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This research work investigated the suitability of electric arc furnace (EAF) slag as one of raw materials for geopolymer
ceramic product. Two sets of different body formulations were used; EAF slag with and without presence of China clay were
prepared in alkaline medium. In addition, this work also studied the effect of varying curing temperature on the properties
of EAF slag waste-based geopolymer. The chemical and mineralogical of this geopolymer are characterized by X-Ray
Diffraction (XRD), X-Ray Fluorescence (XRF) and Fourier Transfer Infrared Spectroscopy (FTIR). The physical properties
included water absorption, apparent porosity, and bulk density are well reported where phase analysis and functional groups
present in the geopolymer supported the observations. Furthermore, the compressive strength obtained was in line with the
result observed in physical properties.
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Introduction Although Badiee et al. [13], Sarkar et al. [14] and our
preliminary study; Teo et al. [15]; Teo et al. [16] have
Recently, development of green and sustainable managed to incorporate the EAF slag in ceramic
ceramic product is getting prominent and gaining much product via conventional high temperature firing (1,150 °C
attention from worldwide researchers. A ceramic - 1,180 °C), they mutually agreed that the higher iron
product is considered ‘green and sustainable’ if it is oxide content in EAF slag (25-42.4 wt.%) would
made from industrial solid wastes, non-hazardous, cause vigorous fluxing action in the ceramic. It was
recyclable and cheaper in cost [1]. Several researchers reported that iron oxide strongly contributes to formation
have proposed on the potential utilization of industrial of excessive glassy phase and lower densification point
wastes such as blast furnace slag from iron making to the level at which gases as still being liberated
plant [2-4], glass wastes [5, 6], fly ash [7-9], sewage during firing process. This vigorous glassy phase
sludge [10-12] and EAF steel slag from carbon steel would then seal pores and trap gases, leading to surface
making plant [13-17], as partial replacement of raw defects such as bloating and blistering upon cooling of
materials into green ceramic product. The idea of the ceramic [18]. Apart from that, another challenge is
reusing the solid wastes for ceramic body is widely the entrapped gases are would also remain as closed
reported as those wastes are found to have close porosity in the ceramic body upon cooling. Therefore,
chemical composition to the natural resources (clay, combination of these drawbacks, surface defects and
flux and filler) required for conventional ceramic closed porosity would in turn deteriorate physical (water
manufacturing. The recent waste utilization approach is absorption and apparent porosity) and mechanical
much preferable as it can resolve problems associated properties (compressive strength) of the ceramic product
with over-limit storage of industrial wastes and reduce and these make the utilization of EAF slag in ceramic
exploration of natural resources for ceramic products to is rather more challenging as compared to other solid
continuously sustain the nature. wastes.
Owning to these, geopolymerization is regarded as a
*Corresponding author: potential route to surpass drawbacks of conventional
Tel : +609-9477427 high temperature (1,150 °C to 1,180 °C) firing process in
Fax: +609-9477402 gh tempera > ) gp
E-mail: teopaoter@umk.edu.my EAF slag based ceramic product. The term “geopolymer”
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was first used by Davidovits [19] to describe a family
of mineral binders closely related to artificial zeolites.
These structures consist of a polymeric Si-O-Al (silico-
oxide) functional group, similar to that found in zeolites.
Generally, geopolymerization involves alkaline activation
of functional groups in the product curing process, and
low firing temperature (500 °C to 1,000 °C) is employed.
Most of up-to-date journals merely reported on formation
of geopolymer chains from pure clay using sodium
hydroxide (NaOH) alkaline medium as geopolymerization
activation agent. Several researchers have reported on
development of geopolymer structural clay product
such as ceramic tile and brick from clay (mandatory
raw material) and solid wastes such as waste ceramic
[20], dust ceramic [21] and fly ash [22, 23]. From the
studies, they have mutually agreed that geopolymerization
route integrated with low firing temperature (500 °C to
1,000 °C) is capable to yield ceramic product which
have comparable physical and mechanical properties
with conventional ceramic product.

Nevertheless, none of research work has been reported
on developing of geopolymer chains from combination
of EAF slag waste and clay. Previous FTIR (Fourier
Transform Infra Red) analysis has revealed that the
slag generally consists of functional groups such as
silico-aluminate (-Si-O-Al-O-) and/or ferro-silico-
aluminate (-Fe-O-Si-O-Al-O-) while clay consists of
silico-oxide (silico-oxide: -Si-O-Si-O) functional group
[24, 25]. Subsequently, through alkaline activation of
curing process, there is a high likelihood for the
functional groups (from EAF slag and clay) to
chemically react and form a new geopolymer network
in the geopolymer ceramic product. Therefore, the
purpose of this work is to preliminary investigate the
potential utilization of EAF slag into geopolymer
ceramic including different body formulations and
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curing parameters. The results discussed will be based
on the physical and mechanical properties, as well as
mineralogical property of the EAF slag waste-based
geopolymer ceramic.

Methodology

Materials

Two different types of raw materials were used in
this research, whereby the raw and waste materials
were mixed at a different ratio. The raw material used
in this work is China clay (supplied by Kaolin Malaysia
Sdn. Bhd.) and EAF slag waste. The EAF slag was
supplied by a local Malaysian steel manufacturer.
Meanwhile, the alkaline medium used was sodium
hydroxide (NaOH) pellet (Brand: MERCK).

Sample preparation

Fine powder of EAF slag was obtained by crushing it
for 6 min using high energy ring milling. Then, NaOH
solution was prepared by dilution NaOH pellets in
distilled water to produce 2 M alkaline activator
solution. After that, two different compositions denoted
as Composition 1 and 2 were prepared with different
ratios of waste and raw materials according to the
formulation as tabulated in Table 1. Each composition
was homogeneously mixed with a constant amount of
prepared alkaline solution by using a Heidolph mixer
for 5 min.

After the mixing process, the mixed pastes were
compacted using cylindrical polyvinyl chloride mould
with a dimension of 3 cm x 2 cm (diameter x height).
In the next step, the samples were hermetically sealed
for 24 h for pre-curing at room temperature. Finally,
the samples were demoulded and post-cured at different
curing temperatures; 25, 60 and 80 °C. The experimental

r

Waste preparation

- Crushing and grinding using ball milling
L J |- Preliminary chemical analysis: XRF, XRD, FTIR

Mixing

- Alkaline solution preparation
- Mix with other compounds for 5 minutes

Shaping

- Paste was poured into into cylindrical mould
- Dimension of sample : 3 cm x 2 cm (diameter x height)

Curing

- Pre-cure at room temperature for 24 hours

- Post-cure at different temperatures: 25, 60 and 80 °C

Characterization

\ J

+- Physical, mechanical and chemical characteristics of EAF
slag-based geopolymer ceramic product

Fig. 1. Flow chart of experimental procedure
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Table 1. Body formulation of geopolymer ceramic

EAF Slag China Clay

NaOH solution Post-curing temperature

Composition No. (WL.%) (WL.%) (vol.%) °C) Code name
1 92 - 8 25 1T25
(without presence of 92 - 8 60 1T60
china clay) 92 - 8 80 1T80
2 46 46 8 25 2125
(with presence of 46 46 8 60 2T60
china clay) 46 46 8 80 2T80

procedures were summarized in Fig. 1.

Characterizations

The characterizations performed in this research
included chemical analysis, physical behaviour and
mechanical properties determination in order to investigate
the properties of Malaysia’s electric arc furnace (EAF)
steel slag waste. These properties were expected to
influence the performances of EAF slag-based geopolymer.

X-Ray Fluorescence (XRF) analysis (Bruker S2 Ranger
X-Ray Fluorescence spectrometer) was used to determine
the chemical compositions. X-ray diffraction (XRD)
measurement (Bruker D2 Phaser X-ray diffractometer)
was used to determine the crystallinity of the geopolymer
sample. The XRD diffractograms of the raw and waste
materials were obtained by using Cu Ko radiation and
the samples were step-scanned with 20O in the ranges
between 10-80°. Thermo Fisher Scientific’s Fourier
Transform Infrared (FTIR) spectrometer was used to
analyse the functional groups present. Spectral analysis
was performed over the range 2,500-500 cm ™.

The physical properties such as water absorption,
apparent porosity, and bulk density were evaluated in
accordance with Malaysian Standard (MS ISO 10545-
3:2001). Meanwhile, American Standard for Testing
and Materials (ASTM C39) was used to determine the
compressive strength.

Results and Discussion

The chemical composition of raw materials; EAF
slag and China clay obtained from XRF analysis is
tabulated in Table 2. It can be seen that EAF slag contains
a higher percentage of CaO and Fe,O;. Normally EAF
contains about 15~30% of iron [26]. This indicates that
the high content of both oxides in EAF slag is suitable
for acting as a fluxing agent for geopolymerization
[27]. Meanwhile, China clay composed of a high content
of Si0,, Al,O; and K,0, which is normally known as
the aluminosilicate sources for geopolymer fabrication
[28-30].

Fig. 2(a) and (b) shows the XRD diffractograms for
both raw materials. This diffractogram confirmed the
presence of larnite (2Ca0O-SiO,), hematite (Fe,0s),
wustite (FeO), gehlenite (Al120;-2Ca0-Si0O,) and quartz

Table 2. Chemical composition of EAF slag and China clay.
Oxide (wt. %)

Compound -
EAF Slag China Clay

SiO, 21.40 62.60
AlLOs 5.94 28.30
CaO 34.10 0.13
Fe,05 26.90 0.87
MgO 2.35 1.03
TiO, 0.58 0.71
K,0 0.30 6.05
MnO 6.62 -

(Si0O,) in EAF slag as shown in Fig. 2 (a) which agree
with COD 9012789, COD 9015065, COD 9009766,
COD 1011002 and COD 9011493 respectively. The
presence of these crystalline phases is expected to be
beneficial to the mechanical properties of the resultant
geopolymer [18]. No apparent peak is available that
represents alumina is obtained in XRD diffractograms
for EAF. This is consistent with the data obtained
previously in XRF analysis, where the amount of Fe,Os is
very low. Meanwhile, China clay composed of kaolinite
(A1,05.2810,.2H,0) and quartz (SiO,) as depicted in
Fig. 2(b) that are in accordance with COD 9009230
and COD 9000775, respectively.

FTIR spectra with the functional groups present in
EAF slag and China clay is illustrated in Fig. 3 (a) and
(b), respectively. Dakhane et al. [31] have reported that
vibration modes of silica bonds can be observed in the
range between 400 to 1,200 cm™'. In this work, Fig.
3(a) shows that the prominent peaks of EAF slag at
850.37 and 882.75 cm™' which represents the symmetric
stretching of Si-O bond and asymmetric stretching
vibration bond of Si-O-T (T=Si or Al). The other
functional groups present in EAF slag can be seen at
982.75 to 1,474.41 cm™'. These peaks attributed to the
asymmetric stretching vibration of Si-O/Al-O, respectively
[32].

The absorption bands at 3,687.98 cm™ and 3,620.28
cm™ as shown in Fig. 3(b) are assigned to the stretching
vibration of OH groups in China clay. A similar
observation was reported by Sore et al. [33] where the
stretching vibration of OH groups of china clay are
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(a) L: COD 9012789 Larnite (2Ca0.Si0O,)
H: COD 9015065 Hematite (Fe,0,)
W: COD 9009766 Wustite (FeO)
G: COD 1011002 Gehlenite (A1,0,.2Ca0.Si0,)
L | Q: cop 9011493 Quartz (Si0,)
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Fig. 2. XRD pattern of (a) EAF slag and (b) China clay.

located at a range between 3,688-3,620 cm™'. The other
groups such as vibrations of Si-O, symmetric Si-O-Si

100 7 (a)

98

96

94

% Transmittance

924

1474.41 Si-O

850.37 Si-O

904

7 882.75 Si-0-T. 982.75 Si-O

88 +—

AL IELENL LI RN N L LU BB
3500 3000 2500 2000 1500 1000
Wavenumber (cm'l)

4000

™1
500

% Transmittance

Siti Koriah Zakaria et al.

and asymmetric stretching band of Si-O-Al of kaolinite
at 1,112.35, 1,026.98, and 994.60 cm™' [34,35] are
observed in China clay.

FTIR spectra represent the functional groups present
in the EAF slag-based geopolymer with different com-
positions is depicted in Fig. 4. The determination of Si-
O-Si and Si-O-Al bonds geopolymer can be observed
at different peaks for different compositions. For
instance, the peaks are located at 882.75 and 982.83
cm™' for sample denoted as 1T25 meanwhile the peaks
are slightly shifted to lower bands for samples denoted
as 1T60 and 1T80. A similar trend can be observed in
Composition 2 when the post-curing temperature is
beyond 20 °C and keep increasing. The shifted peaks
can be related to the changes of the silicate network as
a consequence of the curing process [36]. It is suggested
that the polycondensation of these bonds occurred in
the alkaline environment [37].

The physical properties of for EAF slag-based
geopolymer with different compositions and post-curing
temperatures are shown in Fig. 5(a-c). The water
absorption for Composition 1 is lower than Composition
2. This indicates that the water accessibility in
Composition 1 is unfavourable which can be related to
the low apparent porosity and high bulk density as
supported in Fig. 5(b) and (c), respectively.

In addition, it can be observed that the percentage of
water absorption for any compositions keep decreasing
with temperature and Composition 1 showed significant
low values of water absorption as compared to
Composition 2. In general, low water absorption with
increasing post-curing temperature can be elaborated
with the condensation process within the matrix that
occurred after gelation [33].

Fig. 5(b) and (c) also show that the apparent porosity
and bulk density of EAF slag-based geopolymer are
influenced by the post-curing temperature. This indicates
that temperature control the raw material dissolution
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Fig. 3. FTIR Spectra of Geopolymer Ceramic (a) Composition 1 and (b) Composition 2.
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Fig. 4. FTIR Spectra of Geopolymer Ceramic (a) Composition 1 and (b) Composition 2.

and gel condensation thus consequently the formation
of pores and density of geopolymer sample. Sore et al.
[33] explained that dissolution of raw materials and
condensation of the gel are slow at low temperature
which leads to porosity formation and caused low
densities. A similar observation is obtained where the
apparent porosity is high; meanwhile, bulk density is
low at 25 °C. Again, a similar trend can be seen where
less porosity formation and thus resulted in high-
density geopolymer at high temperature.

Compressive strength for both compositions with
various post-curing temperatures is plotted in Fig. 5(d).
The value of compressive strength of Composition 1 is
higher than Composition 2 irrespective of post-curing
temperature. This observation can be explained by the
formation of the granular structure in the EAF slag-
based geopolymer sample. As mentioned previously,
China clay was added in Composition 2, and the
alkaline medium was used as an activator in this work.
It was reported that China clay has low reactivity with
the alkaline solution, which causes limited surface area
for China clay dissolution and thus unable to provide
Si** and AI*" ions for the further reaction [36]. China
clay used is not pre-heated, which also causes a decrement
of the mechanical strength of the final products [38].
On top of that, Abdullah et al. [36] explained that the

homogeneity of the geopolymer mixtures is crucial in
order to attain high strength and additional water for
mixing can detrimental to the mechanical strength.

The trend of compressive strength of Composition 1
is inconsistent with temperature, but it can be noticed
that the compressive strength is higher at 25 °C than at
any temperature. It has been reported by Yunsheng et
al. [29] where the addition of EAF slag beyond 50.00%
will deteriorate the strength of geopolymer. However,
the percentage of EAF slag used in this work was
92.00%, and the compressive strength obtained at
25°C is 1.41 MPa for sample denoted as 1T25. This
indicates that EAF slag has the potential of a great
filler in enhancing the mechanical properties of
geopolymer [36].

However, the compressive value is decreased at
higher post-curing temperature for Composition 1. The
gel within the mixture contracted without transforming
into semi-crystalline form due to the dehydration and
excessive shrinkage caused the low compressive strength
value at high temperature. The other factors that
influence the compressive strength of the geopolymer
are the size of slag [39] and the addition of water
during the mixing process. Huang et al. [40] explained
that small size of slag will able to distributed in the gap
of large particles and the hydration degree of small
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Fig. 5. Properties of EAF slag based geopolymer ceramic with (Composition 2) and without (Composition 1) presence of china clay (a)
Water absorption, (b) Apparent porosity, (¢) Bulk density and (d) Compressive strength.

particles was bigger than that of large particles when
the reaction started. Thus, calcium silicate hydrate gel
of small particles and large particles has coalesced, and
a dense structure was formed. This formation was
responsible for high compressive strength.

Conclusion

In overall, the results obtained in this work have
proven the presence of geopolymer functional groups
in the EAF slag based ceramic product. Thus, EAF slag
is suitable to be utilized as one of raw materials for
geopolymer ceramic product. Future study would focus
on fine tuning of body formulation and curing parameter
to further optimize and improve the physical (water
absorption, apparent porosity and bulk density) and
mechanical (compressive strength) properties of the
EAF slag based geopolymer ceramic product.
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