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� A novel approach to improve the performance of alkali-activated MTs using sub-micron sized precursors.
� Sub-micron MTs accelerated the alkali-activation of low alumina MTs.
� The addition of sub-micron MT led to significantly decreasing the surface area by blocking the pores with sub-micron particles.
� The early strengths of the samples were improved by the addition of a small amount of sub-micron MTs.
� The new alkali-activated sub-micron MTs are incredibly efficient due to the use of MT disposal.
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Low-alumina mine tailings (MTs) have shown the possibility of being a precursor in the production of
alkali-activated materials (AAMs). The effects of the addition of sub-micron MTs (10 wt%) with the aver-
age size of 400 nm to improve the performance of AAMTs with alkali activator (10, 15, 20, and 30 wt%
sodium silicate) were investigated by using X-ray diffractometry (XRD), Attenuated total reflection-
Fourier-transform infrared spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), and nitrogen
adsorption technique (BET). The mechanical properties of the materials were also analyzed. The results
indicate that the addition of sub-micron MTs to AAMTs plays an important role in mineral compositions
and enhances the mechanical strength performance in comparison to plain AAMTs, especially after just
7 days of aging. This result is attributed to the different microstructure between AAMTs and sub-
micron MTs. BET results showed that the addition of sub-micron MTs reduces the total porosity of
alkali-activated products and changes the pore structure. The pores of AAMTs were refined by the filling
effects of sub-micron particles and the enhancement of the hydration process due to the nucleation effect
of those sub-micron particles. This could be a significant reason for the increase in early age mechanical
strength. This work introduces a novel approach to improve the performance of tailings-based alkali-
activated materials using nano-sized precursors.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access article under theCCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Alkali-activated materials (AAMs), including the materials
called ‘‘geopolymers,” have attracted much interest over past dec-
ades for their potential as substitutes for Portland cement (PC). In
addition, the similar mechanical properties, lower energy con-
sumption, and lower carbon emissions, as well as their inherent
properties such as great strength, high resistance to chemical
attack, thermal stabilization, fire resistance, and the utilization of
industrial waste as precursors, have been reported [1–7]. Despite
the progress in both scientific research and commercial fields,
the usage of geopolymers is still limited [8]. The majority of the
studies have focused on the reaction and microstructural proper-
ties of several aluminosilicate materials activated with different
alkaline-activators [5,9–11].

AAMs have shown the potential for converting industrial wastes
into greener materials [12,13]. Furthermore, sustainable green
technology is a research area that has been explored broadly with
researchers, specifically concentrating on how to convert industrial
by-products into cement and concrete [14–17]. Recently light-
weight materials have been highlighted due to the significant ther-
mal and acoustic properties. Foam geopolymer is another type of
lightweight materials that creates a product with high porosity
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low toxicity. They are valuable for thermal properties due to low
thermal conductivity, good compressive strength, sound adsorp-
tion, and absorbent in water purification and filtration. The light-
weight materials consist of lightweight aggregate, fine aggregate
and bubbled air materials produced from various materials includ-
ing clay, slag, fly ash and coal dust [18–21]. A number of by-
products have been extensively considered in AAM production,
including industrial wastes, such as primary lead slag [22],
copper-nickel slag [23], ferronickel slag [24], red mud [25], and
mine tailings [26–33]. The common specification of these indus-
trial wastes is that they all contain high concentrations of silica,
iron, magnesium, aluminum, and/or calcium. The alkali activation
process is highly respected for its ability to turn waste materials
into valuable products [34–40]. In addition to the benefits from
the utilization of industrial wastes, applying alkali activation
technology can also reduce the CO2 emissions and energy
consumption of cement manufacturing, which are concerns for
the sustainable development of the cement and concrete indus-
tries [41].

The global mining industry creates enormous amounts of resi-
due or tailings after extracting valuable metals and minerals from
ore. Recently, the management of tailing disposal has been noted
as a significant challenge that has to be addressed to protect the
environment. Typically, mine tailings are disposed in an open
environment, which can have harmful effects on the ground and
underground water. Thus, seeking for cost-effective technologies
to safely manage this industrial waste is an urgent task for indus-
try and local governments. In order to minimize the harmful
effects of these hazardous materials and facilitating the mining
industry, new methods such as paste backfill in underground
mines have been developed. Paste backfill providing support for
the nearby mine structure eliminates water penetration and
reduces storage supplies for surface tailings. The requirements
for paste backfill are related to the physical, chemical, and mineral
properties of the precursor material. The mechanical strength of
the produced paste backfill depends on the tailing ingredients, bin-
der and water content. Furthermore, the integration of additives
(lime, fly ash, slag and other waste materials) in tailings enhanced
the mechanical strength and consistency of the paste backfill
[42,43]. The high content of silica and a considerable amount
of calcium and magnesiummine tailings holds potential for the
manufacturing of alkali-activated mine tailings (AAMTs) [12,42].
Recently, MTs have been proposed as a precursor in the prepara-
tion of AAMTs, and the possibilities using MTs in AAMs have been
attracting many interests. However, this research is still in its pri-
mary steps [43–46]. Up until now, Zhang et al., Ahmari et al., and
Li et al. [26–28,31,32,46–48] have considered the effects of differ-
ent factors like curing temperatures and activators on alkali-
activated materials made with copper MTs and have established
the possibility of using MTs for the AAMs production. Torgal
et al. [49] first highlighted enhancement in the high-early-
strength geopolymeric binder using a mixture containing a combi-
nation of calcium hydroxide and calcined tungsten mining waste
(TMW), and Kiventerä et al. [33,50,51] confirmed the successful
AAMs production with sulphidic MTs and blast furnace slag
(BFS) as precursor materials. They also considered the stabilization
of heavy metals in AAMs with using MTs as raw materials. The
unreliable properties of MTs will cause different behaviors in the
final AAMTs. Consequently, the use of MTs as the source of silica
in the compositions of AAMs could have some preferences such
as protecting of natural resources and cost-effective in addition
to decreases in releases of CO2 and other greenhouse gases
[52,53]. It should be noted that the present understanding of
MTs in the alkali-activation process is limited, and this could be
a highly valued technology for turning the waste materials into
productive materials [34-–39].
The activity of AAMs is mainly dependent on their chemical
composition, mineral composition, and fineness [54–56]. Accord-
ingly, the reactivity of the materials has been increased by using
some secondary activation methods like mechanical activation
process and chemical or thermal activation [57]. Mechanical acti-
vation modifies the surface area and surface structure. [58–60].
In the alkali-activation process, finer materials enhance the
mechanical structure of the final products due to both physical
and chemical effects [54,61–63]. Several references are reporting
the method for improving the mechanical properties of geopoly-
mer and alkali-activated materials [64–66]. In some cases, the
environmental issues for CO2 sequestration have been considered
by using natural or recycled fibres [67–70]. Moreover, some
researches can be found where the AAM composites reinforced
with different fibre types and presented a successful result in
mechanical gains and reducing the shrinkage of final products
[14,70–72].

Over the past few years, it was reported that the physical and
mechanical properties of AAMs could be significantly improved
by the addition of a small amount of nanoparticles [74–78]. In gen-
eral, nanomaterials are highly reactive due to their high surface-
area-to-volume ratio. Previous studies show the addition of small
dosages of nano-silica in cement or concrete could significantly
improve the mechanical properties of cementitious materials.
The presence of SiO2 nanoparticles caused forming more hydrated
products and the pore structure of the final product improved by
filling the voids of the C–S–H and reacting nano-SiO2 with Ca
(OH)2 (pozzolanic reaction) [67,73].

The pozzolanic reaction, nucleation effect, and the filler effect
are the main reasons that caused an improvement in the strength
of the AAMs containing nano/micron size particles. The addition of
nano/micron-size particles into the alkali-activated matrix
improved the alkali activation reaction and increased the amount
of hydration products. The small size particles with the nucleation
effect can accelerate the hydration rate and accordingly providing
more nucleating sites. The presence of nucleating sites can acceler-
ate the polymerization of small size particles during the dissolu-
tion stage. [79,80].

The physical properties of the final product containing fine par-
ticles are related to their packing characteristics, which can block
the voids inside the hydration products. This effect will facilitate
mechanical strength improvement, specifically the early-stage
strength. The chemical effect is due to the ability to provide fine
reactive particles (i.e. SiO2) that reacts with available elements
during the hydration process. The compressive strength improve-
ment of alkali-activated pastes containing ultrafine materials is
mainly dependent on the fineness of the precursor materials. This
is because of the higher reactivity of the ultrafine materials.
[63,81]. Ultra-fine tailing is a solid waste produced from the
ultra-fine grinding process for extracting the lower-grade ores
[82]. The particle size of ultra-fine tailings is generally below
20 lm [62,63,81,83,84]. The mechanical properties of the AAMs
can be improved by the addition of small particle size tailings
[85–88].

Studying the reactivity of sub-micron MTs in alkali-activation,
particularly the effects of micron size of MTs on the reaction prod-
ucts, are the perspectives under focus here, and are needed for
wider acceptance of utilizing sub-micron MT-based AAMs by
the mining industries. Our previous study [46] is mainly focused
on the characteristics of AAMTs as a function of alkali activator
addition and curing time, but the effect of sub-micron size tailings
has yet to be considered scientifically. Original MTs were ground
down to 400 nm with a laboratory-scale stirred media mill. Then
AAMTs sample was prepared by adding 10 wt% of sub-micron
MTs and its effect on sample properties was compared to AAMTs
sample without submicron particles. The dissolution experiments



Fig. 2. Particle size distribution of original MTs, milled MTs, and sub-micron MTs.
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of MTs and submicron size MTs were conducted in sodium silicate
solutions. Different percentage additions of sodium silicate were
studied for both AAMTs with and without sub-micron MTs. The
compressive strength and porosity are the subjects that must be
concerned. The microstructures of the alkali-activated sub-
micron MTs were characterized using ATR-FTIR, SEM-EDS, and
XRD techniques.

2. Materials and methods

2.1. Materials

The MTs were obtained from a Cu/Ni mine in the Lapland pro-
vince (Finland) and utilized as primary starting materials to pre-
pared alkali-activated products in this study. Sub-micron mine
tailings were produced by using a laboratory-size stirred media
mill with a disc stirrer (Hosokawa Alpine 90 AHM hydro mill)
[89]. The mill equipped with an operative chamber volume of
1.12 L, and the ground product separated from the grinding media
with a 0.2 mm screen. The stirred media milling has a continuous
mode, as shown in Fig. 1. The slurry flow rate has to be constant
and controlled by a providing pump. The final solid concentration
of the ground material was 15 wt%, with the average size of
400 nm measured by laser diffraction spectroscopy (Beckman
Coulter LS 13320).

The alkali activator is sodium silicate solution (from VWR
chemicals) with a silicate modulus (Ms = SiO2/Na2O by mass) of
3.2 and water content of 55 wt%. The X-ray fluorescence (Axios
mAX; Malvern PANalytical) determined the chemical composition
of the MTs (see Table 1). The XRF instrument equipped with a rho-
dium tube and a maximum power of 4 kW.

The density of the MTs was 3.05 g/cm3, and the median particle
sizes (D50) of original MTs, milled MTs and the ground MTs distin-
guished by laser diffraction spectroscopy as particle size analyzer
(LS 13 320 from Beckman Coulter) were 339 lm, 5 lm and
Fig. 1. Schematic presentation of the con

Table 1
Chemical composition (% by weight) of raw materials.

Label Na2O MgO Al2O3 SiO2 SO3 K2O

MTs 0.40 21.71 2.82 45.78 0.77 0.13
400 nm, respectively. The particle size distributions of
original MTs, milled MTs and sub-micron MTs are shown in Fig. 2.
The original MT needs to mill with a vibratory disc mill (RS 200) for
30–60 s to reach a grain size around 5 mm, this size is an acceptable
size for input powder into the stirred mill device. Although the
milling process is not economic mainly at mine site but based on
mineralogical analysis, the smaller size of the materials
has a higher surface area. Consequently, the dissolution rate
increase and it helps to rapid hardening of alkali-activated
materials.

The XRD analysis of the precursor materials (MTs) was per-
formed by employing an X-ray diffraction (XRD) using Rigaku
SmartLab 9 kW with Cu Ka (Ka1 = 1.78892 Å; Ka2 = 1.79278 Å;
Ka1/Ka2 = 0.5) radiation run at 45 kV and 40 mA, at a scanning
rate of 3�/min a step of 0.02� from 5� and 50� (2h). Phase
tinuous mode of stirred media mill.

CaO TiO2 MnO Fe2O3 NiO CuO

12.26 0.30 0.19 13.18 0.16 0.08
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identification was accomplished with X’pert HighScore Plus (Mal-
vern Panalytical software for analyzing XRD data). The XRD diffrac-
tion patterns of these raw materials are displayed in Fig. 3.

The MTs contained different amounts of crystalline phases,
particularly tremolite (Ca2Mg4.95Fe0.05 Si8O22(OH)2, ICDD#
01–085-0876), quartz (SiO2, ICDD# 00–033-1161), chlorite
(Mg4.6Fe0.55Al1.7Si3.15O10(OH)8, ICDD# 01–083-1381), dolomite
(CaMg(CO3)2, JCPDS# 00–036–0426), talc (Mg3Si4O10(OH)2,
ICDD#00–019-0770), and magnesium silicate hydrate (H2Mg2O9

Si3, JCPDS# 01–078–2611). In general, the XRD peaks for the smal-
ler size of the particles appeared broader (see the red arrows) than
the peaks of the same material in the bigger size. Comparing the
XRD graphs of the MTs and sub-micron MTs confirms the existence
of sub-micron or nano-size particles in the ground sample. The
broadening of the peak is due to a small number of crystal planes.
Accordingly, this broadening causes a loss of intensity in their
diffraction patterns [90].

Fig. 4 (a, b) shows SEM images of the MTs and sub-micron MTs
samples, in which it shows the irregular shape and rigid
morphology.

2.2. Synthesis of specimen

The mix compositions of the eight AAMs are shown in Table 2.
The final liquid-to-solid ratio (by weight) was set at 0.30, which
gives a good flowability. MTs and 10 wt% of sub-micron MTs were
mixed with 10, 15, 20 and 30 wt% of the sodium silicate for 2 min,
there is no need to add extra water to the mixture while the addi-
tion of 10 wt% of sub-micron MTs was selected based on the
required liquid-to-solid ratio for the paste. Sub-micron MTs pro-
vided in a slurry with a solid concentration of 15 wt%, the constant
addition of sub-micron is due to the water demand, to make a
desired mix composition with the final liquid-to-solid ratio of
0.3. The slurry was stirred for an additional 2 min, and then the
pastes were cast into a 20 � 20 � 80 mm prismatic mould. All sam-
ples were vibrated for 1 min after casting to release the trapped air.
The fresh pastes were then cured in laboratory conditions of
(20 ± 3 �C of room temperature). The next day, the specimens were
demoulded and preserved at ambient temperature until the test
age of 7, 14, and 28 days.
Fig. 3. The XRD patterns of origin
A series of three or four samples were tested for each mix com-
position to give average compressive strength values. The samples
for phase analysis, morphology observation, and porosity measure-
ments were collected from the crushed bars after the compressive
strength test. The samples are named as MT-X%Na and sub-micron
MT-X%Na [where x% relates to the weight% of sodium silicate con-
tent in the AAMTs].
2.3. Test methods

2.3.1. Compressive test
The effect of using sub-micron MTs on the strength of the final

product at different curing time (7, 14 and 28 days) was studied by
using a compressive test. A similar experiment was done on the
plain samples (without sub-micron MTs) at the same curing condi-
tion and then compared for the further analysis. The testing device
(Z100; ZwickRoell) has a load capacity of up to 100 kN under a per-
sistent displacement rate of 2 mm/min. Compressive strength was
tested according to ASTM C349 recommendations by using the two
broken portions that resulted from the flexural test [91]. Three
specimens for each mix composition after curing for 7, 14, and
28 days were tested for the compressive strength. To calculate
the average value and standard error, each specimen was tested
for at least six duplicated samples.
2.3.2. Microstructure analysis
The microstructure of fractured surfaces of the AAMTs and sub-

micron AAMTs was evaluated using field emission scanning elec-
tron microscopy (FESEM) (Zeiss ULTRA plus FESEM) equipped with
an electron dispersive (EDS) detector. The structural and morphol-
ogy of the samples analyzed under the 15 keV accelerating voltage.
The samples were uniformly coated with carbon with a carbon
layer thickness of 7–9 nm.

Attenuated total reflection-Fourier Transform Infrared
(ATR-FTIR) spectroscopy was carried out on powdered samples to
characterize the AAMTs and sub-micron AAMTs. The spectra were
collected using a Bruker Vertex 80v spectrometer (USA). Spectra
were obtained in the 400–4000 cm�1 range, under 40 scans at a
resolution of 1 cm�1 for each sample.
al MTs and sub-micron MTs.



Table 2
Mix proportions of pastes.

Sample MT
(%)

Sub-micron
MT (%)

Sodium
silicate (%)

Water/Solid

Sub-Micron-MT-10%Na 80 10 10 0.3
Sub-Micron-MT-15%Na 75 10 15
Sub-Micron-MT-20%Na 70 10 20
Sub-Micron-MT-30%Na 60 10 30
MT-10%Na 90 – 10 0.3
MT-15%Na 85 – 15
MT-20%Na 80 – 20
MT-30%Na 70 – 30

Fig. 4. The SEM graphs of the raw materials. (a) MTs and (b) sub-micron MTs.
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The nitrogen adsorption/desorption for the dried samples (1.5–
2.0 g) was performed on a micrometric ASAP 2020 device to deter-
mine their surface area and pore volumes. All samples were dried
at 105 �C overnight, then tested by nitrogen sorption and were
de-gassed according to the standard procedure for this technique,
which is heating to 105 �C for 8 h. It should be noted that it is crit-
ical to de-gas the sample before analysis, and this heating range
was chosen as an alternative to a low-temperature, long-run vac-
uum process [92]. Pore size distribution and cumulative pore vol-
ume were calculated by the Barrett-Joyner-Halenda (BJH) [93]
method obtained from the desorption isotherms.

2.3.3. Water absorption
The water absorption of AAMTs and sub-micron AAMTs was

determined on 23 prismatic beams (20 � 20 � 80 mm) which were
made and cured for 28 days with the method defined in section 2.2.
The specimens were then kept in an oven at 105 �C for 24 h, and
then the weight of each specimen was evaluated every two hours
to find a constant mass. The samples were then immersed in a
water bath at 23 �C for 24 h. Subsequently, the specimens were
taken out from the water and located on wire mesh for 1 min to
let the water drain. The surface water was wiped with a clean,
dry tissue, then the wiped specimens were then balanced, and
the mass was identified asWs (saturated weight). The water
absorption was specified by using the following equation (2):

Wað%Þ ¼ Ws �Wi

Wi
� 100 ð2Þ

where Wa is water absorption, Ws is the weight of the sample
after immersion (g), and Wi is the weight of the sample before
immersion (g).

3. Results and discussion

3.1. Mineralogical compositions

The mineralogical transition of the MTs and sub-micron MTs
activated by different sodium silicate contents at the age of 28 days
and curing at ambient temperature was initially studied by XRD
(Fig. 5). AAMTs formed in all systems, and all contain mainly crys-
talline phase with remaining phases were present in the initial MTs
(Fig. 3). Tremolite, talc, magnesium silicate hydrate, chlorite,
quartz, and calcite, and phases that belong to precursor raw mate-
rials are commonly observed in this specific low-alumina MTs. Cal-
cium silicate hydrate ((C–S–H) Ca2SiO4�H2O, JCPDS#00–003-0649),
and a new peak of magnesium silicate hydrate (M�S�H) Mg3 Si4-
O10(OH)2 , JCPDS#01–074-1732 can be identified in both the
AAMTs and sub-micron AAMTs specimens. As can be seen in
Fig. 5, in the AAMTs that contain sub-micron MTs, the diffrac-
togram was almost similar to the specimen without sub-micron
MTs. This finding means that the sub-micron AAMTs containing
calcium silicate hydrate (C–S–H) are stable. The product containing
C–S–H type has previously been reported in the AAMTs [46].

The production of the C–S–H phase is due to the presence of cal-
cium and silica in the mix composition. These phases are provided
from sodium silicate solution and CaO in the precursor materials
(MTs). Consequently, the soluble Ca2+ ions and SiO4

4� ions com-
bined and produced the C–S–H phase during the alkali activation
process. [94-96]. The calcium silicate hydrate (C–S–H) presented
in AAMTs at near 28� 2h with a small peak (Fig. 5a). The reason
for having a small peak of C–S–H is probably due to the lack of suf-
ficient silicon inside final products or the XRD instrument detec-
tion limit. The intensity of the calcite peaks does not have any
differences at the mix compositions with different sodium silicate
contents, which suggests the presence of a residue of untreated
MTs.

3.2. Attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR)

Analysis by ATR-FTIR was carried out to examine the effect of
different concentrations of the activator, and sub-micron size
MTs on the Si–O and –OH vibration environments; the spectra
obtained for all samples are displayed in Fig. 6 (a, b). The
ATR-FTIR spectra of the samples are similar, with no significant
differences. The presence of water molecules indicated by three
significant vibration modes; the spectral regions include the
stretching region of OH (Stretching–OH), the bending region of
H2O (H–O–H), and the structural bending region of the structural
OH groups (OH– bending) [97]. The absorption band associated
with the H–O–H bending vibration of water reveals at
1567 cm�1; this number shifts to 1569 cm�1 for the samples
containing sub-micron MTs, resulting from the higher water con-
tent in these alkaline products. The ATR-FTIR spectra also showed
a band at 3655 cm�1 in the composition containing MTs due to the
symmetric O–H stretching vibration of H-bonded water. This
wavenumber shifted to 3659 cm�1 for the sample that includes
sub-micron MTs, which corresponds to the hydroxyl group
involved in the water-water hydrogen band [98].



Fig. 5. XRD patterns of the 28-days cured of (a) MTs containing (10–30 wt%) sodium silicate solution, and (b) sub-micron MTs containing (10–30 wt%) sodium silicate
solution.
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The peaks around 950–1200 cm�1 correspond to the asymmet-
ric stretching vibration of the Si–O–Si bonds [99]. The spectra show
the shift in position of the stretched vibration bands of the Si–O–Si
bonds from 1083 and 1143 cm�1 in the AAMTs to the broader peak
centered at 1089 cm�1 for sub-micron-MT-30% Na and 1136 cm�1 -
for the other alkali-activated sub-micron MTs; the Si–O
stretching vibrations in a silicon-rich condition with an amorphous
structure causing the increases in wavenumber and the wideness
of the bands [100,101]. If the main band has descendent shift, so
it means that the final alkali-activated materials contain more
sodium.

The presence of carbonate is confirmed in both AAMTs and sub-
micron AAMTs, is appointed to the stretching vibrations of O–C–O
bond, which is in agreement with XRD analysis. For sub-micron
AAMTs, carbonation is detected with a broad absorption band at
813 cm�1, corresponding to in-plane bending vibration of the
CO3

2� group [102,103]. For the AAMTs, the absorption band at
approximately at 858, 894, and 925 cm�1 was identified and
associated with the asymmetric stretching of O-C-O bonds in the
CO3

2� group [102,104,105]. Two absorption bands at 894, 855,
833, and 744 cm�1 appear in the case of AAMTs, and they became
broader and shifted towards the lower frequencies of 814 and
738 cm�1 in the specimens of sub-micron AAMTs. These bands
are common in-ring silicates and indicate the degree of amorphiza-
tion of the material since its intensity does not depend on the
degree of crystallization [106].



Fig. 6. ATR-FTIR spectra of specimens: (a) AAMTs, and (b) sub-micron AAMTs.

M. Falah et al. / Construction and Building Materials 248 (2020) 118659 7
3.3. Pore structure

Sub-micron MT had a pronounced effect on sample porosity.
Fig. 7 presents the comparison of pore size (diameter) distributions
of sub-micron AAMTs and AAMTs after 28 days of curing time, as
determined by nitrogen adsorption using the BJH method. For
AAMTs (Fig. 7), the increased additions of the alkali activator show
more obvious effects on the pore size. There are two representative
sizes of pores in the final alkali-activated pastes that can be
detected: a peak at 7–11 nm, which represents small pores and
appear in a considerably low volume, and larger pores in the range
from 30 to 80 nm but in much higher volume. The larger pores
have a broader peak, which centered at 50 nm. With the increased
addition of sodium silicate content in the alkali-activated sub-
micron-containing MTs, the intensity of the peak weakens, imply-
ing a decreased pore volume. The sample with 10 wt% sodium sil-
icate reaches a minimum pore volume in its pore size distribution
at 45 nm; then with an increased amount of alkali-activator, it
shifts to a larger size, 45.5 nm for 15 and 20 wt% sodium silicate,
49 nm for 30 wt% sodium silicate. This result shows that the sam-
ple with 10 wt% sodium silicate has a moderately higher total pore
volume, as can be seen in Fig. 7a. Surprisingly, sodium silicate
behaved differently in the AAMTs; with an increase in the alkaline
solution, the pore volume decreased, and pore size became smaller.
An increase in the amount of sodium silicate in AAMTs led to make
larger pores in the final alkali-activated paste, which is possibly
because of the decomposition of hydrates and the formation of
microcracks arising of some shrinkage in the final products
[100,104,107]. The addition of submicron MT affected strongly on
the pore structure of the 30 wt% sodium silicate sample. This



Fig. 7. Pore size distribution (determined by BJH analysis of nitrogen adsorption isotherms) of: (a) AAMTs and (b) sub-micron AAMTs at the age of 28 days.

8 M. Falah et al. / Construction and Building Materials 248 (2020) 118659
behavior is due to the changes in pore morphology rather than
pore volume; by creating non-connected pores through blocking
the pores by the smaller size of the MT [116].

The results in Fig. 8 (a, b cumulative) show the extraordinarily
low porosities of sub-micron-MTs-30% Na, leading to 87% decrease
in total pore volume with the addition of sub-micron MT. These
results show that the pore size and volume measurement by gas
adsorption are affected by using sub-micron MTs. The mix compo-
sitions containing sub-micron MTs have a lower cumulative pore
volume, indicating that the smaller size of the MTs can optimize
the pore size distribution and reduce the cumulative pore volume
of sub-micron AAMTs. A lower cumulative pore volume confirmed
that the pores in the AAMTs could be blocked with the smaller size
of the MTs in the final sub-micron AAMTs.
The effect of sub-micron MT on the surface area was similar.
Fig. 9 presents the impact of using sub-micron MTs on the BET sur-
face areas of the AAMTs paste. Interestingly, it was detected that
the addition of sub-micron MTs led to significantly decreasing
the surface area of the mix compositions, possibly due to the
blocking of the pores by sub-micron particles. In general, the low-
est surface areas in each group is related to the AAMTs, including
sub-micron size particles, while the AAMT-30 wt% Na sample has
the largest. Moreover, the large surface areas of AAMTs specimens
are related to the pore size, and it was observed that the addition of
the sodium silicate resulted in the formation of smaller pore sizes.
For sub-micron-MT-10 wt% Na and MT-10 wt% Na, the measured
surface areas are equivalent but decreased by 61% with the addi-
tion of 30% sodium silicate. As discussed above, the large surface



Fig. 8. Cumulative pore volume (by BJH adsorption) of pastes: (a) AAMTs and (b)
sub-micron AAMTs at the age of 28 days.

Fig. 9. BET surface areas of AAMTs and sub-micron AAMTs.

Fig. 10. Compressive strength development of AAMTs containing (10–30 wt%)
sodium silicate solution and sub-micron AAMTs containing (10–30 wt%) sodium
silicate solution after curing at 25 �C.
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area of samples is correlated to the smaller number of open pores
which filled with smaller size particles and coarsening enabled by
the use of the micron size MTs.

3.4. Compressive strength

The compressive strength results of the AAMTs and sub-micron
AAMTs with different synthesis parameters are shown in Fig. 10.
An increase in compressive strength has been achieved by increas-
ing the soluble Si content in the activator (provided by sodium sil-
icate). The results show that for short curing durations, the
strength of the final product is higher for the mixtures containing
submicron-MTs than for those containing the original MTs only.
However, after a curing duration of 28 days, the strength of the
final product is roughly the same for both mix compositions. This
result demonstrates that the faster dissolution of the submicron
MTs contributes to the early strength of the final product but has
no effect on the ultimate strength.

The system with sub-micron MTs and 10 wt% sodium silicate,
created an early strength value up to 4.2 times higher compared
to the systemwith the same alkaline activator amount and without
sub-micron MTs. This increment confirmed that the use of sub-
micron size MTs produced a denser and more compact alkali-
activated structure. An increase in mixture composition with silica
content also related to an increase in compressive strength. The
higher compressive strength can achieve with increase in the
amount of soluble silicate by more precursor dissolution and gel
formation [97–100].

Based on the mining requirements, an adequate final strength
of backfill materials can range from 0.2 to 5 MPa, and the rapid
strength of 2 MPa for the first 7-days after installation is required.
In our previous research, the minimum 7-day compressive
strengths were found at the 10 wt% sodium silicate addition with
1.24 and 4.17 MPa strength for curing at temperatures of 40 �C
and 60 �C, respectively [46]. The present research focused on mak-
ing a system that is more practical on the mine site with no heating
requirement. The 7-day strength of the specimen containing 10 wt
% sodium silicate and 10 wt% sub-micron MTs cured at room tem-
perature was 4.30 MPa, which is almost the same as the strength of
the specimen cured at 60 �C. Correspondingly, the maximum 28-
day compressive strengths were also observed at the alkali-
activated samples containing sub-micron MTs.

In general, the compressive strength of the AAMTs group was
lower than that of the sub-micron AAMTs but continued to
increase with time for both. The compressive strength develop-
ment of AAMTs specimens in both groups followed the same
increasing trend with the addition of the sodium silicate solution.
The compressive strength of all samples increased consistently
from 7 days to 28-days to the maximum value. Sub-micron AAMTs
lost some strength at 14-days but increases again to 28-days. This
strength loss at the 14-day age is probably due to shrinkage.
Several studies reported the shrinkage of alkali-activated and
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geopolymer pastes, mortar, and concrete in high-calcium systems
[111–114] and under ambient conditions [8,115,116], which is
related to the chemical reactions and producing C–(A)–S–H phase
in these systems. The negative effects on the strength development
can be formed because of the (i) shrinkage under high temperature
or (ii) conversion of amorphous gels into the crystalline phase pro-
ducing internal stress [117]. Since all samples were cured at room
temperature, so the drying shrinkage at a mid-aging time should
not be serious. The main reason is perhaps due to the chemical
reactions and amorphous transition in the presence of sub-
micron particles. It is obvious that the presence of sodium silicate
in specimens has no destructive effect on strength stability.
Fig. 11. Particle morphologies as determined by field emission secondary electron imagi
However, the undesirable effects of the reactions are expected to
present in the sub-micron alkali-activated specimens by compar-
ing their strengths at 7-days and 14-days.

As shown in Fig. 7b, the pore sizes and volume fraction of pores
decreases in the system, including sub-micron MTs. In comparison,
the final strength of the sub-micron-MT-30% sodium silicate spec-
imens cured for 28-days increased by 4%. Accordingly, the effects
of shrinkage and pore size appear to be insignificant so that the
strength reduction could be possibly due to the transition of the
amorphous phase. To complete understanding the strength loss
at the mid-aging stage for the AAMTs containing sub-micron
MTs, the spreading of inner stress because of the microstructure
ng in a FESEM: (Left) Sub-micron AAMTs; (Right) AAMTs cured for 28 days at 25 �C.



Fig. 12. The effect of the addition of sub-micron MTs addition on water absorption
and compressive strength of AAMTs cured for 28 days at 25 �C.
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transition will be considered using more detailed experimental
approaches in our future research.

3.5. Evolution of microstructure

The effect of using sub-micron MTs and various amounts of
sodium silicate on the morphology of AAMTs cured at room tem-
perature for 28 days is indicated in Fig. 11. SEM has employed to
further analyse the differences in microstructure between the ref-
erence group (AAMTs) and the sub-micron group (sub-micron
AAMTs). Differences in microstructure between the reference
group and the sub-micron group were observed. The structure of
the sub-micron group is much denser than that of the reference
group. When looking at mixtures containing sub-micron MTs, it
is worth noting that the final strength of the product is reached
already after a curing duration of 7-days for low amounts of
sodium silicate addition (see section 3.3.). Moreover, high mechan-
ical strength, as well as lower porosity of the sub-micron AAMTs,
was produced by using a different percentage addition of sodium
silicate solution derived from sub-micron MTs.

In general, the strength of the final product is directly propor-
tional to the amount of sodium silicate added. Similar outcomes
have been found in earlier studies [43], indicating that the utiliza-
tion of AAMTs with various amounts of sodium silicate at curing
temperatures of 40 �C and 60 �C has shown the same morphology.
An optimum level of strength is achieved with a greater amount of
alkaline solution. The matrixes of alkali-activated paste with 30 wt
% sodium silicate in both the reference group and the sub-micron
group were approximately fully transformed into rectangular
prisms, which specifies complete reaction in highly alkaline
conditions.

The structure seemed to be more homogenous and denser with
an increase in sodium silicate content, which is owing to the disso-
lution of existing silicon, magnesium, and calcium in the mix com-
position. MTs initially includes a notable amount of magnesium
and calcium, which could improve the alkali activation process
by incorporating of Mg2+ into the structure. The possible integra-
tion of magnesium into the C–S–H structure is recognized to the
formation of a magnesium silicate hydrate (M–S–H), which has
been previously reported by Fernandez et al. [117]. The presence
of appropriate calcium led to the formation of C–S–H in higher
alkalinity concentration and caused an enhancement in the com-
pressive strength. Accordingly, the voids in the matrix blocked
with the formed C–S–H and make a stronger microstructure
[39,118–121].

From the XRD and ATR-FTIR results, it was supposed that some
C–S–H phase hydration products would be seen in the final prod-
ucts, but it was not detected. This result is maybe due to the pres-
ence of very fine particles or poor crystallization degree, which are
undetectable at this magnification. Generally, the addition of sub-
micron MTs into AAMTs results in more hydration products and a
more densified microstructure. This result is consistent with the
improved mechanical strength of sub-micron group samples. Voids
in the structure decrease as the amount of alkali solution are
increased.

The presence of micron-size particles in the alkali-activated
paste could improve the microstructure and strength of the final
composition. The mechanism can be illustrated as follows: when
a small amount of the sub-micron particles is homogeneously dis-
persed in the alkali-activated paste, the hydrated products of
AAMTs will sediment on the sub-micron particles and grow to
form a conglomeration containing the sub-micron particles as ‘‘nu-
cleus.” The sub-micron particles can help and accelerate the hydra-
tion process due to their high activity and their placement in the
alkali-activated paste as a nucleus. The increase in the amount of
nano/sub-micron particles in alkali-activated compositions causes
agglomeration, poor uniform distribution, and the creation of weak
areas in the concrete [117]. The effective dispersion of nano/sub-
micron particles in compositions occurs in a certain amount of
nano addition. The performance and mechanical properties of final
activated products are sensitive to the dosage and dispersion of
nano addition. The high volume of nano addition results in a reduc-
tion in the mechanical properties of the final products [73]. It
should be noted that, if the sub-micron particles are
uniformly dispersed through the mix composition, a good
microstructure could be formed with the uniformly dispersed
conglomeration. Also, the particles with the sub-micron size will
fill the pores and lead to increase the strength.

On the other hand, as the submicron-MTs contain a significant
amount of SiO2, the sub-micron SiO2 can participate in the hydra-
tion process and generate C–S–H through reacting with Ca(OH)2, so
the strength increases in the presence of sub-micron SiO2 even
when a small quantity of submicron-SiO2 presented. However,
the sub-micron particles need to be sufficient to get well dispersed
through the mix composition, as the case of extensive submicron-
particles content, the aggregating submicron-particles will create.

3.6. Water absorption

The effects of the sub-micron size of MTs and the alkali-
activator on the water absorption of the specimens cured for
28 days at ambient temperature are presented in Fig. 12. The effect
of using a tiny amount of sub-micron size MTs and different alka-
line activator contents on water absorption of the compositions
has been investigated, and the results provide an indirect method
for approximating the porosity network of the final mix composi-
tions. As was expected (and as discovered in the results in
Fig. 12), the water absorption changed in the range of 10 –14% in
the presence of the sub-micron size of the MTs. Additionally, the
water absorption of the specimens decreased with the effect of
both higher sodium silicate concentration and the sub-micron
MTs addition, which indicates a denser structure (less porosity,
see Fig. 11) [122,123]. Interestingly, it was observed that the water
absorption reduced by using a higher amount of sodium silicate
solution, which could explain the slightly higher compressive
strength. The lowest amount of water absorption of the specimen
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cured for 28-day derived from sub-micron AAMTs with 30 wt%
sodium silicate (11.32%), representing the maximum compressive
strength (27.31 MPa) due to the higher degree of reaction. When
MTs are combined with a very low amount of sub-micron MTs
and activated with a high amount of sodium silicate solution, the
final alkali-activated materials produce a very dense structure with
the lowest specified porosity. Based on results reported by Falah
et al., a good correlation was detected mainly between compres-
sive strength and water absorption in AAMTs. However, the addi-
tion of sub-micron MTs indicated a higher correlation and a
better fit in the final sub-micron AAMTs.

4. Conclusion

In this study, we reported the productivities of using small
amounts of sub-micron size MTs on alkali-activated mine tailings
in comparison with the plain AAMTs, and their efficiency on pore
measurement by N2 adsorption and phase determination, strength,
and water absorption. We found that the porosity and phase struc-
ture of the alkali-activated materials depends on the percentage of
the alkaline solution, the particle size of the precursor materials.
The SEM observations also revealed that the sub-micron particles
were acting not only as a filler but also as an accelerator to speed
up the reaction process and improve the microstructure of the
alkali-activated paste in the case of uniform dispersion of the
sub-micron particles. The higher compressive strength and lower
water absorption obtained in the mix composition containing
sub-micron MTs and more sodium silicate.

The newly applied sub-micron particle addition of the raw
materials in this research can describe the mechanical properties
and microstructure behaviors of AAMTs. This improvement was
due to the dispersion of the sub-micron MTs and resulted in better
nucleation and filler effects. Therefore, the new AAMTs produced
by using sub-micron size precursors into the mix design. Based
on the presented results, it can be expected that the application
of the final products has the ability to applied in the other alkali-
activated mixtures with higher micron/nano size addition of the
raw materials.
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