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Abstract

This work aims to resolve the environmental problem caused by alumina scrap by studying the effects of its partial
replacement on physical and mechanical properties of calcium sulfo-aluminate (CSA) cement products. To this effect,
mixtures obtained from a partial replacement of bauxite with respectively 0, 10, 20, 30 and 40% of recycled alumina scrap
were studied. After processing the various raw materials (bauxite, limestone and alumina scrap), they were mixed together,
pressed at 2 MPa and heated at 1200 °C. The resulting clinkers were crushed and mixed with 15% of commercial gypsum
to obtain the various CSA cement powders used to produce testing specimens. The raw materials as well as the synthesized
products were characterized. Globally, it appears that the addition of 30% of alumina scrap enhances both physical and
mechanical properties of CSA cement products. After 28 days, CSA cement products obtained with the addition of 30%
of alumina scrap show a densified structure with the lowest porosity and the highest compressive strength (40 MPa) as
compared to those obtained without addition. Also, the addition of 30% of alumina scrap enables to obtain CSA cement
products endowed with short setting time (3 to 8 min) and containing greater amount of ye’elimite (54.54%) as compared
to those obtained without addition (45.34%). Indeed, alumina scrap promotes the formation of ye’climite which is progres-
sively transformed into ettringite with curing time and thereby contributing for the hardening of specimens. Hence, the
recycling and using of alumina scrap in certain amount (30%) to substitute bauxite during the synthesis of CSA cements,
is a suitable process to obtain sustainable binders endowed with improved physical and mechanical properties. These CSA
cements can be technologically used to produce mortars and concretes for the construction of bridges and other related
civil engineering applications.
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Nowadays, the development of infrastructures that will sus-
tain population growth is becoming more important world-
wide [1]. For the manufacture of mortars and concretes, the
main binder used remains the Ordinary Portland Cement
(OPCQ). It is employed in building and construction sectors
with high energy consumption and generates about 5-8% of
worldwide carbon dioxide (CO,) during its production pro-
cess [2—4]. Therefore, the need to develop alternative eco-
friendly binders endowed with low environmental impact as
compared to OPC such as calcium sulfo-aluminate (CSA)
cements remains a major challenge [5]. Indeed, as compared
to OPC, CSA cement exhibits lower CO, emission during
its production process and lower manufacturing tempera-
ture (1250-1350 °C) which is about 100 to 200 °C lower
as compared to the OPC production process [6, 7], lower
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energy required for the grinding process as well as more
significant consumption of industrial by-products [7-9]. In
addition, CSA cement products present excellent structural
performances such as early development of high mechani-
cal performances, low alkalinity, good dimensional stabil-
ity and exceptional durability [6, 10—14], thereby enabling
them to be used in several domains of applications such as
self-leveling screeds, freeways pavement and airport run-
ways where a fast setting is required [15].

However, CSA cements can be prepared by mixing vari-
ous feedstock materials, such as bauxite, clays, limestone,
gypsum, and industrial by-products [6, 16—18]. Cameroon
possesses 1.8 billion tons of bauxite ores and 100.000 tons
of limestone [19], which are still poorly valorized and can be
suitably used as feedstock materials for the development of
CSA cements, OPC clinkers, geopolymers, alkali-activated
binders, ceramic products, refractory bricks for furnaces and
other related tools and building materials [20]. Especially in
the aluminum factory (Littoral region, Cameroon), 90.000
tons of aluminum are produced annually, and the refining
process used to obtain metallic aluminum produces about
2-2.5 tons of waste for each ton of aluminum produced [21].
Most often, a small fraction of these wastes is employed
to manufacture households and building tools and used as
Supplementary Cementitious Materials (SCM) in the pro-
duction of OPC cements [22]. Conversely, a considerable
portion of this waste remains in landfills, responsible for
cancer diseases observed among some factory workers and
the environmental pollution (water, soil, and air) recorded in
that area [23]. Therefore, the recycling and using of this alu-
mina scrap as a replacement for Al,O; to manufacture CSA
cements can help to save approximately 85% of bauxite ores
[24]. Additionally, the transformation of this solid alumina
scrap into new items will be benefit on the economic plan by
reducing the production cost of some products through the
limitation of the use of raw natural resources.

Recently, several studies about the synthesis of CSA
cements have been extensively revised. Ren et al. [25]
reported that one of the main issues with the production of
CSA cements is the high cost of raw materials, especially
alumina sources such as natural bauxites. Indeed, due to the
mining process used as well as the relatively high amount
of Al,O; contained in some bauxite ores, this requires spe-
cial treatment, such as the grinding process, which signifi-
cantly affects the final production cost of the as-obtained
CSA cements. Due to that, several studies were done to find
alternative sources of bauxite, limestone, and gypsum [23,
26, 27]. Therefore, alumina scrap or aluminum trash result-
ing from the refining process of bauxite, known as one of
the most harmful wastes, appears as the best alumina source
that can be used to replace bauxite during the synthesis of
CSA cements [28].
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Additionally, Shen et al. [26], Wang et al. [27] and Xu et
al. [23], demonstrated that it was possible to replace natural
bauxite with red mud, alumina scrap, marble sludge, plaster,
ladle slag, and phosphor-gypsum during the production of
CSA cements. Similarly, alumina powder resulting from the
secondary aluminum manufacturing process and anodized
mud from the production of anodized aluminum was used
as partly or total replacement of bauxite in the production of
CSA cements [29-31]. Singh et al. [32] showed that calcium
sulfo-aluminate-alumino ferrite-rich cements from particu-
lar chalk waste from fertilizer plants can also be used as
feedstock material [31]. Yang et al. [33] observed that pyrite
cinder was suitable for partially replacing bauxite during
the manufacturing of belt-ferro-aluminate cements. These
previous studies had demonstrated the feasibility of using
industrial scraps and by-products as feedstock materials to
manufacture CSA cements. To our knowledge, very few
data regarding the effects of alumina scrap on physical and
mechanical properties of CSA cements are available to date.

Thus, this research aims to study the effects of recycled
alumina scrap on physical and mechanical properties of
calcium sulfo-aluminate cement products. So, recycling
and using alumina scrap as a bauxite substitute appears to
be a sustainable solution to reduce the production cost of
CSA cements, thereby contributing to the preservation of
both the environment and natural resources (bauxite ores).
Depending on the initial raw materials (bauxite, alumina
scrap, limestone and gypsum) and the synthesized products,
samples were analyzed by XRF, XRD, FTIR spectroscopy
and Environmental Scanning Electron Microscopy (ESEM)
analyses whereas physical and mechanical properties were
assessed.

2 Materials and experimental procedures

2.1 Materials

The bauxite denoted as HB was collected from Minim-
Martap (Adamawa region, Cameroon) and used as alumina
source whereas the limestone rock referenced as ML was
collected from Mintom (South region, Cameroon) and used
as calcium oxide source in this study [34, 35]. Additionally,
the commercial gypsum (GC) supplied by the Tunisian com-
pany Markassy was used as sulfur trioxide source whereas
alumina scrap powders (Als) provided by the Cameroonian
company were also used as alumina source. Indeed, dried
powders of HB used were pink whereas those of ML, GC
and Als were white. All these raw materials were processed
before being used as feedstock materials for the synthesis of
calcium sulfo-aluminate (CSA) cements.
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Table 1 Mix design of raw materials (% by mass) prepared for CSA
cement clinkers

Formulations HB Als ML GC Water
SO 50 00 35 15 15
S10 40 10 35 15 15
S20 30 20 35 15 15
S30 20 30 35 15 15
S40 10 40 35 15 15

2.2 Experimental procedures

The bauxite (HB) and limestone (ML) samples were oven-
dried (GenLabPrime) at 105 °C for 48 h to remove mois-
ture before being ground using a ball mill (MGS Sarl) to
have a particle size of ¢ < 75 um. Additionally, GC and Als
samples were sieved at the same particle size. All four raw
materials were mixed toughly in various proportions in a
Hobart mixer (M & O Model N50-G) for 5 min to obtain
blended powders used to synthesize CSA cement clinkers.
Therefore, each obtained blended powder was moistened
with distilled water (15% by mass) for another 5 min,
and the obtained mixture was pressed thanks to a hydrau-
lic press (Euro Lab, model 25.011) with a load of 2 MPa
into a cylindrical mold with a diameter of 23.0+0.1 mm.
The obtained samples were initially dried at 105 °C in an
oven for 30 min and then calcined at 1200 °C for 4 h in a
programmable electric furnace (Nabertherm S.A.S, Model
LH 60/14) at the heating rate of 5 °C / min. However, the
various compositions of raw meal were cooled naturally to
allow the formation of different crystalline phases of clinker
since these phases are usually formed during the holding
time (1 h). The resulting mix design of raw materials was
denoted respectively as SO0, S10, S20, S30, and S40, as sum-
marized in Table 1. Figure 1 presents the raw meal along
with the calcined clinkers (C1, C1Als'?, C1Als?°, C1Als*®
and C1Al1s*) at 1200 °C. After that, each clinker (85 g) was
ground and mixed with 15% by mass of commercial gyp-
sum to optimize setting time and strength development [12]
for 15 min using a ball mill and then sieved at ¢ < 75 pum
mesh-sifter in order to obtain cement powders. The result-
ing powders were used to prepare the CSA cement pastes
to compare physical and mechanical properties at early on
with the reference CSA cement (made with C1 cement).

Fig. 1 Raw meal (RM) along
with the calcined clinkers (CC):
(a) C1, (b) C1Als', (c) C1AIs,
(d) C1AIs* and (e) C1Als*

Moreover, each obtained clinker was mixed in a Hobart
mixer for 1 min (speed=0.5) using a water/cement (w/c)
ratio of 0.40 or 0.45 to obtain the CSA cement pastes. This
difference observed in water variation was related to the
addition of alumina scrap, which absorbs more than 0.5%
of water compared to the reference cement pastes. Before
molding, one fraction of the paste was collected and used
to measure the setting time according to EN 196-3 standard
[36] thanks to the Vicat apparatus, whereas another fraction
(fresh paste; 30 g) was poured into PVC cylindrical molds
(height: 40 mm; diameter: 20 mm) and then vibrated for
5 min on an electrical shaking table (M& O, type 202, No.
106) to remove entrapped air bubbles. During the hardening
of pastes, the resulting testing specimens were firstly cov-
ered with a thin film of plastic to avoid evaporation. After
24 h, the obtained specimens were demoulded and cured in
water at room temperature before being characterized.

The chemical analyses of different raw materials were
done by X-ray fluorescence thanks to a Bruker S8 Tiger
device, whereas the mineralogy of samples was followed by
X-ray diffraction analysis thanks to an Advance Bruker D8
device. The patterns were recorded with the monochroma-
tor CuKo radiation ( A=1.54 A), operating at 45 kV and
40 mA with a scanning rate of 0.1 °/s in the 26 range of 5-70
°. The crystalline phases were identified by comparing the
obtained patterns with the Powder Diffraction File (PDF)
standards from the International Centre for Diffraction Data
(ICDD). Infrared spectroscopy analysis was done using
a Nicolet 6700 FTIR spectrometer, and all spectra were
recorded with a resolution of 4 cm™! within the range of
4000—500 cm™! in absorbance mode. The water absorption
test was determined following ASTM C-642 standard [37],
whereas the bulk density was measured by using Archime-
des methods under ASTM C-20 standard [38] thanks to an
electric balance (Ceramic Instrumentals, Sartorius model
1,712,001) endowed with a high sensitivity (+£0.001 g). The
final value was the average of 3 tested specimens for each
batch. The compressive strength of testing specimens ini-
tially cured at 25+3 °C and immersed in tap water, was
assessed using a hydro-electric press (Impact Test Equip-
ment Limited, 250 KN) operating at a constant displacement
rate of 0.500 MPa/s following EN 196-1 standard [32]. This
test was performed on specimens aged 1, 3, 7, 14, and 28

A
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Table 2 Chemical composition (wt%) of the starting materials (HB,
ML, Als and GC) used

Composition HB ML Als GC
CaO / 39.06 7.30 36.91
SiO, 1.03 13.90 30.70 2.97
MgO / 4.07 5.00 2.04
Al,O4 59.08 3.82 43.26 0.86
Fe,04 5.12 2.04 4.46 0.35
K,0 / 1.65 22 0.23
SO, 0.04 0.43 0.80 45.25
TiO, 3.61 0.19 0.90 /

SrO / 0.19 / 0.50
P,04 0.10 0.12 / 0.04
LOI* 30.87 34.33 5.38 10.78
Total 100.01 99.99 100.03 100.01

loss on ignition at 1050 °C

days, respectively, and 3 replicate specimens of each batch
were used for measurement. Additionally, the polished and
etched surfaces of the resulting broken specimens after gold
coating were analyzed using a FEI Quanta FEG 450 ESEM
operating at 10 kV.

3 Results and discussion

3.1 Characterization of starting materials

The chemical compositions of HB, ML, GC, and Als samples
are summarized in Table 2. It can be seen that bauxite (HB)

Fig.2 XRD patterns of different

raw materials Ba

Ba

Ba

Do

contains 59.03% of aluminum oxide (Al,0;) and 43.20%
of iron (III) oxide (Fe,O3) as major oxides. Also, it con-
tains titanium oxide (TiO,: 3.61%) and silicon oxide (SiO,:
1.03%) appeared as minor oxides. This significant amount
of Al,O; enables HB to be considered as an alumina source
material [39]. Indeed, this is due to the presence of alumina
in the form of gibbsite (Al(OH);: PDF# 33-180), as con-
firmed by both the XRD pattern (Fig. 2) and FTIR spectrum
of HB (Fig. 3) with the absorption bands of —OH groups
of gibbsite appearing respectively at 3619, 3524, 3441 and
3366 cm™ ! [40—42]. In addition, these absorption bands are
attributed to the stretching vibrations of the hydroxyl group
(O-H) of the gibbsite [40], whereas the one at 1014 cm™!
is attributed to the Si-O-Si stretching vibration, indicating
the presence of silica [43]. As for those observed at 738 and
668 cm™!, they are connected to the bending vibrations of
O-H (Aly;-OH) bonds of gibbsite [40, 44]. Additionally,
a small amount of SiO, in the HB sample shows that the
bauxite used can be classified as lateritic bauxite [45]. The
XRD pattern of HB also indicates the presence of other
minerals such as boehmite ((y-AIO(OH): PDF# 21-1307),
hematite (a-Fe,O;: PDF# 13-534), corundum (o-AlO;:
PDF# 10-173) and anatase (TiO,: PDF# 71-1167).
Regarding alumina scrap (Als), it contains aluminum
oxide (Al,O5: 43.26%), silicon oxide (SiO,: 30.70%) and
iron (III) oxide (Fe,O5: 4.46%) as major oxides, associated
among others with calcium oxide (CaO: 7.30%), potassium
oxide (K,O: 2.2%) and magnesium oxide (MgO: 5.00%)
as minor oxides. The presence of gibbsite, corundum and

An=Anatase
Ba=Bassanite
Bo=Boehmite
Ca=Calcite
Co=Corundum
Do=Dolomite
Gi=Gibbsite
He=Hematite
Mu=Muscovite

Q=Quartz

Ba

CaCaCa Ca

5

Gi+Bo Gi+tHet+Bo+An

Gi+He+Co

10 20 30
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Fig.3 FTIR spectra of raw
materials
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quartz is also confirmed by the XRD pattern (Fig. 2). The
absorption bands of gibbsite (Als) appearing within the
range of 1014—966 cm™!, correspond to the O-H stretching
modes of absorbed water molecules (Fig. 3) [46, 47]. The
high amount of SiO, in the alumina scrap confirms the pres-
ence of non-crystallized kaolinite mineral (Fig. 2), which is
highlighted on the IR spectrum (Fig. 3) by the absorption
bands of disorder kaolinite at 3619 cm™! [47]. Other absorp-
tion band observed at around 1077 cm™ ! on the IR spectrum
of Als is attributed to the symmetric bending vibration of
Si-O [48] while the one at 2900 cm™ ! is ascribed to the vC-H
asymmetric stretching vibration and symmetric stretching
vibration (VCH2) of organic impurities in Als. The high
content of amorphous phase highlighted by a large dome
observed in between 5 and 70° 26 on the XRD pattern of Als
(Fig. 2) suggests that it may enhance the rate of ye’elimite
formation as previously reported by Liu et al. [49].
Concerning the limestone (ML), it contains 39.06% of
CaO and 13.90% of SiO, as major oxides. Indeed, the pres-
ence of the abovementioned oxides is confirmed by the
presence of calcite (CaCO;: PDF# 5-586) and quartz (SiO,:
PDF# 46-1045) respectively on the XRD pattern (Fig. 2).
Additionally, the absorption band (Fig. 3) at 2508 cm™" is
attributed to the C-O bond vibration of CO, [40, 44, 50],

the one at 1797 cm™! is connected to the internal vibration
mode of the C = O bond of the carbonate group (CO5>") [44],
while those at 1397 and 872 cm™! are respectively ascribed
to the vibration mode of asymmetric stretching of C-O and
in-plane bending vibration of the valence bonds O-C-O of
the CO;>~ group. The band at 714 cm™! is characteristic of
the out-of-plane bending vibration of O-C-O group [40, 50].
In the same way, the absorption band at 3600 cm™! [41]
is attributed to Si-O which is in accordance with the XRD
results (Fig. 2).

Referring to the commercial gypsum (GC), it contains
CaO (36.9%) and SO; (45.2%) as main oxides. However,
CaO is mainly observed in dolomite (CaMg(COs;),: PDF#
36—426) whereas SOj; is found in bassanite (CaSO,.0.5H,0:
PDF# 41-0224) as shown by the XRD pattern (Fig. 2). In
addition, the absorption bands (Fig. 3) observed within the
range of 36083552 c¢cm™! correspond to the stretching
vibration modes of the O-H bonds of water molecules [48]
while the band observed at 1621 cm™! is attributed to the
O-H bending vibration mode of bassanite [51]. Also, the
band located at 1085 cm™! corresponds to the S-O stretch-
ing vibration of sulfate group [52]. Finally, the bending
vibration of the SO42_ tetrahedron of sulfate group appears
within the range of 665 and 600 cm™ ' [53]. The band located

@ Springer
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at 871 cm™! is characteristic of the out-of-plane bending 21228 oo @
vibration of the O-C-O of CO32_ group [40, 50]. Thus, these SE=23 ¢
oxides can react together to give a cementitious phase such
as ye’elimite (C3A4S), responsible for strength development
at the early age of CSA cements [54]. wlEad 88
) PNIRSIPSIRSIRY
3.2 Characterization of synthesized CSA cements
3.2.1 Chemical compositions 2” T8I
JI€ RIS
The compositions obtained by XRF of different meal
cements produced are summarized in Table 3. It can be
observed that all formulations contain alumina (Al,O5), cal- 5 SREE S
cium oxide (CaO), silica (SiO,) and sulfur trioxide (SO5) - oo
as major oxides, associated, among others with magnesium
oxide (MgO), Titanium oxide (TiO,), potassium oxide (K,0) X
and sodium oxide (Na,O) as minor oxides. The content of 8 aonosn
alumina oxide increases with up to 30% of alumina scrap
(Al,05: 54.25%) addition and decreases with the addition
of 40% (Al,0,:41.88%). The difference of about 12.37% Qo < © a oo
observed is probably due to the fact that another fraction of é Zlesz823
alumina is transformed into o-Al,O3, known as corundum, §
responsible for the hardness of C1Als*® cements. In addi- g
tion, the presence of corundum in the cements is respon- § QIR B xR &
sible for the formation of high amount of ye’elimite phase -?D e e
(54.54%) as confirmed by the XRD pattern of cements <
(Fig. 4). Thus, ye’elimite appears as the main phase of cal- E’ ola v o wm
cium sulfo-aluminate cements. E slaoeadn
However, with the addition of 40% of alumina scrap 50
(Als), the a-Al,05 becomes unstable and creates high pores DT';
[55], then reducing the formation of alumina oxide and % slzesasx
ye’elimite in the C1Als* sample as observed in Table 3. gl [#|e v v v
This corroborates with the study of Pereira et al. [49], who ﬁ
demonstrated that aluminum dross can be used as a partial 5
replacement material for cements in certain limits to obtain % Q § f § i E
environmental and economic advantages. Besides, the same 2 Ol el aa
observations were made for the belite (C,S) and browmil- =
lerite (C4AF) phases, which are also the secondary phases 'i B
of calcium sulfo-aluminate cements [56]. Conversely, the 5 % eQea%
addition of alumina scrap up to 30% reduces the CaO, o |F|T T
MgO and TiO, contents and increases these contents after g
the addition 40%. The opposite effect is observed for both 3 Sl da o
K,0 and Na,O contents. This opposite effect is due to the % 5 S wrd®
fact that, alkalis affect the mineral composition, shape and 3| & <Yy T ooy
size of phases [54-56] and consequently the hydration rate 8|2
[57]. Indeed, the transformation of alumina into corundum § é- do o - o - o:
enhances the physical and mechanical properties of cement g 3 % 2328
products. The high MgO content observed can be attributed = 3
to the use of both limestone and alumina scrap with a MgO é’ . ,§
content ranging from 4 to 5% (Table 1). Regarding the esti- 5" § §D
mation of mineralogical phases of clinkers, modified Bogue |2 = 8 % %|¢
equations were adapted to the CaO-Si0,-Al,05-Fe,0;-SO4 2 g _L=x=< 2
el lo o oo uls
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Fig.4 XRD patterns of CSA
cements Y

A=Anhydrite

B=Belite

Br=Brownmillerite
C1 AlS40 G=Gehlenite
P=Periclase

Y=Ye'elimite

C1Als”

2 Theta (°)

thermodynamic system [57]. The phases expected to be
formed in all cements were ye’elimite (C,A,S), belite (C,S)
and brownmillerite (C,AF). Thus, the formulas 1, 2 and 3
were used for the calculations (Table 3).

%C4A38 = 1995%A1203 — 1.273%F€203 (2)
%CsS = 2.867%Si0, 3)

3.2.2 Mineralogy and evolution of phases

The XRD patterns of various samples thermally treated
at 1200 °C are presented in Fig. 4. It can be observed that
all specimens are composed of ye’elimite (Ca,Al;0[,SO,:
PDF# 33-0256), belite (B-C,AS: PDF# 086-0398) and
anhydrite (CaSO,: PDF# 37-1496) as main crystalline
phases and which are generally known as cementitious
phases of CSA cements [31]. Indeed, anhydrite derives from

the thermal transformation of bassanite whereas ye’elimite
results from the thermal transformation of the mixture of
bauxite (HB), alumina scrap (Als), limestone (ML) and
gypsum (GC). The presence of an anhydrite phase observed
in these CSA cements suggests that it is impossible to heat
bassanite up to 1200 °C without losing its structural water.
Indeed, during the heating process, bassanite (CaSO,.1/2
H,0) is transformed firstly into anhydrite III (soluble
anhydrite) at 200 °C, secondly into anhydrite I at 800 °C
and finally into anhydrite I at around ~ 1200 °C [58, 59].
In addition with the three main phases (ye’elimite, belite
and anhydrite) observed, some appear as minor phases
such as periclase (MgO: PDF# 45-0946) and brownmiller-
ite (C,AF: PDF# 071-0667). Regarding the XRD patterns
of C1, C1AIs'?, C1A1s*, C1Als* and C1Als* specimens
(Fig. 4), it can be observed that the intensity of the promi-
nent peaks of ye’elimite in between 25 and 30° 20 increases
up to 40% with the addition of alumina scrap (Als) with a
slight deviation observed in the peak of C1Als*® formula-
tion. This can be explained by the fact that alumina scrap
is highly reactive at this particular percentage. Thus, it is

@ Springer
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almost consumed and its increases the content of ye’elimite
formed. Additionally, the intensity of the peak of ye’elimite
for C1AI1s*® specimens at 23.67° 20 is doubled as com-
pared to those of C1Als'® and C1Als?. This is in accor-
dance with the results of chemical compositions of CSA
cements (Table 3). According to Gallardo-Heredia et al.
[60—62], this change observed pertaining to the intensity of
ye’elimite main peaks can be attributed to Al,O; compound.
So, as Al,O; content increases up to 30% in the mixture,
ye’elimite intensity also increases accordingly [61], show-
ing that alumina scrap can increase the rate of formation of
ye’elimite and instead decrease the one of belite.

3.3 Physical and mechanical properties of hardened
CSA cement pastes

3.3.1 Setting time

Figure 5 shows the variation of initial (IS) and final (FS)
setting times of fresh pastes cured at room temperature. It
can be observed that the initial setting time decreases from
12 to 3 min with the increasing amount of Als from 0 to
30%. Conversely, this initial setting time increases slightly
(7 min) with addition of 40% of Als. This is due to the fact
that the addition of 30% of Als leads to a fast reaction and
this enhance the reaction kinetic, thereby contributing to
a fast hydration reaction of ye’elimite and a short initial
setting time recorded accordingly. These results corrobo-
rate with those obtained previously by Li et al. [62], who
demonstrated that the initial setting time of CSA pastes
decreases when ye’elimite content increases (Fig. 4).

Fig.5 Setting time of various 25

Similarly, the final setting time decreases from 22 to 8§ min
with the increasing amount of Als. The different setting
times obtained correlate with the Chinese standard, whose
values vary from 25 to 180 min for rapid hardening of sulfo-
aluminate cements [63]. The lowest initial and final setting
times were respectively 3 and 8 min for the C1Als*® formu-
lation. This shows that the addition of 30% of alumina scrap
leads to a fast reaction and rapid formation of ye’elimite,
and which could also induce the formation of both ettrin-
gite and monosulfate responsible for the short setting time
observed. According to Bernado et al. [64], this decrease in
setting time can be attributed to the formation of hydration
products responsible of the initial structuring. Additionally,
the presence of SO,>~Y Ca’* ions contributes to neutralize
their charges with those of AI** Y OH™ ions, enabling the
precipitation of crystal hydration products. Hence, ettringite
and calcium sulfate are therefore responsible for both set-
ting and hardening as reported by Milena et al. [65]. Refer-
ring to Doval et al. [66], the fast product formed could be
due to the high water/solid mass ratio (0.45) with the reac-
tion product of monosulfate besides ettringite, hydro garnet
and gibbsite.

3.3.2 Compressive strength

The compressive strengths of hardened cement pastes after
1, 3, 7, 14 and 28 days of curing are presented in Fig. 6. It
can be observed that the compressive strength of all speci-
mens increases with the curing time. Indeed, the strength
values for C1, C1Als'?, C1A1s*°, C1Als* and C1Als* spec-
imens are respectively 10.5, 14.4, 17.5, 18.3 and 15.9 MPa

fresh CSA cement pastes
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Fig.6 Compressive strength of 50
various hardened CSA cement
pastes
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after one day. In addition, these values are improved from
38 to 75%, 27 to 62%, 27 to 59%, 19 to 52% and 8 to 17%
respectively after 28 days. Thus, the addition from 10 to
40% of Als provides supplementary reactive phases which
contribute to produce cementitious matrices. Therefore,
these matrices enhance the compactness and the hardness of
the resulting structure which significantly improve the com-
pressive strengths of specimens. It can be noticed that the
addition of 40% of Als leads to decrease the compressive
strength moderately of about 10% for the C1Als* speci-
mens. This is can be attributed to the high amount Al,O,
resulting from Als and bauxite as well as limestone and gyp-
sum released during cement hydration, which forms high
content of belite responsible for low-strength development
recorded. Additionally, the decrease of strength observed
can also be assigned to the presence of non-reactive Als
considered as an impurity inside the structure. The high-
est compressive strength value obtained with the addition
of 30% of Als can be attributed to the formation of greater
amount of ettringite phase in the structure (see formula 5).
Indeed, CSA cements obtained with the addition of 30% of
Als show highest compressive strengths at all ages. In addi-
tion, all CSA cement specimens exhibit enhanced compres-
sive strength with curing time. This increase can be ascribed
to the presence of aluminum in the structure, which inhibits
cement hydration by forming metastable hydrated phases of
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22222222

¥
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o

@
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monosulfate at early age. With time, these phases are trans-
formed into more stable phases of ettringite (Formulas 4 and
5), thereby favoring the hardening of resulting CSA cement
specimens [67, 68].

C4A3S + 18H — CgAS3H o + 2AH; 4

3.3.3 Water absorption and bulk density

After compressive strength tests, both water absorption and
bulk density versus curing time were carried out on two
selected hardened CSA cement specimens (C1 and C1Als")
and the results are summarized in Table 4. It can be observed
that the water absorption increases with the curing time and
decreases with the addition of alumina scrap (Als). Glob-
ally, the water absorption of the C1Als>® specimens is lower
as compared to that of C1 specimens. This is due to the low
porosity developed along with the strengthening of cement
matrix as result of the addition of Als. This in accordance
with compressive strength results observed (Fig. 6). Con-
versely, the opposite effect was observed with bulk density
at the same curing condition. So, the values recorded are 1.6
and 1.7 Kg.m™3 for the C1 specimens, 1.7 and 1.8 Kg.m™>

@ Springer
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Table 4 Water absorption and bulk density of selected specimens initially fired at 1200 °C

Parameters Formulations

Cl C1AIs*
Curing time (days) 1 3 7 14 28 1 3 7 14 28
Water absorption (%) 15.2 18.3 23.7 25.8 14.7 12.9 20.7 14.2 29.8 12.2
Bulk density (Kg.m™?) 1.7 1.7 1.6 1.6 1.7 1.7 1.7 1.8 1.8 1.8

Fig.7 ESEM images of hardened
CSA cement specimens C1 and
CIAIs*

for the C1Als*® specimens respectively at 1, 3, 7,14 and 28
days. It can be noted that specimens with the highest com-
pressive strength present the highest bulk density. This is
because the more the structure is densified along with high
compactness, the higher the resulting compressive strength.

3.3.4 Microstructure

Figure 7 shows the micrographs of the CSA cement speci-
mens C1 and C1Als*® aged 28 days. It can be observed that
both the C1 and C1Als*® specimens exhibit heterogeneous
features. As for the C1 specimen (Fig. 7a), it appears less
dense, showing visible cracks and voids along its surface
and this in accordance with the low value of compressive
strength recorded (Fig. 6). Additionally, the presence of ettr-
ingite is likely confirmed by the appearance of needle-shape
crystals observed within the micrograph (Fig. 7a). Pertain-
ing to the C1Als*® specimen (Fig. 7b), it appears slightly
homogeneous and dense as compared to the micrograph
of CI1 specimen, showing few cracks and visible voids.
This account for the improved compressive strength previ-
ously recorded (Fig. 6). This shows that the excess alumina
scrap content, which has not participated to the formation
of ettringite, contributes to strengthen the structure so as
to obtain few accessible voids. Hence, the C1Als*® speci-
men contains greater amount of ettringite as compared to
that of the C1 specimen. Thus, replacing C1 with up to 30%
of alumina scrap is beneficial to form the ettringite phase,
which improved and densified the structure in the C1Als*

@ Springer

specimen than in the C1 specimen. However, in both formu-
lations (C1 and C1Als*®), ettringite crystals are surrounded
by some non-hydrated particles and amorphous hydration
products that could be considered as aluminate hydroxide
hydrate (AH;). Similarly, the spongy-like features (Fig. 7a
and b) can be attributed to ye’elimite with ettringite formed
within its pores. This correlates with the study of El-Alfi et
al. [31], who demonstrated that the sponge-like sulfo-alu-
minate phases are observed in the whole matrix whereas the
needle-shape ettringite phases are found in the voids after
28 days of hydration.

4 Conclusion

This work has studied the effects of recycled alumina scrap
on physical and mechanical properties of calcium sulfo-
aluminate cements when used as partial replacement. The
following conclusions could be drawn:

1. The additions of 0 up to 40% of alumina scrap increases
the amount of ye’elimite in the as-obtained products
with a maximum achieved with the addition of by 30%;

2. The setting times of all CSA cement pastes produced
vary from 3 to 23 min due to the precipitation of crystal-
line hydration products such as ye’elimite;

3. The compressive strengths of all hardened CSA cement
pastes vary from 15 to 40 MPa. Indeed, the addition
of 30% of alumina scrap enables to obtain products
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having the highest compressive strength (40 MPa) and
short setting time (3 to 8 min) due to the high content of
ye’elimite formed,;

4. The addition of 30% of alumina scrap leads to CSA
cement products having a densified structure, high com-
pactness and low porosity as compared to the specimens
obtained without addition;

5. CSA cement pastes obtained with the addition 30% of
alumina scrap, as results of their improved physical and
mechanical properties with curing time, can be techno-
logically used as binders for the production of mortars
and concretes, used for the construction of bridges and
other related civil engineering applications.
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