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Abstract

Industrial ferrous wastes found their application in construction. However, they are mostly stored polluting the environ-
ment. In the current work, possibility of value added products synthesis from steel slag with their further use as catalysts
was investigated. Slag-based catalysts were obtained by alkaline treatment with sodium hydroxide by variation of synthesis
parameters. The physico-chemical properties of the synthesized materials were determined by N,-physisorption, SEM, EDX,
TEM, XRD and TPD. Slag-based catalysts were applied in the transformation of wood biomass, namely softwood sawdust.
Novel catalytic materials synthesized from industrial slag exhibited the presence of strong basic sites and highly crystalline
phases of Si0O,, Al,05, CaCO;, Ca(OH),, Fe,0;, MgO and TiO,. Alkaline treatment of the raw material promoted creation
of mesoporosity and an increase of the surface area. Catalytic fast pyrolysis of pine sawdust displayed variations in the yields
of the reaction products in the presence of catalysts as compared to thermal fast pyrolysis.
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industry. The issue of slag recycling from pyrometallurgical
processing of natural ores attracts attention of many scientists
in connection with a possibility of converting slags in to value-
added products and reduction waste [1].

Ferrous slag, a by-product of complex and diverse chemical
composition, is produced during recovery of iron from the ores
(blast furnace slag (BFS)) or recycled materials in the process
of steel manufacturing [2]. A typical composition of ferrous
slags presented in Table 1 is dominated by Ca and Si with vari-
able amounts of Al, Fe and Mg. The other major elements are
K, Na and Ti with average amounts lower than 2 wt% [3, 4].

Slag is applied in specialized market sectors. According to
the European association of manufacturing and utilization of
ferrous slag products (EUROSLAG), industrial slags found
their predominant application in different fields such as road
construction [6—8], cement production [9-12] and can be also
used as heat carriers [13].

An interest in utilization of industrial slags in the synthe-
sis of catalysts has been recently increased. Dimitrova et al.
[14] reported a possibility of utilizing BFS as a support of
metals (Cu, Co, Mn and Ni) in the synthesis of catalysts for
carbon monoxide and benzene oxidation. Utilization of iron
slag was performed in the synthesis of Ni catalyst by Yu et al.
[15]. BFS, containing MgO, CaO, Fe,0;, SiO,, and Al,O;,
which are common components in biomass pyrolysis catalysts,
was used as a support for synthesis of a Ni-based catalyst for
pyrolysis of pine sawdust. It was shown that application of
BFS helps in the inhibition of coke deposition during catalytic
pyrolysis of biomass due to presence of the basic elements in
the slag such as Ca and Mg. A possibility of using BFS in cata-
lytic cracking processes was proposed by Kar and Giirbiiz [16].
A low-cost slag catalyst was used for the catalytic cracking of
used frying sunflower oil. Due to a high CaO content, BES was
beneficial for the cracking process allowing a higher yield (ca.
84 wt.%) in comparison with pure CaO (ca. 75 wt.%).

Steel slag was applied as a catalyst in glycerol transesteri-
fication with dimethyl carbonate giving 97% yield of glycerol
carbonate as the desired product [17]. Modification of indus-
trial slag was performed using sodium hydroxide with various
concentration (1-15 wt.%).

The main purpose of this research was synthesis of slag-
based materials, which can be used as catalysts in fast pyroly-
sis of biomass. Therefore, there was a need not only to increase
the surface area of the synthesized catalysts, but also to cre-
ate active sites. It is also important to obtain a mesoporous

structure for facilitating access of the reactants to the internal
catalytic surface.

Alkaline pretreatment as one of the ways of treatment is
a well-known procedure of desilication, promoting forma-
tion of the mesoporous structure [18—21]. In contrast to the
acid treatment, alkaline treatment promotes selective extrac-
tion of framework Si atoms with creation of uniform-sized
mesopores without changes in the crystallinity [18, 19].
Formation of mesopores and a significant increase of the
surface area were observed during the alkaline treatment of
zeolites [20, 21].

The use of industrial slags as a source for the synthesis
of catalytic materials results in a significant decrease in the
catalyst costs. Another positive impact for the production
of slag-based catalysts is the environmental impact, namely
recycling of industrial waste.

This work was focused on synthesis of the catalytic
materials from industrial steel slag by the alkaline treat-
ment. Influence of synthesis parameters (alkaline solution
concentration, synthesis temperature and time) on textural,
structural and catalytic properties of raw steel slag as well as
synthesized slag-based materials was explored.

2 Experimental
2.1 Catalyst Preparation

In this work, catalytic materials were synthesized using des-
ulfurization steel slag containing SiO,, Al,O5, FeO, CaO and
other minor components. Industrial slag was provided by
SSAB, Finland. The used slag was crushed by ball milling
and sieved to the desired fraction (<90 um).

Catalytic materials were obtained by alkaline pretreat-
ment with NaOH solution varying such synthesis parameters
as concentration of the alkaline solution, synthesis tempera-
ture and time.

2.1.1 Effect of Alkaline Solution Concentration

In a typical experiment of alkaline pretreatment with
variation of an alkaline solution concentration, 7 g of the
ball-milled material was mixed with 300 ml of the NaOH
solution of different molarity (0.6 M, 1 M and 2 M) with a
constant stirring and under pH control during 4 h.

Table 1 The average

. . Constituent CaO SiO, Al,O4 MgO FeO MnO P,04 Siotal Cr,0,
concentration of the main : 3 3
oxides for the BFS and steel BFS, wt.% 35-42 3338 10-15 7-12  <0.1 <01 - 1-1.5  <0.
making slag [5] Steel making 3545  11-17  1-6 29 1626 26 12 <02 052

slag, wt.%

@ Springer



Topics in Catalysis

2.1.2 Influence of Synthesis Time

A typical experiment of alkaline pretreatment with varia-
tion of the synthesis time (4, 8, 15, 24 and 48 h) was car-
ried out using 0.6 M NaOH solution at ambient conditions
according to the procedure described in Sect. “2.1.1".

2.1.3 Influence of Synthesis Temperature (Hydrothermal
Synthesis)

Hydrothermal synthesis of industrial slag was carried out
using tumbling reactors (300 ml) placed in a furnace. The
synthesis was carried out at 65, 85 and 150 °C for 4 h
using 0.6 M NaOH solution as the treating agent. In a
typical experiment, 4 g of the ball-milled slag was mixed
with 175 ml of NaOH solution in a Teflon cup, which was
placed in the 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.

All catalysts were filtered on a Biichner funnel and
washed with distilled water followed by drying at 100 °C
for 7 h and calcining at 400 °C.

2.2 Catalyst Characterization

The characterization of the slag-based catalysts was car-
ried out using nitrogen physisorption, SEM, EDXA, TEM,
TPD-NH; and TPD-CO,, and XRD, as described below.

2.2.1 Nitrogen Physisorption Method

N, physisorption was applied to determine the specific
surface area, pore volume and pore size distributions of
the synthesized materials. Measurements were carried out
using Carlo Erba Soptomatic 1900 Instruments applying
the Dubinin method for determination of the surface area
of microporous materials. Pore volume calculations were
performed using the Horvath and Kawazoe method. The
slag catalysts were evacuated at 150 °C for 3 h prior to the
measurements.

2.2.2 Scanning Electron Microscopy

Scanning electron microphotographs of the synthe-
sized materials were obtained with a LEO Gemini 1530
Scanning electron microscope with a Thermo Scientific
UltraDry Silicon Drift Detector (SDD). In the current
work, SEM was used to study the morphology, shape, size

and distribution of crystals of the catalysts. EDX was per-
formed to determine the elemental composition.

2.2.3 Transmission Electron Microscopy

Transmission electron microscopy characterization was
designed to study the structure, porosity, metal particle size
and channel systems. 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.

2.2.4 Temperature Programmed Desorption

Temperature programmed desorption measurements were
carried out with Micromeritics AutoChem 2910 instrument
equipped with a thermal conductivity detector (TCD) using
NH; (TPD-NH;) and CO, (TPD-CO,) as probe molecules
for determination of the presence, amount and strength of
acid and basic sites, respectively.

2.2.5 X-ray Powder Diffraction

X-ray powder diffraction analysis was performed using mon-
ochromatized Cu-K, 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.

2.3 Catalytic Tests

Synthesized slag-based catalysts were tested in analytical
fast pyrolysis using softwood sawdust as a biomass feed-
stock. The pyrolysis set-up consisted of a filament pulse
pyrolyzer (Pyrola2000, PyrolAB, Sweden), which was con-
nected to a gas chromatograph (Agilent 7890B) with a flame
ionization detector (FID) and a mass spectrometer (Agilent
5977A), illustrated in Fig. 1. Mixed softwood sawdust in the
presence of a catalyst (1:10 ratio) was pyrolysed at 500 °C
for 4 s. A more detailed description of the analysis condi-
tions is reported elsewhere [22].

Identification of the pyrolysis products was based upon
their mass spectra and comparison of the mass spectra with
the existing literature [23—26]. Calculations were performed
by integrating the chromatographic peaks corresponding
to identified compounds and normalizing the areas to the
weight of the sample and to 100%. The former approach
was used to determine the yield while the latter gave the
composition.
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Fig.2 SEM micrograph of industrial steel slag

3 Results and Discussion
3.1 Catalysts Characterization Results
3.1.1 Scanning Electron Microscopy

Electron micrographs of industrial slag and catalysts syn-
thesized on its basis are presented in Figs. 2 and 3. Fig-
ure 2 displays SEM micrograph of the initial steel slag.
Figure 2 shows that the original industrial slag is repre-
sented by a combination of crystals with different shapes
such as round shape crystals, needle shape crystals and
also some amounts of platelets. Figure 3 displays SEM
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micrographs of the alkaline-treated materials prepared
at varying such synthesis parameters as alkaline solution
concentration [from 0.6 M (a) to 2 M (b); 4 h synthesis at
ambient conditions], synthesis time [treatment by 0.6 M
solution for 48 h (c)] and temperature [hydrothermal syn-
thesis at 85 °C with 0.6 M NaOH (d)].

It can be concluded from Fig. 3 that the alkaline pre-
treatment has a significant effect on the crystals structure.
The initial crystals were dissolved and new structures were
formed upon treatment. Increasing the concentration of the
alkaline solution from 0.6 to 2 M results in formation of a
mixture of crystal structures (Fig. 3b).

The variation of synthesis time promotes formation of
faceted crystals of a clearly defined shape (Fig. 3¢c). It can be
noted that with increasing synthesis time formation of larger
crystals is facilitated. Moreover, needle shape crystals were
formed between the large crystals.

Hydrothermal synthesis leads predominantly to forma-
tion of the round shape crystals (Fig. 3d), what is typically
observed for hydrothermal treatment in basic media [27].
Moreover, an elevation in the synthesis temperature pro-
motes formation of more clearly defined spherical structures
with an increase of crystal sizes. Thereby, the crystal size
is increased from 90 nm (for 65 °C) to 180 nm (treatment
at 150 °C).

Variation of the synthesis parameters has a significant
effect on the structure of the formed crystals. Hydrothermal
synthesis leads to formation of the round shape particles,
which sizes increase upon treatment temperature elevation.
An increase of the particle size is a result of acceleration of
such processes as the nucleation and linear crystal growth
[28]. Thus, a smaller crystal size is obtained at lower crystal-
lization temperature due to a slower crystal growth rate. A
similar process was observed by Johnson et al. [29] in hydro-
thermal synthesis of NaX zeolite from kaolin. The same
trend was observed in the case of slag catalysts synthesis
upon variation of the treatment time.

3.1.2 Energy Disperse X-ray Analysis

From the data obtained by the EDX analysis, it is clear that
the original industrial slag has a high content of calcium
(Table 2). In addition to aluminum, silicon and iron, such
elements as sulfur, sodium, titanium and magnesium were
found in the starting material.

The sulfur content was more than 3 wt%. Clearly, such
high concentration is undesirable as it can be a catalytic
poison. Therefore, the sulfur content should be as low as
possible.

Alkaline pretreatment using a NaOH solution resulted in
a decrease in the content of Na (to 0.4 wt%), S (to 1.3 wt%),
and Ca (to 24 wt%). An increase in the synthesis time dimin-
ished sulfur (up to 0.7 wt% for 48 h synthesis), sodium (up
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Fig.3 SEM micrographs of synthesized materials varying synthesis conditions: a 0.6 M NaOH (4 h, 25 °C); b 2 M NaOH (4 h, 25 °C); ¢ 48 h

(0.6 M NaOH, 25 °C); d 85 °C (0.6 M NaOH, 4 h)

Table 2 Chemical compositions Ca Si

Fe S Na Al Ti Mg

of slag used in this study (wt.%)

49.91 34.67 3.89

4.78 3.37 1.62 0.73 0.68 0.35

to 0.4 wt% for 48 h synthesis) and calcium content (up to
24% at 15 h synthesis). A further increase in the synthesis
time (24 h and 48 h) did not affect the calcium content in
comparison with the original industrial slag.

A study of the synthesis temperature influence on the
elemental composition of the samples showed a decrease in
the content of Na up to 0.2 wt% (for synthesis at 85 °C), S
up to 0.5 wt% (for synthesis at 150 °C), and Ca up to 26 wt%
(for pretreatments at 65 °C and 85 °C).

3.1.3 X-ray Powder Diffraction

The structure and phase purity of the fresh industrial slag
and materials synthesized on its basis were studied with

X-ray powder diffraction. XRD patterns are demonstrated
in Fig. 4. The synthesized slag catalysts exhibit highly
crystalline phases containing CaCO; (rhombohedral, cal-
cite), Ca(OH), (hexagonal, portlandite), SiO, (hexagonal),
Al;0; (thombohedral), Fe,O; (thombohedral) and TiO,
(tetragonal, rutile) [30, 31]. The diffraction patterns dis-
played changes of particular phases during different types
of pretreatment. It is noteworthy, that the alkaline treat-
ment upon variation of the synthesis parameters did not
have an influence on the formation of new compounds in
slag-based catalysts.

Figure 4a depicts the diffractograms of the fresh indus-
trial slag and the catalysts synthesized by 4 h pretreatment
with NaOH solutions of different molarity. It should be
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Fig.4 XRD patterns of the samples pretreated by variation of: a the
alkaline solution concentration; b the synthesis temperature and ¢
time. [SiO, (filled circle); Al,O; (filled diamond); Fe,O5 (inverted
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noted, that all types of alkaline pretreatment led to changes
in XRD as compared with the patterns of the initial material.

For the non-treated industrial slag the preferred crys-
tal orientation was related to the Ca(OH), phase (peaks at
20=18.1, 34.1 and 50.8°) with a relatively large crystal size.
It can be seen from Fig. 4a that the starting material has a
high content of calcium, which is consistent with the results
of elemental analysis by EDX method.

The prepared samples are characterized by presence of an
intense peak of CaCO; (20=29.4°). The peaks at 20=39.4°,
47.5°, and 48.5°, also belonging to this phase, did not shift
during an increase of the alkaline solution concentration.
The presence of SiO, crystals (20=20.7° and 26.6°) was
also observed. The height of peaks related to this phase man-
ifests creation of small crystallites. The peaks at 20 33.2°
and 35.5 correspond to Fe,O; (rthombohedral) phase. It was
found, that an alkaline solution concentration increase to
2 M leads to a loss of crystalline Fe,O5 and transition to a
weakly crystalline structure. The material synthesized using
alkaline solution also contained TiO, (polymorph rutile,
20=27.3° and 27.7°).

Figure 4b illustrates the diffractograms of the catalysts
prepared by hydrothermal synthesis at 65 °C and 150 °C.
Variation of the synthesis temperature affects the presence
and amount of the phases in the slag-based catalysts. The
intensity of the peaks is decreasing with elevation of the syn-
thesis temperature, which indicates a decrease in the crystal
sizes of observed phases and an increase in their crystallinity
during hydrothermal synthesis. This phenomenon was also
proved by SEM analysis. An exception is calcium carbonate
(20=29.3°), which peak intensity increases for treated sam-
ples in comparison with the starting material. Fe,O; peaks
(20=35.4°) are wide and of low intensity. Such wide peaks
are related to a small crystal size.

Figure 4c shows the diffractograms of the catalysts pre-
pared upon variation of the synthesis time (4, 15, 24 and
48 h). XRD patterns contain the same phases, that were pre-
sent after treatment upon variation of the alkaline solution
concentration and synthesis temperature: CaCO; (20=23.1°,
29.4°,31.4°,39.4°,43.1°,47.5° and 48.5°), Si0, (26=20.9°
and 26.6°) and Fe,0; (20=33.2° and 35.6).

XRD analysis showed that the alkaline treatment upon
variation of the synthesis parameters leads to formation of
aggregates with a high degree of crystallinity and smaller
sizes in comparison with the starting material.

3.1.4 N,-Adsorption
Synthesized slag catalysts exhibit type III isotherms (accord-

ing to IUPAC classification [32]). This isotherm type is char-
acteristic of nonporous solids and is typical for materials
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prepared using industrial slags [33]. However, a presence
of the hysteresis loop indicates the presence of mesopores
in alkaline-treated catalysts. The N,-physisorption data for
the synthesized samples are shown in Table 3.

It can be clearly seen that the alkaline pretreatment
increased the surface area in all cases. Thereby, the highest
surface area was achieved for the sample pretreated with
0.6 M NaOH solution (4-h synthesis at 25 °C). It should be
noted that these treatment conditions resulted in the largest
leaching of undesirable components as calcium and sulfur
allowing at the same time to achieve the surface area 2.3 fold
higher than of the initial industrial slag. A further increase
of the alkaline solution concentration (1 M and 2 M NaOH)
gave lower surface areas in comparison with 0.6 M NaOH.
Hydrothermal synthesis at 65 °C (pretreatment with 0.6 M
NaOH during 4 h) allowed a relatively high value of the sur-
face area (40 m%/g). These changes can be related to agglom-
eration of the formed crystals indicated by SEM (Fig. 3).
Elevation of the synthesis time from 8 to 48 h (pretreatment
with 0.6 M NaOH at ambient conditions) gave initially an
increase of the surface area reaching a maximum value of
41 m?%/g for 15-h synthesis.

It should be noted that micro- and mesopore volumes
of the synthesized catalysts increased in comparison with
the initial material in all cases. When the alkaline solution
concentration was changed, the maximum pore volume was
obtained for 1 M NaOH (4 h synthesis at 25 °C). Hydrother-
mal synthesis did not have a strong influence on the pores
formation. In fact, an increase of the synthesis temperature
diminished the mesopore volume. Elevation of the synthesis

Table 3 Values of the specific surface area, micropore and mesopore
volumes of industrial slag and catalysts synthesized on its basis

Catalyst Specific Micropore ~ Mesopore
surface area, volume, volume,
m?/g cm’/g cm’/g
Non-treated material
Industrial slag 19 0.0069 0.0598
Effect of alkaline solution concentration
0.6 M NaOH solution 44 0.0156 0.0992
1 M NaOH solution 37 0.0130 0.1123
2 M NaOH solution 36 0.0129 0.0895
Hydrothermal synthesis
Synthesis at 65 °C 40 0.0142 0.0769
Synthesis at 85 °C 28 0.0099 0.0589
Synthesis at 150 °C 24 0.0085 0.0425
Influence of synthesis time
8-h synthesis 35 0.0123 0.0769
15-h synthesis 41 0.0147 0.0802
24-h synthesis 37 0.0132 0.0889
48-h synthesis 38 0.0134 0.0874

time to 24 h gave an increase in mesopores, however a fur-
ther increase in time had no significant effect.

A larger porosity of the synthesized catalysts can be
related to two main processes taking place during the alka-
line treatment. The first one is leaching of the components
(mostly Ca) from the raw material confirmed by the ele-
mental analysis. Transformations of the crystal structure
are another important phenomenon influencing creation of
the pore structure. According to SEM (Fig. 3) each treat-
ment type has a specific influence on the crystal formation,
which also has an impact on the surface area. Therefore,
a higher alkaline solution concentration results in lower
degree of crystallinity observed by XRD. An increase
of the hydrothermal synthesis temperature led to forma-
tion of large crystals (with an average size of 220 nm)
partially sintered (Fig. 3d). In both cases these processes
resulted in pore blocking and a decline of the surface area.
An increase of the synthesis time promotes formation of
clearly defined crystallites indicated by SEM (Fig. 3c)
with creation of a well-developed porous structure.

3.1.5 Transmission Electron Microscopy

Transmission electron microscopy characterization was
applied to study the structure, porosity, metal particle size
and channel systems in the initial industrial slag and after
several different kinds of pretreatment. Figure 5 illustrates
the internal structure of synthesized slag-based catalysts,
which consists of internal channels and pores.

The porous structure of the material is clearly visible
in Fig. 5b. The structure of the original industrial slag
comprises external pores and channels in the internal part
of the particle. An average pore diameter was determined
to be 18 nm. Similar to the original material, the sample
after pretreatment with 0.6 M NaOH contains pores with
the average pore diameter of 6.6 nm on the external sur-
face and has also internal channels. Formation of pores
and channels during the alkaline treatment is explained
by selective leaching of some elements from the initial
industrial slag. This phenomenon leads to changes in the
surface area and creation of mesoporosity.

Formation of well-defined crystals with the presence of
pores on the external surface and internal channel systems
was observed for catalysts prepared under synthesis time
and temperature variations.

Figure 6 illustrates TEM micrograph of a slag-based
catalyst prepared by 24-h pretreatment with 0.6 M NaOH
solution.

Formation of metal/metal oxide nanoparticles with the
average diameter of 7.5 nm and the predominant size of
8 nm can be clearly seen from Fig. 6.

@ Springer



Topics in Catalysis

Fig.5 TEM micrographs of the internal structure of synthesized
materials: a internal channels; b pores on the external surface

3.1.6 Temperature Programmed Desorption

Temperature programmed desorption of NH; and CO, was
performed for investigation of the properties of synthe-
sized catalysts such as the presence, amount and strength
of the acid and basic sites, respectively.

Fig.6 TEM micrograph of the
industrial slag after 24-h pre-
treatment and the corresponding
particle size distribution
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The presence of acid sites in this type of materials can
be explained by the presence of sulfur, silica and alumina
phases. Figure 7 demonstrates TPD-NH; curves of the origi-
nal material and the slag-based catalysts upon variation of
the synthesis parameters.

From the obtained data it can be inferred that the cata-
Iytic samples have all types of acid sites—weak (<770 K),
medium (770-1020 K) and strong (> 1020 K). Similar tem-
perature ranges were observed for catalysts synthesized from
gasified straw slag [34]. It is also clearly seen that there were
no considerable shifts of the curves during variation of syn-
thesis parameters (Fig. 7).

Basic properties of slag materials are directly related to
the elemental composition, namely presence and quantity of
the main components—CaCO,/Ca(OH),, MgO, Na,O and
Fe,0;.

Figure 8 illustrates TPD-CO, curves of the starting slag
and the slag-based materials treated with 0.6 M NaOH upon
variation of the synthesis parameters.

Analysis of the obtained results confirmed by EDX
showed that the original and treated materials are basic con-
taining only strong sites (> 750 K).

Quantitative characterization of the acid sites (umol/g),
namely the amount and distribution of weak, medium and
strong sites, is presented in Table 4.

Concentration of the acid sites lower than in the origi-
nal slag is characteristic of all types of synthesis (Table 4).
A decrease in the amount of acid sites is a consequence
of leaching of elements with acidic properties during alka-
line pretreatment. All synthesized catalysts exhibited only
one high and broad NH; desorption peak in the region of
770-1020 K indicating that the acid sites of the catalytic
samples are of medium strength (Fig. 7). It can be seen from
Table 4 that an increase of the alkali solution concentra-
tion from 0.6 to 2 M leads to an increase in the total acid-
ity up to 42 umol/g. The results obtained upon variation of
the synthesis parameters directly depend on the changes in
the elemental composition of catalytic materials. Thereby,

Nparticles =197
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on its basis

an increase of the treating agent concentration results in a
higher content of acidic compounds, which in turn leads to
an increase in the total acidity of the materials. Variation of
the hydrothermal synthesis temperature did not significantly

influence acidity of the synthesized materials. An increase
of the synthesis time from 8 to 48 h resulted in an increase
of the acid sites amount up to 58 umol/g (for 48 h synthesis).

From analysis of TPD-CO, results (Table 4) it can be
clearly seen that the alkaline treatment using 0.6 M NaOH
solution allows 1.5 fold increase in the number of the basic
sites compared to the original material. However, a further
increase of the alkaline solution concentration to 2 M gave a
decrease of the active sites (14 umol/g) as a result of losses
in the degree of crystallinity. The highest basicity for the
materials synthesized by the hydrothermal treatment is
50 umol/g (for synthesis performed at 150 °C).

The maximum basicity of slag-based catalysts was
achieved upon an increase of the synthesis time from 8 to
48 h being equal to 92 pmol/g. This catalyst characterized
by high degree of crystallinity of formed phases indicated
by XRD, well-defined crystal shape and relatively high sur-
face area.

It was found that the amount of active sites has a direct
correspondence to the specific surface area [35]. An increase
of the surface area and porosity in materials leads to appear-
ance of a larger number of surface active sites, which in
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Table 4 Acidity and basicity of

. Material Acid sites, umol/g Total acidity,  Total basic-
the n.:atalyst.s synthesized from ‘ umol/g ity, pmol/g
the industrial slag Weak Medium Strong

(<770 K) (770-1020K)  (>1020 K)
Non-treated material
Industrial slag 38 25 14 77 33
Effect of alkaline solution concentration
0.6 M NaOH solution 3 24 7 34 51
1 M NaOH solution 4 23 10 37 31
2 M NaOH solution 5 27 10 42 14
Hydrothermal synthesis
Synthesis at 65 °C 6 29 5 40 19
Synthesis at 85 °C 5 30 6 41 35
Synthesis at 150 °C 5 29 4 38 50
Influence of synthesis time
8-h synthesis 3 24 5 32 24
15-h synthesis 3 32 9 44 32
24-h synthesis 3 51 5 59 57
48-h synthesis 3 51 4 58 92

turn can lead to higher catalytic activity. However, for such
systems as slag catalysts catalytic behavior is complicated by
the presence of several oxides and differences in the formed
crystals.

3.2 Catalysts Testing

Analytical pyrolysis is an effective method of biomass
decomposition giving bio oil as the desired product [36,
37]. The use of synthesized catalysts in the current work
changed the product distribution in catalytic fast pyrolysis in
comparison with the thermal pyrolysis and a non-modified
industrial slag. However, there were no additional com-
pounds identified in catalytic pyrolysis in comparison to the
non-catalytic one indicating similar cracking pathways.

The degradation products were grouped as CO,, alde-
hydes, furans, pyrans, anhydrosugars, p-hydroxyphenyl and
guaiacyl. A list of the identified and integrated compounds
is presented in Table 5.

The obtained degradation products contained besides
CO, also other compounds (i.e., acetic acid, acetaldehyde,
guaiacol, vanillin, eugenol, phenol) typical for pyrolysis of
softwood biomass [38, 39]. Changes in the product distribu-
tion using different alkaline concentrations, synthesis tem-
perature and time are shown in Fig. 9. All synthesized cata-
lysts increased conversion of carbohydrates to low molecular
hydrocarbons. This was seen as an increase in the relative
amounts of CO,, furans, ketones, alcohols and acids.

Catalytic pyrolysis altered to a lesser extent the lignin
structure. A minor enrichment of the lignin degrada-
tion products was observed together with an increase in

@ Springer

p-hydroxyphenyl type of lignin degradation products. This
indicated demethylation activity of the synthesized catalysts
on lignin guaiacyl type units.

Catalytic activity of the obtained slag-based materials
showed a strong dependence on the synthesis parameters,
what can be seen from not only the distribution, but also the
yield of degradation products (Fig. 10).

In the case of catalytic pyrolysis a lower amount of the
liquid pyrolysis products can be related to a higher catalytic
activity resulting in enhanced char and gas formation. In
most cases, utilization of the slag-based catalysts decreases
the bio-oil yield. The highest activity was achieved for the
catalyst exhibiting the maximum surface area and mesopore
volume and allowing a more efficient access of the reactants
to the active sites.

The yield was increased at elevated synthesis temperature
and especially synthesis time. The highest liquid product
yield was, in particular, obtained for the material when the
synthesis time was 48 h, allowing the highest amount of both
basic and acid sites in the catalyst.

4 Conclusions

In the present study, synthesis of the slag-based catalysts was
performed by alkaline pretreatment of an industrial steel slag
with NaOH solution by varying such synthesis parameters
as the alkaline solution concentration, synthesis temperature
and time.

XRD analysis showed that the industrial slag and the
catalysts synthesized on its basis exhibit highly crystalline
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Table 5 Compounds that
were identified and calculated
from the catalytic pyrolysis
experiments

Gas
CO,

Alcohols
Methanol

Acids
Acetic acid

Aldehydes
Formaldehyde
Acetaldehyde
Propenal
3-Hydoxypropanal
Butanedial
Hydroxyacetaldehyde
3-Butenal-2-one

Ketones (+ester)
Propanal-2-one
Methyl-2-oxopropanoate
4-Cyclopenten-1,3-dione

Furans
(3H)-Furan-2-one
(2H)-Furan-3-one
3-Furaldehyde
2-Furaldehyde
3-Furfyl alcohol
5-Methyl-2-furaldehyde
(5H)-Furan-3-one

Methyl-dihydro-(2H)-pyran-2-one

Pyrans

1,5-Anhydro-4-deoxypent-1-en-3-ulose
5-Hydroxymethyl-2-tetrahydrofuraldehyde-3-one

5-Hydroxymethyl-2-furaldehyde

Anhydrosugars
1,4-Anhydroxylopyranose
1,5-Anhydroarabinofuranose
1,6-Anhydromannopyranose

1,6-Anhydroglucopyranose

p-Hydroxyphenyl type degradation products
Phenol
2-Methylphenol
4-Methylphenol

Guaiacyl type degradation products
Guaiacol
3-Methylguaiacol
4-Methylguaiacol
4-Ethylguaiacol
4-Propylguaiacol
4-Vinylguaiacol
Eugenol
cis-Isoeugenol
trans-Isoeugenol
Guaiacylpropyne
Guaiacylallene
Vanillin
Homovanillin
Acetoguaiacone
Guaiacylacetone
4-(Oxy-allyl)guaiacol
4-(1-Hydroxy-prop-2-enyl)guaiacol
Dihydroconiferyl alcohol
cis-Coniferyl alcohol
trans-Coniferyl alcohol
Coniferaldehyde

1,4-Dideoxy-p-glycero-hex-1-enopyranos-3-ulose

phases containing CaCO;, Ca(OH),, SiO,, Al,O;, Fe,0;
and TiO,. It was found that an increase in the alkaline solu-
tion concentration leads to a loss of crystalline Fe,O; and
transition to a weakly crystalline structure, which explains
a decrease of the surface area. Alkaline pretreatment of the
industrial slag allows an increase of the surface area exceed-
ing almost twofold the surface area of the parent material.
The maximum value was achieved for 4 h pretreatment with
0.6 M NaOH being equal to 44 m?*/g. An increase in the
surface area was accompanied with formation of a porous
structure including pores on the external surface and internal

channels as determined by TEM. Formation of metal/metal
oxides nanoparticles with an average diameter of 7.5 nm
was also observed. TPD showed that the original and treated
materials exhibited strong basicity due to presence of large
amounts of basic oxides.

Fast catalytic pyrolysis of softwood sawdust demonstrated
that the slag catalysts changed the product distribution and
the yield of the degradation products in comparison with
thermal pyrolysis or application of an unmodified industrial
slag. The highest liquid yield was achieved for the catalyst
exhibiting the highest amount of both acid and basic sites
(48-h treated slag with 0.6 M NaOH at ambient conditions).
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Fig.9 Distribution of degrada-
tion products formed in fast
pyrolysis of softwood sawdust
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