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Waste sludge, a solid recovered fromwastewater of photovoltaic-industries, composes of agglomerates of nano-
particles like SiO2 and CaCO3. This sludge deflocculates in aqueous solutions into nano-particles smaller than
1 μm. Thus, this sludge constitutes a potentially hazardous waste when it is improperly disposed. Due to its
high content of amorphous SiO2, this sludge has a potential use as supplementary cementitious material
(SCM) in concrete. In this study the main properties of three different samples of photovoltaic's silica-rich
waste sludge (nSS) were physically and chemically characterized. The characterization techniques included:
scanning electronmicroscopy (SEM), X-ray energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), nitro-
gen physical adsorption isotherm (BETmethod), density by Helium pycnometry, particle size distribution deter-
mined by laser light scattering (LLS) and zeta-potential measurements by dynamic light scattering (DLS). In
addition, a dispersability study was performed to design stable slurries to be used as liquid additives for the con-
crete production on site. The effects on the hydration kinetics of cement pastes by the incorporation of nSS in the
designed slurries were determined using an isothermal calorimeter. A compressive strength test of standard
mortars with 7% of cement replacement was performed to determine the pozzolanic activity of the waste
nano-silica sludge. Finally, the hardened system was fully characterized to determine the phase composition.
The results demonstrate that the nSS can be utilized as SCM to replace portion of cement inmortars, thereby de-
creasing the CO2 footprint and the environmental impact of concrete.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Photovoltaic or PV is the technology which converts sunlight into
electricity. With increasing concerns surrounding the global climate
and the uncertainty of oil sources and prices among other traditional
fuels, the solar power industry has been growing substantially in recent
years. Since 1990, photovoltaic module installed power had increased
more than 500 times from 46 megawatts (MW) to 30.8 GW in 2012
[1], making it the world's fastest-growing energy technology. Due to
the rapid expansion of the silicon Photovoltaic industry it receives
increased attention because of the potential environmental impact of
their process and products. Decommissioning at the end of the life
cycle of PV modules, which are expected to last around 30 years [2], is
an important factor. There are also concerns regarding their disposal
as they may contain small amounts of regulated materials. Different
researchers have focused on the recycling waste streams from the PV
slicing production process. Wang et al. [3] published a novel approach
for recycling “kerf” loss from the cutting slurry waste. Also Kong et. al.
te (M2i), Mekelweg 2, P.O. Box

ghts reserved.
[4] made efforts to recycle silicon powder from the silicon wafer back
grinding. Recently, researchers [3,5] suggest the use of cement based
material fixation capacity to the possible re-utilization of solar cell resi-
due to construction materials, which will lower the costs and help to
decrease the waste disposal from PV systems.

Nowadays supplementary cementitious materials (SCMs) are wide-
ly used in concrete either in blended cements or added separately to the
concretemix [6]. The use of silica-rich SCM such as blast furnace slag, fly
ash,metakaolin andmicro-silica represents a viable solution to partially
replace ordinary Portland cement. Other possible materials, which are
under research worldwide, are silica fines. They are mainly composed
of high purity SiO2 with micron and submicron particles. Examples of
this are silica flour (Sf), micro-silica (mS), fumed silica (FS) and nano-
silica (nS). However, these products are obtained in complex processes
which make their use non-feasible due to their price or in some case
their availability for the construction industry [7,8]. In this context,
another potential source of nano-silica particles is the waste sludge,
generated during the polishing process of photovoltaic (PV) solar panels
[9]. This waste sludge is collected during the filtering steps of the
slurry used in the polishing or finishing process of the silicon solar
panels by chemical mechanical planarization (CMP) [10]. In South
Korea, 50,000 tons of CMP silica sludge are generated annually. The
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Table 1
Chemical analysis and phase composition of the cement used (CEM I 52.5 N).

Oxide composition by XRF
(mass %)

Mineral composition by Rietveld
refinement (mass %) [70]

SiO2 19.64 Alite (C3S) 58.67
Na2O 0.35 Belite (C2S) 17.05
Al2O3 4.80 Aluminate (C3A) 3.24
Fe2O3 3.28 Ferrite (C4AF) 10.26
CaO 63.34 Calcite 3.01
Cl 0.06 Anhydrite 2.99
P2O5 0.59 Bassanite 1.16
K2O 0.06 Syngenite 0.94
MgO 1.99 Ca-Langbeinite 0.53
TiO2 0.34 Gypsum (CS) 0.06
SO3 2.07 Free lime (CaO) 0.97
Others 0.62 Periclase (MgO) 0.97
LOI 1.56 Others 0.15
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polishing slurries are usually composed of a stable colloidal nano-
silica, fumed silica, nano-CaCO3 and other types of suspensions [9–12].
This sludge deflocculates in aqueous solutions into nano-particles small-
er than 1 μm. Thus, this nano-silica sludge (nSS) is potentially hazardous
waste when it is improperly dumped. The feasibility to use waste sludge
from semiconductor industry in cement mortars was established for
the first time by Lee and Liu in 2009 [13] and later by other researchers
[14–16]. However, the use of waste sludge from PV panel CMP process
has not been studied yet.

In addition to the need to improve the properties of concrete, the
environmental impact of the cement used in concrete industry is be-
coming an important issue. The component with the highest environ-
mental impact that is used for concrete production in terms of energy
and CO2 emissions is cement clinker. In general, 0.85 ton of CO2 is
released when 1 ton of cement clinker is produced [17]. It is calculated
that cement clinker production contributes 5 to 8% to the total CO2

emissions worldwide [17]. Consequently, the construction sector de-
mands concrete with a lower environmental impact. Based on these
premises, the aim of this research is to determine the potential use of
photovoltaic's silica-rich sludge as supplementary cementitious materi-
al (SCM) in concrete. In this study, themain properties of three different
samples of photovoltaic's silica-rich waste sludge were physically and
chemically characterized. The final goal is to demonstrate that the nSS
can be utilized as SCM to replace portion of cement in mortars, thereby
decreasing the CO2 footprint of concrete and to avoid the environmental
impact of PV waste landfill.

In this research, the initial characterization and testing of different
silica-rich waste sludges (nSS) obtained from one South Korean photo-
voltaic panel producer are presented. To access the potential use of nSS
as supplementary cementitious material, three different batches of nSS
were physically and chemically characterized. In addition, a dispersability
study was performed to design stable slurries to be used as liquid addi-
tives for the concrete production on site. The designed slurries were test-
ed using an isothermal calorimeter. Finally, standard cement pastes and
mortars with 7% by weight of cement (bwoc) replacement were fully
characterized to determine the pozzolanic activity and to assess the feasi-
bility of the waste silica-rich sludge as supplementary cementitious
material in concrete.

2. Materials and experimental methods

2.1. Materials

Three batches of CMP sludge cake from wet waste were obtained
from DAE Pyung Ceramics Co., Ltd. located in South Korea. After drying
at 105 °C for 24 h until a complete dry state (constant weight) was
obtained, the water content of the sludge was determined to be be-
tween 33 and 39%. These cakes had ivory white color. The cement
usedwas ordinary Type I Portland cement OPC (CEM I 52.5 N) produced
by ENCI Cement, The Netherlands. The OPC had an apparent density of
3.15 g/cm3 and a Blaine specific surface area of 484 m2/g. The chemical
composition (determined by XRF) and the proportion ofmineral phases
provided by the producer are shown in Table 1. Standard sandwas used
according to EN 196-1 [18], with particles size between 0 and 2 mm. In
addition, a commercial micro-silica (mS) slurry with 50% of solid was
used for comparison.

2.2. Experimental methods

2.2.1. Particle morphological characteristics
Size and morphology of the particles of the silica sludge were ana-

lyzed using a high resolution scanning electron microscope (FEI Quanta
600 FEG-SEM) with a Schottky field emitter gun (at voltage of 10 keV
and 0.6 mbar of low-vacuumpressure). Furthermore, a general chemical
analysis was performed using EDAX® energy dispersive spectroscopy
(EDS) detector.
2.2.2. XRD and XRF of the silica sludge
Powder X-ray diffraction (XRD) analysis was carried out using an

X-ray diffractometer (Rigaku, Geigerflex, Japan) with Cu Kα1 radiation
and a 6 h scanning range between 5° and 100°. The XRD scans were
run at 0.02° per step with a counting time of 4 s. In order to obtain a
more accurate chemical composition of the investigated nano-silica
sludge, a quantitative X-ray fluorescence (XRF) analysis by the fusion
method (routine 4C) was performed. The results were obtained by an
external laboratory (Activation Laboratories Ltd, Canada) [19]. In the
XRF analysis a standard micro-silica was included as comparison.

2.2.3. TG/DSC of the silica sludge
A thermal gravimetric (TG) and differential scanning calorimetric

(DSC) analysis were performed to determine the amount of adsorbed
water and other types of possible contaminants (carbonates, organics,
etc.) in thenano-silica sludge. AnSTA449F1 Jupiter (Netzsch Instruments)
was used to perform the TG/DSC analysis. The temperature was increased
gradually from room temperature to 1000 °C at 10 K/min, keeping it con-
stant for 2 h at 1000 °C. The sampleswere tested as received and a simple
hand grinding was performed prior testing.

2.2.4. Nitrogen physical adsorption isotherm (BET method)
A Micromeritics TriStar 3000 equipment using N2 with a soaking

time of 12 h at 120 °C was used for the gas physisorption analysis.
Using the BET theory [20] and the standard procedure described by
Din ISO 9277:1995 [21], the specific surface area (SSABET) of the silica
samples was determined. The physisorption analyses were carried out
three times with a standard deviation below 5% for the SSABET. The
particle size of the nano-silica was calculated from the geometrical
relationship between surface area and mass given by [22]:

d ¼ 6000
ρ � SSABET

ð1Þ

where d is the particle size of nano-silica in nm, ρ the density of the
material in g/cm3 and SSABET the surface area in m2/g. This particle
size is an average value, considering that the particles are spherical.

2.2.5. Specific density by helium pycnometry
A helium pycnometer AccuPyc® II 1340 from Micromeritics was

used to determine the specific density of the different nano-silica sam-
ples. Before the density measurements, the samples were dried and
degassed at 105 °C for 24 h. Helium was used as the displacement
medium. Ten purges of the system were performed to ensure the equi-
librium and to complete a total degassing of the sample. Thiswas followed
by 12 consecutive volumemeasurements, which were used to determine
the average density.
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2.2.6. Particle size distribution (PSD) and zeta potential (ξ) by dynamic
light scattering (DLS)

The laser light diffractionwas used to determine theparticle size dis-
tribution of the original nano-silica sludge and the resulting stable slur-
ries. The PSDs were measured in this study in liquid dispersion (water)
with aMalvern™Mastersizer™ 2000 laser light diffraction device, using
Mie scattering theory as the measuring principle and following the ISO
standard 13320-1 (1999) [23]. A Hydro S unit was used to disperse the
samples. A spherical shape was assumed to calculate the particle size
distribution.

The zeta potential of stable slurries formulated with the nano-silica
sludge was measured using dynamic light scattering (Malvern™
Zetasizer™Nano ZS) according to ISO 13321 (2006) [24]. A convention-
al cell was used for particle size measurement (distribution in volume)
[25].

2.2.7. Dispersability study with high shear mixer
Due to the highly agglomerated state of the nano-silica sludge,

a dispersability study was performed. For this study only a sample of
nano-silica sludge (batch 2) was considered. Batch 1 was discarded for
the dispersability study due to its high content of impurities (discussed
in Section 3). Cakes of dried nano-silica sludge from batch 2 were pre-
dispersed inwater (1 wt.%) in a glass stirred vessel (1 L beaker). Disper-
sions were transferred to the high energy shear mixer (Silverson® L5M
using a size reduction stator head). The rotor speed was set to the re-
quired value (3000 and 7000 rpm) and at each speed the dispersions
were sheared for 210 min. Small samples from the dispersion were
taken at certain times and the particle size distribution (PSD) was
measured using LLS. In addition, zeta potential was measured to
study the stability of the dispersion. A dispersion study was also per-
formed with varying pH values of the solution prepared with 25%
NH4OH.

2.2.8. Design of stable nano-silica slurries for their use as SCM
Three different stabilized slurries were designed for their use in the

calorimetry and mortar tests. Table 2 shows the different components
used to obtain stable slurries. The slurries were prepared using dried
silica sludge (16.5 wt.%) from different batches. Each sample was pre-
dispersed for 1 h at 7000 rpm in water, using a glass stirred vessel
coupled to an Ultramix® stirrer. Prior to the pre-dispersion step,
NH4OH and a polycarboxylate type superplasticizer (SP) were added to
stabilize the slurries and to adjust the final pH value between 9.1 and
9.6. Then the dispersions were transferred to the high shear mixer, but
using a size reduction stator head for additional 30 min. The obtained
slurries were stable in time. No gelling was observed over a time period
of 3 weeks with static conditions.

2.2.9. Hydration kinetics of cement pastes with nano-silica
A calorimetric analysis of cement mortars with w/c ratio of 0.5 was

performed using the slurry prepared from the nSS batch 2. For this pur-
pose, an 8-channel TAM® Air isothermal micro calorimeter from TA
Instruments (U.S.A.) was used. In total 4 different cement pastes with
0, 3, 6 and 9% of nSS based on theweight of cement (bwoc) were tested
Table 2
Proportioning of the designed silica sludge slurries.

Batch number 1 2 3

Water (g) 600 600 600
Powder nano-silica sludge (g)a 200 200 200
NH4OH 25% (g) 14.3 14.3 14.3
SP (PCE type) (g) 4.4 4.4 4.4
Final pH 9.27 9.58 9.12
Slurry density (g/cm3) 1.070 1.103 1.102
Solid content (wt.%)b 16.06 16.48 16.32

a 30 to 35% content of H2O.
b Computed by drying 5 g of slurry at 110 °C for 24 h.
in duplicate for 72 h at 20 °C. The cement pastes were mixed with a
handmixer for 1 min. The calorimetric analysiswas performed to assess
whether the nano-silica sludge particles exhibit an acceleration effect or
any pozzolanic activity. The results were analyzed using the TAM assis-
tance software. By means of the software tool, the dormant period, the
relative setting time and the time to reach the maximum hydration
peak were determined. The dormant period, relative setting times as
well as the time to reach the maximum peak were defined as proposed
by [26–28]. Similarly, a second calorimetric analysis was performed
using the slurries prepared from batches 1–3 and the standard micro-
silica slurry. In total 4 different cement pastes with 7% by weight of
cement (bwoc) replacement, w/c of 0.5 and SP content (based on
the mortar recipes shown in Table 3 without sand addition) were
tested in duplicate for 70 h at 20 °C. The cement pastes were mixed
with a high energy (600 W) hand blender (Philips HR1363) for
2 min. The resultswere analyzed using the sameprocedure as previously
described.

2.2.10. Compressive strength of cured cement mortars and pozzolanic
activity

To determine the pozzolanic index or activity of the nSS, different
cement mortars were prepared and tested following the procedure
established in CEN-EN 196-1 [18]. A 7% by weight of cement replace-
ment was selected based on the procedure described by Justnes and
Ostnor [29]. In total 9 standard prisms per mix were tested following
the mix designs presented in Table 3. The SP content in these mixes
was adjusted to obtain a spread flow of 175 ± 15 mm (Hägermann
cone). The flexural and compressive strength of the mixes was deter-
mined at 1, 7 and 28 days. Finally, the pozzolanic activity index was
calculated based on the results of the standard cement mortar at 7
and 28 days. In addition, the pozzolanic index was compared with the
results obtained for one commercial micro-silica slurry.

2.2.11. Characterization of the hydrated mortars
As the use of silica-rich waste sludge should influence the amount

and kind of formed hydration phases and thus the volume, the porosity
and finally the durability properties of concrete, different characteriza-
tion techniques were performed to consider the photovoltaic's silica-
rich sludge as supplementary cementitious material.

2.2.11.1. Microstructural characterization and analysis. The microstruc-
tural morphology of the prepared mortars (reference, batches 1–2 and
micro-silica) was analyzed using the same ESEM/EDS devices and pro-
cedures as described in Section 2.2.1. For this analysis, 5 mmthick slides
were horizontally extracted fromhardened prisms at the age of 28-days
using a precision diamond saw. After cutting, the samples were ground
by hand and moderate pressure on the middle-speed lap wheel with
p180, p320 and p600 SiC papers. Polishing was done on a lap wheel
with 15, 7, 3, 1 and 0.25 μm diamond pastes for about 2 min each.
Mix designs of mortars used for determining compressive strength and pozzolanic index.

Materials Reference Batch 1 Batch 2 Batch 3 Micro-silica

CEM I 52.5 N (g) 450.0 418.5 418.5 418.5 418.5
nSS slurry (16.5 wt.%) (g) 0 196.9a 196.9a 196.9a 0
mS slurry (50 wt.%) (g) 0 0 0 0 72.3
Water (g) 225 59.6 59.6 59.6 184.2
Standard sand 0–2 mm (g) 1350 1350 1350 1350 1350
SP for standardworkability (g) 0 2.01 0.93 0.93 1.07
Total SP (% bwoc) 0 0.68 0.44 0.44 0.24
w/c 0.5 0.5 0.5 0.5 0.5
Air voids (%)b 6.14 10.98 6.15 – 3.99
Slump-flow (mm), 15 strokes 176 ± 4 176 ± 3 181 ± 4 180 ± 5 182 ± 7

a Included 0.54 wt.% of SP according to Table 2.
b Estimated value.
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After polishing, the samples were immersed in isopropanol for three
days to stop the hydration completely and then dried in an oven for
extra three days at 70 °C. Finally, the samples were stored in a desicca-
tor over silica-gel (in vacuum) until the ESEM analysis was performed.
The images were obtained using the BSE detector in low vacuum
mode (60 mbar) and using an acceleration voltage of 20–15 keV.

2.2.11.2. Phase composition of the hydrated mortars by TGA/DTG and XRD.
Extracted slides of each mortar composition at the age of 28-days were
soaked in isopropanol for three days to stop the hydration. After-
wards, the slides were crushed and pulverized by the use of an auto-
matic mortar crusher for 1 min and dried at 70 °C for three days.
Thermogravimetric analysis (TGA) and derivative thermogravimetric
analysis (DTG) were performed using the same device as described in
Section 2.2.3. A total quantity of 74–92 mg was heated at 5 K/min
from 20 to 1000 °C. The tests were performed at atmospheric pressure
with a nitrogen flow of 20 mL/min. Alumina (Al2O3) crucibles were
used in the experiments. The amount of chemically bound water,
portlandite (CH) and calcite was determined by the mass losses. The
mass losses were determined in three different temperature intervals.
The mass loss due to the decomposition of CH, ranging from about
410 °C to 550 °C, the mass loss corresponding to the decomposition of
monocarboaluminates and calcite (release of CO2), measured between
550 °C and about 750 °C, and themass loss corresponding to the release
of chemically bound water (H), defined here as the measuredmass loss
between 105 °C and about 1000 °C minus the mass loss due to carbon-
ation (measured between 550 °C and about 750 °C). The start and end
of each temperature interval are determined for each sample based on
the DTG-curve. The mass losses were calculated taking into account
the molecular weight of each component (CH, calcite and water) and
were expressed as % of the dry mortar mass at 550 °C. Moreover, the
mass losses of CH and calcite were corrected taking into account the
original calcite content (ex. batch 2 sample) and the chemical reaction
between CH an CO2 (carbonation) using the methodology described
in [30].

Powder X-ray diffraction (XRD) spectrums were obtained with
pulverized mortar samples from the same batches used to obtain the
TG/DTG profile. XRD qualitative analysis was carried out using the same
device as described in Section 2.2.2 with Cu Kα1 radiation and a 2 h scan-
ning range between 3° and 70°. The XRD scans were run at 0.05° per step
with a counting time of 5 s.

2.2.11.3. Permeable (water accessible) porosity. To assess the permeable
porosity and other related durability properties of the mortars contain-
ing nSS, two cylindrical samples (height of approximately 110 mm, di-
ameter of 100 mm) for the reference, silica sludge batches 1–2 and for
the micro-silica slurry were cast, striped after 1 day and cured under
water for 28 days. Three mortar discs, two with a height of approxi-
mately 15 mm and one with a height of approximately 50 mm for
each mortar mix were extracted from the inner layers of eight different
cylindrical samples. In total 16 discs (15 mm in height) were used to
determine the permeable porosity, following the procedure described
in the ASTM 1202 [31] and the remaining discs were used for the RCM
and conductivity test (Section 2.2.11.4). The vacuum-saturation tech-
niquewas applied tofill the accessible poreswithwater, as this technique
is concluded to be the most efficient by Safiuddin and Heran [32].

2.2.11.4. Rapid Chloride Migration (RCM) test and conductivity test. To un-
derstand the impact of cement replacement on the durability of cement
pastes, the Rapid ChlorideMigration test was performed. In total 8 discs
(50 mm in height), two for each mix, were used for RCM tests at the
age of 28 days. One day prior to the RCM test, the specimens were
pre-conditioned (vacuum-saturation with limewater). The RCM test
was performed according to NT Build 492 [33], using the test set-up
described in [34]. The duration of the RCM test for all samples was
24 h. After the test, the penetration depth of chlorides was measured
on split samples by applying a colourimetric indicator for chlorides
(0.1 M AgNO3 solution) and the values of the chloride migration coeffi-
cients (DRCM) were calculated according to [33].

Before the RCM test, the electrical resistance was measured on the
same saturated samples by using the so-called ‘two electrodes’method
[35]. For this, an AC test signal (f = 1 kHz) was applied between two
stainless-steel electrodes and the resistance of the concrete sample
placed between the electrodes was registered. Finally, the conductivity
of the samples was calculated taking into account their thicknesses
and transversal areas.

3. Results and discussion

3.1. Characterization of the PV silica-rich sludge

3.1.1. FEG-SEM and EDS analysis
Fig. 1, shows themorphology of the different nSS particles of batches

1, 2 and 3 obtained using a FEG-SEM microscope. The nSS is character-
ized by a wide particle size distribution, containing particles in the
micro- and nano-range (Fig. 1a) that show a highly agglomerated
state. Angular, irregular and spherical particles are also identified. The
semi-quantitative chemical analysis that was performed using an EDS
detector demonstrates that the nSS batch 1 has a high content of SiO2

(86–95%). Other elements that were identified were Na, Al and P.
These elements probably originate from the stabilization agents that
are normally used in colloidal silica products and the chemicals to
treat the waste water as well. The analysis of nSS of batches 2 and 3
shows small angular and spherical particles (Fig. 1b–c). The spherical
particles are composed of SiO2 (silica fume), commonly used in the
preparation of CMP slurries [11]. In addition, small angular particles
with a high content of Ca and C (detected by EDS) were also identified.
The calcium richparticles are composed of CaCO3 (validated byXRD and
TG/DSC analysis), which is used for CMP slurries as well [10–12]. The
chemical analysis demonstrates that the silica sludge of batches 2 and
3 have a lower content of SiO2 (46.8%) compared to batch 1. Other el-
ements that were identified are C, Na, Cl, Ca, Mg, K, and Al. Another
observation is that the chloride content in the samples is high,
reaching values of 0.56 to 1.9%. The high chloride concentration origi-
nates,most likely, from theuse of deflocculating agents of thewaste treat-
ment or from chlorates used as oxidizing agents [36]. Several authors
reported [36–38] thatwater extracted from the sludge is normally treated
with aluminum poly-chloride compounds to deflocculate the nano-
particles.

3.1.2. X-ray fluorescence (XRF) and X-ray diffraction (XRD) analysis
In order to obtain detailed information on the chemical composition

of the investigated nano-silica sludge, a quantitative X-ray fluorescence
analysiswas performed. The results are shown in Table 4. The data dem-
onstrate that the nano-silica sludge of batch 1 is rich in SiO2 (80.6%),
Al2O3 (8.9%), P2O5 (3.2%) and SO3 (2.1%). These results are in line with
the chemical analysis performed using the EDS detector. Furthermore,
it is demonstrated that the silica sludge of batches 2 and 3 is rich in
CaO and SiO2, with an equivalent content between 41 and 43 wt.% of
SiO2 and 45 to 56 wt.% of CaO. Another observation is the high concen-
tration of chloride (Cl−), confirmed in both samples (1.34 to 1.9 wt.%).
This concentration of chloride is above the maximum concentration
(0.3 wt.%) specified for micro-silica in NEN EN 3263-1:200 [39] and it
is inclusively higher than themaximum concentration specified for Bot-
tom ashes (0.62 wt.%) [40]. In this case, it is recommended to determine
the total chloride content in these samples by titration method as it is
specified in DIN EN 196-2 [41] for cement. The high chloride content
would limit the application of this type of waste sludge in concrete,
makes it maybe not feasible for special exposition classes.

In addition to the XRF analysis, X-ray diffraction (XRD) measure-
ments were performed to verify whether the silica sludge has crystal-
line impurities. The results for the silica sludge of batch 1 are shown in
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Fig. 1. FEG-SEM photomicrographs of nSS, a) batch 1, b) batch 2 and c) batch 3.

Table 4
Chemical composition of the waste silica sludge and reference micro-silica by XRF.

Substance Batch 1
(mass %)

Batch 2
(mass %)

Batch 3
(mass %)

Micro-silica
(mass %)

SiO2 80.58 40.67 43.09 96.12
Na2O 2.55 0.36 0.27 0.21
Al2O3 8.86 1.50 1.37 0.86
Fe2O3 0.39 0.41 0.47 0.34
CaO 1.96 55.79 44.51 0.39
Cl 0.56 1.86 1.34 0.30
P2O5 3.22 0.02 0.03 0.07
K2O 0.14 0.13 0.11 1.05
MgO 0.15 0.75 0.60 0.53
TiO2 0.06 0.06 0.06 0.01
MnO 0.01 – 0.03 0.04
SO3 2.07 0.28 0.15 0.36
Total C 1.01 11.91 10.69 0.66
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Fig. 2 (diffraction pattern—a). The XRD spectrum shown in Fig. 2 is typ-
ical for materials with high content of amorphous phases; no crystalline
phases were identified for this batch. On the contrary, the results of the
silica sludge of batches 2 and 3, shown in Fig. 2 (diffraction pattern—b
and pattern—c, respectively), revealed that in these two samples the
content of crystalline phases (in addition to amorphous SiO2) is high.
The crystalline phases identified were mainly calcium carbonates
(type CaCO3) and chloride containing phases (NaCl and CaCl2). In addi-
tion, also CaO and remnant Si were found, probably in small amounts,
based on the relative height of their peaks. These results are in line
with the high calcium and chloride content found by the EDS and XRF
analyses.
3.1.3. Gravimetric (TG) and differential scanning calorimetry (DSC)
To complement the characterization of the different silica sludge

samples, a combined TG/DSC analysis was performed. Fig. 3a shows
the mass loss over the temperature. It is evident from Fig. 3a that
batch 1 is mainly composed of water (42 to 45%) and amorphous SiO2.
The temperature range between 20 and 200 °C, where this batch
shows the main mass loss, is typically for hydroxylated colloidal silica,
which is mainly used in the production of CMP slurries. The peak
shown in Fig. 3b (131 °C) is related with zeolitic water (water inside
the porous structure of the amorphous silica). In case of batches 2 and
3, the water content is lower than batch 1, but both samples have a
main loss ofweight between420 and 750 °C. This loss ofweight is caused
by the de-carbonatation (CO2 release) of the calcium carbonates. Taking
into account the loss of mass (23–27% CO2) and the molecular weight
of each compound, it is possible to estimate that batch 2 and batch
3 have 56% and 49% of CaCO3 respectively. Analyzing Fig. 3b, several
observations can be made. Firstly, the peak where the water is re-
leased is related to the difference in the porous structure (explained
in Section 3.1.4) and to the composition of both samples. The peaks
corresponded to 131 °C to batch 1 and between 79.1 and 83.1 °C for
batches 2 and 3. Secondly, the successive peaks for batches 2 and 3
are related to the de-carbonation of CaCO3 (636.6 and 695.7 °C) and
MgCO3 (595.4 °C) and the consequent formation of CaO, which reacts
later with the amorphous SiO2 to form γ-C2S (739.3 and 756.7 °C).

3.1.4. Nitrogen physical absorption (BET specific surface area) and density
analysis

The different adsorption curves obtained for the batches of silica
sludge are presented in Fig. 4a. All samples show absorption curves of
Type IV, as it is classified by the International Union of Pure and Applied
Chemistry (IUPAC) [42]. These curves are typical for mesoporous pow-
ders. The calculated BET specific surface areas are: 178 m2/g for batch
1, 29 m2/g for batch 2 and 38 m2/g for batch 3 (Fig. 4b). These results
are in agreement with the FEG-SEM, XRD and XRF analyses. In general,
a larger content of nano-silica in the samples gives a larger specific sur-
face area. The BET surface area calculated for batches 2 and 3 is compa-
rable to the values specified for micro-silica in NEN EN 13263-1:2005
[39], where a value between15 and 35 m2/g is given. Using the calculated
BET specific surface area (Fig. 4b), the density of the particles (compare
Section 3.1.5) and the procedure presented by [22], it was possible
to determine the size of the primary particles in the different batches
using Eq. (1). An average primary particle size computed for the differ-
ent batches of silica sludge were: 16 nm, 84 nm and 66 nm for batch 1,
batch 2 and batch 3, respectively.

3.1.5. Specific density of the nano-silica sludge particles by helium
pycnometry

The results of the density measurements are depicted in Fig. 5
together with the density limit of commercial nano- and micro-silica
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powder [43]. In this context the nano-silica of batch 1 is the only sample
with density values in the nano-silica range (average 2.17 g/cm3). The
other two batches presented specific densities higher than the specified
limits for micro-silica (2.30 g/cm3). The average values obtained were
2.45 g/cm3 for batch 2 and 2.40 g/cm3 for batch 3. The reason for the
high density is the high content of CaCO3, as discussed previously;
batch 2 and batch 3 have 52 and 62 wt.% of CaCO3, which density is
about 2.73 g/cm3.

3.2. Dispersability study with high shear energy mixer and zeta potential
(ξ) measurements

Due to the highly agglomerated state of the nano-silica sludge, a
dispersability study was performed. For this study only a sample of
batch 2 was considered based on the similarity to batch 3. Batch 1 was
discarded for the dispersability studies due to its high content of impu-
rities. In addition, zeta potential was measured to study the stability of
the dispersion. The results of the performed tests are presented in
Figs. 6 and 7. Comparing the results shown in Figs. 6 and 7, several ob-
servations and conclusions can be drawn. First, the size reducing effect
or dispersion ismore effective at 7000 rpm than at 3000 rpm. In the lat-
ter case, an effective reduction was observed after the first 30 min of
stirring, but with proceeding stirring time, only the coarse particles
(D(0.9) parameter) were affected, whereas the other two parameters
(D(0.5) and D(0.1)) showed a constant value over that period. The
same behavior was also confirmed by the constant values of the surface
weighted mean, shown in Fig. 6b. It is evident that the introduced
energy was not sufficient to break the agglomerated particles to
nanoparticles and to totally disperse them. The maximum amount
of nanoparticles generated during the studied period was 14.5% by vol-
ume. Similar trends were obtained with the experiments at 7000 rpm
(Fig. 7). Even though more energy was introduced into the system,
only D(0.9) and D(0.5) are effectively reduced. The highermixing ener-
gy results inmore nanoparticles at shorter time. During the first 30 min,
almost the same amount (by volume) of nanoparticleswas generated at
7000 rpm as generated at 3000 rpm during 210 min. The maximum
amount of nanoparticles generated at 7000 rpm was 22% by volume.
This behavior has already been reported by different authors [44–47].
In general, larger agglomerates suspended in a fluid are broken when
the hydrodynamic forces exceed the cohesive bonds between particles
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or smaller agglomerates. The strength of individual bonds depends on
the type of nanoparticles (van der Waals interactions), surface proper-
ties (wettability, zeta potential, etc.) and the nature of the dispersion
media (liquid bridges within agglomerates). Different mechanisms of
fracturing have been postulated (shattering, rupture and erosion) and
their occurrence depends on the size of the agglomerates and the ener-
gy introduced to the dispersion [45]. It has been postulated that erosion
occurs at low energy intensity and that particles are broken by fragmen-
tation when the energy intensity increases [48]. As the agglomerates
become smaller during de-agglomeration, surface forces become more
important than mass forces and for agglomerates smaller than 1 μm,
surface forces are more than one million times larger than mass force
[49] (see, Fig. 8). Therefore, fracturing of large agglomerates is relatively
simple, whereas fracturing of agglomerates smaller than 1 μmmight be
very difficult and it has been suggested that the particles smaller than
10 to 100 nm cannot be broken by mechanical action [50]. Probably, it
is the case of the nano-silica sludge particles. It was easy to break the
bigger agglomerates (decreasing of D(0.9) and D(0.5)), but the smaller
ones (D(0.1) and particles lower than 1 μm) reached a constant value
earlier (see, Fig. 7a). Based on these results, it can be concluded that
the breaking mechanism is dominated by the erosion and rupture of
the bigger agglomerates. In addition, it is evident that the energy intro-
duced in the system (7000 rpm) and the time of stirring were not
enough to produce shattering of the agglomerates to nano-particles.
It is recommended to perform further research using another type of
mechanical mixing technique or increase the stirring time to more than
210 min.

Other researchers reported [44,46,51] that the mechanical stirring
should be complemented with chemical additives to increase the
dispersability and to overcome the forces involvedwhen small agglom-
erates are generated during the dispersing process. For that reason,
experiments with varying pH values of the dispersion were performed.
The results for varying pH values of the dispersion between 7.8 and 9.6
were similar (Fig. 9), only a small increase in the volume of nanoparticles
was observed. Nevertheless, the dispersion shows more stability over
time and less sedimentation of the particles was observed after 3 days.
The zeta potential of the silica particles dispersed using the high-
energy mixer is shown in Table 5. Studying the results presented in
Table 5, it is evident that it is easier to disperse the silica sludge of
batch 2 due to the higher zeta potential (−39.3 mV). It can be stated
that with higher pH value, the particle surfaces are more negatively
charged [52]. A more negative zeta potential produces more stable dis-
persions due to the electrostatic repulsion of the particles, which avoids
their re-agglomeration. The higher zeta potential improves the stability
of the particles smaller than 1 μm. Despite of the higher stability, it is
still not possible to increase the volume of dispersed nano-particles to
more than 22% (Fig. 9b).

3.3. Hydration kinetics of cement pastes with nano-silica

Studying the obtained curves (Fig. 10a), it is evident that the replace-
ment of cementwith different amounts of nSS of batch 2 does not have a
decreasing effect on the heat flow of the blended paste. On the contrary,
a higher heat flow was found due to the nucleation effects produced
in the cement paste and due to the pozzolanic activity promoted by
the presence of amorphous nano-silica and CaCO3 particles (Fig. 10b).
Different authors reported [6,53–56] that nano-particles can accelerate
the setting of cement pastes due to two acting mechanisms. The first
one is the so-called filler effect that appears when the nano-particles
are inert. Fillers with very high specific surface area produce more nu-
cleation points for C–S–H seeds at early age. When the thermodynamic
barrier is exceeded, these nuclei start to grow and to form second stage
C–S–H gel and portlandite [57]. The second effect is routed to the reac-
tivity of the nano-particles in the case of amorphous SiO2. The small
amorphous SiO2 particles react with the CH released from the hydration
of the calcium silicates in the clinker forming extra C–S–H gel. Similarly,
it is stated that part of the CaCO3 is reactive [58] and it can be incorpo-
rated in the hydration products from the aluminate phases (ex. AFm
or AFt) [6,58]. These two effects are probably acting at the same time
producing the extra heat observed when the concentration of batch
2 silica sludge is increased. Another observation can be made from
Fig. 10a. It is possible to observe that higher amounts of silica sludge
batch 2 produce the appearance of a second peak (indicated by a black
arrow at 30 h in Fig. 10a). Normally, this peak appears at about 30 h
of hydration and can be attributed to the formation of monosulfo-
aluminate phases (AFm) [57,58] due to the reaction between the initial
ettringite (AFt) formed at early age and the remnant C3A. Likewise, it
can be also caused by the formation of manocarboaluminate (CO3–

AFm) as it was stated by other authors [6,58] for OPC–CaCO3 blends.
The accelerating effect of the silica sludge batch 2 is evident from
Fig. 11a. In this figure, it is possible to observe that the rate of heat
(increasing slope) in the acceleration period follows a linear relationship
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(R2 = 0.99). It is possible that the slope of this period is related to the
increased amount of nucleation sites produced by the increased specific
surface area.

Despite of the accelerating effect described before, thepresence of SP
in the silica sludge caused an extension of the dormant period (Fig. 10a
and Table 6). The increasing amount of batch 2 nSS slurry increases the
total SP content as well (see Table 2). Despite the retardation effect on
the dormant period (calculated as the time between the lower point
of the heat flow curve and the first inflection point in the main peak),
the relative setting time (calculated as the time between the first and
the second inflection point in the heat flow curve), as well as the time
to reach the maximum hydration peak of the cement paste, were accel-
erated. The pozzolanic activity of the silica sludge batch 2 is confirmed
by the presence of an increase of the total heat shown in Fig. 10b. The
total heat is the contribution of heat produced by the cement particles
themselves (accelerated by thefiller addition) and theheat contribution
of the pozzolanic reaction between the nano-silica particles and the pre-
cipitated Ca(OH)2 [58]. The total heat can be related to the hydration de-
gree of the paste (α = Q(t)/Qmax) [59]. Similarly, the hydration degree
of the paste was related to the compressive strength of the paste, if the
parameters of themicrostructure are similar (ex. porosity). Thus, higher
compressive strength is expectedwith the progressive increase of nano-
silica sludge. In contrast to the rate of heat evolution during the acceler-
ation period, the maximum extrapolated heat (Qmax) follows an expo-
nential trend (Fig. 11b) with a good correlation (R2 = 0.96).

As an additional hydration kinetic study, cement pastes following
the recipe shown in Table 3 (without sand) were tested by isothermal
calorimetry. The purpose of this testwas to compare the effect of thedif-
ferent silica sludge batches (1–3) at the same replacement level (7%
bwoc) and comparable workability (adjusted by different SP amount)
on the hydration kinetics of the standard mortars. The resultant heat
flow and accumulative heat evolution curves are shown in Fig. 12.
In Fig. 12a, it is possible to observe that the silica sludge of batch 1
presented, at the initial 24 h of hydration, a lower heat flow but a
wider peak compared to the pure cement paste. These differences can
be attributed to several factors. The first influencing factor is related to
the delaying effect due to the presence of SP in the paste of batch 1
(0.68% bwoc). Nevertheless, the delaying effect of the SP normally
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influences the dormant period (as it is evident from Table 7) but will
not change the height of the maximum peak of hydration. A change in
the maximum peak height is normally expected with retarding agents
instead of PCE type superplasticizer [60]. This leads to a second possible
factor that could produce the reduction in the hydration peak. The
second factor should be the precipitation of initial hydration products,
supported by a higher heat during the initial dissolution of the pastes
(initial 2.5 h), or the adsorption of some contaminants such as un-
known organics or water-soluble phosphates (batch 1 has 3.2% of
P2O5) on the surface of the cement grains with some protective proper-
ties producing a retarding effect in the rate of Alite hydration. Thus, the
hydration rate is reduced (see Fig. 13a), but extended in time (widening
the hydration peak). The widening of the hydration peak is also the re-
sult of the higher rate of hydration in the aluminate phases. Different
authors [58,60] reported that a small amount (0.05%) of water-soluble
P2O5 or organophosphonates produces setting retardation. The mecha-
nism reported [60] involves the adsorption of phosphonate groups onto
the nuclei of cement hydrates, thus hindering their growth. Even though
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a lower heatflowwas observed in pasteswith the silica sludge of batch 1,
the accumulative heat is similar at 78 h of hydration (Fig. 12b) and the
extrapolated maximum heat becomes higher than for cement, but
lower than that of the other silica sludge batches (2–3), as it is shown
in Fig. 13b. The lower heat flow observed is not expected because the sil-
ica sludge of batch 1 has the highest BET specific surface area (178 m2/g),
thus a higher filler and pozzolanic effect are expected to produce an in-
crease in the heat flow curve compared to the reference cement paste
and the other silica sludge batches (with BET of 29–38 m2/g).

Contrary to the silica sludge of batch 1, batches 2–3 presented higher
heat flow than the cement paste, but similar to the reference micro-
Table 5
Zeta potential of the nano-silica of batch 2 dispersed in tap water (1 wt.%) at 25 °C.

Sample Zeta potential (mV)

Silica sludge 3000 rpm pH = 7.4 −26.1
Silica sludge 7000 rpm pH = 7.8 −26.6
Silica sludge 7000 rpm pH = 9.6 −39.3
silica studied. The main differences observed are the heat released dur-
ing the first hours and the height of the second hydration peak related
to the aluminate phases. This is attributed to the different amount of
CaCO3 estimated (Section 3.1.3) in the silica sludge of batches 2–3 (56
and 49%, respectively). The higher amount of CaCO3 (lower SiO2) of
the silica sludge of batch 2 influenced in more extent the aluminate
hydration peak mainly due to the filler and pozzolanic effect explained
before. The small difference in the composition is also observed in
Fig. 13a where the silica sludge of batch 2 shows a slightly lower rate
of hydration (slope) during the acceleration period due to its lower con-
tent of SiO2 compared to batch 3. Both silica sludges (batches 2–3) are
characterized by slightly higher rate of hydration (slope during the
acceleration period) compared to the reference micro-silica (Fig. 13a).
It is caused by the higher BET specific surface area of the silica sludges
(29, 38 and 22 m2/g for batch 2–3 and micro-silica, respectively). Also,
the differences in the composition influenced the estimated dormant
period, relative setting time and the time to reach the maximum peak
of hydration as it is shown in Table 7. In general, a higher amount of
SiO2 with the same SP content (0.44% bwoc) produced shorter dormant
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period and setting times for the silica sludge of batch 3. Nevertheless, it
does not apply for themicro-silica slurry (96% of SiO2 and 0.24% bwoc of
SP), which shows a longer dormant period and the time to reach the
maximum hydration peak (see, Table 7).

Fig. 13b shows the maximum extrapolated heat for the different
pastes with 7% cement replacement. The cementitious properties of
the different silica sludge batches are confirmed by the presence of an
increase of the total heat compared to the cement reference. The total
heat is the contribution of heat produced by the cement particles them-
selves (accelerated by the filler addition) and the probable heat con-
tribution of the pozzolanic reaction between the nano-silica particles
and the precipitated portlandite [58]. A further analysis is presented in
Section 3.5.

3.4. Compressive strength tests of cured cement mortars and pozzolanic
activity

The evolution of the mechanical properties of the different mortars
tested is shown in Fig. 14. Analyzing the evolution of the flexural
strength over time (Fig. 14a), several observations can be made. At
early age (1 day) the flexural strength was influenced by the different
doses of SP added to the mortar (see Table 3). The nano-silica of batch
1 showed the lowest flexural strength due to the high content of SP
(0.68%) and probably due to differences in their chemical composition
and the presence of contaminants. On the contrary, batches 2 and 3
showed already at 1 day comparable flexural strength than the refer-
ence standard mortar (CEM I 52.5 N). At 7 days, the same behavior in
the flexural strength was observed for all tested mortars, with the ex-
ception that the difference in the strength of batch 1 to the reference
mortar is smaller. Finally, at 28 days all tested mortars obtained lower
flexural strength than the reference mortar. It is important to notice
that all 28 days average flexural strength values are near to the error
band of the test (±8.3%).

In case of the compressive strength of the tested mortars (Fig. 14b)
at 1 day, it is also possible to observe the influences of the different SP
concentration. At this age, the mortar prepared using the nano-silica
of batch 3 showed the highest compressive strength. In addition, the
nano-silica of batch 1 presented the lowest compressive strength —
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(similar to the flexural strength). The lowest compressive strength of
the silica of batch 1 is the result of its P2O5 content. The 1 day compres-
sive strength results are in line with the calorimetric curves shown in
Fig. 12a. At 7 days, the strength development of the samples of batches
2, 3 and the referencemicro-silica reached higher compressive strength
than the referencemortar (CEM I 52.5 N). At this age, the delaying effect
observed for the silica sludge of batch 1 is still evident. Finally, at
28 days the compressive strength of the mortar with nano-silica of
batch 3 resulted in higher compressive strength than the mortar with
100% cement (CEM I 52.5 N), but lower than the micro-silica mortar.
At this age, the mortar prepared with silica sludge of batch 1 showed
the lowest compressive strength (60 N/mm2). Apparently, at 28 days
the delaying effects produced by the P2O5 content in batch 1 are over-
come and the mortar developed its normal strength. Another factor to
take into account in the compressive strength results is the volume of
Table 6
Hydration kinetics of cement pastes containing nano-silica of batch 2.

Paste type Dormant period
(h:min)

Relative setting time
(h:min)

Peak time
(h:min)

CEM I 52.5 N 0:39 2:03 7:39
3% bwoc nSS batch 2 1:03 1:56 7:20
6% bwoc nSS batch 2 1:22 1:45 6:58
9% bwoc nSS batch 2 1:35 1:40 6:35
air voids of themortarswhich influences thefinal compressive strength.
In general, it is empirically accepted that 1% increase in air void volume
will lead to a 5% decrease in compressive strength [61]. Table 3 shows
the estimated air void content of the hardened mortars. The data listed
in Table 3 reveal that the mortar with the highest air void content was
batch 1 (11%) and the lowest value was obtained by the mortar with
micro-silica (4%). The difference in the air void content helps to explain
why the silica sludge of batch 1 presented the lowest compressive
strength despite of its highest specific surface area. The methodology
used to obtain themechanical properties of themortar can be validated
comparing the specified values of the cement (CEM I 52.5 N) as pub-
lished in the ENCI “Betonpocket 2010” [62] (1 day 22 ± 3 N/mm2 and
28 days 65 ± 4 N/mm2). In this case, the experimental values obtained
are in the range reported for this type of cement produced in the ENCI
manufacturing facilities of Maastricht, The Netherlands.
Table 7
Hydration kinetics of cement pastes containing 7% bwoc of the different samples studied.

Paste type Dormant period
(h:min)

Relative setting time
(h:min)

Peak time
(h:min)

CEM I 52.5 N (No SP) 0:42 2:10 8:47
Batch 1 (SP 0.68%) 1:32 1:31 10:48
Batch 2 (SP 0.44%) 1:49 2:01 9:38
Batch 3 (SP 0.44%) 1:29 1:51 8:19
Micro-silica slurry (SP 0.24%) 1:41 1:58 9:32
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The values of the 7 and 28 days compressive strength were used to
estimate the relative pozzolanic activity index of the different nano-
silica and the micro-silica sample. The pozzolanic index was calculated
based on the compressive strength of the reference mortar (100%) and
is shown in Fig. 15. The computed activity index demonstrated that
the nano-silica sludge has pozzolanic activity and confirms the results
obtained by the isothermal calorimetric measurements. The activity
index varied between 82 and 107 for all silica samples. Only the mortar
with the silica sludge of batch 1 showed an index lower than 100%. On
the contrary, themortars with silica sludge of batches 2 and 3 presented
a pozzolanic activity index of 100–103%. In general, the minimum poz-
zolanic activity index specified for micro-silica is 95 (lower limit) [39],
this means that it is possible to classify the nano-silica sludge as a poz-
zolanic material like the micro-silica tested. Even though positive
results were obtained, further research is needed to guarantee a con-
stant quality of the nano-silica sludge due to the variations that were
observed for the analyzed different batches. Furthermore, extra tests
should be performed to determine themaximum amount of cement re-
placement that can be realized by the application of this type of waste
nano-silica.

3.5. Characterization of the hydrated mortar

3.5.1. Microstructural characterization and analysis
Fig. 16 shows an overview of thematrix and sand distribution of the

hardened mortars. The microstructural characteristics of the mortars
were found to be similar. The main differences observed were in the
air void content and the narrow pore size distribution. It is expected be-
cause of the varying air void content of the mortars. The highest value
was measured for batch 1 (11%) and the lowest for the micro-silica
(4%), as it is shown in Table 3. Nevertheless, from a microstructural
point of view, the mortars prepared with batch 1 and micro-silica
presented a denser and lower porous interphase than the cement sam-
ple (Fig. 16e and f). On the contrary, in batch 2 more small pores were
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observed in the sand grain interphases. In addition, only themortar for-
mulated with silica sludge of batch 1showed big unreacted agglomer-
ates that are rich in iron (verified by EDS). Despite the presence of big
agglomerates, the hardened matrix looks denser, probably due to a
higher degree of hydration caused by the presence of amorphous silica
particles with high specific surface area. In the following sections
more evidence will be provided about the different effects of the silica
sludges.

3.5.2. Phases composition of the hydrated mortars by TGA/DTG and XRD
The extent of cement hydration was estimated from changes ob-

served by TGA/DTG and relative changes in the peak intensities of the
crystalline phases in the XRDpatterns. The results of thermogravimetric
analysis are summarized in Fig. 17a and Table 8. For the interpretation
of TGA/DTG results shown in Fig. 17a, it has been reported [57,58,63]
that the mass loss at 100–130 °C corresponds to the evaporation of
adsorbed water, at 115–125 °C to C–S–H gel, ettringite at tempera-
tures of 120–130 °C, AFm phases at 180–200 °C, calcium hydroxide
(portlandite) in the range of 410–550 °C and calcium carbonate at
680–750 °C. In addition, a presence of a broad initial peak, related to a
CO2 release at 550–680 °C has been attributed as an indication of the
formation of significant fraction of calcium manocarboaluminate [64].
When comparing the mass loss in the different mixtures, four differ-
ences can be observed. Firstly, the initial shoulder presented at the tem-
perature range of 85–115 °C disappeared in the case of the silica of
batch 1 and becomes more noticeable in the case of the micro-silica
mortar. Secondly, the main peaks attributed to the portlandite amount
in the mortars are low compared to the peak of the reference mortar.
This is caused by the pozzolanic reaction produced by the presence of
amorphous SiO2 in the silica sludge (batches 1–2) and the micro-silica
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slurry. Thirdly, the two peaks related to the monocarboaluminates and
calcite decomposition are different. The height of these two peaks de-
pends on the initial CaCO3 content of the cement and silica sludge of
batch 2. One interesting observation is the fact that both peaks are
shifted to the right for the case of batch 1. This is an evidence of the
refinement of the microstructure due to a higher degree of hydration.
Finally, the last difference is observed for the peak at 750–930 °C,
which is bigger in the presence of the silica sludge andmicro-silica. Un-
fortunately, no direct explanation of this extra mass loss was found in
the literature. This peak is related to the decomposition of other un-
known remnant phases (sulfates or other hydrates) that are formed
due to the refinement of the C–S–H gel caused by the promoted pozzo-
lanic reaction between silica nano-particles with high specific surface
area. Evidence for this is that the peak is higher for the samples with
more surface area and amorphous silica content. The quantitative re-
sults calculated by the mass loss and stequiometric considerations are
shown in Table 8. For the data presented in Table 8 it is evident that
Table 8
Results of thermogravimetric analysis of the studied standard mortars.

Mortar Portlandite
(wt.%)

Chemically
bound water
(wt.%)

Calcite
(wt.%)

CEM I 52.5 N (No SP) 9.42 3.40 2.25
Batch 1 (SP 0.68%) 6.09 3.82 1.94
Batch 2 (SP 0.44%) 6.76 3.23 2.57
Micro-silica slurry (SP 0.24%) 6.23 3.74 1.76
the portlandite content is considerably decreased (34–35% average) for
batch 1 and micro-silica mortars. The decrease is low (28%) for batch 2.
The results demonstrated that the silica sludge (batches 1–2) poses
supplementary cementitious properties. In addition, the calculated
chemically bound water that gives indication about the hydration
degree of the mortar's cement matrix is high in the presence of
batch 1 and micro-silica. On the contrary, batch 2 presented lower
amount of chemically bound water. It can be attributed to dilution
effects (less cement content) and lower reactivity due to its diminished
content of SiO2 (40.7%). Similarly, the final calcite content varied
depending on the sludge composition. The lowest values were found
for the samples with higher amount of SiO2 (batch 1 and micro-silica).
It is possible that the promotion of the hydration due to the filler and
pozzolanic effect increases also the partial reactivity of CaCO3 (formation
of mono and hemicarboaluminate phases) [6].

The results obtained by TGA/DTG were confirmed by XRD. A closer
inspection of the XRD patterns (Fig. 17b) shows qualitatively the de-
creased intensities of the alite, belite, aluminate and ferrite phases in
mortars with silica sludge (batches 1–2) and micro-silica compared to
the reference sample, which is evident for higher hydration degrees.
The main phases identified were quartz, calcite and portlandite. The
hydrated phases identified were ettringite and in minor extent calcium
monosulfoaluminate andmonocarboaluminate. Other phases could not
be identified in the XRD analysis as many peaks overlapped or are
poorly crystalline. The TG/DTG and XRD results are consistent to the
thermodynamically modeled expected phases for the complete hydra-
tion of Portland cement blended with SiO2 [6,64]. For a concentration
of 3 to 5% of SiO2 (equivalent added with a 7% cement replacement by
the different sludges) the expected phases are ettringite, portlandite,
monocarboaluminate, hydrotalcite, calcite, aluminum hydroxide and
jennite-like C–(A-)S–H gel.

3.5.3. Permeable (water accessible) porosity
The results of the measurements of the permeable or total porosity

of the mortars are presented in Fig. 18. The results are surprisingly
showing that the reference mortar has comparable porosity (19.1%) as
the mortars containing silica sludge of batches 1–2 (19.4 and 19.5%, re-
spectively). On the contrary, themortarwithmicro-silica has the lowest
total porosity (17.5%). The porosity and the tortuosity of the pores in the
hardened cement paste are normally reduced when pozzolanic mate-
rials are added, and this influences many properties such as the com-
pressive and splitting tensile strength [65]. Nevertheless, Yogendran
and Langan [66] stated that for the addition of micro-silica the total
pore volume is not necessarily changed, but larger pores appear to be
subdivided into smaller pores. Apparently, the same behavior was
found for the mortars containing silica sludge. In addition, it has been
stated [6] that the partial replacement of cement with SCM leads to a
decrease in the total volume of formed hydration phases. This means
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that blended pastes have higher total porosities than 100% OPC pastes.
This can be the reason of the high porosity values found. Another factor
of influence is related to the different air content of the mortars. Some
researchers [32] state that the vacuum-saturation technique is also
able to take air voids into account. This means that the porosity values
shown in Fig. 18 consider also the differences in the air content of the
mixes (the lower the air content the lower the permeable porosity).
This is in line with the lowest value of total porosity found for the
micro-silica mortar which poses as well the lowest air void content
(4%) and with the general microstructure observed by SEM analysis as
described in Section 3.5.1. Even though the highest total porosity was
measured for the silica sludge mortar a refined pore structure would
be expected.
3.5.4. Rapid Chloride Migration (RCM) test and conductivity test
Fig. 19a shows the average values of the conductivity measured

on hardened cylindrical reference mortars and the mortar with silica
sludge of batches 1–2 and micro-silica. It is clearly demonstrated that
the conductivity of the mortar is reduced by the silica sludge of batch
1 (−45%) and by themicro-silica (−79%) compared to the reference
samples. Meanwhile, the mortar with the silica sludge of batch 2
presented a slightly lower conductivity than the reference sample
(−3.5%). This behavior is an indication of the ability of the water sat-
urated pore structure of the hydrated mortar to transport electrical
charge. Different authors [67–69] established that the conductivity is
directly related to the porosity, the pore structure (tortuosity, connec-
tivity and conductivity) and to the pH of the pore solution (the pH in
presence of amorphous silica is decreased, as was established in [34]).
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In general, higher porosity means higher conductivity due to the pres-
ence of more volumetric fractions of interconnected pores. The lower
conductivity values shown by the mortars with high amount of nano-
silica (batch 1 and micro-silica) are the result of the pore structure
refinement (less connected pores) due to the progressive pozzolanic
reaction and higher hydration degree (confirmed by TG/DTG and the
microstructural analysis). Apparently, the lower concentration of SiO2

(40.7%) and the highest concentration of CaCO3 in batch 2 produced
similar conductivity values compared to the reference sample. This
behavior is consistent with the low hydration degree presented in this
mortar (lower chemically bound water content). These results demon-
strate that the replacement of cement by the silica sludge does not have
adverse effects on the pore structures. On the contrary, similar or lower
conductivities are obtained due to a refined pore structure. Thus, the
improvement of the pore structure of concrete depends on the equiva-
lent SiO2 content of the silica sludge.

The Rapid Chloride Migration test (performed according to NT Build
492 [33]) is a commonly used accelerated technique for determining
the chloride transport rate in concrete. The output of the test (the so-
called chloride migration coefficient DRCM) is employed in service-life
design models for concrete elements and structures exposed to chlo-
rides. This technique was employed in the standard mortar to assess
the possible effect of the chloride content of the silica sludges on the
durability of the hardened mortars. In this context, Fig. 19b presents
the average values of the calculated chloride migration coefficient
(DRCM) of each mortar studied. Like the conductivity test results, the
migration coefficients are much lower for the mixes containing high
amounts of silica. The mortar with micro-silica shows again the best
performance. The explanation for this behavior is the same as previously
discussed for the conductivity test results. A finer porosity, greater tortu-
osity and more precipitated C–S–H gel reduce the ingress speed of chlo-
rides into the mortars. In spite of the high chloride concentration of the
silica sludge of batch 2 (1.9%), the DRCM coefficient of the mortar was
slightly improved. This means that at replacement level as used in the
present study (7% bwoc) no adverse effects on the durability of the hard-
ened cement paste would be expected. Extra durability assessment
should be performed for further replacement levels. On the contrary,
if batch 1 is used to replace cement an extended durability would be
expected.
4. Conclusions

In the presentwork, the physical and chemical characteristics of sev-
eral photovoltaic's silica-rich sludges samples were determined and
studied. The effect on the compressive strength of mortars due to the
addition of stable slurries formulated of silica sludge was discussed. In
addition, several assessment testswere conducted to investigate the po-
tential use of photovoltaic's silica-rich waste sludge as supplementary
cementitious material for concrete. A series of tests were carried out
on mortars with 7% bwoc replacement level to compare the perfor-
mance of the silica-rich sludge with those of micro-silica. Based on
test results several conclusions can be drawn:

1. The silica sludge samples studied are composed of highly agglomer-
ated nanoparticles and micro-sized waste particles. Their chemical
analyses reveal a high content of amorphous SiO2 and CaCO3 with
some impurities related to the additives used to prepare the original
polishing slurries.

2. The dispersability study using a high-energy shear mixer demon-
strated that it is possible to disperse the agglomerated particles of
the original filter cake to nano-size. The resulting slurries are stable
slurries and easy to prepare for the application in concrete.

3. The mechanical properties (flexural and compressive strength) of
mortars with 7% bwoc of silica sludge are similar, and in some cases
slightly higher, to the referencemortar. Therefore, the silica sludge of
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batches 2 and 3 can be classified as a pozzolanic material having an
activity index higher than 100.

4. The detail characterization of the hydrated systemwith photovoltaic's
silica-rich waste demonstrated that the replacement of cement with
this material influenced the amount and kind of formed hydration
phases and thus the volume, the porosity and finally the durability
of the tested mortars. At the level of substitution used in the present
study, major changes are in the amount of chemically bound water
(C–S–H gel formed), the consumption of portlandite, conductivity
and chloride migration. At early age, filler and nucleating effects pro-
duced an increased reaction of the clinker phases; except for the silica
sludge of batch 1 that had a retarding effect due to its content of
water-soluble P2O5. In addition, it was found that the hydration of
the aluminate phases is affected depending on the CaCO3 and SiO2

content of the studied sludge samples.

Even though positive results were obtained, further research is
needed to study if this type of waste material can be supplied with a
stable chemical composition. In addition, it is important to study the
long-term effects on the concrete durability due to the high substitution
levels which are due to the chloride content that was found in the
sludge. The results demonstrate that the photovoltaic's silica-rich waste
silica should be used as a potential SCM to partly replace cement in
concrete, thereby decreasing the CO2 footprint of concrete and the envi-
ronmental impact associated with landfill of wastes.
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