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Abstract: The article provides a comparative analysis of the hydration effects of nanosilica (NS) and silica fume (SF) in
supersulfated cement, investigating the reasons for the differences between their effects. The effects of the addition of 3%
NS and SF on the macroscopic and microscopic properties of supersulfated cement were studied. The experimental results
show that the compressive strength of NS group is lower than that of SF group in low-clinker samples, while in high-clinker
samples, presenting an opposite trend, and NS and SF can sustainably increase the compressive strength, and the long-term
effect is more evident. In addition, both NS and SF can reduce the hydration heat due to hindering the formation of ettringite,
and the inhibitory effect of NS is greater than that of SF. Moreover, NS will significantly decrease the pH value and
saturation index, and drastically reduce the concentration of calcium ion, while SF has no obvious effect on this. This study
highlights that NS is more suitable for high-clinker SSC systems (e.g., structural engineering requiring long-term strength),
while SF performs better in low-clinker systems (e.g., eco-friendly pavements), providing a theoretical basis for material

selection in practical engineering.
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1. Introduction

The cement industry is a significant contributor to
carbon emissions, accounting for approximately 8%
of the total carbon emissions worldwide[1]. With the
continued rise in global carbon dioxide concentration, it
is crucial to reduce the carbon emissions of the cement
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industry. supersulfated cement (SSC) is a typical low-
carbon cement[2], therefore, the development and
application of SSC is one of the effective way to reduce
carbon emissions in the cement industry and alleviate
ecological pressure.

SSC is a type of cement composed of 75-85
wt % slag, 10-15 wt% sulfate (such as gypsum or
phosphogypsum[3]), and 1-5 wt% alkaline activator[4]
(typically clinker or portland cement). The alkaline
activator mainly provides the calcium ion needed for
the chemical reaction. During the hydration process
of SSC, the main hydration products are ettringite
and C-S-H gel[5, 6]. These products provide superior
durability, making SSC highly resistant to sulfate and
magnesite attack[7].

However, the compressive strength of SSC is highly
sensitive to changes in the alkaline activator content[8],
and its low early strength and inadequate long-termd
strength limit its wide-spread use. Research has shown
that the low early strength is mainly attributed to the
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relatively slow dissolution rate of slag[9, 10], while the
underdevelopment of late strength may be caused by
the high concentration of calcium ion[11]. As a result,
many researchers have explored various methods to
improve the early and late strength of SSC.

As a critical component of SSC, the slag's alumina
content[10, 12, 13] and dissolution rate significantly
affect SSC's compressive strength. To improve the
reaction rate of slag, many researchers have explored
different approaches, such as high-temperature
curing[14], increasing the fineness of slag[15], adding
Na/K-lactate[16-18], or increasing the content of
alkaline activator[10]. Moreover, slag dissolution
requires a suitable alkaline environment. Zhai's[19]
study shows that the optimal pH for slag hydration is
13.1. Additionally, the formation and precipitation of
ettringite also require a suitable alkaline environment.
Studies illustrate that ettringite cannot be present below
pH 10.7[20]. Therefore, a proper alkaline environment
is necessary to improve the compressive strength of
SSC.

Numerous studies have illustrated that ultrafine
nanoparticles enhance the dissolution and hydration
of aluminosilicates such as cement, slag[21], and fly
ash[22]. Nanosilica (NS) has been widely used in the
study of performance modulation of cementitious
materials because of its high pozzolanic reactivity and
nucleation effect[23, 24]. Liu's[21] research revealed
that 3 wt.% NS can effectively enhance the hydration
and early compressive strength of slag in large dose
slag systems. Li[11] found that the addition of 3 wt.%
NS not only improves the early and late strength of
SSC but also effectively regulates the pH of SSC and
helps in reducing the concentration of calcium ion.
Silica fume (SF)[25, 26], another highly reactive
pozzolan, similarly regulates cementitious materials. SF
supports the secondary hydration of C;A[27], reduces
porosity[28], enhances early strength and durability[29,
30], and diminishes the Ca/Si of C-S-H gel after
hydration, reducing the risk of decalcification[31].
Existing studies focus either on NS or SF in SSC, but
lack a systematic comparison of their effects under
varying clinker content (e.g., 0.5-5 wt.%) and their
interaction with hydration kinetics

This paper aims to compare and analyze the effects
of adding 3 wt.% nanosilica and silica fume on the
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performance of each group of SSC with varying
alkaline activator content. The objective is to provide
a better understanding of the differences in the effects

of these two siliceous materials on the performance of
SSC.

2. Experimental
2.1 Raw materials

In this research, the main raw materials included
slag, clinker, gypsum, silica fume (SF), and nanosilica
(NS). The clinker was in accordance with the Chinese
standard GB/T 21372-2008, and the physiochemical
compositions of the clinker, slag, NS, and SF were
measured by X-Ray Fluorescence (XRF) and are
displayed in Table 1. The specific surface area of the
clinker and GGBS was tested using the Blaine method,
while the NS (with fumed hydrophilic properties) and
SF were provided by the company, and the gypsum was
purchased from Macklin, which was pure CaSO,-2H,0.
Additionally, the particle size distribution and scanning
electron microscope (SEM) of all the raw materials was
measured by laser diffraction, as shown in Fig. 1 and
Fig. 2.

Table 1 Physiochemical properties of clinker, Slag, SF
and NS (wt.%).

CaO  SiO, ALO; SO; Fe,04 MgO LOI  SSA (m%kg)
Clinker 63.74 20.04 439 044 294 3.58 0.88 367
Slag 358 27.05 1729 265 027 9.37 0.47 527
SF  0.124 96.643 0.214 0.046 0.311 1.09 273000
NS - 298.0 300000
18
16 ——Slag
\’? 14 F —— Clinker
?4'; —— Gypsum
5 12 F ——SF
= —+——NS
< 10
z
g
g
[ 4
2
0 . i L L
0.01 0.1 1 10 100 1000

Particle Size Diameter (pm)

Fig. 1 The particle size distribution of all raw

materials.
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Fig. 2 The morphology images of (a) Clinker, (b)
Gypsum, (c) Nanosilica, (d) Silica fume, (e) Slag.

2.2 Preparation of samples

Table 2 shows the mix proportions of the
supersulfated cements (SSCs). Clinker was added
at 0.5 wt.%, 1 wt.%, 3 wt.% and 5 wt.% (labeled as
C0.5, C1, C3, and C5 as control groups). In addition,
samples with 3% nanosilica (NS3) and 3% silica fume
(SF3) were prepared as they showed the maximum
performance in previous experiments[21, 32]. SF3
replaced part of GGBS. It is worth mentioning that
NS and SF were dispersed in water via ultrasonic
treatment (40 kHz, 30 min). The mortar’s flow rate
was adjusted to 170 mm using a polycarboxylate
superplasticizer. The sand-to-binder ratio of 3.0 were
used, which complied with the Chinese standard GB/
T 17671-2021[33]. After molding, mortar samples
were cured in standard curing chamber (22 C and RH
95 %), demolded after setting and hardening, and
then, continued curing to test the compressive strength
of mortar at 3 d, 7 d, 28 d, and 90 d. The hydrated
properties were tested using time-suited paste samples.

Table 2 Mix proportions of SSC pastes and mortars.
(wt.%)

. Superplasticizer
Samples Clinker Gypsum  Slag NS SF

Paste Mortar
C0.5-SF3 0.5 15 82.5 0 3 1 2.5
C0.5-NS3 0.5 15 82.5 3 0 2.5 4.25
CI1-SF3 1 15 81 0 3 1 2.5
C1-NS3 1 15 81 3 0 2.5 4.25
C3-SF3 3 15 79 0 3 1 2.5
C3-NS3 3 15 79 3 0 2.5 4.25
C5-SF3 5 15 77 0 3 1 2.5
C5-NS3 5 15 77 3 0 2.5 4.25

2.3 Experimental methods
2.3.1 mechanical property

The compressive strength of mortar samples was
tested according to the Chinese standard GB/T 17671-
2021[33].

2.3.2 hydration heat

The evolution of the heat of hydration of the samples
was observed using an 8-channel isothermal heat
calorimeter (TAM Air, TA Instruments Ltd., USA).
The experimental environment was controlled at 25 °C,
and an external stirring method was used to collect the
early (3 d) hydration heat, which was more suitable for
our system.

2.3.3 Thermogravimetric analysis (TG)

The thermal gravimetric analysis (TGA) data in
this study was obtained using a TGA/DSC instrument
(Mettler-Toledo) under argon gas. Approximately 20-30
mg of the sample was heated in an argon atmosphere
at a rate of 10 °C per minute from 30 °C to 600 °C.
Prior to the testing, the sample was washed with ether,
then placed in a vacuum drying oven to eliminate the
influence of free water before 50 °C.

2.3.4 Phase assemblage

The presence and content of hydration products were
verified using X-ray diffraction. Corundum was used
as an internal standard to determine the proportion of
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each phase. Test samples were prepared by grinding 0.4
g of the sample and 0.1 g of a-Al,O; with anhydrous
ethanol for 30 minutes. The content of hydration phases
was calculated using the TOPAS software.

2.3.5 Pore structure

Mercury intrusion porosimetry (MIP) testing was
conducted using MicroActive AutoPore V 9600 to
provide further insight into the pore structure evolution
of SF/NS at 28 days for each alkalinity sample. The test
samples weighed below 1 g, and the testing temperature
was 24.65 . The contact angle was set at 130° and the
test pore diameter range was approximately 3 nm to
350,000 nm. MIP testing helped to understand the pore
structure of the samples in the later period.

2.3.6 Pore solution

The pore solution of 10 hours were obtain the paste
samples, and the first 4 hours pore solution were
centrifuged directly using 9000 rpm, while the last 6
hours were squeezed by concrete press machine (TYA-
2000A). The obtained pore solution was tested for pH
within 10 minutes (PHSJ-3F), followed by acidification
with concentrated nitric acid to prevent precipitation
of hydration products[9]. The acidified solution
was diluted 10 times and 100 times, and the ion
concentrations were measured (Perkin Elmer, Optima
3000). The saturation indices were calculated using
GEMS software.

3. Results and discussion
3.1 Compressive strength

The compressive strength of SSC was investigated
with the addition of 3 wt.% nanosilica (NS) and silica
fume (SF) at 0.5 wt.%, 1 wt.%, 3 wt.%, and 5 wt.%
cement clinker and testing dates, as shown in Fig. 3.
The growth of compressive strength ratio after NS and
SF addition is presented in Fig. 4.

The results demonstrate that the addition of NS and
SF has similar positive influences on the compressive
strength of 3 days with increasing clinker (Fig. 3),
which is unaffected by variations in Si properties. The
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SF-added samples reached peak strength at C1 after
7 days, which progressively developed until 90 days,
although it was lower than the blank in the early stages
(before 7 d). The C1-NS3 sample showed similar
behavior in later stages, although its 7-day compressive
strength was lower in C3 and C5 samples, consistent
with previous research[8]. Furthermore, both SF
and NS effectively enhanced the strength of C3 and
C5 samples from early to late stages (Fig. 4), which
differed from CO0.5 and C1, with more pronounced
effects at later ages of C3. The C3 added-NS samples
demonstrated nearly the same late strength as the
Cl-added samples (i.e., a decline from 12 MPa to
2.62 MPa at 90 days). However, SF did not have a
significant effect in this range. The 3 wt.% NS could
reduce sensitivity between C1 and C3, consistent with
previous findings[8]. The results indicated that the
most suitable clinker dosage range in the SSC system is
between 1 wt.% and 3 wt.%, where 3 wt.% SF and NS
could play a key role in early and later hydration times.
The dosage of NS did not affect this outcome and could
decrease the clinker sensitivity.
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Fig. 3 Compressive strength development of SSC with
NS and SF addition under different clinker contents.

Fig. 4 shows that SF and NS had similar compressive
strength enhancement effects on all samples in later
periods (28 and 90 days). SF significantly increased
the strength of C1 and C3 samples at 28 and 90 days
(55.01% and 57.14% for C1 sample; 105.38% and
89.47% for C3 sample, respectively). Similarly, NS
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also significantly increased the strength of C1 and
C3 samples at 28 and 90 days (36.31% and 26.26%
for C1 sample; 114.98% and 97.78% for C3 sample,
respectively). SF and NS also showed significant
differences in the C1 and C3 groups. The compressive
strength of SF was better than NS in the C1 group,
while NS performed better than SF and the blank in
the C3 samples. Additionally, the C0.5-NS3 sample
showed no compressive strength as it could not harden
during the experiment until 90 days. This could be due
to unsuitable internal hydration reaction conditions
for forming hydration products (ettringite and C-S-H
gel), which will be explained in detail in the discussion
section. The significant difference in the effect of SF
and NS on the clinker groups of SSC has not been
studied previously.
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Fig. 4 The comparison of the effect of NS and SF on
the compressive strength growth ratio of SSC.

The influence of SF and NS on the strength of
SSC varies with clinker content and age. This can be
attributed to the inhibitory effect of SF and NS on
the hydration of the aluminate phase[27, 34], which
affects the formation of ettringite - considered the
primary performance in the early stages of SSC.
However, SF and NS can enhance the hydration of
the silica phase, leading to the growth of C-S-H gel,
which is the main source of late compressive strength
in SSC. Additionally, the difference in particle size
and pozzolanic activity between NS and SF can also
contribute to the unutilized effect on calcium ion
adsorption[11].

Furthermore, the distinct trends of compressive
strength at early and later ages observed with the
addition of SF and NS imply different mechanisms of
influence of SF and NS on the hydration and hardening
process of the alkali-activated SSC system. These
mechanisms are discussed in the following sections.

3.2 Heat of hydration

The impact of NS and SF on the early period (3
days) hydration of SSC was investigated through the
measurement of hydration heat flow rate and total heat,
and the results are presented in Fig. 5.
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Fig. 5 The comparison of the effect of NS and SF on
the hydration heat of C1 and C3.

During the early period, all samples exhibited a wide
peak resulting from the dissolution of GGBS and the
formation of ettringite[35] as a result of the reaction
between aluminate and gypsum phases. However, the
addition of NS and SF led to substantial changes in the
hydration heat characteristics for all samples.

The addition of NS and SF exerted significantly
different effects on C1/C3. In the C1 sample, the
cumulative heat of hydration was inhibited and halved,
and the exothermic hydration peak shifted to the right
after the inclusion of NS and SF. Notably, NS exerted
a stronger inhibitory effect than SF in C1 samples,
consistent with their 3-day compressive strength (Fig.
3). In contrast, NS and SF showed utterly different
trends in the C3 group compared to the C1 sample.
The addition of NS resulted in a leftward shift of
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the heat flow peak, while SF shifted significantly in
the opposite direction. Moreover, NS yielded higher
cumulative heat than SF aligning with prior studies[36].
The impact of SF was not as pronounced as NS in the
C3 sample, which may be attributed to the different
activity of silica fume and nanosilica. Importantly, the
heat hydration of the C3 samples was consistent with
compressive strength development (Fig. 3.).

Additionally, it is important to note that the
cumulative heat release after the addition of NS and SF
exhibited significant differences in both the C1 and C3
samples. The variation in heat release can be attributed
to the degree of reactivity between NS and SF, as
well as differences in their ability to form hydration
products (ettringite and C-S-H gel). These factors will
be further discussed in the following sections.

3.3 Hydration products

The results of TGA (Thermal Gravimetric Analysis)
analyses for blank-, NS-, and SF-group samples at 3
days and 28 days are depicted in Fig. 6. Comparison
of the curves in Fig. 6 with reference substances' data
indicates the presence of ettringite, gypsum, and C-S-H
gel. Furthermore, the XRD pattern in Fig. 7 identifies
the presence of ettringite and gypsum. Notably, the
addition of SF and NS did not alter the primary crystal
hydration products of SSC.
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Fig. 7 XRD patterns of C1 and C3.

In contrast, the results showed an opposite trend in
the C3 sample, where SF and NS promoted the growth
of hydrates (higher peak of ettringite and C-S-H) until
28 days. Moreover, the effect of SF was better than
that of NS. This phenomenon was consistent with
the QXRD results in Tables 3 and 4 and the trend of
transformation in the hydrates' peak and bound water
content, as demonstrated in the compressive strength
results (Fig. 3).

Table 3 Effects of NS and SF on the hydration products
phase of C1.

SSC Phase Sample ID 3d 28d
Blank 4 2.99
Gypsum SF3 3.07 2.61
NS3 7.31 5.05
Blank 8.32 12.46
C1 Ettringite SF3 9.53 11
NS3 6.02 7.43
Blank 84.69 81.66
Amorphous phase SF3 83.98 83.33
NS3 83.65 82.67

Table 4 Effects of NS and SF on the hydration products
phase of C3.

500 @ 100 500 600

20 00 00 300 00
Temperature (°C) Temperature (°C)

Fig. 6 TG and DTG date of C1 and C3 at 3 d and 28 d.

Fig. 6 shows that the addition of SF and NS led to
a decrease in the formation of ettringite (shorter peak
of ettringite and C-S-H) at 3 days. Moreover, the peak
height of ettringite and C-S-H was more significant in
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SSC Phase Sample ID 3d 28d
Blank 5.23 3.44

Gypsum SF3 235 2.08

NS3 6.13 7.04

Blank 8 12.11

C3 Ettringite SF3 10.6 10.97
NS3 7.1 6.46

Blank 84.03 81.58

Amorphous phase SF3 84.04 84.18

NS3 81.27 81.8

. 2, June 2025



NS addition decreased ettringite content by
reducing gypsum consumption across all samples
and ages, while promoting amorphous phase (C-S-H
gel) formation, according to the results presented in
Tables 3 and 4. This phenomenon was also observed
by others[34] and was attributed to the electrostatic
adsorption effect, leading to a reduction in hydration
production. On the other hand, a slight reduction in
gypsum and an increase in ettringite in the SF-added
samples were observed at 3 days, but the ettringite
content decreased later. This can be attributed to SF
inhibiting C;A hydration later than NS. SF's larger
particle size may delay its suppression of ettringite
formation. Moreover, both SF and NS were suitable for
forming an amorphous phase at 28 days, which may
explain the early reduction and later improvement in
compressive strength observed in the C1 group (Fig. 3).

There were significant differences in the reaction
of SF and NS in the C1/C3 groups of SSC. This can
be attributed to the difference in activity between the
SF and NS, but more importantly, the difference in the
influence of ions and pH value, which led to variations
in the hydration products.

3.4 Microstructure
The Mercury intrusion porosimetry (MIP) technique
was investigated the impact of SF and NS on the pore

structure of SSC at 28 d (Fig. 8), which covers the pore
size range from approximately 5 nm to 1000 nm.
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Fig. 8 Pore analysis of C1 and C3 at 28d.

At C3 sample, it was observed that the addition of
SF and NS resulted in a lower porosity compared to
the non-added sample, indicating that SF and NS could
densify the microstructure and enhance the compressive
strength development at 28 days as illustrated in Fig.
3. Furthermore, the addition of SF and NS caused the
most probable pore diameters to gradually decrease.
The leftward shift of cumulative intrusion curves (Figs.
8a, 8c) indicates pore structure refinement. Thus, the
incorporation of SF and NS validates the mechanism
that significantly densified the microstructure of the
C3 sample due to filling and pozzolanic effects[23,
37]. However, the porosity of the NS-added sample is
lower than that of the SF-added sample, which could
be attributed to the superior pozzolanic effects of NS
compared to SF, and the smaller size of NS.

Pore size distribution curves for SF/NS-modified
C1 and C3 samples are shown in Figs. 8b and 8d. The
samples were divided into five categories based on
their pore sizes: gel micro-pores (<20 nm), meso-pores
(20-50 nm), middle capillary pores (50-100 nm),
large capillary pores (100-5000 nm), and macro-pores
(>5000 nm)[37, 38]; the pore volume fraction within
each range was shown in Fig. 9. The results in Fig. 9b
demonstrate that the added SF and NS samples of C3
had more gel pores and fewer middle capillary and
macro-pores. Furthermore, the added-NS samples had
more gel pores than the added-SF samples. It has been
reported that gel micro-pores correspond to gel pores in
C-S-H[39]. This suggests that the use of NS can lead to
a denser compressive strength due to the filling effect
of the C-S-H gel produced by the high pozzolanic
nature of NS itself.
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Fig. 9 Pore volume fraction of C1 and C3.
3.5 Pore solution analysis

To understand the underlying cause of the failure
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of C0.5-NS3 to fully hydrate and harden, the
concentration of ions, saturation index, and pH values
in the pore solution within the first 10 hours were
analyzed. The results are presented in Fig. 10-12.

Fig. 10 reveals the presence of S, Ca*, Si*", and AI’*
ions in the pore solutions. As hydration progressed,
the amount of Si*" and S* ions decreased in the added
SF samples compared to the blank sample, while the
concentrations of Ca®* and AI’" jons increased due to
the precipitation of hydrates. It was also observed that
the Ca™ ion concentration increased in the NS-added
sample relative to the blank sample, which may be
attributed to the adsorption with NS.

However, the change in Si ion concentration was
different from the expected trend, as the addition of SF
and NS was expected to increase the concentration of
Si**, and the formation of C-S-H gel would consume
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more Si*" ion. However, the Si*" concentration in the
NS-added sample showed an increasing trend compared
to the blank and SF-added samples, and it was over
3 mmol/L. This suggested that Si*" from NS did not
participate in the process shown in Fig. 10a. Moreover,
the S and Al ion concentrations in the NS-added
sample remained constant within the first 10 hours,
while the blank and SF-added samples varied during
the same time period. This observation indicates that
no hydration products were formed in the NS-added
sample of C0.5, which could affect the concentration
of the pore solution. The saturation index data further
corroborated this result, as the hydrates in the NS-
added group were always in an undersaturated state,
as shown in Fig. 11, whereas the blank and SF-added
groups showed the opposite trend within the first 10
hours.

Hours

Fig. 10 Effect of NS and SF on the concentration of each ion in the pore solution.
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Fig. 11 Effect of NS and SF on the saturation index of hydration products.
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Additionally, adding SF maintained a comparable
pH value with the blank sample, while NS lowered the
pH from 12.2 to nearly 10.1. The pH level remained
relatively constant during the first 10 hours, as shown
in Fig. 12. The dissolution of the slag required a high
pH value[19], and the hydration growth condition of
ettringite was higher than a pH of 10.7[20]. This is
likely the reason why the compressive strength of CO0.5-
NS3 did not improve until the 90-day mark.
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Fig. 12 Effect of NS and SF on the early pH value of
CO0.5.

4. Conclusion

In this study, the effects of NS and SF on the
properties of supersulfated cement were compared and
analyzed through mechanical performance, hydration
product evolution, microstructure characteristics,
and ions reactions. Based on the experimental results
obtained, the following conclusions can be drawn:

a: Both NS and SF improved the mechanical
properties of supersulfated cement in the later period.
However, the enhancing effect of NS was consistently
greater than that of SF in the higher-clinker group. In
contrast, SF was more effective than NS in the lower-
clinker group, and C0.5-NS3 sample never achieved
compressive strength, which is related to the difference
in their ability to consume calcium ions and NS's
significant pH reduction may hinder slag activation in
low-clinker SSC.

b:Both NS and SF effectively reduce early hydration
heat evolution in C1, though their impacts on C3
are less pronounced. In C3 samples, NS accelerates

hydration, whereas SF delays it. These differences
may be attributed to their varying effects on ettringite
and amorphous substances. NS demonstrates a greater
ability to reduce ettringite content and inhibit gypsum
consumption compared to SF. However, both materials
promote the formation of amorphous substances. The
distinct particle sizes and pozzolanic reactivity of NS
and SF play a crucial role in these outcomes, with SF’s
micro-sized particles leading to a delayed suppression
effect on ettringite.

c: The NS group had a lower porosity and a higher
content of gel pores compared with the SF group,
which may be related to its higher pozzolanic activity
and particle sizes.

d: NS effectively reduced pH and saturation index,
unlike SF, which showed no significant effect. This
variation is attributed to their differing capacities to
consume calcium ions. Consequently, SF is appropriate
for low-clinker systems such as eco-pavements, whereas
NS is better suited for high-clinker structural elements
requiring sustained strength over time.
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