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Abstract

The work aims to reuse two different industrial solid wastes (Dealuminated kaolin (DK) and Electric arc
furnace slag (EAFS)) in the manufacture of eco-friendly binder. The probability of producing the more durable eco-
friendly geo-polymer binders is produced from blending EAFS, and DK solid wastes sections with different dosages
of alkaline activator solution. The produced binder was treated at + 30°C at relative humidity (RH) 98 = 1 %.
Different experimental tests were performed such as, compressive strength, combined water, and free slag content.
In addition to instrumental techniques such as XRD, DTA/TGA, SEM and FTIR were performed. DK hindered the
formation of micro cracks through EAFS-geopolymer and enhanced the C-S-H formation beside enhanced the

durability of the binder matrixes.
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1. Introduction:

According to sustainable economic study,
cement industry has massive environmental
implications, owing to high evolution of CO, gas and
other connected gases through burning fossil fuels
[1]. The global CO, emissions ~2.34 billion tones in
2030 from cement plants only [2]. Currently, green
house generation (GHG) emissions from cement
industry participate by 8% of total national
emissions. Green house generation influences the
global warming and climate change with
environmental system [3]. Cement industries have
several implications on soil, air, water, and health as
high concentration of hazardous and heavy metals in
soil surrounding cement plants [4], health threatening
CO,, SO,, NOy and dust particles [5], and high pH,
phosphate, nitrate, turbidity, total dissolved and
suspended solids with biological oxygen demand [6],
respiratory diseases, and eye irritation with cancer
risk [7]. To produce 1 ton of clinker, Cement
consumes 1800 MJ of energy [8,9].

Considering the above reasons and more,
researchers are interested in finding partial or total
alternative cementitious binder materials to reduce
CO, emission and save energy [10,11]. Geopolymer
is an eco-friendly building binder material that
produced from alkaline activation of solid wastes
containing alumina and/or silica sources [12,13]. The
alkali activation technique is carried out through five
stages: dissolution, precipitation, reorganization,
gelation, and polycondensation [14]. Geo-
polymerization of industrial aluminosilicate by-
products produce amorphous phase and 3D-inorganic
network structure called geopolymer. This network
structure based on oxygen bridge connects Si-O
tetrahedron and AI-O tetrahedron layers [15,16].
Accumulation of industrial solid wastes, not only

leading to economic losses but also are toxic,
corrosive, explosive, flammable, infectious. In
addition to polluting soil, water, and air which causes
harmful problems to humans and the environment
[17].

Geopolymers are not only eco-friendly
cementitious binders and turn hazardous wastes to
treasure but also have many advantages and
applications than cement industry. These eco-friendly
cementitious binders have great mechanical
properties with high strength, fire resistance, artificial
ageing resistance, and corrosion resistance [18-22].
They have wide applications in commercial airport,
railway and they are used to repair pavement in
military bases [23].

In this study we concentrated on Electric Arc
France Slag (EAFS) and Dealuminated Kaolin (DK).
During the melting process of scrap steel, EAFS can
be formed and classified according to lime amount
into oxidizing or black slag (lime<40%) and
reductive or white slag (lime>40%) [24]. World shift
towards steel production from electric arc furnaces
(EAF) as low coast and less energy requirements
[25]. Around 10% of EAF steel production is EAFS
dust [26], which accumulate in the environment and
must be recycled to reduce hazardous solid wastes.
EAFS is a high oxides source as it contains 25-40%
iron oxides, 5-15% aluminum oxides, 10-30%
silicon oxides, and 25-40% calcium oxides [27].
EAFS has angular shape, rough surface, and almost
crystalline structure [24,28]. Due to high content of
iron and iron oxides, its density varied from 3000-
3500kg/m® [29]. EAFS shows high abrasion and
fragmentation resistance [30], high mechanical
strength, good workability, and less affected by
sulphate and fire attack [31].
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Dealuminated kaolin (DK) is a waste from
aluminum sulphate industry. Calcination of kaolin at
700-800°C produce high reactive source of
alumina/silica pozzolanic material called metakaolin
(Al,03.2Si0,). Dissolution of metakaolin (MK) in
sulfuric acid produces alum as a main product
leaving acidic silica solid waste (DK) [32-36].
During dealumination process, large amount of DK
produced (around 50% of total alum production)
which disposed in landfills and pollute the
surrounding areas [35]. Type of inorganic acid used
during dealumination process determine SiO,/Al,O3
ratio and BET value of DK [37,38]. Al and Fe
contents of DK decreased as concentration of acid
and reaction time increased [38]. Acid leaching for
MK increased the surface area of DK up to 92.5 m?/g,
this is due to the formation of the high active
amorphous silica structure network. DK has high
pozzolanic activity than silica fume itself and ability
to fix lime than silica fume and MK [37,39].

Generally, geopolymers have intensive resistance
to fire attack due to their Si-O-Al network structure
[40]. These binder materials are suitable for fire risk
buildings such as tunnels and huge buildings. Unlike
Portland cement which begin to disintegrate above
300°C [41], geopolymers exhibit fire resistances up to
1000°C without toxic gas emission or sudden
degradation due to their ceramic like properties
[42,43]. According to water content, mix
composition, and alkaline activator, geopolymer
exhibit varied behavior when exposure to
temperature above 800°C [44]. Recrystallization,
sintering structure, and phase transformation may
include this behavior [44]. Geopolymers have
application as they can be used as thermal insulator,

refractory material, fire protector, sound absorber,
and as storage concrete for thermal energy [45-48].

However, there are numerous studies of utilize
EAFS as cementitious material and an aggregate in
Portland cement system [24,32], there are limited
studies concerned on using EAFS as a starting
material for geo-polymerization technique. So, we
investigate the physio-chemical, mechanical and fire
resistance characteristics of EAFS-geopolymer and
modify these properties by addition different amount
of dealuminated kaolin (DK).

2. Materials and experimental procedures:
2.1. Raw materials:

Electric arc furnace slag (EAFS) was obtained
from Ezz-El-Dekhila Steel Company, Alexandra
Governorate, Egypt. Dealuminated kaolin (DK) was
collected from Egyptian Alum Company, Abou
Zaabal, Al Qalyubia Governorate, Egypt.

Dealuminated kaolin (DK) is a byproduct for the
manufacture of aluminum sulfate industry from
Egyptian kaolin. The chemical composition of these
raw materials is summarized in Table 1. Figure 1
represented the particle size distribution of
dealuminated kaolin (DK) and electric arc furnace
slag (EAFS). Dk participated mainly under size 7um.
The particle size distribution of EAFS have two grain
size, more than 40% of particles located under 10 um
and other particles located below 45 pm. The
morphology of EAFS and DK were investigated by
scanning electron microscope (SEM) as shown in
Figure 2 and 3, respectively. The micrograph of
EAFS represented a semicrystalline structure with
high component of iron and zinc. The microstructure
of DK displayed as layered morphology.

Table (1) Chemical composition of starting raw materials: EAFS, D.K and SSL

Oxides, mass%o EAFS D.K SSL
SiO, 4.6 77.70 30.345
Al,O4 1.34 5.48 -
Fe,O3 22.54 0.66 -
CaO 29.90 0.18 -
MgO 1.03 0.05 -
TiO, - 4.25 -
SO - 2.13 -
K,O - 0.11 -
Na,O - 0.04 14.45
Zn 8.54 - -

C 1.91 - -
L.O.1 30 9.10 55.205
Total 97.95 99.99 100

L.O.I: loss of ignition.

Figure 4 represented XRD patterns of EAFS and DK Figure 4 showed the diffraction peaks corresponding to
magnesio-ferrite (Fe,MgQO,), calcite (CaCOs), and rhodonite (Cag3FeqsMge1Mn,,015SisZngg0s) phases beside
zincite phase (ZnO). The major component of DK is quartz (Q) and little amount is TiO, (T) with considerable

amorphous structure.
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Fig. (3) SEM of DK
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The Fourier-transformation infrared spectroscopy (FT-IR) of EAFS are shown in Figure 5. The bands located at
497, 1045, 1402, and 2925 cm™ specific for EAFS and 465, 691, 796, and 1091cm™ for DK which indicated to Si-O
and Si-O-Si bonds.

Sodium silicate liquid (SSL) collected from Egyptian Saudi for chemical Industries company, Bader City, Cairo,
Egypt. SSL contains 14.45% Na,0O, 30.35% SiO,, and 55.21% H,0. Sodium hydroxide pellets 99.8% purity were

used as alkali materials for activation process.
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Fig. (4) XRD patterns of EAFS and DK; 1= Magnesio-ferrite (Fe,MgO,), 2=Zincate (ZnO); 3=Calcite (CaCOs,),
4=Rhodonite (Cag sFeg4Mgg1Mn, ,015SisZNg o05), Q=Quartz (SiO,) and T=TiO..
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Fig. (5) FTIR spectra of (A) EAFS and (B) DK.

2.2. Preparation of geopolymer binder mixes:
Different concentrations of alkali activator
(Na,O and SSL) were applied to electric arc furnace
slag (EAFS) to achieve the optimum mix (1 mol
Na,O and 0.5 mol SSL). Different EAFS/DK
geopolymer mixes were prepared by varying the
percentages of DK as 10, 20, 30, and 50%. The
compositions of these mixes are shown in Table 2.
Each mix was blended in a porcelain ball mill for
2hrs in the presence of four balls using a mechanical

roller. After mixing, freshly prepared geopolymer
was casted into 2x2 cm cylinder molds, then the
geopolymer pastes were pressed to obtain
homogeneity specimen, then vibrated for 5min in
vibrating table. The samples were cured at 30 °C for
72 hrs. After 72 hrs, the casted molds were de-
molded and then the specimens were treated at +
30°C at humidity cabinet at RH= 98 + 1 % for all
cured time up to 90-days.
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Table (2) Composition of prepared geo-polymer mixes.

21

Mix Abb. EAFS D.K SiO,, mol/kg Na,O, mol/kg WIS ratio
EAFS1 100 - 0.50 0.50 21
EAFS2 100 - 0.50 0.75 21
EAFS3 100 - 0.50 1.00 22
EAFS4 100 - 0.50 1.50 23
EAFS3.DK1 90 10 0.50 1.00 24
EAFS3.DK2 80 20 0.50 1.00 26
EAFS3.DK3 70 30 0.50 1.00 30
EAFS3.DK4 50 50 0.50 1.00 37

2.3 Investigation methods:

Compressive strength was determined for 3
samples according to the ASTM designation (ASTM
C109M 2016) [49]. After desert time 3, 7, 14, 28, and
90-days, the hydration of geopolymer binders was
stopped using 1:1methanol-acetone mixture, then
dried at 70°C for 2h. The stopped specimens were
stored in desiccators [50]. Free slag content was
determined according to the following reference [51].

The Fourier-transform infrared (FT-IR) spectra
were recorded for some selected samples using
Genesis FT-IR spectrometer in the range 400-4000
cm* after 256 scans at 2 cm™ resolution.

The scanning electron microscope (SEM) with an
energy-dispersive  X-ray analyzer (EDX) was
investigated with Inspect S (FEI Company, Holland).
The X-ray diffraction patterns (XRD) was applied to
the selected samples with the aid of BRUXER, Axis
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D8 ADVANCE A8, and a Germany diffractometer
between 10° and 70° 2-theta and a scanning speed of
1°/min

Thermal gravimetric analysis (TGA/DTG) was
applied by wusing DTA-50 thermal analyzers
(Shimadzu Co., Tokyo, Japan) under N, gas
atmosphere. A dried sample was detected at a heating
rate of 10°C/min.

3. Results and Discussion:
3.1. Compressive strength:

The compressive strength of hardened geo-
polymer mixes cured at 98 + 1% RH humidity up to
90 days. Figure 6 shows an increase in compressive
strength for all mixes with curing time. For EAFS-
geopolymer binder, EAFS3 mix shows the higher
values of compressive strength at all hydration-curing
time (Figure 6A).
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Fig. (6) Compressive strength of alkali activated (A) EAFS mixes and; (B) EAFS3.DK mixes.
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Increase of the alkaline activation (Na,O
content) leading to an increase in compressive
strength due to high quantity of hydroxyl groups that
reacted with Ca®, Fe®*, and Mg? cations.
Acceleration this reaction by alkali content
accelerates the geo-polymerization process and forms
high freshy hardened paste in short time producing
CSH, CAH, and N(C)ASH (geopolymer gel-
cementitious binders). The further increase in alkali
content does not influence the activation process but
also reduce the compressive strength as represented
in EAFS4 mix (1.5 mol Na,O). This is due to low
amorphous character value of EAFS structure and
reduction level of long-range structural products as
well as increase the porosity of the geopolymer gel
matrix, therefore the compressive strength will
decrease. High crystalline structure of EAFS
produced through air cooling after iron melting
process that prevent affected by the high alkaline
activation (Na,O content).

The compressive strength values of hardened
geo-polymer EAFS3.DK mixes cured at 90-days are
illustrated in Figure 6B. Increase of the content of
DK increases the compressive strength value up to
30% DK. The high surface area of amorphous silica
contenting the DK (92.5 m?g), enhances the
formation of CSH, CAH, and N(C)ASH (geopolymer
gel), that increases the hardening and strength of
geopolymer gel binder formed. For EAFS3.DK geo-
polymer mixes (Figure 6B), EAFS3.DK3 (30% DK)
shows the highest compressive strength value of all
mixes during curing period. Increase of the content of
DK up to 50% (EAFS3.DK4 mix), the values of
compressive strength decreased as the amount of
CSH, CAH, and N(C)ASH gel binders was reduced.
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3.2. Combined water content:

Chemically combined water content of EAFS
and EAFS3.DK mixes cured up to 90 days are
graphically represented in Figure 7. Combined water
content (Wn%) is related to the amount of hydration
products and degree of polymerization process of
geopolymer binders. Deposal of hydrated products in
the open pores through continuous hydration leading
to increase in combined water contents with curing
time. At 7 days, the chemically combined water
content for EAFS1, EAFS2, EAFS3, and EAFS4
mixes were 11,82%, 12.06%, 12.32%, and 12.51,
respectively. As the Na,0O% content of alkaline
activator increased, the partially hydration products
increased leading to an increase in chemically
combined water contents at 90-days. The Wn content
for these mixes were 15.24%, 15.09%, 16.71%, and
15.74% respectively. As the hydration time
increased, the hydraulic properties of EAFS increased
with the increase in chemically combined water
contents.

Figure 7B shows that addition of DK
decreases the Wn% content. High pozzolanic activity
and high silica source of DK enhance the formation
of CSH, CAH, and N(C)ASH (geopolymer gel) with
lower water content during curing time [39]. At 90-
days, the water content of EAFS3.DK3 was 13.46%
while the EAFS3, EAFS3.DK1, EAFS3.DK2, and
EAFS3.DK4 were 16.71, 16.11, 14.96, and 13.6,
respectively. The mix containing 30% of DK is the
optimum addition to maintain and enhance the
formation of C-S-H bonds with low value of Wn
compared to other mixes [39].
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Fig. (7) The chemically combined water contents of alkaline activation of EAFS mix (A), and EAFS3.DK (B).
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3.3. Free slag content:

Figure 8 represented the free slag content of
EAFS mixes, and EAFS3.DK- geopolymer mixes up
to 90 days. For EAFS mixes (Figure 8A), free slag
content degreases with increasing alkaline solution.
Increasing in alkalinity, increases the hydroxyl ion
concentration, hence the concentration of -Si-OH,
=Fe-Si-OH, and =Al-Si-OH groups increase. These
groups condensed to form crosslinked network
structure and free active pozzolana decrease with
increasing alkalinity. Free slag content decreased
with curing time as the hydrated products increased
with time, leading to the free active pozzolana
content decreased.

Addition of DK (Figure 8B) increases the
initial free slag content as DK is high reactive source
of free pozzolanic activity = 85% comparting to
EAFS= 56%. The free slag content for EAFS3,
EAFS3.DK1, EAFS3.DK2, EAFS3.DK3,
EAFS3.DK4 at 3days were 48.88%, 63.82%,
61.44%, 69.58%, and 78.32%, respectively, whereas,
at 90 days were 37.00%, 53.22%, 49.96%, 59.44%,
and 70.60% respectively. With increasing in
hydration time, hydration products increase with
decreases in free slag content.
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3.4. X- ray diffraction patterns:

Figure 9A and B represented the x-ray
diffraction patterns of alkaline activated EAFS3 and
EAFS3.DK3 geopolymer binder mixes hydrated at
7,28, and 90-days. The x-ray diffraction patterns
show the presence of calcium hydroxide (CH) phase
at diffraction lines at 4.92, 2.62, 1.92 and 1.79A for
specimens cured at 7 days. The diffraction lines
intensity of CH decrease with curing time, this is due
to the formation of new additional products namely
CSH gel binders. These diffraction detection peaks at
all curing ages (7-90 days) associated with formation
of CSH-gel overlapping with CaCO; [50]. New phase
zoisite phase (Al ggsCasFeg116HO13Sis) is generated
during curing time of 28 and 90 days. High
crystalline peaks were observed form 2-theta = 28° to
37° that evidence to the crystallinity structure of

EAFS, which affected on geo-polymerization
process. It was noted that magnesio-ferrite
(Fe,MgOy), and Rhodonite

(CagsFeqsMgo1Mn, 2015SisZnges) phases are also
present in the diffraction lines [52].
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Fig. (8) Free slag content of alkaline activation EAFS mixes (A), and EAFS3.DK mixes (B).
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Fig. (9) X-ray diffraction of EAFS3 cured up to 90 days; l=calcium hydroxide, 2=calcium silicate hydrate, 3=
calcite (CaCQO3), 4= Magnesio-ferrite (Fe,MgO,), 5= Rhodonite (CagsFeqsMgo.1Mn,2015SisZng ogs), 6=di
sodium calcium silicate (Na,CaSiO,), 7=quartz (SiO,), 8= Dialuminium silicate oxide (Al,SiOs).
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The x-ray diffraction patterns for EAFS3.DK3
represented in Figure 9B. It shows that calcium
hydroxide diffraction lines decreased sharply and
closely disappear after addition DK to EAFS. The
diffraction patterns showed the presence of disodium
calcium silicate (Na,CaSiO,), di aluminum silicate
oxide (Al, Si Os), and quartz which enhance the
formation of CSH, CASH, and N(C)SH gel
formation. DK acting as a nucleation center for
generation and accumulation of geopolymers [40]
that has appositional affect in compressive strength
(Figure 6B) and morphology structure as shown later
in Figure 12.

3.5. TGA/DTA thermograms:

Figure 10A and B represented the TGA/DTG
thermograms of EAFS3, and EAFS3.DK3-
geopolymer mixes cured at 7, 28 and 90 days. Free
water, adsorbed water, water content of N(C)ASH,
CSH, and CAH related phases removed at
endothermic peaks >200°C. Endothermic peak at
480°C is related to presence of Ca(OH), as well as
endothermic peaks from 600°C to 800°C is related to
decomposition of calcite [53].

At 800°C, the weight losses of EAFS3 mix
were 11.85%, 15.29%, and 16.31% for 7, 28, and
90days respectively. Increasing of weight loss with
curing stages associated with geo-polymerization
process. Below 200°C the weight losses of EAFS3
mix were 2.22%, 3.15%, and 3.56% which indicate
that the amount of N(C)ASH, CSH, and CAH
geopolymer gel binders increased with the curing
ages up to 90-days. Figure 10A shows the decreasing
in the intensity of peaks at 480°C with time that
related to the decomposition of calcium hydroxide
(CH) due to the formation of more hydrated products
(CSH, N(C)ASH, and CASH) in addition to the
transformation of Ca(OH), to calcium carbonate with
time [52]. This endothermic peak disappeared after
the addition of DK in the EAFS3.DK mixes, due to
reactivity of DK, which enhanced the geo-
polymerization process as shown in Figure 10B.

EAFS3.DK3 shows two main losses of weight
(Figure 10B). The first one is located under >200°C
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which indicated to decomposition of free water and
high intensity of CSH, CASH, and N(C)ASH gel.
The weight losses >200°C of EAFS3.DK3 mix were
4.27%, 4.24%, and 4.66%, these data indicated that
the amount of CASH, CSH, and N(C)ASH
geopolymer gel binders increased with the curing
ages up to 90-days. The second location between
600°C to 800°C which indicated to decomposition of
calcite phases.

Addition of DK exhibits the higher weight
losses below 200°C than those of EAFS3 mix that
conforming the higher compressive strength obtained
than EAFS3. On the one hand, EAFS3.DK3 mix
exhibited the lower weight losses between 600°C to
800°C than EAFS3 mix compliant to the reduction
amount of calcite phase. The endothermic peak at
650°C is related to the decomposition of less
crystalline calcite phase. On the other hand, the
endothermic peak 700-850°C is related to the
decomposition of crystalline calcite phase. While the
exothermic peak is characterized by decomposition
of CSH phase, which is formed from the pozzolanic
reaction, forms the crystalline monocalcium silicate
(wollastonite) [54].

3.6. Scanning electron microscopy and EDX:

Figures 11 and 12 showed the SEM images of
alkali activated mixes (EAFS3 and EAFS3.DK3) at
7, 28, and 90-days. SEM morphology represented the
existence of high crystalline structure with many
voids and unreacted particles of EAFS (Figure 11).
The SEM showed formation of calcium silicate
hydrate (CSH, CAH, CASH, and N(C)ASH
geopolymer gel) on the surface of EAFS grains,
which its intensity partially increased with curing
time. At 28 days, heterogenous distribution of
geopolymer particles was observed on the surface of
EAFS grains. At later age (90 days), some crystalline
structure of CSH, CAH, CASH, and N(C)ASH
geopolymer gel were observed which take leaves
structure.  This  morphology  enhanced the
compressive strength development as illustrated in
Figure 6.
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Fig. (10) TGA/DTG of alkaline activation EAFS3 mix (A); and EAFS3.DK3 mix (B) cured at 7, 28 and 90 days.
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Fig. (11) SEM and EDX of alkali activated EAFS3-mix after 7, 28, and 90days.

Addition of DK generated massive amount of hydrated products (CSH, CAH, CASH, and N(C)ASH) which
distributed homogeneity on the surface of EAFS particles. Voids and pores, which located within the micrographs
(Figure 11) of EAFS were filled as depicted in Figure 12, producing a closed-dense and uniform matrix structure
[34]. Incorporation of DK enhanced the formation of the distinct CSH, CAH, CASH, and N(C)ASH gel-structure
associated with alkali activation process, due to high rich of reactive silica and alumina sources containing the DK
particles. At 90 days, dense fibrous structure of CSH, CAH, and CASH were formed as well as a nucleation center
to N(C)ASH gel matrix to form compact microstructure. These compact microstructures enhanced the compressive
strength of geopolymer binder [50]. EDX confirmed that the major hydrated products were CSH, CASH and
N(C)ASH which intensity increases with curing time.
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Fig. (12) SEM and EDX of alkali activated EAFS3.DK3-geopolymer mix after 7, 28, and 90days.

4. Conclusions

The main conclusions are:

1. Increase of the alkaline activation of EAFS
up to 1.0% Na,O content leading to an
increase in compressive strength. The further
increase in alkali content up to 1.5 mol of
Na,O the compressive strength was reduced.
Increase of the content of DK increases the
compressive strength value up to 30% DK
(mix EAFS3.DK3).

2. Increasing alkaline solution increase the
chemically combined water as high
formation of hydrolytic products.

3. EAFS3.DK3 mix exhibits the higher weight
losses >200°C than those of EAFS3 mix that
conforming the higher compressive strength
obtained than EAFS3.

4. DK enhances the formation of the distinct
CSH, CAH, CASH, and N(C)ASH gel-
structure associated with alkali activation
process, due to high rich of reactive silica
and alumina sources containing the DK
particles. DK hindered the formation of
micro cracks through EAFS-geopolymer and

enhanced the C-S-H formation beside
enhanced the durability of the binder
matrixes.
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