treating agent and its further regeneration and recycling.  
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2. Experimental  

2.1. Materials and reagents 

In the current work, catalytic materials were synthesized using the slug material provided by 

SSAB, Finland. Elemental composition of the starting material was obtained by EDX analysis 

and presented in Table 1. The original material was ball milled and sieved to the desired fraction 

(<90 μm) before treatment. 

 

Table 1. Elemental compositions of the initial slag (wt.%). 

O Ca Si Fe S Na Al Ti Mg 

49.91 34.67 3.89 4.78 3.37 1.62 0.73 0.68 0.35 

 

Sodium hydroxide (NaOH, provided by Baker Analyzed™ A.C.S. Reagent, J.T.Baker™), 

ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, Titriplex®III, CAS-No: 6381-

92-6, supplied by Merck KGaA) and tetraethylammonium hydroxide (TEAH, purchased from 

Fluka) were used as received.  

2.2. Preparation of treating solutions 

Prior to the slag treatment, solutions of NaOH, EDTA and TEAH were prepared. In this work, 

sodium hydroxide solutions of different concentration (0.6M and 1M) were used. Preparation of 

NaOH solutions of the desired concentrations was based on dissolving the calculated amount of 

a base in distilled water.  

Influence of EDTA on the structural properties of synthesized slag-based materials was 

elucidated by co-treatment of EDTA and NaOH solutions (with EDTA/NaOH molar ratio equal 

to 1) upon variation of active components concentration (0.6M and 1M). Due to low solubility 

EDTA in water at low pH and ambient conditions, the solutions were prepared as follows. The 

desired amount of EDTA in distilled water was heated to 70C at vigorous stirring. The pH of 

this solution was elevated by a gradual addition of sodium hydroxide to the mixture 
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(EDTA/NaOH weight ratio was equal to 9). The mixture was kept at 70C under stirring until the 

transparent solution was obtained. 

Application of the surfactant, namely TEAH, in the synthesis of slag-based catalysts was 

followed by diluting the initial TEAH solution (2.7 M) to the desired concentration (0.1 M) and 

addition of 0.6 M NaOH solution.  

2.3. Catalyst preparation 

Catalytic materials were obtained by the alkaline treatment with NaOH solution or by  

co-treatment with EDTA-NaOH or TEAH-NaOH mixtures. Some of synthesis parameters, 

namely the treating agent concentration, temperature or time were varied. The purpose of 

variations in the treating time and temperature is to study the influence of synthesis conditions on 

the physico-chemical properties of resulting catalytic materials. An increase of the synthesis 

temperature accelerates the crystal formation and the nucleation rate. Higher temperatures do not 

require long time, which is needed for the same synthesis at ambient conditions. Differences in 

the synthesis time for different treating agents are based on the leaching ability and their 

chemical properties. 

In a typical experiment with varying the treating solution concentration, 7 g of the ball-milled 

material was mixed with 300 mL of treating agents of different molarity with a vigorous stirring 

and under pH control during 4 h. The synthesis time was varied between 4 and 48 h.  

Some materials were exposed to hydrothermal synthesis using the tumbling reactors (300 mL) 

placed in an oven. The synthesis was carried out at 65 and 150°C for 4 h using 0.6 M NaOH 

solution, mixtures of 0.6 M EDTA–0.6 M NaOH or 0.1 M TEAH–0.6 M NaOH. In a typical 

experiment, 4 g of the ball milled slag was mixed with 175 mL of the treating solution in a 

Teflon cup, which was placed in an autoclave. The system was sealed and placed in an oven 

heated to the desired temperature. At the end of the predetermined period of time the system was 

cooled under ambient temperature. 
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In a separate experiment a slag-based catalyst already pretreated with EDTA (15 h synthesis at 

ambient conditions) was used as a raw material. The material after synthesis, washing and 

calcination post-treated with a mixture of 0.1 M TEAH and 0.6M NaOH. 

All catalysts were filtered on a Büchner funnel and washed with distilled water followed by 

drying at 100°C for 7 h and calcining at 400°C. 

2.4. Catalyst characterization 

The characterization of the slag-based catalysts was carried out using nitrogen physisorption, 

scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDXA), transmission 

electron microscopy (TEM), temperature programmed adsorption of ammonia (TPD-NH3) and 

carbon dioxide (TPD-CO2), X-ray powder diffraction (XRD), as described below.  

Determination of the specific surface area and pore volume of the synthesized materials was 

performed by N2 physisorption. The catalysts were outgassed at 150°C for 3 h prior to the 

measurements. Measurements were carried out using Carlo Erba Soptomatic 1900 Instruments. 

Dubinin method was applied for determination of the surface area. Pore volume calculations 

were performed using the Horvath and Kawazoe method.  

SEM analysis was used to study the morphology, shape, size and distribution of crystals in the 

catalysts. EDX was performed to determine the elemental composition. SEM micrographs of the 

slag catalysts were obtained with a LEO Gemini 1530 Scanning Electron Microscope with a 

Thermo Scientific UltraDry Silicon Drift Detector (SDD).  

TEM characterization was carried out to study the structure, porosity, the metal particle size and 

texture. The measurements were made with a JEM- 1400 Plus with 120 kV acceleration voltage 

and resolution of 0.38 nm equipped with OSIS Quemesa 11 Mpix bottom mounted digital 

camera.  

TPD was applied with Micromeritics AutoChem 2910 instrument equipped with a thermal 

conductivity detector (TCD) using NH3 (TPD-NH3) and CO2 (TPD-CO2) as probe molecules for 

determination of the presence, amount and strength of acid and basic sites, respectively.  
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XRD analysis was carried out using monochromatized Cu-Kα radiation (Philips X’Pert Pro 

MPD) with a voltage of 40 kV and a current of 45 mA. The primary X-ray beam was collimated 

with a fixed 0.25° divergence slit and a fixed 10 mm mask. A 7.5 mm anti-scatter slit was used 

in the diffracted beam side prior to the proportional counter. The samples were ground gently 

before the measurements to minimize the sample texture (preferred crystal orientation). Copper 

sample holders were used. 

2.5. Catalyst testing procedure using Py-GC/MS 

Evaluation of catalytic properties of synthesized slag-based materials was performed in fast 

pyrolysis of pinewood. For the Py-GC/MS industrial pinewood chips were dried and grinded in 

a Wiley mill using a 40 mesh screen. The catalytic testing procedure is presented as follows. 

Mixed pinewood in the presence of a catalyst (1:10 ratio) was pyrolysed at 500C for 4 seconds. 

The pyrolysis set-up consisted of a filament pulse pyrolyzer (Pyrola2000, PyrolAB, Sweden), 

which was connected to a gas chromatograph (Agilent 7890B) with a flame ionization detector 

(FID) and a mass spectrometer (Agilent 5977A), illustrated in Figure 2. More detailed 

description of the analysis conditions are reported elsewhere [30]. 

 

 

Figure 2. Pyrolysis reactor set up: platinum filament type pyrolyzer combined with GC/MS. 

 

Identification of the pyrolysis products was based on the mass spectra and their comparison with 

the literature [31-34]. Calculations were performed by integrating the chromatographic peaks 

corresponding to the identified compounds and normalizing the areas to the weight of the 
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sample and to 100 %. The former approach was used to determine the yield while the latter gave 

the composition. The degradation products were grouped as gas, alcohols, acids, aldehydes, 

furans, anhydrosugars, p-hydroxyphenyl- and guaiacyl type derivatives, which are typical for 

pyrolysis of softwood biomass [35, 36]. A list of compounds identified in analytical pyrolysis of 

pinewood is presented in Table 2. 

Table 2. Identified compounds from the catalytic pyrolysis experiments. 

Gas p-Hydroxyphenyl type derivatives  

CO2 Phenol 

Alcohol 2-Methylphenol 

Methanol 4-Methylphenol  

Acid Guaiacyl type derivatives 

Acetic acid Guaiacol 

Aldehydes (and ketones) 3-Methylguaiacol 

Acetaldehyde 4-Methylguaiacol 

Hydroxyacetaldehyde 4-Ethylguaiacol 

Propanal-2-one 4-Vinylguaiacol 

Hydroxypropanal  Eugenol 

3-Butenal-2-one  4-Propylguaiacol 

Butanedial cis-Isoeugenol 

Hydrocypropanone trans-Isoeugenol 

Furans  Vanillin 

Furan Guaiacylpropyne 

3-Furaldehyde Guaiacylallene 

2-Furaldehyde Homovanillin 

2-Furanemethanol Acetoguaiacone 

5-Methylfurfural Guaiacylacetone 

Anhydrosugars (and dihydropyranoses) Propioguaiacone 

1,4-Anhydroxylopyranose 4-(oxy-allyl)guaiacol 

1,5-Anhydroarabinofuranose 4-(1-hydroxy-prop-2-enyl)guaiacol 

1,6-Anhydromannopyranose Dihydroconiferyl alcohol 

1,6-Anhydroglucopyranose cis-Coniferyl alcohol 

1,5-Anhydro-4-deoxypent-1-en-3-ulose trans-Coniferyl alcohol 

5-Hydroxymethyl-2-furaldehyde Coniferaldehyde 

1,4-Dideoxy-D-glycero-hex-1-enopyranos-3-ulose Unidentified  

Miscellaneous Six significant peaks 

(3H)-Furan-2-one   

(5H)-Furan-3-one   

Lactone derivative  

Cyclopentanedione  

(2H)-Furan-3-one  

5,6-dihydropyran-2,5-dione   
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3. Results and Discussion 

3.1. Catalysts characterization results 

3.1.1. Scanning Electron Microscopy 

Textural properties of the industrial slag and obtained materials were investigated by SEM. 

Electron micrographs of the raw slag and catalysts synthesized by treatment with sodium 

hydroxide, EDTA-NaOH and TEAH-NaOH mixtures are presented in Figures 3-6. It should be 

noted that some of these Figures are presented at different magnification. Figure 3 displays 

pictures of the initial steel slag and samples synthesized using alkaline solutions upon variation 

of the synthesis temperature and time. 

 

  

    

Figure 3. SEM micrographs of raw industrial slag (a) and catalytic materials synthesized with 

0.6M NaOH: b) 4 h at 25C; c) 4 h at 150C; d) 48 h at 25C. 

 

c d 

b a 
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The raw material exhibits a mixture of different types of crystal shapes - round and needle shape 

crystals and also some amounts of platelets. The complex slag morphology visible in Figures 3-6 

determined by the presence of several oxides is typical for these materials [37]. Based on the 

obtained results it can be concluded that the treatment with sodium hydroxide has a significant 

effect on the textural structure giving a more defined crystal shapes. Dissolution of the initial 

crystals taking place upon treatment leads to formation of new structures upon different synthesis 

parameters (Figures 3b-d). Alkaline treatment promotes an increase of intracrystalline porosity. 

Synthesis with 0.6 M NaOH leads to formation of needle shape crystals (Figure 3b). Application 

of hydrothermal synthesis gives round shape crystals with a small amount of platelets. Influence 

of the synthesis temperature on crystal sizes was investigated in [14]. The corresponding data of 

the average and the predominant crystal sizes for the samples obtained via hydrothermal 

synthesis are shown in Table S1 in Supplementary data. The crystal size is increasing from 90 

nm to 180 nm with elevation of synthesis temperature from 65C to 150C (Table S1). This 

phenomenon is related to the nucleation and linear crystal growth [38]. Thus, a larger crystal size 

is obtained at a higher crystallization temperature due to a faster crystal growth rate. Moreover, 

an elevation in the synthesis temperature promotes formation of a small amount of more clearly 

defined platelets. An increase of the synthesis time in turn resulted in creation of faceted crystals 

of a well-defined shape. Such effect of synthesis parameters on the crystal structure may be 

explained by crystallization, which occurs through precipitation of the components dissolved 

from industrial slag and growth in all directions. This growth increases with the treatment time 

until crystallization equilibrium is reached [39]. 

Figure 4 displays micrographs of the catalysts synthesized by treatment with 0.6 M EDTA–

 0.6 M NaOH mixture upon variation of synthesis parameters.  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5238695/#R55
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Figure 4. SEM micrographs of EDTA-treated materials synthesized upon variation of synthesis 

parameters: a) 4 h at 25C; b) 15 h at 25C; c) 4 h at 150C. 

 

Utilization of EDTA-NaOH solution as a treating agent is beneficial for formation of the porous 

structure in slag-based catalysts. Elevation of porosity is accompanied by an increase of the 

surface area as identified by N2-physisorption (Table 3). EDTA-treated samples are significantly 

different from the alkaline-treated ones in their textural properties. Hydrothermal synthesis at 

150C in the presence of EDTA-NaOH mixture leads to creation of developed macroporosity 

with predominant formation of platelets and a small amount of round shape crystals with an 

average size of 72 nm.  

Figure 5 displays SEM micrographs of the materials produced by treatment with 0.1 M TEAH – 

0.6 M NaOH mixture upon variation of synthesis time and temperature. 

 

b a 

c 
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Figure 5. SEM micrographs of materials synthesized with TEAH upon variation of synthesis 

parameters: a) 4 h at 25C; b) 50 h at 25C; c) 4 h at 65C and d) 4 h at 150C. 

 

Application of a surfactant in creation of low-cost catalysts leads to significant changes in the 

textural properties of the synthesized samples in comparison with the raw industrial slag and 

other treatment procedures. Ambient conditions did not have a significant influence on the 

crystal structure contrary to EDTA treatment (Figures 4a-b). However, elevation of the treatment 

time to 50 h leads to formation of platelets with an increase of intracrystalline porosity. An 

increase of synthesis temperature to 150C also promotes formation of platelets (Figure 5d). 

Round shaped crystals with an average size of 156 nm, which is typical for hydrothermal 

treatment at this temperature [40], had grown between platelets. However, a lower synthesis 

b a 

c d 
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temperature (65C) promotes crystallization of round shape crystals predominantly with an 

average size 60 nm (Figure 5c), which is increasing with elevation of temperature. 

Figure 6 illustrates SEM micrograph of the sample synthesized by post-treatment with 

0.1 M TEAH – 0.6 M NaOH mixture of the EDTA-pretreated material. Post-treatment with the 

surfactant leads to an increase of intra-crystalline porosity together with formation of platelets.  

 

 

Figure 6. SEM micrograph of the catalytic material synthesized by TEAH modification of 

EDTA-pretreated slag. 

 

3.1.2. Energy Dispersive X-ray Analysis 

Structural properties of obtained slag-based materials have a strong dependence on changes in 

the elemental composition and phase transformations taking place during treatment. Elemental 

analysis of the chemical composition of the raw material and synthesized catalysts was 

determined by EDX. Elemental composition for all synthesized catalysts is presented in 

“Supplementary data” (Table S2). The initial slag (Table 1) and the catalysts synthesized on its 

basis contain Si, Al, Ca, Fe, Mg, Ti and S. Initial slag exhibits a high calcium (35 wt.%) and 

sulfur content (4.4 wt.%), which can further affect the catalytic properties. In particular sulfur is 

known as a catalytic poison. Calcium is not only responsible for basic sites in the synthesized 
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materials, but also can prevent crystallization of other phases and block pores, what results in a 

low surface area. Therefore, the sulfur content should preferably be as low as possible and 

amount of calcium should be diminished to develop surface area in the slag-based materials. 

Treatment of industrial slags predominantly leads to a decrease of sulfur and calcium 

concentrations. The lowest sulfur content (trace amounts) was achieved upon hydrothermal 

synthesis at 150C with the EDTA-NaOH mixture. Post-treatment with TEAH of EDTA-

pretreated steel slag leads to significant leaching of sulfur (to 0.68 wt.%) and calcium (to 

15.6 wt.%) increasing concentration of other components (silicon, aluminum and iron). The 

maximum iron amount (27.6 wt.%) was achieved for the surfactant post-treated catalyst, which 

has also showed the highest surface area value (Table 3). 

3.1.3. X-ray Powder Diffraction 

XRD was applied for investigation of the structure and phase purity of the raw industrial slag 

and materials synthesized on its basis. XRD patterns are demonstrated in Figures 7-10. The 

synthesized catalysts exhibit highly crystalline phases containing CaCO3 (rhombohedral, calcite), 

Ca(OH)2 (hexagonal, portlandite), SiO2 (hexagonal), Al3O3 (rhombohedral), Fe2O3 

(rhombohedral), TiO2 (tetragonal, rutile) [41, 42]. The diffraction patterns displayed changes of 

the particular phases during different treatment. It should be noted, that the alkaline and EDTA 

treatments did not have an influence on the formation of new compounds in the synthesized 

materials. However, in the case of surfactant utilization formation of Ca2SiO4 phase (monoclinic, 

larnite) was observed. It is noteworthy, that all types of treatment led to changes in XRD as 

compared with the patterns of the initial slag. 

Figure 7 depicts the diffractograms of the fresh steel slag and the catalysts synthesized by 

alkaline treatment with 0.6 M NaOH solution upon variation of the synthesis time (4 h and 48 h) 

and temperature (25C and 150C). Non-treated industrial slag shows the preferred crystal 

orientation related to the Ca(OH)2 phase (peaks at 2θ = 18.1, 34.1 and 50.8°) with a large crystal 

size. Diffractogram of raw material coincides with typical steel slag diffractograms [2] and 
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exhibits a high content of calcium, which is consistent with the results of elemental analysis by 

EDX.  

 
 

Figure 7. XRD patterns of the raw material and samples obtained via alkaline treatment with 

0.6 M NaOH solution (SiO2 (●); Al2O3 (♦); Fe2O3 (▼); TiO2 (○); Сa(OH)2 (▲); CaCO3 (■)). 

 

The alkaline treated materials are characterized by presence of an intense peak of CaCO3 (2θ = 

29.4°). All peaks (2θ = 39.4°, 47.5°, and 48.5°) also related to this phase did not shift during 

changing of the synthesis parameters. An exception was CaCO3 (2θ = 29.3°), which peak 

intensity increases for alkaline treated samples in comparison with the initial steel slag. The 

presence of SiO2 crystals (2θ = 20.7° and 26.6°), Fe2O3 (the peaks at 2θ 33.2° and 35.5) and 

Al2O3 (2θ = 57.4°) was also observed. Broad Fe2O3 peaks of low intensity are related to 

formation of small crystallites in comparison with the raw slag. Another behavior was observed 

for the catalyst synthesized upon variation of the treatment time. Peak intensities were increased 

for all phases, what can be related to an increase of the crystal sizes due to the crystals growth 

also indicated by SEM (Figure 3d). The opposite effect was achieved for synthesis temperature 

variation. A decrease of the crystal sizes and an increase in phase crystallinity during 
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hydrothermal synthesis contributed to a decrease of the peaks intensity in XRD patterns. It 

should be noted, that elevation of the alkaline solution concentration (not shown in the pattern) 

leads to a decline crystallinity and, therefore, a decrease in surface area. 

XRD diffractograms of steel slag and materials treated by EDTA-NaOH mixture varying 

synthesis time (4 h and 24 h) and temperature (25C and 150C) are illustrated in Figure 8.  

 

 

Figure 8. XRD patterns of the industrial slag and catalysts synthesized on its basis by EDTA-

treatment (SiO2 (●); Al2O3 (♦); Fe2O3 (▼); TiO2 (○); Сa(OH)2 (▲); CaCO3 (■)). 

 

The EDTA prepared materials showed a loss in the calcium content and transformations of 

Сa(OH)2 to CaCO3. Elevation of the synthesis time to 24 h is characterized by an increase of the 

crystal sizes of SiO2 (2θ = 20.7° and 26.6°), Fe2O3 (the peaks at 2θ 33.2° and 35.5) and Al2O3 

(2θ = 57.4°) indicated not only by XRD, but also by EDX. This effect is more visible for SiO2 

crystals, which peak intensity increased more in comparison with the industrial slag and catalysts 

obtained by varying other synthesis parameters. Higher treatment temperature resulted in 

formation of small crystallites in line with SEM. At the same time, degree of crystallinity was 
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lower due to sintering of formed crystals. This can be observed by the broadening of the peaks in 

XRD patterns.  

Figure 9 shows diffractograms of surfactant-treated materials upon variation of synthesis time 

(4 h and 50 h) and temperature (25C and 150C). 

 

 

Figure 9. XRD patterns of the raw slag and materials obtained on its basis after TEAH-treatment 

(SiO2 (●); Fe2O3 (▼); Сa(OH)2 (▲); CaCO3 (■); Ca2SiO4 ()). 

 

Treatment with a 0.1 M TEAH – 0.6 M NaOH mixture gave unique results different from other 

treatment methods. All TEAH-treated materials displayed highly crystalline phases of CaCO3 

(2θ = 29.4, 39.4, 43.1, 47.5 and 48.5), Fe2O3 (2θ = 33.1) and SiO2 (2θ = 26.6 and 27.9), 

what is reflected in narrow peaks corresponding to these compounds. Changes in synthesis 

conditions, i.e. temperature and time, led to creation of a new phase of Ca2SiO4 (2θ = 23.1, 

31.7, 32.1, 41.1 and 45.6), which was not formed during other treatments. It is noteworthy, 

that this phase is one of the main phases in steel slag [37, 43]. However, in the current case it 

was not present in the raw material and after other treatment procedures.  
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XRD patterns of industrial slag and the catalyst synthesized by post-treatment with 0.1 M TEAH 

– 0.6 M NaOH mixture of EDTA-treated material are shown in Figure 10. 

 

 

Figure 10. XRD patterns of steel slag and the sample synthesized by post-treatment with TEAH 

of EDTA-treated slag (SiO2 (●); Fe2O3 (▼); Сa(OH)2 (▲); CaCO3 (■)). 

 

The slag-based material synthesized by the post-treatment with TEAH exhibits highly crystalline 

phases of SiO2 and Fe2O3 with minor presence of CaCO3 and complete absence of Сa(OH)2. 

These results are consistent with analysis of the elemental composition obtained by EDX, which 

showed the highest leaching of calcium together with the highest iron concentration. 

3.1.4. N2-physisorption 

An increase of the surface area and porosity in slag-based materials is needed for development of 

low-cost catalysts effective in pyrolysis of biomass. Changes in the surface area and pore volume 

of the initial slag and catalysts after different type of treatment were elucidated by N2-

physisorption and are shown in Table 3. 
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Table 3. Specific surface area, micropore and mesopore volumes of industrial slag and catalysts 

synthesized on its basis. 

Material 
Specific surface 

area, m2/g 

Micropore 

volume, cm3/g 

Mesopore 

volume, cm3/g 

Non-treated material* 

Industrial slag 19 0.0069 0.0598 

Effect of NaOH treatment* 

0.6 M solution (4 h, 25C) 44 0.0156 0.0992 

1 M solution (4 h, 25C) 37 0.0130 0.1123 

4 h synthesis at 150C 24 0.0085 0.0425 

48 h synthesis at 25C 38 0.0134 0.0874 

Effect of EDTA-NaOH treatment 

0.6 M solutions (4 h, 25C) 42 0.0148 0.0658 

1 M solutions (4 h, 25C) 56 0.0200 0.0916 

4 h synthesis at 150C 43 0.0153 0.0592 

15 h synthesis at 25C 60 0.0212 0.0961 

Effect of TEAH-NaOH treatment 

4 h synthesis at 25C 38 0.0134 0.1026 

4 h synthesis at 65C  33 0.0115 0.0648 

4 h synthesis at 150C 15 0.0054 0.0576 

24 h synthesis at 25C 44 0.0156 0.0888 

50 h synthesis at 25C 59 0.0208 0.0618 

Influence of post-treatment with TEAH-NaOH mixture (4 h, 25C) 

EDTA-treated slag 80 0.0274 0.0322 

*Data previously published in [14]  

 

According to the obtained results the treatment increased the surface area and porosity in all 

cases. Thereby, application of the alkaline treatment leads to generation of a relatively high 

surface area in comparison with the initial industrial slag. The highest surface area in the case of 

NaOH utilization was achieved for 0.6 M solution (4-hour synthesis at 25C) allowing 2.3 fold 

enhancement of the surface area compared to the raw material. A further increase of the alkaline 

solution concentration to 1 M gave a lower surface area, what can be related to losses in 

crystallinity of the synthesized catalyst identified by XRD [14]. Hydrothermal synthesis allowed 

to achieve relatively high surface areas, which values decreased with temperature increase. 

These changes can be related to an increase of the crystal sizes and their further agglomeration 
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indicated by SEM (Figure 3c). Elevation of the synthesis time from 4 h to 48 h gave initially an 

increase of the surface area reaching a maximum for 4-hour synthesis with a further gradual 

decrease for 48 h treatment.  

Utilization of EDTA for steel slag treatment leads to an increase of mesoporosity and surface 

area in comparison with the alkaline treatment due to a high leaching ability of EDTA in 

comparison with pure NaOH solution. Elevation of the treating agent concentration results in 

higher leaching and subsequently higher surface areas. Longer treatment time (15 h) promoted 

an increase in the surface area 3 fold in comparison with the starting material, and is more cost-

effective than application of a more concentrated solution. 

Synthesis with TEAH-NaOH solution did not have a strong influence on structural 

characteristics in comparison with the EDTA treatment. A high surface area using the surfactant 

can be achieved by increasing the synthesis time to 50 h. Ambient conditions and a short 

synthesis time lead to minor changes in the surface properties of the slag-based materials. 

Elevation of temperature results in sintering of the formed round shape particles, thereby 

diminishing the surface area.  

Post-treatment with the surfactant of an already treated catalyst with a high surface area 

promotes achievement of the maximum surface area, which is four fold higher than the initial 

industrial slag. It should be noted that these treatment conditions resulted in the most prominent 

leaching of such undesirable components as calcium and sulfur. 

A combination of the processes occurring during preparation of the slag-based catalysts had a 

complex effect on the pore formation and an increase of the surface area. In particular, 

application of the treating agents improves porosity of the slag-based materials. In the case of 

biomass pyrolysis, a well-developed pore structure is one of the most important parameters of an 

effective catalyst. An increase of micro- and mesopore volume was obtained by utilization of 

more concentrated solutions and a longer synthesis time. Hydrothermal synthesis did not have a 

strong influence on the pores formation, decreasing the mesopore volume with an increase of the 
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synthesis temperature. The highest micropore volume was achieved for the TEAH post-treated 

catalyst, what is related to the highest calcium leaching and formation of nanochannels observed 

by TEM (Figure 13d). An increase of the crystal size and sintering of crystals lead to pore 

blocking and a decrease of the surface area. 

Pore size distribution for industrial slag and catalysts synthesized on its basis is presented on 

Figures S1-S3 in Supplementary data. An increase of the pore volume after all type of treatment 

can be observed from the distribution curves except the alkaline treated material synthesized at 

high temperature. Treated slags exhibit micro- and mesoporous structure. The material 

synthesized via the surfactant treatment of EDTA-pretreated catalyst showed significant changes 

in comparison with other samples (Fig. S3). It can be clearly seen that the highest pore volume 

corresponds to the highest surface area.  

Adsorption-desorption isotherms are typical for all synthesized samples and some other slag-

based materials [44], and can be classified as III type isotherms [45] possessing a hysteresis loop 

pointing out thereby on the mesoporous nature of the synthesized catalysts. 

3.1.5. Transmission Electron Microscopy 

Changes in the internal texture of the synthesized catalysts were determined by TEM. 

Figures 11-13 display TEM micrographs at different magnification. An internal structure of the 

initial industrial slag and the materials obtained after alkaline treatment with 0.6 M NaOH is 

presented in Figure 11. 

 

  

a b 
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Figure 11. TEM micrographs of the industrial slag and the materials synthesized by alkaline 

treatment: a) raw industrial slag; b) 4-hour treatment; c) 24-hour pretreatment; d) hydrothermal 

synthesis at 150C. 

 

The initial material possesses a smooth non-porous surface with a partial presence of pores. The 

porous structure changes during alkaline treatment because of leaching and restructuring of 

crystals. After the treatment with 0.6 M NaOH solution the synthesized catalyst has a more 

defined mesoporous structure consisting of pores on the external surface with average pore 

diameter of 6.6 nm (Figure 11b). This is in line with N2 physisorption data showing changes in 

the surface area and the pore volume (Table 3). The treated sample contains needle shape 

crystals as well as fibers. Elevation of treatment time leads not only to creation of pores on the 

external particle surface, but also to formation of metal/metal oxide nanoparticles with the 

average diameter of 7.5 nm (Figure 11c). After hydrothermal synthesis at 150C the presence of 

pores on the external surface was observed. It should be noted, that crystal restructuring was 

accompanied by formation of round shape crystals (Figure 11d), which is typical for this type of 

treatment and was also indicated by SEM (Figure 3c). 

Figure 12 illustrates the TEM micrographs of the catalysts treated with the EDTA-NaOH 

mixture at different conditions. 

 

c d 
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Figure 12. TEM micrographs of the EDTA-NaOH treated materials:  

a) 0.6 M solutions (4 h, 25C); b) 1 M solutions (4 h, 25C); c) hydrothermal synthesis at 150C 

(0.6 M solutions, 4 h); d) 15 h synthesis (0.6 M solutions, 25C).  

 

Application of the EDTA-NaOH solution instead of neat NaOH contributes to significant 

changes in the internal structure. Synthesis with 0.6 M solutions leads to formation of oxide 

particles with an average size 38 nm. An increase of the treating solution concentration to 1 M 

promotes transformation of crystal phases resulting needle shape crystals and fibers. Round 

shape crystals were formed when the synthesis temperature was increased to 150C. It should be 

noted, that addition of EDTA into the treating solution diminished the crystal size from 100 nm 

for NaOH to 60 nm for the mixture EDTA-NaOH.  

Changes in the internal structure of the slag-based catalysts prepared by TEAH-treatment are 

illustrated in Figure 13. 

 

a b 

c d 
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Figure 13. TEM micrographs of the catalysts synthesized by TEAH-treatment:  

a) 4-hour treatment; b) 50-hour treatment; c) hydrothermal synthesis at 150C and catalyst 

obtained by post-synthesis with TEAH of EDTA-pretreated catalyst (d).  

 

Utilization of TEAH in the synthesis of low-cost catalysts leads to needle shape crystals and 

fibers during treatment at ambient conditions (Figures 13a and 13b). Round shape particles were 

formed upon elevation of the synthesis temperature to 150C (Figure 13c). Longer treatment 

time resulted in formation of fibers similar to EDTA-treated material (Figure 12d). 

For the catalyst, which was synthesized by the post-treatment with TEAH and exhibited the 

highest surface area, significant changes in the internal structure properties were observed. 

Formation of internal uniform channels with a narrow size distribution and average diameter 

1.1 nm was found (Figure 13d).  

3.1.6. Temperature programmed desorption of CO2 

Based on EDX and XRD results, it is apparently clear, that the synthesized catalysts exhibit basic 

properties due to the presence of the main components – CaCO3/Ca(OH)2, MgO and Fe2O3. 

a b 

c d 
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Basicity dependence on the elemental composition can be considered as a ratio between the main 

basic components to the acidic ones and is described by the following equation: 

B =
[CaO]+[MgO]

[SiO2]+[Al2O3]
,      (1) 

where B is basicity and [CaO], etc. are wt.% of a particular compound 

Quantitative characteristics of the basicity are presented in Table 4. Analysis of the obtained 

results showed that the original and alkaline-treated materials are strongly basic and contain only 

medium ( 750K) and strong basic sites (> 750K).  

 

Table 4. Basicity of the slag catalysts. 

Material 

Basic sites, μmol/g Total amount of 

basic sites, 

μmol/g 

B Medium 

( 750 K) 

Strong 

(> 750K) 

Non-treated material 

Industrial slag 0 33 33 5.1 

Effect of alkaline treatment* 

0.6 M solution (4 h, 25C) 0 51 51 1.9 

1 M solution (4 h, 25C) 0 31 31 1.9 

4 h synthesis at 150C 0 50 50 2.3 

48 h synthesis at 25C 0 92 92 4.5 

Effect of EDTA-NaOH treatment 

0.6 M solutions (4 h, 25C) 3 19 22 1.0 

1 M solutions (4 h, 25C) 1 19 20 1.1 

4 h synthesis at 150C 1 20 21 1.0 

15 h synthesis at 25C 1 23 24 1.1 

Effect of TEAH-NaOH synthesis 

4 h synthesis at 25C 19 100 119 3.3 

4 h synthesis at 65C  14 35 49 1.8 

4 h synthesis at 150C 13 39 52 2.2 

24 h synthesis at 25C 8 47 55 2.7 

50 h synthesis at 25C 6 32 38 2.5 

Effect of post-treatment with TEAH-NaOH mixture (4 h, 25C) 

EDTA-treated slag 24 28 52 1.1 

*Data previously published in [14] 

As mentioned before, steel slag contains a mixture of several oxides. Due to a high calcium 

content and its speciation (Ca(OH)2), the initial material exhibits the largest basicity in 
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comparison with the synthesized catalysts. Alkaline treatment with the sodium hydroxide 

solution leads to a decrease of basicity value together with an increase in the amount of basic 

sites. This is related to several factors including generation of basic sites during the treatment 

and an increase of the surface area. The amount of active sites has a direct relationship with the 

specific surface area [46]. Simultaneously crystal restructuring upon variations of treatment 

conditions also has an impact on formation of basic sites. Thereby, the material with the most 

crystalline phase formed during 48 h synthesis exhibits the highest amount of basic sites for the 

treatment with NaOH.  

Synthesis using a mixture of EDTA-NaOH results in a completely opposite effect. Due to a high 

leaching ability of EDTA the content of calcium decreased significantly, thereby diminishing 

basicity. Despite high surface areas obtained after such treatment, a number of formed active 

sites was minimal. This can be explained by a completely different effect of EDTA on the 

textural structure. According to SEM micrographs of EDTA-treated catalysts (Figure 4), the 

crystal structure is poorly defined compared to the alkaline-treated materials, which contributed 

to the lowest amount of basic sites.  

The surfactant-treated catalysts were characterized by a well-defined crystal structure together 

with a relatively high surface area, which further led to a decrease in the total basicity with an 

increase of the active sites content. The maximum basic sites amount of 119 μmol/g was 

achieved for TEAH treatment at ambient conditions for 4 h.  

Post-treatment with the surfactant of an already EDTA-pretreated slag showed a significant 

influence of the treating agent on the amount of active sites amount. In the case of synthesis with 

EDTA, formation of active sites was inhibited by deteriorating crystal structure. In the catalyst 

post-treated with TEAH a high surface area and low basicity were achieved by EDTA-

pretreatment. However, subsequent exposure of the surfactant promoted crystal formation 

(Figure 6) and an increase of the basic sites amount in comparison with the EDTA-treated 

catalyst (15 h treatment at ambient conditions).  
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Therefore, a significant difference in behavior of different treating agents can be observed. 

Alkaline and surfactant treatment leads to formation of crystals together with an increase of 

surface area giving more active sites. EDTA treatment promotes high leaching of calcium and a 

significant increase of the surface area, while crystallization did not occur, hindering formation 

of active sites.  

3.1.7. Temperature programmed desorption of NH3 

Sulfur, silica and alumina are responsible for the amount and strength of acid sites. Based on 

their ability to desorb the probe molecule (NH3) from the surface of the active sites, the acid sites 

were divided into three groups – weak (< 770K), medium (770 K – 1020 K) and strong 

(> 1020K). The same temperature ranges were used for the catalysts synthesized from the 

gasified straw slag by Wang et al. [47]. Quantitative characterization of the acid sites (μmol/g) is 

presented in Table 5. 

 

Table 5. Acid properties of the slag-based catalysts  

Material 

Acid sites, μmol/g Total 

acidity, 

μmol/g 
Weak 

(<770K) 

Medium 

(770 K – 1020 K) 

Strong 

(> 1020K) 

Non-treated material 

Industrial slag 38 25 14 77 

Effect of alkaline treatment* 

0.6 M solution (4 h, 25C) 3 24 7 34 

1 M solution (4 h, 25C) 4 23 10 37 

4 h synthesis at 150C 5 29 4 38 

48 h synthesis at 25C 3 51 4 58 

Effect of EDTA-NaOH treatment 

0.6 M solutions (4 h, 25C) 3 5 7 15 

1 M solutions (4 h, 25C) 3 4 12 19 

4 h synthesis at 150C 4 11 0 15 

15 h synthesis at 25C 3 10 11 24 

Effect of TEAH-NaOH synthesis 

4 h synthesis at 25C 56 55 19 130 

4 h synthesis at 65C  59 44 26 129 

4 h synthesis at 150C 43 46 26 115 

24 h synthesis at 25C 60 49 21 130 
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50 h synthesis at 25C 57 44 27 128 

Effect of post-treatment with TEAH-NaOH mixture (4 h, 25C) 

EDTA-treated slag 60 42 29 131 

*Data previously published in [14] 

 

The original slag material exhibited a high amount of acid sites. Treatment with alkaline and 

EDTA solutions gave a lower concentration of the acid sites due to sulfur leaching and a minor 

increase of elements with acidic properties. Furthermore, the influence of EDTA-NaOH addition 

is stronger than NaOH alone due to higher leaching.  

A completely different effect was obtained after utilization of the TEAH-NaOH mixture 

resulting in a substantial increase of acid sites. Alteration of synthesis time in case of TEAH-

treatment did not show significant differences in the amount of acid sites. However, an increase 

of temperature to 150C gave a slight decrease of the total acidity in line with a lower surface 

area.  

3.2. Catalysts testing 

Based on the physico-chemical characterization of the synthesized slag materials, the material 

synthesized by post-treatment with TEAH of already EDTA pretreated slag was chosen as the 

most promising for evaluation of their catalytic properties in fast pyrolysis of pinewood. The 

selection of catalytic slag material was based on the surface area and amounts of active sites. As 

mentioned above a high surface area and well developed porosity are needed for facilitating 

access of the molecules to the internal surface and active sites. It is noteworthy, that catalysts for 

the pyrolysis of biomass contain mainly acid sites [48, 49], whereas the slag-based materials are 

possess not only a large number of acid sites, but also basic ones, which may also affect catalyst 

efficiency.  

3.2.1. Results of analytical pyrolysis 

The catalytic pyrolysis of pinewood using industrial slag and the synthesized slag material 

(hereinafter referred to as «catalyst») was compared with non-catalytic pyrolysis with pinewood. 
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Industrial slag had no effect on the yield of degradation products in comparison to non-catalytic 

treatment, whereas application of the catalyst significantly decreased the yield (Figure 14). This 

indirectly indicates the cracking ability of the synthesized catalyst resulting in a high char 

formation and a lower liquid yield. The same effect was obtained for the alkaline-treated slag-

catalysts [14]. It was found that the highest activity corresponded to the material bearing the 

highest surface area. The same tendency was observed for the surfactant-treated slag.  

 

Figure 14. The yield of pyrolysis derivatives. 

 

Figure 15 illustrates the degradation product distribution after fast pyrolysis of pinewood. 

Industrial slag slightly changed the product distribution in comparison with the non-catalytic 

pyrolysis, while the yield of liquid phase was the same. The reduced anhydrosugars and higher 

aldehydes and furans formation indicated enhanced secondary pyrolysis pathways taking place 

in catalytic pyrolysis with industrial slag. Catalyst application changed the product distribution 

more than in case of the industrial slag. The pyrolysis products were same as in catalytic 

pyrolysis with industrial slag and non-catalytic pyrolysis of pinewood. No new products 

(aromatic or aliphatic hydrocarbons) were detected as has been reported to be formed with 

cracking acid zeolites [26-29]. However, in case of catalytic pyrolysis with treated slag a higher 
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proportion of anhydrosugars was converted to the low molecular weight oxygenates, especially 

to furans and carbon dioxides. A similar increase of furans concentration by decomposition of 

primary pyrolysis products was observed for the alkaline treated samples [14]. It was found that 

the material containing the highest amount of both basic and acid sites in the catalyst exhibited a 

high formation of anhydrosugars degradation products (light oxygenates and furans). This effect 

indicates a strong influence of the active sites in the slag catalyst on the composition of 

degradation products. Catalyst presence changed the phenolic composition that was not 

observed with neat industrial slag. Increase of p-hydroxypenyl type derivatives and alcohol 

(methanol) showed demethoxylation of guaiacyl type derivatives. Demethoxylation is classified 

as secondary pyrolysis reaction of lignin and it is expected to take at high pyrolysis temperatures 

[50]. In addition to demethoxylation, oxygen content in side chains structures of phenolic 

products was reduced (not shown in figure). The enhanced properties of produced bio oil due to 

the application of low-cost catalyst clearly showed improved catalytic activity of the treated 

industrial slag. 

  

Figure 15. Distribution of biomass derivatives formed in fast pyrolysis. 
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Evaluation of catalytic properties of neat slag and catalyst synthesized on its basis was 

performed using analytical fast pyrolysis of wood biomass. This method is typically considered 

as an express catalyst screening method, requiring subsequent catalytic tests in a fluidized 

laboratory of pilot scale reactors. The fast catalytic pyrolysis experiments showed that treatment 

of the industrial slag leads to changes in the product distribution and the yield of the degradation 

products in comparison with thermal pyrolysis and unmodified industrial slag. However, 

complexity of elemental composition of catalytic material and biomass feedstock makes analysis 

of catalytic trends relating structure with performance much more challenging. Currently it can 

be tentatively concluded that there is a clear dependence of degradation products on the number 

of active centers as well as on the surface area.  

 

Conclusions 

Low-cost catalysts from steel slag were synthesized by variation of the treating agents and 

synthesis parameters. Properties of obtained catalysts were evaluated by several physico-

chemical characterizations.  

Steel slag processing resulted in significant changing of textural and structural properties. 

Sequential treatment with a chelating agent and a surfactant gave a significant increase of the 

surface area and the highest amount of both acid and basic active sites.  

Catalyst synthesized by post-treatment with TEAH of the slag pretreated with EDTA was chosen 

for evaluation of its catalytic properties in fast pyrolysis of pinewood. The yield of bio-oil was 

lower in case of analytic pyrolysis with the catalyst present. More anhydrosugars were converted 

to low molecular weight oxygenates, and phenolic composition was altered compared to 

application of the neat industrial slag. A higher content of p-hydroxypenyl type derivatives as a 

result of more prominent demethoxylation and diminished oxygen content in side chains 

structures of phenolic products is an evidence of potentially enhanced properties of bio-oil.  
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