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1. Introduction

ABSTRACT

Marls present high volume of phosphate waste rocks that are chemically inert, but their disposal creates diverse
environmental issues. This study aims to evaluate the reuse of white marls from phosphate mines as a precursor
to produce Alkali-Activated Materials (AAM). White marls containing palygorskite clay were calcined up to
850 °C. The alkali activation process involved the use of calcined marls (as a precursor) and NaOH:Na,SiO3 as
activators. Marls features were identified by X-ray Diffraction, X-ray Fluorescence, Fourier-transform infrared
spectroscopy and Thermo-gravimetric analysis. In addition, the dissolution of Al and Si species from the marl was
studied for different Sodium hydroxide concentrations and calcination temperatures. Furthermore, the
compressive strength of elaborated AAM was measured, and selected samples were characterized using several
methods including Solid-state 2°Si — 2’Al Nuclear Magnetic Resonance spectroscopy and Scanning Electron
Microscopy. The XRD and NMR results indicated the co-precipitation of C—S—H and M—S—H with the presence
of low amount of C/N-(A)-S—H explained by the content of aluminum in marl. This result was confirmed by EDX
and FTIR analysis. While the optimum compressive strength of 38 MPa was obtained for AAM based on calcined
marl at 750 °C. This study results revealed that marls waste rocks could be used as a precursor for the formu-
lation of AAM in construction applications.

[4] and mine backfill fabrication [5]. Alkali activation technology in-
volves the use of diverse natural aluminosilicate sources as well as in-

Alkali-activated materials (AMMs) are produced by mixing an
aluminosilicate precursor, usually blast furnace slags (BFS) or coal fly
ashes (FA), with an activator solution (mixture of sodium hydroxide and
sodium silicate as the most effective activator), which is generally a
strong alkaline medium [1,2]. The main binder phase in AAMs when the
precursor is rich in calcium (such as the BFS) is a calcium aluminosili-
cate hydrate gel (C-A—S—H). AAMs are known to have interesting
properties making their application beneficial in several engineering
fields. These cementitious materials showed interesting properties in
construction applications [3], stabilization/solidification technology

dustrial wastes or by-products including mine wastes and tailings (MT)
[6].

Recently, much attention has been paid to the mine wastes or tailings
usage as an alternative way to develop a new approach in mine wastes
management and to produce cementitious materials as an alternative to
conventional construction materials (based in PC) [7,8]. The mining
sector plays a vital role in sustaining social growth and developing
global economies [9]. Nevertheless, the development of mineral pro-
duction remains as one of the world’s biggest wastes accumulators [10].
MT and waste rocks are the principal secondary materials produced

Abbreviations: AAMs, Alkali-Activated Materials; MT, Mine Tailings; XRD, X-Ray Diffraction; XRF, X-Ray Fluorescence; TGA, Thermo-gravimetric Analysis; FTIR,
Fourier Transformed Infrared Spectroscopy; BET, Brunauer, Emmett and Teller; NMR, Nuclear Magnetic Resonance; SEM, Scanning Electron Microscopy; CM,
Calcined Marl; RM, Raw Marl; C-S-H, Calcium Silicate Hydrate; M-S-H, Magnesium Silicate Hydrate; AAM650, AAM based on marl calcined at 650°C; AAM750, AAM
based on marl calcined at 750°C; AAM850, AAM based on marl calcined at 850°C; UCS, Uniaxial Compressive Strength.
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during mining and processing operations [11,12]. Thus, these wastes are
now considered as by-products that are deposited in dumps or stock-
piles, depending on the type of waste, causing several environmental
issues [13,14]. Generally, mine wastes are largely valorized in the
construction field in several applications. Coal mine wastes and phos-
phate clays are recycled in manufacturing bricks [15,16]. El Machi et al.
used phosphate wastes rocks as coarse aggregate in concrete formula-
tions revealing important mechanical behavior [17,18]. Additionally,
phosphate ore tailings were combined with polymeric wastes to produce
lightweight aggregates [19]. Bahhou et al. have recycled of phosphate
mine wastes as supplementary cementitious materials [20,21].
Magnesium-based cement has attracted much attention for its promising
properties as a partial replacement for OPC [22]. Magnesium based
cement systems have been investigated in different applications
including the carbonation for strength gain and the formation of mag-
nesium silicate hydrate (M—S—H) within MgO-SiO5 blends [23,24].
Recent works on cementitious materials with the presence of reactive
MgO have revealed that M—S—H could be formed by the reaction be-
tween an Mg-based source (MgO, Mg(OH)) and a silica source, resulting
in a binder that can be used in certain applications such as building
materials [25]. Within MgO-SiO2-H»0 systems, M—S—H is produced via
the reaction between Mg?" and dissolved silica complexes [26]. The
main factors influencing M—S—H formation are the chemical and
physical properties of the precursors, mix and curing conditions and pH
value. Ben Haha et al. showed that the presence of higher MgO content
in blast furnace slags activated by using sodium silicate enhanced the
compressive strength and reduced porosity [27]. The calcination of
MgCOs at a temperature around 1000 °C produces reactive MgO that is
responsible for the acceleration of the early-stage reaction, reducing the
drying shrinkage, and improving the carbonation resistance [28]. Those
important properties are produced due to the formation of C-M—S—H
[26]. However, Lothenbach et al. have established that “M—C—S—H”
phase could not be formed due to the presence of different silicate
structures [29]. Nevertheless, according to their study, separate
M—S—H and C—S—H phases could be produced in systems that contain
both Mg?* and Ca?" sources [29]. In addition, some studies have pro-
posed that magnesium could be incorporated in C—S—H, however no
clear experimental statement was claimed [28];

In the case of AAMs, the dihydroxylation or calcination of some
aluminosilicate precursors, specifically mine wastes, results in
improving their reactivity to make them able to dissolve easily in
alkaline mediums [30]. Furthermore, calcination is a promising pre-
treatment process to enhance the solubility of MT and promote their
geopolymerization [31]. Several studies have proved that mine wastes
present important properties as aluminosilicate precursors [32]. The
alkaline roasting of vanadium tailings at T = 450 °C for 1 h destructs of
crystalline structures allowing a better dissolution of Si and Al [33].
Moreover, calcination of red mud from bauxite ores at T =800 °Cfor 1 h
leads to the katoite dihydroxylation [34]. After fast cooling fired bauxite
residue from T = 1100 °C, semi-vitreous phase was formed [35]. While
montmorillonite clay contained in phosphates by-products was totally
dehydroxylated at T = 900 °C. Furthermore, calcination of marls at T =
750 °C allows a compressive strength of 38 MPa at 120 days [36,37].

Calcination clays have shown important properties as precursors of
AAM [38]. Metakaolin is the most widely clay used as a precursor in
alkali-activated materials; this mineral is produced by the calcination of
kaolin clays. Nevertheless, the high cost and scarcity of its reserves have
resulted in the importance of involving the use of other clays, such as
illite and smectite, and calcined marls [39]. Raw marl (RM) is consti-
tuted by a variety of clay minerals, carbonates and quartz in different
proportions. The calcination of RM at an adequate temperature leads to
the development of pozzolanic activity providing important mechanical
strength [40]. The pozzolanic reactivity of RM corresponds to the
formed glassy phase, which indicates the structural disorder induced by
the calcination, in depends on the mineralogy of the contained clay [21].
Numerous works concluded that the highest pozzolanic reactivity of

most marls is achieved at around 800 oC. This statement is explained by
the nature of contained clays, which are usually montmorillonite,
palygorskite, and illite.

The present study investigates the effect of calcination temperature
of RM by-products from phosphate mines on the mechanical and
microstructural behavior of elaborated AAM.

The main aim of this work is to valorize marl rocks from phosphate
mines as precursors in the production of AAM. In addition, the objective
of the study consists of investigating the properties of elaborated AAMs
for construction application depending on the calcination temperature.

2. Materials and methods
2.1. Raw materials and geopolymers synthesis

In this study, RM are sampled directly from phosphate intercalation
layers, are used as the only precursor for the formulation of alkali-
activated materials. Sampling was carried out from the Gantour basin
— Ben Guerir - phosphate mine site (OCP-SA, Morocco). Raw marl is
mainly composed of SiOy present in quartz and tridymite. While it
contains amounts of CaO and MgO indicating the presence of dolomite
and fluorapatite. In addition, Palygorskite phase is present as a clayey
mineral. Table 1 presents the chemical and physical characteristics of
RM samples. RM rocks are crushed, ground, and sieved under 100 pym.
After the mechanical preparation, the RM powder was calcined at
different temperatures (650, 750 and 850 °C) to study the impact of
calcination temperature on the properties of the MAA. The calcination
was performed for 2 h with a heating of 10 °C /min. The selection of
calcination temperature and rate depends on previous studies and TGA
results [36,37].

For the formulation, the CM powder was blended with an activator
solution made by mixing NaOH (10 M) and water glass (SiO2/Nag0 =
3.2), at a water glass/NaOH ratio of 1 in weight. The liquid to solid ratio
of the mixture is 1. The paste was stirred using mechanical agitator for 7
min and then introduced in cylindrical molds (O: 20 mm, H: 40 mm)
sealed by plastic film. The curing regime was at T =22 °Cfort =24 h
before demolding. The UCS was evaluated at 7, 14, 28, and 120 days.
Samples were stored in humid chamber at ambient temperature and 98
% humidity before being characterized. The characterization of elabo-
rated geopolymers was performed at 120 days to obtain relatively long-
term data.

2.2. Analysis methodology

Epsilon 4 Model - Malvern Panalytical and Bruker-AXS D8 powder
diffractometer were used to define the chemical and mineralogical
characteristics of RM. The XRD equipment was operating by Cu Ka ra-
diation (A = 0.154186 nm) from 20 of 2° to 70°. Software DiffracPlus
EVA and TOPAS associated to a chemical reconciliation were used to
identify and quantify the existing phases. Nicolet 5700 spectrometer was
employed to perform the FTIR analysis between 400 cm ! and 4000
em ! at 4 em ! resolution using powdered samples embedded in KBr
pellets (0,001 g sample/0,099 g KBr). TG analysis was performed under
air (30 ml/min) at 900 °C with 10 °C/min speed using 35 mg of sample.
Moreover, TESCANVEGAS3-SEM was used to investigate the micro-
structure. Laser particle size analyzer, Mastersizer 2000 and Micro-
meritic Gemini VII Equipments were used to measure the size
distribution and surface area, respectively. In addition, helium Pyc-
nometer (AccuPyc II 1340) equipment was employed to determine the
density. The UCS was measured by a uniaxial hydraulic press using the
Instron 3369 Universal Testing Machine with a load capacity of 30 kN.

Magic-angle spinning (MAS) nuclear magnetic resonance (NMR)
spectroscopy was carried out on a Bruker Advance 500 MHz spectrom-
eter at a magnetic field of 11.7 T, which corresponds to resonance fre-
quencies of 130.3 MHz (¥’Al) and 99.4 MHz (*°Si). Spectra were
acquired with a Hahn-echo pulse sequence for 2Al, and with a single-



Table 1
Mineralogical, chemical, and physical characteristics of RM.

Chemical Composition, wt. % LOI Si0, Al,O3 CaO MgO F,03 P,0s5 K0 TiO,
24.00 46.00 1.05 14.60 12.50 0.84 0.72 0.24  0.07
Physical properties Dso (um) Dgo (um) Specific surface (m?/ Density (g/
22.12 79.23 ) cm®)
83.25 2.12
Mineralogical composition, wt. Tridymite  Dolomite Palygorskite Hematite Fluorapatite Quartz
% SiO, CaMg (Mg,Al)5Si4010(OH)e4 Fe,03 Cas(PO4)sF SiO,
19.4 (CO3)2 (H20) 1 1.70 17
43.9 17

LOLI: loss of ignition at 1050 °C.

pulse sequence for 2Si. The recycle delay was 5 s and the n/s pulse (CO3)2), quartz (SiO3), and Tridymite (SiO3), while fluorapatite
length was about 2 ps. The spectra were referenced to 1 M Al(NO3)3 for (Cas(PO4)3F) is present in low amount. Palygorskite ((Mg,

27Al, and tetramethyl silane for 29g;i. Al),Si4019(OH)-4(H20)) is observed at 2 0 values of 8.85°, 13.95°, and
16.46°. With rising the temperature, the peak at 8.85° shifted to 9.05°,
2.3. Si and Al dissolution tests resulting from the elimination of water from the interfoliate space [42].

This fact could be explained by the variation of the water content,

Dissolution test was carried out in order to study the leaching of both resulting in a change in the position of the peaks [43]. At 650 °C, the

Si and Al for different temperatures and to choose the adequate NaOH intensity of palygorskite peaks decreased until disappearing at 850 °C
concentration. The amount of dissolved Al and Si species from RM was indicating the complete dihydroxylation reaction [44]. Furthermore, the
defined by the leaching method under different alkaline concentrations decarbonation of dolomite took place resulting in the decrease of in-
at different calcination temperatures (T1 = 650 °C, T2 = 750 °C, and T3 tensity peaks and the formation of gehlenite and enstatite (MgSiOs)
= 850 °C). The test was conducted by stirring 0.5 g of CM with 50 ml of phases [36,45]. However, from 750 °C dolomite disappeared totally

NaOH for concentrations of 8, 10, and 12 M at a speed of 120 rpm for 4 indicating the full decarbonation and leading to the formation of peri-
h. High concentrations of NaOH were used to further investigate the clase (MgO) [38]. Previous studies have showed that the complete
variation in the Si and Al dissolution degree of the tested powders. The decomposition of dolomite is commonly reported between 700 °C and
dissolution conditions were defined based on previous studies [31,41]. 800 °C [48]. In addition, portlandite phase (Ca(OH)s) is detected after
Extended periods of time make the solutions very viscous. After mixing, calcining at 750 °C, while with increasing the temperature, lime (CaO)
the centrifugation was executed for 10 min at 6000 rpm, then the was identified. The presence of portlandite, regardless the calcilination
filtration using a vacuum pump. The filtrates were collected for testing temperature used can be explained as follow: the sample interact with
silicon and aluminum ion dissolution by ICP-AES. water of the atmosphere leading to the hydration of CaO, then the for-

mation of portlandite following the reaction (3) [49]. The phenomenon
3. Results and discussion that occurred during the calcination could be explained by equations

(1-(3.
3.1. Characterization of the precursor

CaMg(CO3); — CaCO3 + MgO + CO; (700 °C) )}

XRD patterns of raw marl (RM) and calcined marl (CM) are presented CaCO; — CaO + CO, (850 °C) )
in Fig. 1. The RM shows a high percentage of dolomite phase (CaMg
d
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Fig. 1. XRD patterns of RM and CM at 650 °C, 750 °C and 850 °C. Pal: palygorskite (COD9005565), q: quartz (COD9012600), d: dolomite (COD9004931), t: tri-
dymite (COD9005269), f: fluorapatite (COD9009978), P: portlandite (COD1001769), E: enstatite (COD9014117), c: calcite (COD9015066), 1: lime (COD1011327), L:
larnite (COD9012791), M: periclase (COD9006747), a: augite (COD1200006), and h: hematite.



Table 2
Existing phases in RM and CM at 650, 750, and 850 °C.

Raw marl CM at different temperatures
T1 = 650 °C T2 =750 °C T3 =850 °C
Quartz Quartz Quartz Quartz
Palygorskite Palygorskite Tridymite Tridymite
Tridymite Tridymite Calcite Calcite
Dolomite Dolomite Portlandite Portlandite
Fluorapatite Fluorapatite Fluorapatite Fluorapatite
Hematite Hematite Hematite Hematite
Enstatite Periclase Periclase
Lime
Larnite
Augite
CaO + H,O (air) — Ca(OH); (ambient T) 3)

In addition, at 850 °C larnite (CazSiO4) was identified and formed by
the reaction between CaO from the decomposition of dolomite and sil-
icon oxides from the palygorskite [44]. The formation of Larnite (CzS)
phase is confirmed by Poussardin et al. [42]. They stated that calcining
marlstone that contain palygorskite clay at 800 °C leads to the formation
of CS phase. Traces of calcite (CaCO3) were detected at 850 °C. How-
ever, the temperature did not influence fluorapatite, quartz, and tridy-
mite. Augite phase ((Ca,Na)(Mg,Fe,AL Ti)(Si,Al)20¢) is detected after
calcining at 850 °C, this crystalline phase is a product of recrystallization
reaction [42]. Table 2 summarizes the phases contained in raw and
calcined marl at different temperatures.

FTIR spectra of RM and CM are shown in Fig. 2. In all spectra, bands
of stretching and bending vibrations of H—O—H bonds of water mole-
cules are respectively located at 3440 and 1658 cm . The intensity of
these bands decreased after calcination but still appeared at 850 °C. This
could be explained by the fact that KBr is highly hygroscopic. The bands
located around 3640 cm-lare attributed to asymmetric stretching vi-
brations of O—H bonds in portlandite indicating that the sample was
hydrated after calcination explaining the presence of portlandite in XRD
spectra [13]. C=O stretching vibration band is located at 1440 cm !,

which is present in dolomite phase, that decreased with calcining marls
resulting from the decomposition of carbonates [50]. However, this
band still appeared at 850 °C but with much lower intensity corre-
sponding to the presence of calcite traces as mentioned in XRD. The
bands at 727 cm ! and 879 cm ! are characteristic of the presence of
dolomite that disappeared after calcination at 850 °C. These bands in-
tensity decreased with the increase of temperature until disappearing at
850 °C. Three bands at 1100 ecm !, 1038 ¢cm ! and 989 cm ! are
associated with Si-O-Si (Si-bridging oxygen-Si) bonds vibrations present
in palygorskite [51]. The band at 478 cm-1 is attributed to bending vi-
bration of Si-O. The presence of quartz is confirmed by a band at 793
cm b which corresponds to Si-O-Si stretching vibration [37]. A peak-
like shoulder at 908 cm ! appeared in RM, and its intensity decreased
with calcining. This peak is attributed to AlI-OH-Al deformation and the
disappearance of this band confirmed the dihydroxylation of clay [52].
The changes showed in FTIR results are in accordance with the XRD
ones, confirming that the changes in the clay structure due to the
calcination correspond to the loss of different types of water molecules
in the clayey mineral.

The thermal behavior of raw marl was presented by thermo-
gravimetric curves in Fig. 3. No peak was detected around 120 °C due
to the drying of the sample before the analysis. However, the curve
showed three different mass losses. At 350 °C, the first mass loss in-
dicates the start of palygorskite dihydroxylation. While the second loss is
presented by a peak around T = 600 °C which could be assigned to the
structural collapse of palygorskite. In addition, the last large weight loss
around 776 °C is assigned to the decomposition of dolomite [53].

3.2. 2si and # Al MAS NMR of calcined marls at different temperatures

The %Al MAS NMR spectra of calcined marls at different tempera-
tures are shown in Fig. 4.A. The curves display-two main peaks at + 14
and + 55 ppm. The first resonance is attributed to 6-coordinated
aluminum corresponding to the aluminum present in the palygorskite
[54]. The second resonance at + 54 ppm corresponds to 4-coordinated
aluminum related due to the transformation of AI(VI) to Al(IV) conse-
quence of the dihydroxylation process of palygorskite [42]. The peak
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Fig. 2. FTIR curves of RM and CM after calcination at 650, 750, and 850 °C.



100
&
S 904
174}
172}
=
N
=
20
=
80
70

Derivative (%/°C)

I I
200 400

I I
600 800

Temperature (°C)

Fig. 3. TGA-DTG curves of RM.

corresponding to Al(VI) decreased slightly with increasing the temper-
ature from 79 % to 77.3 % for 650 °C and 750 °C, respectively. This fact
could be explained by the dihydroxylation of the palygorskite phase.
However, Al(VI) still appeared at all temperatures due to the incomplete
decomposition of palygorskite and the formation of new phases resulting
from the recrystallization of the sample. Fig. 4.B displays the evolution
of the 2°Si MAS- NMR spectra of the calcined marls at different tem-
peratures. The resonance at 83 ppm is attributed to Q sites in enstatite
[55]. Resonance at 89 ppm corresponds to Q2 in palygorskite. In
addition, peaks located at 96 ppm and 99 ppm are attributed to
QS(mAl) existing in palygorskite [42,56]. The intensity of these sites
decreased with increasing the temperature to 850 °C indicating the

A
AI(VI)

AI(IV)

CMS8S50

CM750

CMG650

dehydration of palygorskite. The spectra of calcined marls at different
temperatures exhibited a wide signal centered at — 113 ppm, assigned to
the Q* units in the amorphous silica tridymite [57]. A resonance around

72 ppm appeared at the spectrum of marls calcined at 850 °C and could
be assigned to QU sites existing in larnite that is formed at this temper-
ature according to XRD results.

3.3. Si and Al leaching test
The results of the measurement of Si and Al leached from CM at

various temperatures in an alkaline medium with different concentra-
tions are shown in Fig. 5. The maximum Si concentration of about 990
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Fig. 4. A: 2Al MAS NMR spectra of AAM, B: 2°Si MAS NMR spectra of elaborated AAM,
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mg/1 was obtained with 10 M NaOH for a powder calcined at 850 °C. At
the same temperature, for 8 M and 12 M NaOH, the concentrations were
much smaller at 766 and 592 mg/1, respectively. At 8 M NaOH con-
centration, the dissolution reaction of Si was slow resulting from low
alkalinity comparing to 10 M and 12 M. For the 12 M NaOH, the
dissolution is decreased due to the increase in coagulation of silica [58].
However, for the same NaOH concentration, the solubility of silica in-
creases with increasing the temperature of calcination. As it was ex-
pected, the concentration of Al ions was considerably lower than that of
Si ions, as shown in Fig. 5B. This could be explained by the low content
of Al in the raw marl. For 8 M NaOH, the amount of leached Al was
smaller for all samples calcined at different temperatures. The Al con-
centration increases from 10 mg/l to 16 mg/l for NaOH 10 M with
temperature going from T1 = 650 °C to T2 = 850 °C. While for 12 M the
concentration decreased to reach 14 mg/1 for 850 °C. This reduction
could be assigned to the recrystallisation of the powder calcined at
850 °C. Thus, the leaching of Si and Al necessitate longer time and/or a
higher temperature [59]. Rattanasak et al. have mentioned that the
subsequent formation of precipitates and gels leads to the depletion of
ions and thickening the solution which resulted in retarded leaching of
ions [58]. In addition, Ouffa et al, studied the dissolution of fifteen pure
aluminosilicate minerals in alkaline medium was investigated [31].
Their results revealed that the dissolution depends mainly on the crys-
tallization conditions of the minerals as well as their chemical compo-
sition. The results of leaching tests show that the powder calcined at T3
= 850 °C reaches the maximum concentration of Si and Al. In addition,
the use of 10 M NaOH was adequate for the synthesis of AAM.

3.4. Mechanical strengths of AAMs

Fig. 6 illustrates the UCS of AAM650, AAM750, and AAM850 after 7,
14, 28, and 120 days. As shown in this Figure, the UCS values increased
with the age. The increase was slight between 7 and 14 days to reach
approximatively 2 MPa for AAM650 and AAM850, while it attained 2.8
MPa for GP750. At this age, the difference of UCS for all sample was not
large. This fact could be described by the very slow dissolution rate of
alumina and silica. This phenomenon is generally occurring for low
temperature curing [60]. After 28 days of curing, AAM750 indicated a
UCS of about 7.5 MPa. The highest strength of 38 MPa was recorded
after 120 days for the same geopolymer, performed by using marls
calcined at 750 °C, while it did not exceed 20 MPa and 26 MPa for
AAM650 and AAMS850, respectively. In addition, the high compressive

strength obtained for AAM750 could be explained by the presence of C2S
in the powder calcined at this temperature as Sanchez et al (2016) stated
that the C,S phase possesses a positive effect on the mechanical strength
in alkali-activated materials [61]. In addition, the hydration of CjS,
produces C—S—H which should contribute to the mechanical strengths.
Also, the presence of CaO in the calcined powder affects positively the
strength, according to Temunjim (2009) the compressive strength of
alkali-activated materials was important due to the formation of amor-
phous C—S—H gel leading to the decrease of porosity [62]. For
AAMG650, the development of compressive strength is limited by the fact
that at 650 °C the palygorskite clay was not totally dehydroxylated
hindering the dissolution of silica and alumina.

The decrease of mechanical strength for AAM850 could be explained
by the recrystallisation of the calcined powder. It is known in the liter-
ature that calcining at temperatures higher than 800 °C leads to the
recrystallization responsible for reducing the compressive strength [63].
In general, new crystalline phases such as mullite and spinel are formed
when calcining at elevated temperatures [64].

3.5. Characterization of elaborated AAMs

XRD patterns of geopolymers based on calcined marl are presented in
Fig. 7. The characterization of AAMs was performed at 120 curing days.
The remaining phases after the alkali-activation reaction were quartz
(SiOy), fluorapatite (Cas(PO4)3F), and enstatite (MgSiO3). These phases
are still present and not affected in alkaline medium [37,65]. While
tridymite (SiOj), augite ((Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O¢), larnite
(CaySi0y), portlandite (Ca(OH)3) and lime (CaO) phases were totally
disappeared at all temperatures. However, dolomite (CaMg(COs3)5) and
palygorskite ((Mg2Al2)SigO20(OH)2-4H20), present in the raw material,
were also present in AMMs made of powder calcined at 650 °C, which
did not completely decompose at this temperature.

A broad diffuse hump appeared in the angular range between 20°
and 35° and indicates the presence of amorphous phase [36]. Consid-
ering the chemical composition of the precursor, this amorphous phase
could refer to a C—S—H type gel, as the soluble silicate reacts with Ca
from larnite and portlandite promoting the formation of C—S—H
[65,66]. The intensity of periclase (MgO) decreased consequently after
alkali-activation for AAM650 and AAM750. According to the literature,
the reactive Mg reacts with Si-O to form M—S—H (magnesium silicate
hydrate gel) [67]. This statement is in accordance with early works
confirming that Mg is rapidly consumed to produce M—S—H when
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activating with slag [26]. Due to its poor crystallinity, M—S—H is
difficult to be seen in XRD but could be formed confirming the existing
hump [68]. Considering that the main products of AAMs, are usually N-
A—S—H and/or C-A—S—H gel, the amorphous hump could be associ-
ated with one (or a mixture) of them. However, considering the lor

proportion of Al, and considering the chemical composition, it seems
much more probable the formation of a C—S—H or M—S—H gel. The
XRD pattern of AAM750 showed the presence of calcite that resulted
from the decomposition of dolomite after calcination. In addition, for all
temperatures, reflections of natrite (NaaCO3) phase were detected. This



formation could be assigned to the excess of sodium, coming from the
activator, which reacted with CO; in the air as stated by Rakhimova
et al. and Mabroum et al. [36,40].

FTIR spectra of elaborated AAM are illustrated in Fig. 8. AAM syn-
thesized using CM at different temperatures present the same bands, but
the intensities differ. The broadband located between 2200 cm ! and
3700 cm ! in all spectra is assigned to O—H stretching vibration of
water [69,70]. The little band at 3638 cm ! could be attributed to the
presence of amorphous portlandite, as this phase did not appear in XRD
results. The band at 1653 cm ! corresponds to the O—H bending of the
water molecule [71]. In addition, carbonates (CO%’) are presented by the
band located at 1464 cm ! confirming the presence of carbonates
showed in XRD results [72]. The absorption band at 452 cm I and 798
cm ! corresponds to Si-O bending and Si-O-Si stretching vibrations,
respectively [73]. These bands are characteristic of the presence of
quartz. Furthermore, bands at 895 cm ! in AAM650 could be attributed
to (CO%) specially dolomite. This band disappeared in AAM750 and
AAMS850 as dolomite decomposed at these temperatures. While the band
at 712 cm ! appeared more intense in AAM650 and is attributed to the
calcite. In addition, the band at 1047 cm ! are typical of M—S—H [74].
A band like a shoulder is located at 974 cm ! and could be assigned to
C—S—H gel [29].

The TG and DTG curves of alkali-activated materials are shown in
Fig. 9. The first weight loss is located in the range between 50 °C and
200 °C observed for all AAMs and corresponds to the loss of bound water
adsorbed on the surface of C—S—H and M—S—H [75]. This loss could
be associated with adorbed water or water from gels. The second loss is
the same in all AAMs and is ranged between 200 °C and 450 °C. This loss
corresponds to the dehydroxylation of bridged hydroxyl groups in
C—S—H and M—S—H gel [75,76]. The third weight loss around 550 °C
is related to the dehydroxylation of magnesium hydroxyl groups (Mg-
OH) in M—S—H [77]. Losses ranging from 600 °C to 800 °C correspond
to the decomposition of carbonates [78]. The results confirmed the re-
sults of XRD and FTIR.

3.6. %Al and ?°Si MAS NMR results

The 2’ Al- NMR spectra of elaborated AAM are presented in Fig. 10.A.
All spectra are dominated by a strong peak around + 13 ppm repre-
senting octahedral [AlOg] units [79]. The Al(VI) in AAM650 and
AAM750 is present in palygorskite which still appeared at these tem-
peratures due to the incomplete dihydroxylation. This peak decreased
from 80 % to 63 % with increasing the temperature from 650 °C to
750 °C, then increased to 71 % for 850 °C. In addition, it could be
attributed to the recrystallization and subsequent forming of the Augite
phase after the calcination at 850 °C. Furthermore, this broad Al(VI)
resonance could be also attributed to M-(A)-S—H gel, as suggested by
Bernard et al, proposing the possible substitution of Mg by Na or Ca in
the formed N-(A)-S—H or C-(A)-S—H gels [80].

The second peak is observed in the range between + 55 and + 58
ppm and corresponds to tetrahedral Al(IV) units. The percentage of Al
(IV) was at the maximum of 37 % for AAM750. Some additional in-
tensity is found in the range between + 40 to + 30 ppm. This could be
attributed to Al(V) units. This intensity is higher for the sample heated to
650 °C and starts to decrease with increasing the temperature of heating.
It should be noticed that the global intensity of the peaks in the 27Al
NMR spectra is low due to the low amount of Al in these samples.

As shown in Fig. 10.B. The spectra of calcined marls at different
temperatures exhibited a wide signal centered at — 113 ppm, assigned to
the Q* units in the amorphous silica tridymite [64]. The intensity of
these resonances declines significantly after the alkali-activation reac-
tion, while new signals appear as the result of the formation of new
alkaline reaction products. Comparing the 2°Si results of AAM to those of
CM, resonances attributed to palygorskite (Q? and Q) are still appearing
in AAM650 as this clay is not totally dehydroxylated in CM650. In
addition, the resonances corresponding to quartz did not disappear for
all AAM.

The local structures around Si have been investigated with 2°Si NMR
in Fig. 11. It is clearly observed that all AAMs samples presented the
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same bands but with different intensities and a little shift due to the heat
treatment of marl at different temperatures. In the literature, M—S—H
gel is reported to have the silicon sites in coordination 1, 2, 3 and 4. (Q*
(~100 ppm), Q°* (~-92, 96 ppm), Q° (~- 85 ppm), and Q' (~-78 ppm))
[81]. However, the C—S—H gel shows structures of the layers, and the
branching sites Q% (~—-93 ppm), the chain middle groups Q? (~-85 pm),
and the end groups Q' (~-79 ppm) [75]. The deconvoluted spectra of
elaborated AAMs show the presence of several type of peaks. The res-
onancesat 79ppm, 83 ppmand 86 ppm correspond to the presence
of Ql, Q2(1Al) and Q2 sites in C—S—H gel, respectively [36,56]. Ac-
cording to Bernal et al. 2013, the peak at 82 ppm could be assigned to
Q%(1Al), characteristic of bridging tetrahedra sites of Si in which the Al
is involved, or simply assigned to QZ(L) existing in C—S—H [82]. Res-
onances at 88 ppm corresponds to Q3(1Al) [83].

Resonance at 78 ppm is attributed to Q' in M—S—H gel, while
those around 92 ppm, 94 ppm and 96 ppm could be attributed to

Q3 present in M—S—H as stated by Bernard et al. [77,78]. Q4 sites are
present at 98 ppm, 100 ppm and 108 ppm corresponding to
Q4(2Al), Q4(1Al) and Q4(OA1), respectively. The presence of these peaks
could indicate the presence of hybrid (C,N)-A—S—H with very low
content of Al or could correspond to silicon bridge gel existing in sodium
silicate [75]. The hypothesis is, considering the time, usually (C,N)-
A—S—H gel evolves to a C-A—S—H gel.

The resonancesat 108 ppmand 112 ppm are attributed to Q*sites
existing in quartz [84]. These results proved the coexistence of several
gels including C—S—H, M—S—H, with the presence of little amount of
(C,N)-A—S—H gels. The existence of these gels could explain the pres-
ence of the broad halo in the XRD spectra. On the other hand, the
amount of formed (C,N)-A—S—H is approximatively the same around
12 % for all elaborated alkali-activated materials. While the formed
M—S—H gel was higher in AAM750 of 33 % comparing with AAM650
that contains only 24 % and AAM850 with 27 % as seen in Table 3. These
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Table 3
Deconvolution results of 2°5i MAS NMR of elaborated AAMs.

AAM650 AAM750 AAMB850

Center (ppm) Area (%) Center (ppm) Area (%) Center (ppm) Area (%)
Q° 71,89 2,19 70,2 0,88 68,16 6,18
Q! 77,96 4,16 77,84 2,87 77,91 6,22
Q! 79,30 8,20 79,38 6,46 79,83 7,47
Q%*(1AD 83,95 14,66 83,19 17,35 83,43 12,85
Q? 86,33 11,59 85,68 11,01 86,62 10,69
Q3(1AD 88,50 14,92 88,61 13,88 89,84 14,27
Q® 91,90 9,57 91,43 13,38 92,52 10,95
Q® 93,17 7,37 94,17 12,32 94,74 9,07
Q® 95,56 7,31 96,37 7,30 96,43 7,29
Q*2AD 98,02 7,69 98,67 5,57 98,83 7,26
Q*aAn 100,85 5,94 101,74 5,00 100,99 5,42
Q* 107,79 8,58 108,24 4,85 108,96 8,32

results could explain the highest strength that reached 38 MPa for
AAM750 confirming the contribution of M—S—H in the development of
mechanical properties.

Fig. 12 shows the SEM images of AAM after 120 days of curing. As
shown in the figure, AAMs made from marls calcined at 750 °C and
850 °C reveal a relatively dense and uniform matrix microstructure with
the presence of some pores and unreacted particles. The pore sizes are
different for AAM750 and AAM850, with the latter one having smaller

pores. However, the calcination temperature of 650 °C leads to a porous
microstructure after the alkali activation reaction.

The EDX analysis of elaborated AAMs in Fig. 12showed the presence
of the same dominant peaks of Si, Ca, Na and Mg, with the presence of
low amount of Al. For AAM650 the major peaks were Si and Na with low
amount of Mg and Al. This fact could be explained by the presence of
silica gel and crystals of unreacted periclase. In addition, EDS of
AAM750 confirmed the existence of both M—S—H and C—S—H gels
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with low amount of Al. However, AAM850 showed the co-precipitation
of the same gels with high amount of Mg referring to the presence of
unreacted periclase.

These results indicated the probable formation of a mixture of
C—S—H and M—S—H gels. With the low Al content, there is the pos-
sibility of forming a hybrid gel containing Ca and Na (C-(N)-A—S—H)
[80].

4. Conclusion

Sedimentary phosphate mines generate huge volume of waste rocks
consisting of marls rocks that could be used as precursor for AAMs
production. Several parameters affect deeply the mechanical strength
including the calcination regime that was studied in the present work.
However, an optimization of other experimental parameters could lead
to interesting properties.

This work provides the findings below:

- RM consists of palygorskite phase as a clayey mineral that reached
the total dihydroxylation at 750 °C.
- The dissolution of Al and Si was at the maximum for a temperature of
T = 850 °C and in NaOH of 10 M. The increase of the concentration
leads to the increase in coagulation of silica gels resulting in the
decrease of dissolved Si ions. While the aluminum dissolution re-
mains low due to the low percentage of Al,O3 in the raw marl.
Hardened materials revealed that the AAM made of marl calcined at
750 °C presents the maximum UCS of about 38 MPa after 120 days of
curing, while it decreased at 850 °C.
The SEM/EDX and 2°Si - %Al MAS NMR analyses confirm the
probable formation of C—S—H gel as the main reaction product with
the existence of (C,N)-A—S—H gel. The MgO content in marls is
subsequently high leading to the formation of M—S—H. [46]
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