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A B S T R A C T

In this paper, a green olivine nano-silica is synthesized and applied as an alternative silicate source to prepare
alkali activators, and a commercial waterglass based silica source is studied as a reference. The synthesis route
and characterization of olivine nano-silica is presented. The effects of silicate origin and dosage on activator
characteristics, reaction kinetics, gel structure and strength are investigated and the CO2 footprint is evaluated.
The results show that increasing the activator modulus significantly increases the high crosslink Q contents in
the alkali solution, nano-silica based ones exhibit slightly higher percentages of Q3 sites. Nano-silica based mixes
exhibit comparable properties regarding the reaction intensity, chemically bound water content and strength.
Gel compositions of both nano-silica and waterglass based samples are characterized in detail by using solid 29Si
and 27Al MAS NMR. Moreover, replacing commercial waterglass by this alternative silicate source reduces the
CO2 emission between 20.4% and 29.0%.

1. Introduction

The production of ordinary Portland cement (OPC) is accompanied
with a number of environmental issues such as carbon emissions,
consumption of natural clays and high energy costs. In order to reduce
those negative impacts, great attention has been paid to applying alkali
activated materials as alternatives to Portland cement. This type of
material generally exhibits reduced energy costs and carbon emissions
[1,2] together with excellent mechanical properties, durability and
thermal resistance [3–6]. Two typical binding systems can be classified
based on the chemical composition and the reaction mechanism of the
starting materials: One is the Si + Ca system, having C-A-S-H type gel
as the main reaction product [7]; another is the Si + Al system, having
N-A-S-H type gel within a three-dimensional network as the major re-
action product [8]. The typical precursors for these two systems are slag
and metakaolin/class F fly ash, respectively [1,8].

Growing efforts have been spent on the blended alkaline system
recently. Due to the fact that mixing calcium enriched aluminosilicates
dominated precursors results in a series of modified properties in-
cluding the setting times, workability, shrinkage, mechanical properties
and durability [9–12]. Micro-scale analyses reveal that the reaction
products are stable coexisting C-A-S-H and N-A-S-H type gels [13–15],

indicating a desirable gel compatibility. Besides, the effects of key
synthesizing factors such as activator type and dosage, raw materials'
composition and curing conditions on reaction kinetics, gel characters,
mechanical properties and durability issues have been also intensively
investigated [16–20].

In terms of the alkali activators, it is widely accepted that a mixture
of silicates and caustic alkalis (M2O·nSiO2 + MOH, where M often re-
fers to Na or K) results in the best mechanical properties and lowest
porosity [3,21] compared with other types of activators, and the most
commonly used cation is Na due to its relatively low cost and avail-
ability. This mixed activator benefits the reaction process by offering
alkaline conditions in a moderate and continuous manner, meanwhile
providing extra silicate sources that contribute to the formation of re-
action products [22]. However, the sodium silicate based activator is
the main contributor of energy consumption and carbon emission in
alkali activated materials [23]. The production of sodium silicates in-
cludes the melting of sodium carbonate and quartz sand at high tem-
peratures (usually around 1400 to 1500 °C), and this process results in a
total carbon dioxide release of 403 to 540 kg/ton and an energy con-
sumption between 420 and 1250 MJ/ton [24]. Moreover, the estimated
cost of one ton of equivalent silica from commercial sodium silicate
solution is currently> 2100 USD [25].
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Therefore, in order to obtain a more sustainable alkali activated
binder, it is of great interest to design new alkali activators with re-
duced environmental impacts and lower costs. Exploring alternative
silicate in the activator has been proven to be an effective approach.
Rodriguez et al. [26] used chemically modified nano-silica and MOH to
activate class F fly ash; Zivica et al. [27] applied modified silica fume as
alternative activator in alkali activated slag; Puertas et al. [21] devel-
oped a mixed activator by dissolving industrial glass waste in NaOH/
Na2CO3 solution and used it in alkali activated slag; Bernal et al. [28]
prepared silicate based activators by mixing silica fume or rice husk ash
with NaOH to activate metakaolin/slag blends. These researches show
that alternative silicate based activators could provide comparable
mechanical properties and similar micro scale characters compared
with commercial sodium silicate based resources. However, there are
limited mechanism studies regarding the effect of alternative silicates as
activator on the blended alkaline system.

On the other hand, the olivine nano-silica, produced by the dis-
solution of olivine, exhibits advantages with regard to carbon emission,
energy consumption and total costs [29]. This type of amorphous nano-
silica is produced under temperatures lower than 95 °C and can have a
specific surface area between 100 and 400 m2/g and primary particles
as low as 10 nm [30]. Thus it indicates the potential as a sustainable
silicate source in the preparation of alkali activators while providing
desirable reactive silica. The objective of this study is to evaluate the
olivine nano-silica as an alternative activator in alkali activated slag-fly
ash blends. The effects of olivine nano-silica on activator character-
istics, reaction kinetics, mechanical property and the structure of re-
action products are analyzed. Micro-scale analyses are carried out by
using an isothermal calorimeter, 29Si and 27Al MAS NMR spectroscopy
and thermo-gravimetric/differential scanning calorimeter; and fur-
thermore the total carbon emission of the related mixtures is computed.

2. Experiment

2.1. Materials

The solid precursors used in this study were ground granulated blast
furnace slag (GGBS, provided by ENCI, the Netherlands) and a com-
mercial Class F fly ash. Their major chemical compositions were ana-
lyzed by X-ray fluorescence, as shown in Table 1. The X-ray diffraction
patterns of the used slag and fly ash are shown in Fig. 1, which were
measured by using a Cu X-ray tube with a step size of 0.02° and a 2θ
range from 15° to 55°. The slag shows a peak hump between 25 and 35°

due to the amorphous components and no significant crystalline phases
were observed; while the fly ash has an amorphous hump between 15
and 30° and contains crystalline phases such as quartz (SiO2), mullite
(Al6Si2O13), magnetite (Fe3O4) and hematite (Fe2O3). Concerning the
alkaline activators, analytical level of sodium hydroxide pellets (99 wt
%), a commercial sodium silicate solution (27.69% SiO2, 8.39% Na2O
and 63.92% H2O by mass) and laboratory prepared olivine nano-silica
(19.04% SiO2 and 80.96% H2O by mass) were used; the olivine nano-
silica was produced by dissolving olivine in acid at low temperatures,

followed by a washing and filtering process, and the detailed synthe-
sizing route and characterization is presented in Section 3.1. Reference
activators with desired modulus were prepared by adding the appro-
priate amount of sodium hydroxide pellets into the sodium silicate so-
lution. Distilled water was used in order to reach the desired water/
binder ratios. Alkali activators with the same activator modulus were
prepared by mixing sodium hydroxide pellets with olivine nano-silica
and water to achieve the same chemical compositions as the references.
The mixed activator solution was cooled down to room temperature
prior to further use.

2.2. Experimental program

The activators used in this study had an equivalent sodium oxide
(Na2O) content of 5% by mass of the solid precursors, and the water/
binder ratio was kept constant as 0.4 in all mixtures. The water con-
sisted of the added distilled water and the water contained in the ac-
tivator solution. The chosen Na2O content and water/binder ratio were
taken from the previous studies that ensure sufficient alkalinity without
efflorescence and satisfying flowability, respectively [31,32]. The slag/
fly ash mass ratio was fixed at 70/30 and three levels of activator
modulus (1.8, 1.4 and 1.0) were used. The detailed information of the
mix proportions is listed in Table 2 (where WG and NS represent
commercial waterglass and olivine nano-silica, respectively).

The reaction kinetics was studied by using an isothermal calori-
meter (TAM Air, Thermometric) for the first 72 h under a constant
temperature of 20 °C. The solid raw materials were firstly mixed with
the activating solution externally and vibrated for about 1 min, then the
paste was injected into the ampoule and loaded into the calorimeter.

The compressive strength tests were carried out according to EN
196-1 [33], and each obtained value is an average of three specimens.
Samples were prepared using a laboratory mixer; firstly the solid raw
materials were added, followed by the activating solution. The fresh
samples were casted into plastic molds covered with a plastic film for
the first 24 h, then demolded and cured at a temperature of 20 °C and a
relative humidity of 95% until their testing age.Table 1

Major chemical composition of GGBS and fly ash.

Oxides (wt%) FA GGBS

SiO2 54.62 30.23
Al2O3 24.42 12.58
CaO 4.44 40.51
MgO 1.43 9.05
Fe2O3 7.21 0.60
Na2O 0.73 –
K2O 1.75 0.43
SO3 0.46 3.47
LOI 2.80 1.94

Fig. 1. XRD patterns of GGBS and fly ash.

Table 2
Mix proportions of alkali activated slag-fly ash composites.

Activator Solid raw materials w/b

Type Na2O Ms Slag Fly ash

A:
WG + NaOH
B:
NS + NaOH

5% 1.8

1.4

1.0

70 30 0.4
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The thermo-gravimetric and differential scanning calorimeter (TG/
DSC) analysis was conducted using a STA 449 F1 instrument, finely
ground powder samples after 3 months of curing were heated up to
1000 °C at a rate of 10 °C/min with nitrogen gas as the medium. Solid-
state MAS NMR spectra were carried out using a Bruker Avance 400WB
spectrometer, after 3 months of curing. The 29Si NMR spectra were
collected at 79.5 MHz on a 7 mm probe, with a pulse width of 6.5 μs, a
spinning speed of 15.9 kHz and a relaxation delay of 10 s. The 27Al MAS
NMR spectra were obtained at 104.5 MHz on a 4 mm probe, with a
pulse width of 6.5 μs, a spinning speed of 41.7 kHz and a relaxation of
2 s.

3. Results and discussion

3.1. Synthesis and characterization of olivine nano-silica

An alternative synthesis route to achieve amorphous nano-silica is
the dissolution of silicate minerals in acid. The dissolution of olivine is a
competitive alternative route compared to the existing methods of
nano-silica production, due to the cheaper and greener process of oli-
vine dissolution at low temperatures. The raw materials employed in
this method are olivine ((Mg,Fe)2SiO4) and sulfuric acid. Olivine (an
olivine gem-stone can be seen in Fig. 2(a)) is the most common silicate
mineral in the upper mantle and a common mineral in the earth's crust,
which makes it a low-price commodity (currently between 75 and 150
USD/ton depending on the quality, location of the quarry and market
oscillations). Amorphous silica can be produced through the following
reaction (between 50 and 95 °C) [34]:

+ = +
+ +(Mg, Fe) SiO 4H Si(OH) 2(Mg, Fe) , 223 kJ mol2 4 4

2 (1)

The dissolution yields a slurry consisting of a mixture of magne-
sium/iron salts, amorphous silica, unreacted olivine and inert minerals.
Once the reaction is complete, the unreacted olivine and inert minerals
are removed from the final suspension by sedimentation. Subsequently,
the silica can be cleaned from the resulting mixture by washing and
filtering. After the filtration, a cake with around 20 wt% solid content
of nano-silica is obtained. The synthesizing process is briefly presented
in Fig. 3.

The produced olivine nano-silica has a specific surface area between
100 and 400 m2/g, primary particles between 10 and 25 nm (agglom-
erated in clusters) and silica content above 99%. The particle sizes and
a typical TEM picture of produced olivine nano-silica are shown in
Fig. 2(b), nano particles with angular shape can be observed.

In addition to the low temperature feature of this procedure (below
95 °C), it should be noticed that the process is exothermic with a re-
action heat of 223 kJ per mole of olivine [58]. The energy generation
during the olivine nano-silica process for the hypothetical case of an
adiabatic reactor is shown in Table 3, the used heat capacity of 25%
sulfuric acid is 3.38 J ⋅g−1 ⋅°C−1 according to [59], while the forsterite

and dunite have the similar value of 0.83 J ⋅g−1 ⋅°C−1 [35]. When
1.5 mol of olivine react with 1 L solution of sulfuric acid 25%, the
temperature of the mixture will increase 79 °C. Therefore, the reaction
generates more than enough energy to keep the system at the desired
temperature (between 50 and 95 °C) provided the reactor is sufficiently
insulated. In addition, the dissolution of concentrated sulfuric acid also
generates a considerable amount of heat.

3.2. Activator characterization

3.2.1. Soluble content
The olivine nano-silica based activators are then produced by

mixing the prepared nano-silica cake with sodium hydroxide pellets
and distilled water. It is commonly known that the silicates in both
cases are mostly soluble silica; and differences in the silicate structure
and pH might occur due to the origin of the silica source and the syn-
thesizing parameters. The particle size distributions of the applied

Fig. 2. A sample picture of the olivine gem-stone and a
TEM image of produced olivine nano silica [25].

Fig. 3. Chart flow of the olivine nano-sililca production.

Table 3
Energy generation during the olivine nano-silica process.

ΔHr

(kJ/
mol)

VH2SO4 (L) mH2SO4 (g) nol (mol) mdu (g) X (%) Q (kJ) ΔT (°C)

223 1 1186 1.5 242 100 333.5 79.3

ΔHr is the enthalpy of reaction, X the conversion degree of the reaction and Q is the heat
generated. Heat capacities of 25% sulfuric acid and forsterite are 3.38 [67] and 0.83 [35]
J ⋅g−1 ⋅°C−1, respectively. The heat capacity of dunite has been approximated as the one
of forsterite.
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activators are shown in Fig. 4. It can be seen that the un-dissolved si-
licates show particle sizes are centered at about 10 μm and some small
fractions at around 0.8 μm, while no particle sizes are shown below
around 200 to 300 μm. Then a 200 nm filter is used in order to identify
the mass fractions of the dissolved silicates, since those dissolved ones
show no information from the particle size measurement, the results are
also shown in Fig. 4. It can be seen that the mass fraction of solids below
200 nm in activators with Ms. of 1.0, 1.4 and 1.8 is 99.88%, 99.73%
and 98.08%, respectively. According to [34], when the activator
modulus is lower than 2, there are no (or almost none) polymeric silica
species (< 2 nm); and the silica species are completely dissolved when
the modulus is lower than 1. Thus, it can be concluded that the silica in
an olivine nano-silica based activator is almost completely dissolved for
Ms. of 1.0 and 1.4, and the sample with a Ms. of 1.8 also reaches a high
value of above 98%. It should be noted that there is a slight increase in
the soluble solid content when lowering the activator modulus, which
suggests again that higher alkalinity (pH) favors the dissolution of si-
licates. For the undissolved silicates, all the three samples present si-
milar particle size distributions, i.e. a main particle size at around
9.8 μm together with a small amount of particles at about 0.7 μm. These
micro particles could be practically the impurities from the olivine. But
considering the small mass fraction within the total amount of input
silicate (0.27% to 1.92%), their influence should be limited.

3.2.2. pH value
The measured pH values of all the six prepared solutions are shown

in Table 4, each value is an average of three measurements. For the
nano-silica based activators, very similar pH values are shown in gen-
eral compared to the waterglass based ones with the same activator
modulus, showing that the modulus exhibits a much greater influence
than silicate origin in terms of the pH value. While as the modulus
increases from 1.0 to 1.8, there is a gradual decrease of pH from 13.48
to 13.19, although those values will represent a high level, the pH
variation is significant enough to cause changes in silicate solubility

[36,37] and consequently, reactivity of the activator. To summarize,
the olivine nano-silica based activators are able to provide comparable
amounts of soluble silicate and alkalinity to the commercial waterglass
based ones, thus similar macro performances upon activation can be
expected.

3.2.3. Liquid 29Si NMR
Liquid 29Si NMR was performed to all the six activators and the

results are shown in Fig. 5. For activators with a modulus of 1.0, a
significant sharp peak is located at around −72 ppm, indicating the
presence of Q0 [38] monomers. Q1 dimers and Q2 trimers at around
−80 and −82 ppm are observed [39,40], as well as a certain fraction
of Q2 and Q3 groups at about−85 to−90 ppm [41,42]. No significant
peaks are shown in ppm ranges lower than −100, suggesting no Q4
sites are present in the activator. When increasing the modulus to 1.4,
the intensity of peaks at around −85 to −90 ppm (Q2/Q3 sites) be-
comes more evident, indicating the increasing fraction of Q2 and Q3
units within the activator solution. Also the Q3 groups that are located
at around −95 to −100 ppm start to present. Further increment of the
activator modulus to 1.8 results in a more significant peak intensity at
around −85 to −90 ppm and −95 to −100 ppm, suggesting an in-
creased amount of Q2/Q3 and Q3 groups within the solution. These
chemical shifts can be directly linked to the increment of the activator
modulus, which lowers the pH and therefore reduces the silica solubi-
lity, resulting in activator solutions with more polymerized silicates.
Concerning the effect of silica origin, with a fixed activator modulus,
olivine nano-silica derived activators exhibit the same typical peak lo-
cations compared to the commercial waterglass based ones, with slight
differences in peak intensity and covered area, indicating a similar si-
licate structure composition in general. In order to further quantify the
different silicate groups' fractions, an evaluation on the covered area of
identified peak was carried out by using the software MestRec, and the
results are listed in Table 5. It should be pointed out that the quantified
calculation method is still open for discussion, and can only be used as
an indication to show the structural differences. It shows that as the
activator modulus increases, there is a general reduction of the low
polymerized Q0 and Q1 groups, which usually present higher reactivity
than the Qn sites with higher n values. Meanwhile, the Q2 and Q3
contents show a significant increase. With a constant activator mod-
ulus, the olivine nano-silica based activators show slightly lower con-
tents of Q0 and Q1 groups, and relatively high fractions of Q2 and Q3
groups. Those slight but detectable structural differences may influence
the properties of the resulting alkali activated materials.

Fig. 4. PSDs of the olivine nano-silica based activators.

Table 4
pH values of the activator solutions.

Mix pH

WG-1.0 13.49
WG-1.4 13.41
WG-1.8 13.17
NS-1.0 13.48
NS-1.4 13.39
NS-1.8 13.19

Fig. 5. Liquid 29Si NMR spectrum of activators.
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3.3. Reaction kinetics

The isothermal calorimetric analyses were conducted to all six
mixtures and the results are illustrated in Fig. 6, following the typical
four stages of initial dissolution, induction, acceleration/deceleration
and stable period [43–45]. When sodium silicate is used as the acti-
vator, two typical calorimetric peaks are usually shown: an initial peak
with a significantly high heat flow during the first few minutes (not
shown in this study due to the much higher peak intensity) and a heat
release peak during the acceleration stage with a relatively low in-
tensity in the following hours. The first peak mainly corresponds to the
initial wetting and dissolution of the starting precursors within the first
few minutes after mixing [46]; while the second peak is assigned to the
massive formation of reaction products [47].

It can be seen from Fig. 6 that for the commercial sodium silicate
based samples, the second heat evolution peak appears at around 12 h
with an activator modulus of 1.0; as the activator modulus increases to
1.8, this peak shifts to approximately 20 h with a lower intensity. The
prolonged induction stage with broader curves also indicates the de-
creased reaction intensity due to the increase of activator modulus. A
similar tendency is also shown in nano-silica based mixes. The more
intensive reaction process due to the reduction of activator modulus is
also found in the previous investigations [48,49]. The peak change is
primarily due to the increased silicate content in the activator solution
and the resulted lower pH. When activators with lower moduli are used,
the soluble silica exhibits a less polymerized structure in the solution
than the ones with higher modulus due to the increased pH [50], thus a
more direct interaction between the soluble silicates, alkali solutions
and the raw materials is resulted. Besides, due to the silicate equili-
brium based on the pH, the increased soluble silicate content at the
beginning stage may negatively influence the dissolution of the silicate

units from the original slag, consequently leading to an increased re-
action time.

Concerning the nano-silica based mixtures, for each fixed activator
modulus, the location of the main reaction peak slightly shifts to longer
times. Besides, the peak intensities of those mixtures are slightly lower
than the commercial sodium silicate based ones, together with less
covered areas in all cases. It reveals that nano-silica based samples
present a slightly less intensive reaction process during the first 72 h.
Considering the facts that in the olivine nano-silica based activators,
small fractions of the undissolved materials are present; slightly lower
pH for a constant modulus is shown; and relatively high content of
polymerized Q groups is exhibited, these could explain the slightly re-
duced reactivity compared to the commercial sodium silicate activators.

3.4. Gel structure

3.4.1. TG/DSC
The thermal analyses of the mixes with different silicate sources and

activator moduli are presented in Fig. 7. Special attention is paid to the
reacted gels and the initial mass after holding at 105 °C for 1 h is cal-
culated as the starting mass (i.e. 100%), in order to analyze the struc-
tural changes at elevated temperatures. All the samples are cured for
3 months. It can be seen that after a negligible mass loss between
around 105 and 160 °C, all mixtures exhibit a gradual mass decrease
until 1000 °C. Between the temperature range of around 160 and
800 °C, all samples exhibit similar tendencies of mass loss, a re-
presentative DTG curve from sample WG-1.4 is shown in the figure,
revealing four peaks that correspond to the gradual decomposition of
the C-A-S-H type gels (about 160 °C); hydrotalcite type phases (around
330 °C) and carbonates (around 620 and 710 °C), respectively
[15,37,51]. The DSC results show two heat absorption peaks at around
160 and 700 °C (small shoulder), corresponding to the decomposition of
reacted gel and carbonates [52], respectively. Besides, there are no
other abrupt mass losses between 105 and 1000 °C, which reveal that
the reaction products in this case are mainly amorphous gels with
chemically bound water, while certain amount of carbonates are
formed caused by the carbonation.

For a constant activator modulus, samples prepared using com-
mercial sodium silicate exhibit a larger mass loss than the olivine nano-
silica based ones between 105 and 1000 °C; and mixes with a higher
activator modulus show a lower total mass loss in general. Specifically,
in olivine nano-silica based samples, the mass loss after 105 °C is
around 8.2%, 7.2% and 6.2% for mixes with an activator modulus of
1.0, 1.4 and 1.8, respectively. The corresponding values for sodium
silicate based mixtures are 8.4%, 7.5% and 6.7%. The slight but no-
ticeable difference in mass loss indicates that slightly more chemically
bound water/reaction products are formed in commercial sodium

Table 5
Evaluation of the silicate structure compositions in alkali solution.

Sample Q sites and percentage (%)

Q0
(−72 ppm)

Q1
(−80 ppm)

Q2
(−82 ppm)

Q2/Q3
(−85 to
−90 ppm)

Q3
(−90 to
−100 ppm)

NS-1.0 30 21 17 32 0
WG-1.0 32 23 16 29 0
NS-1.4 17 18 13 42 10
WG-1.4 20 21 16 37 6
NS-1.8 7 6 5 54 28
WG-1.8 9 14 10 49 18

Fig. 6. The normalized heat flow of alkali activated slag-fly ash blends with different
activator conditions.

Fig. 7. TG/DSC analyses of all mixes, after 3 months of curing.
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silicate based mixes, and a lower activator modulus benefits the reac-
tion rate. These results are well related to the calorimeter results in this
study, where the olivine nano-silica derived mixes exhibit less intensive
reaction, and a higher activator modulus (higher amount of additional
silicate from activator) slows down the reaction to some extent.
Therefore, it is reasonable to state that the olivine nano-silica based
activators present a very slightly lower activation efficiency compared
to the commercial sodium silicate based ones, which is attributed to the
silicate origin. Besides, the mass loss between 650 and 800 °C is about
1.04% to 1.39%, which mainly includes the decomposition of carbo-
nates and a small amount of chemically bound water, which provides a
qualitative identification about the carbonation behaviors of this
blended alkali system.

3.4.2. 29Si MAS NMR
Fig. 8 shows the 29Si MAS NMR spectra of the unreacted slag and fly

ash. The unreacted slag exhibits a broad peak in the range between
−55 and −95 ppm, centered at around −75 ppm. The later decon-
volution work on the spectra was carried out according to [39,40], the
contour of the raw slag after alkali activation is assumed to be un-
changed, and its spectrum range is fixed and the intensity is rescaled by
a certain factor to evaluate the contribution of raw slag in the corre-
sponding overlapped areas. The location and width of the deconvoluted
peaks were kept constant throughout the study, with minimized
number of possible peaks. The spectrum of the unreacted fly ash pre-
sents a broad overlapped peak within the range of −80 and
−120 ppm, assigning to the Q4 structures with different aluminate
substitutions: Q4(mAl), m = 0–4. The deconvolution of the overlapped
peaks in fly ash is carried out in Origin Pro 9.0 by applying the Gaussian
line model, constant peak widths and locations are used throughout the
whole study. Peak locations and physical meanings are based on the
analytical results from the software and the available literatures
[37,39,53,54].

Figs. 9 and 10 show the 29Si MAS NMR spectra of slag-fly ash blends
activated by commercial sodium silicate solutions and olivine nano-si-
lica based ones after 3 months of curing, respectively. The fitting peak
and deconvoluted peaks are presented below the obtained spectra in
each figure. After activation, all mixes show obvious spectra of slag and
Q4(mAl) sites, indicating the presence of unreacted slag and fly ash. It
should be noted that a small scaled formation of N-A-S-H gels (Q4
structures) may also occur and the resulting spectra are overlapped
with the original fly ash and Q3(1Al) groups (around −80 to
−120 ppm), making those phases difficult to quantify [39,40]. How-
ever, the main newly formed phases within the range of −70 to
−90 ppm are relatively easy to distinguish. The deconvoluted peak
located at around−75.2 ppm refers to the Q0 sites, two Q1 peaks (non-

bridging structure, Q1-a, and Q1-b) are identified at about −76.8 and
−79.0 ppm, since a single Q1 group is not sufficient to reach an ideal
peak fitting. Previous studies also observed two Q1 sites types in the C-
(A)-S-H type gels, while the differences in the chemical environments of
these two groups are not specified [40,55]. Peaks at approximately
−81.6, −84.2 and −85.7 ppm are attributed to the bridging Q2(1Al),
Q2-b, Q2-p sites within the C-(A)-S-H gels, respectively. Three different
Q2 sites are also reported in previous studies [67]. Besides, three sites
show an overlapped location at around −85 to −90 ppm, including
two Q4(4Al) groups that are observed in the original fly ash and a
newly formed Q3(1Al) groups; the strong presence of relatively high
crosslink Q3(1Al) sites in alkali activated slag and its blends is also
observed in the available literatures [55,53,56].

The effect of activator modulus and alternative silica on gel struc-
ture is quantified based on the deconvolutions and the results are
summarized in Table 6. The reaction degree of slag (RD, in terms of Si)
is calculated as follows (in mol%):

=
−

×RD Si(Or) Si(Un)
Si (Or)

100%
(2)

where Si(Or) is the input Si from the original slag, and Si(Un) is the
unreacted Si in slag within the reaction products. When increasing the
activator modulus from 1.0 to 1.8, the slag reactivity gradually de-
creases from about 72% to 58% in both commercial sodium silicate and
olivine nano-silica based mixes. This result is in line with the isothermal
calorimetric and thermal analyses in this study that a lower activator
modulus favors a more intensive reaction process, which leads to an
increased bound water content; and with a same activator modulus,
olivine nano-silica derived mixes present a slightly lower reaction de-
gree compared to the commercial ones. The Q0 content slightly de-
creases with the increase of activator modulus in olivine nano-silica
based samples, while it remains stable in waterglass based ones. Re-
gardless of the silica origin and activator modulus, the content of Q1
and Q2 groups only shows slight shifts; the stable content of Q4(0-3Al)
groups may suggest a limited but constant contribution of fly ash during
activation.

The most evident structural change is observed in the Q2(1Al)
groups, namely the increase of activator modulus results in a decrease
of around 5% within the studied parameter range in this case, while the
effect of silica origin is not obvious. It should be noted that the starting
precursors (slag and fly ash) are the only aluminate sources in this case,
and slag presents a dominant effect in providing aluminate considering
its content and reactivity. Thus it is reasonable to conclude that the
reduction of Q2(1Al) sites is attributed to the decreased content of re-
acted slag and therefore less Al is available for the reaction. Another
obvious structure shift is the high crosslink Q3(1Al) + Q4(4Al) sites,

Fig. 8. 29Si MAS NMR of starting materials (a: slag; b: fly ash).
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their content is stable in commercial sodium silicate based mixes, re-
gardless of the activator modulus. While in the case of olivine nano-
silica based samples, there is an obvious increase of those sites when
increasing the activator modulus.

3.4.3. 27Al MAS NMR
Fig. 11(a) shows the 27Al MAS NMR spectra of the unreacted slag

and fly ash. Similar to other blast-furnace slags, the original slag pre-
sents a broad resonance between 0 and 80 ppm and centered at around
55 ppm. This broad peak region is assigned to a combination of Al(IV),
Al(V) and Al(VI) sites [54,57], and cannot be identified as a single Al
environment. This can be attributed to the distribution of Al environ-
ments within the glassy phase of slag, which shows a broad amorphous
hump and almost undetectable crystalline phases (shown in XRD,
Fig. 1). For the unreacted fly ash, a broad peak at around 46 ppm and a
relatively narrow peak at around 2 ppm are identified, which are as-
signed to the tetrahedral and octahedral Al environment, respectively
[58]. It has been reported that the resonance at around 2 ppm is as-
signed to the octahedral component in the mullite [54].

As shown in Fig. 11(b), after activation, all mixtures show a sig-
nificant peak at around 64 ppm, and a narrow one with a relatively low
intensity at about 10 ppm. The aluminate peak at 64 ppm is assigned to
the tetrahedral Al(IV) that is incorporated in the Q2(1Al) and Q3(1Al)
sites in C-A-S-H gels with bridging conditions [59,60], which is also
proven by the 29Si MAS NMR results in this study. It is also possible that
a small amount of amorphous N-A-S-H type gels presents a contribution
to this distorted Al(IV) region. The sharp peak centered at 10 ppm is
commonly assigned to AFm and hydrotalcite type phases with octahe-
dral coordination [53]. Besides, no other newly formed crystalline
phases are observed in this binder system [32]. In this case, considering

the identified crystalline phases (2 ppm with octa-Al) in the origin fly
ash, and the relatively low content of fly ash in the total binder, the
resonance centered at 10 ppm can be regarded as the hydrotalcite type
phases resulting from the alkali activation of slag [61]. It should be
noticed that these phases are usually poorly crystalized and formed in
the interlayers of C-A-S-H gels, making it difficult to be detected by XRD
[62], while the 27Al MAS NMR verifies its presence. Besides, the un-
reacted slag and fly ash also contribute to the tetra-coordinated Al re-
gion (50 to 100 ppm), pentahedral region (30 to 40 ppm) and octahe-
dral region (−10 to 20 ppm). For a constant activator modulus, the
difference in Al environments between olivine nano-silica based mix-
tures and commercial sodium silicate derived ones is rather small; with
two obvious peaks that represent newly formed Al(IV) and Al(VI) sites,
also their peak locations remain unchanged, indicating a very similar
bonding environments surrounding the Al groups. Thus it is reasonable
to conclude that the silica origin shows limited influence on the Al
structures. When increasing the activator modulus, a slight decrease
can be observed in the relative intensity of octahedral Al peak, com-
pared to the tetrahedral one. It indicates that when the silicate content
is increased in the system (from activator), more Al will participate into
the C-A-S-H gels rather than form individual Al-rich phases.

3.5. Compressive strength

The 7 and 28 d compressive strengths of all mixtures are depicted in
Table 7. It can be seen that for a fixed activator modulus, the olivine
nano-silica based mixes exhibit comparable although very slightly
lower compressive strengths as the commercial sodium silicate based
ones. This phenomenon is in line with the isothermal calorimetry,
thermogravimetry and 29Si NMR results in this study, where the olivine

Fig. 9. 29Si MAS NMR of mixes based on olivine nano-silica.

Fig. 10. 29Si MAS NMR of mixes based on commercial waterglass.
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nano-silica based mixtures present a less intensive reaction process and
lower reaction degree of the starting materials, therefore less formed
gels result in a lower mechanical property. It should be noticed that
although lower strengths are presented, the differences are in overall
within 5% of the corresponding sodium silicate based ones. Their 7 d
strengths range from 57.4 MPa to 68.2 MPa and the 28 d strengths are
from 72.9 MPa to 82.1 MPa, which meet various construction applica-
tion requirements [63]. For mixes based on olivine nano-silica, the 7 d
strength is 61.9 MPa with an activator modulus of 1.0, and it increases
to 68.2 MPa when increasing the activator modulus to 1.4, a further
increase of the modulus to 1.8 leads to a reduction of strength to
57.4 MPa.

A similar tendency is also shown in the strength at 28 d. The pre-
sence of the optimal strength may imply an optimum activator modulus
in terms of strength. However, it is difficult to quantify this relation
since several factors show a synergetic effect on compressive strength,
such as the mineral composition, amorphous phase content and fineness
of the starting materials, reaction degree, alkali concentration and
curing conditions, etc. The TG analysis in this study shows that the
additional silicate actually leads to a slight reduction of the reaction
degree, thus the increased mechanical property due to the additional
silicate could be an indication of the physical modification on the
hardened matrix. It is concluded that ideal compressive strengths can
be achieved by using suitable content of additional silicate, and olivine
nano-silica is capable of providing excellent mechanical properties.

3.6. CO2 footprint

An important driving force and potential benefit of applying this
alternative silicate source is the reduction of the carbon emission of

Table 6
Summary of the deconvolution results fom 29Si MAS NMR analysis. (%)

Chemical shift
(ppm,± 0.5)

Sample ID NS-1.0 NS-1.4 NS-1.8 WG-1.0 WG-1.4 WG-1.8

−55 to −95 Unreacted slag 15.2 19.3 20.5 14.6 18.2 20.3
Slag reactivity 71.5 62.1 58.0 72.5 64.2 58.5

−75.2 Q0 6.3 5.3 4.3 5.8 5.4 6.1
−76.8 Q1-a 3.6 3.8 2.9 2.8 2.9 3.3
−79.0 Q1-b 9.6 9.1 8.0 9.6 9.0 9.0
−81.6 Q2(1Al) 19.0 16.0 12.6 19.8 17.1 13.8
−84.2 Q2-b 10.9 7.6 10.0 11.3 10.3 9.9
−85.7 Q2-p 5.7 6.6 4.6 4.3 6.1 5.2
−88 Q3(1Al) + Q4(4Al) 14.3 16.8 20.4 16.4 16.0 16.9
−94 to −116 Q4(0-3Al) 15.5 15.6 16.7 15.3 15.0 15.5

Fig. 11. 27Al MAS NMR of starting materials and reaction products.

Table 7
7 and 28 d compressive strengths of alkali activated slag-fly ash blends with different
activator conditions.

Sample Compressive strength (MPa)

7 d 28 d

WG-1.0 67.5 ± 1.8 82.4 ± 2.1
WG-1.4 70.6 ± 2.1 87.8 ± 2.5
WG-1.8 61.6 ± 1.6 75.5 ± 1.4
NS-1.0 61.9 ± 2.2 78.3 ± 1.9
NS-1.4 68.2 ± 2.7 82.1 ± 2.5
NS-1.8 57.4 ± 2.1 72.9 ± 2.6

Table 8
Calculation of CO2 emissions based on a sample concrete mix (kg/m3).

Mix Mix proportions CO2 emissions

Binder NaOH Na2O-
nSiO2

Nano-
silica

Fine
aggr.

Coarse
aggr.

From
activator

In total

WG-1.0 315 Slag
+
135
Fly ash

20.52 28.49 0 800 1000 82.44 188.16
WG-1.4 17.1 39.74 0 92.93 198.65
WG-1.8 13.64 51.35 0 103.82 209.54
NS-1.0 29.03 0 21.87 65.66 171.38
NS-1.4 29.03 0 30.51 69.66 175.38
NS-1.8 29.03 0 39.42 73.76 179.48
Ref 450

OPC
0 0 0 0 426.02
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alkali activated binders. Therefore a calculation on the CO2 footprint
was carried out and the results are shown in Table 8. The carbon
footprint is usually calculated as the sum of the CO2 emissions of each
component in unit volume of concrete. Considering that this value is
highly related to the proportions of each particular component and the
mix proportion of concrete can be largely varied; thus in this study, the
evaluation is based on a given concrete recipe with a moderate binder
content of 450 kg/m3, and a Portland cement based sample is used as a
reference. As listed in Table 8, the sodium silicate activator contains
NaOH and commercial waterglass (Na2O-nSiO2-mH2O), while the al-
ternative activator consists of NaOH and olivine nano-silica (xSiO2-
yH2O). Their corresponding contents are determined based on 450 kg/
m3 of binder, and those values are the effective solids contents ex-
cluding water. The carbon footprint used in this calculation: NaOH
(1.915 tCO2/t), commercial waterglass (1.514 tCO2/t), OPC (0.82
tCO2/t), slag (0.143 tCO2/t), fly ash (0.027 tCO2/t), fine aggregate
(0.0139 tCO2/t) and coarse aggregate (0.0459 tCO2/t) are obtained
from [64,65], while the CO2 footprint of olivine nano-silica (0.461
tCO2/t) was estimated from a life cycle analysis performed by VTT (EU
F7th project, ProMine internal report) [66]. It is important to note that
the carbon footprint for olivine nano-silica shown here is an average
European industrial case scenario, without making use of the heat that
is generated during the production of nano-silica, once this part of
energy is reused, the carbon emission will be further reduced (see Eq.
(1)). It should be mentioned that the nano-silica production data pro-
vided to the calculation is based mainly on laboratory and bench scale
testing, and at this stage all amounts are based on reaction stoichio-
metric. The system boundary applied in the life cycle analysis (LCA) of
the nano-silica production is shown in Fig. 12, and the supporting data
sources for Fig. 12 are obtained from the listing institutes in Table 9.

The carbon footprint result used in this case (average European
industrial scenario) is depicted in Fig. 13.

It can be seen from Table 8 that compared to the alkali activated
material based concrete, the carbon emission of Portland cement con-
crete is more than doubled, indicating the clear benefit of using slag and
fly ash as alternative binder in sustainable development. In terms of the
alkali activated concrete, the carbon emission from the activator ac-
counts for 43.8% to 49.5% of the total emission in commercial sodium
silicate based mixes, and this value is about 38.3% to 41.1% in olivine
nano-silica based ones, indicating a strong influence of activator in the
total carbon emission. If concerning the activator alone, when olivine
nano-silica is applied as the alternative silicate source, the carbon
emission per 1 m3 of concrete is reduced by 20.4%, 25.0% and 29.0% in
mixes with an alkali activator modulus of 1.0, 1.4 and 1.8 respectively,
compared to the commercial waterglass based ones. It is obvious that
this reduction rate becomes higher when increasing the activator
modulus. This is of great benefit since the alkali activated system

usually requires additional silicate to improve its performance to a
higher level, and when the olivine nano-silica is utilized to replace the
commercial sodium silicate, a significantly reduced burden to the en-
vironment can be resulted. Moreover, the olivine nano-silica production
could be still more sustainable if the heat produced during the reaction
could be reused, the CO2 footprint will be further reduced.

4. Conclusions

A green olivine nano-silica was synthesized and applied as an al-
ternative alkali activator in alkali activated slag-fly ash blends; mixes
with three different contents of additional silica were designed.
Performance evaluations were carried out including activator char-
acteristics, reaction kinetics, gel structure, compressive strength and
CO2 footprint. Comparisons were made with commercial sodium sili-
cate based mixes. The following conclusions can be drawn based on the
results:

• The olivine nano-silica is well dissolved in a NaOH solution to
prepare activators with the same chemical composition as the

Fig. 12. System boundary of the applied LCA analysis [66].

Table 9
Data source of the applied LCA analysis.

Process Data source

Olivine production Grecian magnesite
Nano-silica production Selor
Chemicals: H2SO4 and MgO VTT's KCL-EcoData

EcoInventElectricity and heat
Fuels
Transportation VTT's LIPASTO database

Fig. 13. Composition of the carbon footprint during nano silica preparation [66].
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sodium silicate based ones. The soluble silicate in the nano-silica
based activators is above 99%; except the one with a modulus of 1.8,
which nevertheless has a soluble silicate content of 98.1%.
29Si NMR characterizations on the alkali solutions show that in-
creasing the modulus results in an increased content of high cross-
linking Q structures, and nano-silica based activators show a rela-
tively high percentage of Q3 sites.

• For the same activator modulus, the olivine nano-silica based mixes
present similar reaction process compared to the commercial wa-
terglass based ones, with a slightly less intensity. Mixes with a
higher activator modulus also exhibit a delayed early age reaction
with reduced reaction intensity.

• Solid-state 29Si and 27Al MAS NMR together with TG verify that
when increasing the activator modulus, the reactivity of slag is re-
duced, as well as the Al incorporation in C-A-S-H gels; nano-silica
derived mixes show an increase of Q3(1Al) + Q4(4Al) sites, while
those groups in commercial waterglass based ones remain stable.
The nano-silica replacement results in a slightly reduced chemically
bound water content and compressive strength, compared to the
sodium silicate based mixes.

• The investigation on the effect of activator modulus reveals both
physical and chemical modification of the additional silicates from
the activator, and an optimum compressive strength is observed in
mixes prepared with an activator modulus of 1.4.

• Alkali activated binders show greatly lower CO2 compared to
Portland cement. When olivine nano-silica is used as an alternative
silicate source, the CO2 emission from activator is reduced by 20.4%
to 29.0% within the activator modulus range of 1.0 to 1.8; in-
dicating a significant advantage towards carbon emission. In addi-
tion, the total CO2 footprint can be further lower if the high amount
of energy generated during the production of olivine nano-silica can
be reused.
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