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Amorphous silica in the sub-micrometer size range is widely used to accelerate cement hydration. Investigations
including properties of silica which differ from the specific surface area are rare. In this study, the reactivity of
varying types of silica was evaluated based on their specific surface area, surface silanol group density, content
of silanol groups and solubility in an alkaline suspension. Pyrogenic silica, silica fume and silica synthesized by
hydrolysis and condensation of alkoxy silanes, so-called Stoeber particles, were employed. Influences of the silica
within thefirst hourwere further examined inpasteswithwater/cement ratios of 0.23 using in-situX-ray diffrac-
tion, cryo scanning electron microscopy and pore solution analysis. It was shown that Stoeber particles change
the composition of the pore solution. Na+, K+, Ca2+ and silicate ions seem to react to oligomers. The extent of
this reaction might be highest for Stoeber particles due to their high reactivity.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Ultra-high performance concrete (UHPC) was recently defined by
Naaman and Wille [1] as a cement-based concrete with a compressive
strength at least equal to 150 N/mm2. This very dense and durable con-
crete is achieved by reducing the water/cement ratio (w/c ratio) to less
than 0.3 bymass and by adding amorphous silica [2,3]. Silica fume is the
most commonly used amorphous silica in cementitious systems. Its
beneficial influence on concrete properties has been known since the
1950s but the topic is currently regaining considerable interest with a
new focus on silica components with primary particles smaller than
100 nm, so-called nano silica. Those nano silica could further improve
UHPC because of their advanced properties (e.g. higher purities, smaller
primary particles and higher specific surface areas) [4].

Before the effects of silica in cementitious systems are discussed, the
dissolution of silica in highly alkaline solutions needs to be considered.
The chemical reactions involved are fundamental to describe the reac-
tion mechanisms of silica components in cementitious systems. In
water, the silica surface and monosilicic acid (“Si(OH)4”, the quotation
mark refers to uncertainties about its stability) exhibit a depolymeriza-
tion–polymerization equilibrium shown in Eq. (1) [5]. “Si(OH)4” is only
stable for low concentrations (less than 2 · 10−3 M). Otherwise,
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tel),
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“Si(OH)4” and silicate ions (e.g. H3SiO4
−) condense to polysilicic acids

of low molecular weight (so-called oligomeric silicate species, Eq. (2))
[5,6].

SiO2ðsÞ þ 2H2OðlÞ↔“SiðOHÞ4”ðaqÞ ð1Þ

H3SiO
−
4 þ “SiðOHÞ4”→H6Si2O7 þ OH− ð2Þ

Silicate ions (H3SiO4
−, H2SiO4

2−, HSiO4
3− and SiO4

4−) are formed by
deprotonation of “Si(OH)4” (e.g. H3SiO4

− according to Eq. (3)) when
the pH is above 9 and by dissolution of silica (e.g. H3SiO4

− according to
Eq. (4)) when the pH rises above 10.7 [5]. Oligomerization and dissolu-
tion of silica proceed simultaneously.

“SiðOHÞ4” þ OH−→H3SiO
−
4 þ H2O ð3Þ

SiO2 þ OH− þ H2O→H3SiO
−
4 ð4Þ

The hydration of the Portland cement clinker minerals1,2 (alite C3S,
belite C2S, aluminate C3A and aluminate ferrite C4AF) is a complex reac-
tion and its sub-processes are still under investigation [7]. Themain pro-
cesses, however, are well known [7–11]. Generally, alite hydrates and
forms portlandite1 (CH) and calcium silicate hydrate phases1 (C–S–H
1 Abbreviations are according to the conventional cement chemistry notation: C=CaO,
S = SiO2, A= Al2O3, F = Fe2O3, H = H2O andṠ= SO3.

2 Alite, belite, aluminate and aluminate ferrite contain impurities. Therefore their chem-
ical composition is slightly different than the composition of the pure minerals C3S, C2S,
C3A and C4AF.
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phases, C3S2H4, CxSuHw + x). This chemical reaction is approximately
represented by Eq. (5) [10,12].

2C3S þ 7H→C3S2H4 þ 3CH ð5Þ
Thereby, alite (C3S = 3CaO·SiO2) dissolves congruently (Eq. (6)) in

the first seconds after mixing with water to ionic species [7].

3CaO·SiO2 þ 3H2O→3Ca2þ þ H2SiO
2−
4 þ 4OH− ð6Þ

Besides alite, the aluminate phase determines early processes. It
reacts with calcium sulfate1 (CṠH2) to ettringite1 (C6AṠ3H32, Eq. (7))
[9,10] which is formed to a certain amount quickly after the addition
of water [13–15].

C3Aþ 3CṠH2 þ 26H→C6AṠ3H32 ð7Þ

The effects of silica in cementitious systemsweremost often studied
for so-called ordinary concretes (OC), i.e. for concretes with compres-
sive strengths lower than approx. 60 N/mm2 and w/c ratios higher
than 0.35 by mass [16–21]. The beneficial contribution of silica in
those concretes is twofold. On the one hand, C–S–H phases are formed
in the pozzolanic reaction with portlandite (Eq. (8)) which results
from the hydration of alite (Eq. (5)).

uS þ xCH þ wH→CxSuHwþx ð8Þ
On the other hand, silica particles fill voids between particles of ce-

ment and other components because they are significantly smaller
(so-called filler effect) [8]. The prerequisite for an optimal effect is the
dispersion to primary particles [22]. The filler effect supports the forma-
tion of a denser microstructure because the gaps between the particles
are minimized which have to be bridged by hydration products [23].
Furthermore, C–S–H phases from alite hydration nucleate on the silica
surface [18,24]. This process is also attributed to the filler effect but is
more precisely called the seeding effect.

It is commonly observed and accepted that the addition of silica
accelerates the cement hydration [16–20,25–28], but the exact mecha-
nism is not yet known and different models are proposed. The accelera-
tion is generally attributed to the seeding effect because the hydration
proceeds faster in the presence of nucleation sites for C–S–H phases
[29]. Someothers conclude that silica cannot dissolve because the concen-
tration of silicate ions would increase and subsequently suppress the hy-
dration of alite [16]. On the contrary, other authors [17,25,26,30] postulate
that silica dissolves rapidly in the pore solution of concrete (Eq. (4)) prior
to the pozzolanic reaction (Eq. (8)). They propose that the pozzolanic re-
action reduces the concentrations of Ca2+ and OH− ions and therefore
the dissolution of alite would be accelerated [17,25,26,30].

The discussion is further complicated because differing proper-
ties of different types of silica may affect the reaction mechanism.
The specific surface area was identified as the most important factor
[16,17,26,27,30]. Some authors further assume that the content of
`Si\OH groups (so-called silanol groups) is also of crucial impor-
tance [16,25,31]. The silanol group density depends on the condi-
tions during the synthesis of the silica. Although silanol groups
form during the synthesis at high temperatures (e.g. the flame hy-
drolysis of SiCl4), a considerable amount of those groups condenses
to `Si\O\Si\ bonds (so-called siloxane bonds) and aggregates of
individual particles are formed when silanol groups of adjacent par-
ticles condense [5,32]. Otherwise, a considerably higher amount of
silanol groups remains after the hydrolysis and condensation of alk-
oxy silanes at ambient temperatures (e.g. using the Stoeber process
[33]) [34]. In detail, a certain amount of surface ethoxy groups
(`Si\O\C2H5) does not condense throughout the Stoeber process.
They are subsequently replaced by silanol groups in an aqueous me-
dium [34,35]. One might expect that the silanol group density has an
influence on the silica reactivity because silanol groups adsorb ions,
water and other polar molecules [36]. If a surface consists mostly of
siloxane bonds, it is considered to be hydrophobic because of the
lower concentration of adsorption sites [36].

Two mechanisms were proposed so far to describe the acceleration
of the cement hydrationwhen the amount of silanol groups is increased.
On the one hand, Björnström et al. [16] suggest that silicate ions from
the dissolution of alite (Eq. (6)) preferentially react with those groups.
On the other hand, Mostafa and Brown [31] and Qing et al. [25] assume
that silanol groups react with portlandite to C–S–H phases (Eq. (8)). Be-
sides [16,25,31], there are only a few studies which distinguished be-
tween different types of silica (e. g. silica from flame hydrolysis or
silica prepared by the Stoeber process) and their particular influence
on cement hydration.

The described observations were mostly made on OC, but it is of in-
terest to investigate howwell the resultsmay be transferred to UHPC. In
the literature described so far, only Qing et al. [25] and Korpa et al.
[26,28] used w/c ratios less than 0.3 by mass which are suitable for
UHPC. The major difference between both cementitious systems is
that the clinker minerals fully hydrate in OC (approximately a w/c
ratio of 0.38 by mass is necessary [8]), whereas the amount of water is
insufficient for a complete hydration in UHPC. Subsequently, less
portlandite is available in UHPC for the pozzolanic reaction of silica in
comparison to OC.

The aim of this study is to further investigate if certain silica proper-
ties have an influence on the early hydration of UHPC and if there is a
prevalent reaction mechanism. Three different silica components are
used: conventional silica fume, commercial pyrogenic silica and Stoeber
particles synthesized by hydrolyzing alkoxy silanes. They are character-
ized for their specific surface areas, silanol group densities and solubil-
ities in alkaline suspension. Based on the results, their hypothetical
reactivities in a cementitious environment are evaluated. Further effects
are investigated directly in the mixtures of cement, silica and water
(so-called pastes) with very low w/c ratios (suitable for UHPC) by
in-situ X-ray diffraction (XRD), cryo scanning electron microscopy
(cryo SEM) and pore solution analysis.

2. Experimental procedures

2.1. Materials

The following types of silica were used: silica fume (Silicoll P®,
undensified, Sika GmbH, Germany), pyrogenic silica (AEROSIL® OX
50, Evonik Industries, Germany) and Stoeber particles (prepared at
Fraunhofer-Institute ISC).

Silica fume and pyrogenic silica are formed in high temperature
processes: pyrogenic silica in a flame hydrolysis reaction of silicon
tetrachloride at about 1800 °C (Eq. (9)) [37,38] and silica fume as a
by-product of the industrial silicon production through oxidization of
gaseous SiO at temperatures above 2000 °C (Eq. (10)) [8,38,39].

SiCl4 þ 2H2 þ O2→SiO2 þ 4HCl ð9Þ

2SiO þ O2→2SiO2 ð10Þ
The suspension of Stoeber particles was synthesized by hydrolysis

and condensation of tetraethyl orthosilicate (Si(OC2H5)4) to amorphous
silica particles in an ethanolic (C2H5OH) solution with ammonia (NH3)
catalysis (Eq. (11)) [33]. 6750.0 g of C2H5OH (CSC Jäckle Chemie
GmbH, Germany), 337.5 g of aqueous NH3 solution (25%, Sigma-Aldrich
Chemie GmbH, Germany), 337.5 g of Si(OC2H5)4 (98%, Sigma-Aldrich
Chemie GmbH, Germany) and 281.3 g of de-ionized water were
mixed in a round-bottom flask and rested for 24 h at room temperature.
The mean particle size of 242 nm was adjusted by the relative concen-
trations of precursors (Si(OC2H5)4, H2O) and catalyst (NH3). After syn-
thesis, C2H5OH and NH3 were stepwise exchanged with de-ionized
water by rotary evaporation. This exchange is sufficient to replace sur-
face ethoxy groups with silanol groups [35] and to remove adsorbed
NH4

+ ions from the silica surface (confirmed by infrared spectroscopy
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and X-ray photoelectron spectroscopy, data not shown). The aqueous
suspension was concentrated to 50 wt.% by further rotary evaporation.
The temperaturewasmaintained below40 °C during thewhole process.

SiðOC2H5Þ4 þ 2H2O→SiO2 þ 4C2H5OH ð11Þ
The Portland cement CEM I 52.5R HS/NA (high initial strength R,

high sulfate resistance HS, low alkali contentNA; Holcim Sulfo 5, Holcim
AG, Germany) was used with the following composition of clinker min-
erals and contents of alkalis and sulfates in wt.%: C3S 64.6, C2S 12.8, C3A
0.2, C4AF 16.6, K2O 0.39, Na2O 0.48 and SO3 2.19 (provided by the
supplier).

Polycarboxylate ether (SikaViscoCrete®-2810, SikaGmbH, Germany)
was applied as superplasticizer. Its water content (60 wt.%) was consid-
ered in the calculation of the w/c ratio.

2.2. Preparation of pastes

The applied paste formulation (Table 1) was based on the UHPC for-
mulation M3Q developed by Fröhlich and Schmidt [40]. The w/c ratio
was 0.23 by mass. Silica fume, pyrogenic silica or Stoeber particles
were used as silica component. These pastes are further referred to as
UHPC pastes.

Powderous silica (silica fume and pyrogenic silica) was premixed
with cement by a handheld kitchenmixer (1 min). The superplasticizer
was dissolved in de-ionized water. Then, the UHPC pastes were pre-
pared bymixing the powder blend with the solution of superplasticizer
and water. As soon as the pastes had liquefied, they were further mixed
for 4 min.

For UHPC pastes with the Stoeber particle suspension, the super-
plasticizer was first homogenized with the cement in a grinding dish to
a powder and subsequently mixed with the aqueous silica suspension
(50 wt.% according to M3Q) using the kitchen mixer (4 min). This modi-
fication was necessary because attempts to dissolve the superplasticizer
in the silica suspension led to a gelation of the silica particles.

2.3. Characterization methods

Silica particles were imaged by scanning electron microscopy (SEM;
Carl Zeiss Supra 25). The specific surface areawasmeasured by nitrogen
adsorption (BET method; Quantachrome Autosorb 3B) after drying of
the sample for 16 h at 110 °C and 10−6 bar. Further characterization
was done by X-ray fluorescence spectroscopy (XRF; PANalytical Axios-
Advanced) and X-ray diffraction (XRD; Philips PW 1710).

Stoeber particles for investigation by 29Simagic angle spinning solid-
state NMR spectroscopy (29Si MAS NMR; Bruker Avance 500) were
freeze-dried from the suspension to minimize the influence of the dry-
ing procedure on the silica surface. Pyrogenic silica and silica fumewere
measured as received. The quantification of the relative amounts of Qn

groups (n = 1, 2, 3 and 4) is based on a Gaussian fit of the spectrum
(spinning rate = 7000 Hz).

In the Sears titration [41], the amount of sodium hydroxide (NaOH)
was measured which increases the pH of an aqueous silica suspension
from 4.0 to 9.0. 1.5 g silica, 100 ml de-ionized water and 30 g NaCl were
mixed in a beaker and acidifiedwith 0.1MHCl to pH 4.0. The specific sur-
face areawas calculated from the amount of consumedNaOHusing Sears'
assumption that 1.26 silanol groups per nm2 are deprotonated at the silica
Table 1
Composition of UHPC paste based on M3Q [40] with w/c = 0.23 by mass.

Material Density [g/cm3] Content per volume [kg/m3]

Water 1.0 175.0
Portland cement 3.0 825.0
Silica 2.2 175.0
Superplasticizer 1.1 27.5
surface between pH 4.0 and pH 9.0. Sears based his assumption on titra-
tion studies with colloidal silica prepared by ion exchange in dilute
solutions of sodium silicate. Detailed experimental procedures and the
empiric equation are given in Sears [41].

Dynamic light scattering (DLS) was carried out using a Malvern
Zetasizer Nano-ZS ZEN3600 device (polystyrene cuvettes, measured
undisturbed, 25 °C) to determine the particle size of silica in aqueous
suspensions and to monitor the dissolution process (further informa-
tion in Section 2.4).

Samples of UHPC paste were investigated by in-situ XRD recorded
with a PANalytical X'Pert Pro diffractometer using Cu Kα radiation. A
secondary nickel filter was used to suppress fluorescence. Samples
were transferred to the sample holder immediately after mixing; the
surfacewas smoothed and sealed with a Kapton® polyimide foil to pre-
vent evaporation of water. Measurements were taken with an
X'Celerator detector (counting time 21 s) 10 min and 1 h after mixing.

The UHPC pastes for cryo SEM imaging (Carl Zeiss Leo 1530VP SEM,
field emission gun; Gatan Alto 2500 cryotransfer unit) were shock fro-
zen in liquid nitrogen (−196 °C) to stop the hydration after 1 h (at
100% r. humidity, 20 °C). Frozen samples were transferred to the SEM
and a brittle fracturewas introducedwith amicromanipulator. The frozen
water was sublimated (20 kV, 2.0 mbar) for 6 min–7 min to uncover the
surface. Subsequently, the sampleswere sputteredwith Au/Pd. Details on
this sample preparation are given elsewhere [42,43].

Inductively coupled plasma optical emission spectroscopy (ICP-OES;
Agilent Technologies ICP-OES Vista Pro Radial) was used tomeasure the
chemical composition of the pore solutionwhichwas obtained from the
UHPC pastes by a two-step centrifugation. Pore solution was first sepa-
rated from the paste by centrifugation for 5 min (Hermle Z513K large
volume centrifuge, 5000 rpm). Then, the supernatant was collected
with a pipette and centrifuged for 90 min to separate silica particles
and nano scale reaction products (Eppendorf Microcentrifuge 5415R,
13,200 rpm). The pH value of the pore solutions was measured with
an electrode (WTW microprocessor pH meter 535) for UHPC pastes
with silica fume and pyrogenic silica. Indicator paper (pH range 11.0–
13.0) had to be applied for UHPC pastes with Stoeber particles because
the amount of retained pore solution was too little to bemeasuredwith
an electrode.

2.4. Procedure for dissolution test

The dissolution behavior of silica in a highly alkaline suspension (pH
= 13.5) was recorded time dependently by determining themean par-
ticle size with DLS. Silica suspensions for DLS measurements (5 wt.%)
were prepared either by dilution of Stoeber suspensions with de-
ionized water or by dispersing silica powders (pyrogenic silica or silica
fume) in de-ionized water with an ultrasonic wand (Branson Sonifier
450). The silica suspensions were treated in an ultrasonic bath for 5
min and afterwards they were diluted with KOH solution (0.5 M,
Merck, Germany) to 0.3 wt.%. The measurements started 1 min after
contact of KOH solution and silica suspension. The silica suspensions
were monitored until all particles were dissolved (termination criteri-
on: count rate b 1 count per second) or up to 24 h. As a reference, sus-
pensions in de-ionized water (solid content 0.3 wt.%) were measured
in the same manner.

3. Results and discussion

3.1. Characterization of silica

Stoeber particles, silica fume and pyrogenic silica have spherical pri-
mary particles differing in size and size distribution which is apparent
from SEM images of the dried material (Fig. 1 and Table 2) and DLS
measurements of the aqueous suspensions (Fig. 2). The size of Stoeber
particles in an aqueous suspension (determined by DLS, d50 = 242 nm)
is comparable to observations from dried powders (SEM imaging,



Fig. 1. SEM image of A) silica fume, B) pyrogenic silica and C) Stoeber particles. Stoeber
particles show the narrowest particle size distribution.
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200–250 nm). This result indicates that Stoeber particles are dispersed to
primary particles in the aqueous suspensions [22]. In contrast, silica fume
and pyrogenic silica are dispersed only to aggregates of their primary par-
ticles because the derived hydrodynamic diameter in aqueous suspen-
sions differs from the primary particle size determined from SEM
images. This result is consistent to former observations [5,22,32,44,45].

The specific surface area (BETmethod) is in the same range for silica
fume and Stoeber particles, whereas it is almost twice as high for pyro-
genic silica (Table 2).
Table 2
Primary particle size, specific surface areas and surface silanol group density of silica.

Silica
fume

Pyrogenic
silica

Stoeber
particles

Primary particle size (SEM images) nm 30–420 35–110 200–250
Specific surface area (BET method) m2/g 20 38 17
Specific surface area (Sears titration) m2/g 11 41 (603)a

Surface silanol group density [41]
(pH = 9.0)

nm−2 b1.26 ≈1.26 ≫1.26

a Unreasonable high value because Sears' assumption is not valid (see Section 3.1).
Stoeber particles and pyrogenic silica (SiO2 = 99.97 wt.%, deter-
mined by XRF) have a higher purity than silica fume (SiO2 =
98.58 wt.%) [22].

The XRD pattern of pyrogenic silica (Fig. 3) is typical for amorphous
silica with the broad peak at a d-value of approx. 4 Å and it is similar to
patterns of silica fume and Stoeber particles [22]. Additional weak peaks
were observed for silica fume in a previous study [22]which correspond
to SiC.

The content of differently bound Si atoms (Q1, Q2, Q3 and Q4) can be
judged by 29Si MAS NMR spectroscopy (Fig. 4). Q3 symbolizes a Si atom
bound to one terminating oxygen atom and three siloxane bonds
((`Si\O)3Si\O−) and corresponds e.g. to a single silanol group.
Stoeber particles have the highest content of Q3 and Q2 groups (refer-
ring to single and geminal silanol groups) which is more than 3 times
higher than for pyrogenic silica and more than 5 times higher than for
silica fume. Moreover, pyrogenic silica has slightly more single silanol
groups than silica fume.

Estimations on the surface silanol group density can be made by
comparing specific surface areas determined by BET method and by
Sears titration (Table 2). In the Sears titration, it is assumed that 1.26
silanol groups per nm2 are deprotonated on the silica surface between
pH 4.0 and pH 9.0 [41]. The deprotonation of a single silanol group is
shown in Eq. (12) [5].

`Si\OH þ OH−→`Si\O− þ H2O ð12Þ

The specific surface areas determined by BET method and by Sears
titration fit well for pyrogenic silica which indicates a surface silanol
group density similar to Sears' assumption of 1.26 nm−2. For the other
silica, specific surface areas obtained from the BET method differ from
those derived from the Sears titration. Therefore, the surface silanol
group density of silica fume is expected to be lower than the assumed
1.26 nm−2 and of Stoeber particles significantly higher than this value.

When evaluating the titration of Stoeber particles, it needs to be con-
sidered that a certain amount of internal silanol groups might be
deprotonated by NaOH because OH− ions enter through micropores
[46,47]. It was concluded from several authors [47–49] that Stoeber
particles possess amicroporosity not being detected by the BETmethod
because the pores, although being penetrated by OH− ions, are imper-
meable to nitrogen [47,48] or only exist in an aqueous environment
[50]. The later was investigated by Yates and Healy [50] arguing that a
gel layer of polysilicic acid surrounds the silica particles which forms
when the amount of surface silanol groups is sufficient. It was further
proposed that the pores only exist in aqueous suspension and are
compacted during drying the samples in preparation for the BET meth-
od [50].

The results concerning the surface silanol group density presented in
this study correspond to former observations where the surface silanol
group density of pyrogenic silica was determined to 2–3 nm−2 [5,32]
and of Stoeber particles to approx. 4.9 nm−2 [35]. Moreover, they are
consistent with the total content of silanol groups determined by 29Si
MAS NMR spectroscopy which include surface and internal silanol
groups.

The dispersabilities, contents of silanol groups and surface
silanol group densities are in accordance with the conditions of for-
mation of the silica (Section 2.1). It was stated in the Introduction
that a high amount of silanol groups remains after the synthesis of
discrete Stoeber particles at ambient temperatures [34], whereas a
considerable amount of those groups condenses in the flame hydro-
lysis of pyrogenic silica and aggregates of individual particles are
formed [5,32]. Silica fume is formed at water-free conditions [38].
Therefore, silanol groups might only be formed after the synthesis
through hydroxylation with liquid or vaporous water [34,51]. More-
over, aggregates of primary particles are rapidly build up during the
formation of silica fume at high temperatures.



Fig. 2. Particle size distribution and mean particle size (d50) of silica fume, pyrogenic silica and Stoeber particles in de-ionized water measured by DLS throughout 24 h (hydrodynamic
diameter, 0.3 wt.% solid content, values after 4 min, 8 h and 24 h are shown). The particle size distribution shifts to smaller values for silica fume.
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3.2. Solubility of silica in highly alkaline medium

The dissolution of silica in an aqueous dispersion of 0.5 M KOH and
in de-ionized water (reference values) was observed by determining
theparticle sizes via DLSduring 24 h (Fig. 5). Thedissolution is indicated
by a decreasing mean particle size and the shift of the particle size dis-
tribution to smaller particles (Fig. 6). The starting concentration of silica
particles was 0.3 wt.%. It should be considered that themeasured parti-
cle sizes of Stoeber particles refer to their primary particles whereas
those of pyrogenic silica and silica fume to aggregates (Section 3.1).

For silica fume dispersed in de-ionizedwater, themean aggregate size
decreases somewhat (Fig. 5) and the aggregate size distribution shifts
slightly to smaller particles (Fig. 2). Initially, 5 vol.% of aggregates are larg-
er than 600nm.After 24 h, only aminor amount of large particles remains
which shows that aggregates of silica fume settle within the observation
period of 24 h. The mean size and the size distribution for Stoeber parti-
cles and aggregates of pyrogenic silica remain constant in de-ionized
water which indicates stable suspensions. Consequently, a signifi-
cant decrease of the mean particle/aggregate size for measurements
Fig. 3.X-ray diffraction pattern of pyrogenic silica. The broad peak at approx. d=4Å is the
amorphous hump.
in aqueous dispersions of KOH is a reliable indicator for the dissolu-
tion of particles/aggregates.

Dispersed in aqueous solutions of KOH, Stoeber particles are dis-
solved completely after around 1.5 h, whereas aggregates of pyrogenic
silica dissolve slowly and are still present after 24 h (Fig. 5 and 6). The
correlation of the resultswith the specific surface areas of the silica sam-
ples shows that thedissolution of silicamust also bedependent onother
characteristics of thematerial. In detail, the specific surface area of pyro-
genic silica is twice as high as of Stoeber particles but the dissolution
rate is significantly lower. The faster dissolution of Stoeber particles is
attributed to the higher amount of silanol groups and the lower amount
of siloxane bonds (Section 3.1) because silica dissolution is rate con-
trolled by breaking the strong siloxane bonds through hydrolysis [52].
Therefore, the dissolution rate of silica increases with an increasing
initial amount of silanol groups [53,54] depending strongly on the
conditions of formation as was previously discussed in Section 3.1. In
conclusion, pyrogenic silica dissolvesmore slowly thanStoeber particles
Fig. 4. Quantification of Q2–4 groups based on the integration of Gaussian fit of 29Si MAS
NMR spectra (spinning rate = 7000 Hz). Stoeber particles have the highest amount of
Q3 groups.



Fig. 5.Mean particle size of silica fume, pyrogenic silica and Stoeber particles in aqueous dispersion of 0.5 M KOH (pH= 13.5) and in de-ionizedwater measured by DLS throughout 24 h
(0.3 wt.% solids content). The particle size decreases quickly for Stoeber particles and slowly for pyrogenic silica. The particle size of silica fume increases significantly.
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because of its lower surface silanol group density and low total content
of silanol groups.

The dissolution behavior of silica fume could not be observed via
DLS. The aggregates coagulate very rapidly in KOH to clusters (approx.
5 μm, data not shown). They are too large to be measured by DLS com-
monly employed in the range of 0.002–2 μm [55]. The size of remaining
clusters can be determined after filtering the suspension with a 0.45 μm
syringe filter 1 min after its preparation (Figs. 5 and 6). The results give
evidence that the coagulation proceeds throughout the measurement
because the particle size increases. The noisy data after approx. 10 h
might be explained by a simultaneous settling of large agglomerates
formed by coagulation. Both, coagulation and settling, make it difficult
to detect the dissolution of particles in this experiment. However, it is
suggested that silica fume dissolves more slowly than pyrogenic silica
because it has a lower silanol group density, a lower total content of
silanol groups and a smaller specific surface area (Section 3.1).

An explanation for the different coagulation behaviormight be given
by the Derjaguin–Landau–Verwey–Overbeek theory (DLVO theory). It
describes the interaction of approaching particles of almost all oxide
colloidal materials by a potential originating from attractive van der
Fig. 6. Particle size distribution of silica fume and pyrogenic silica in 0.5M KOHmeasured byDL
4 min and 24 h are shown). The particle size distribution increases for silica fume, whereas it d
Waals forces and repulsive electrostatic forces [56–58]. The stability of
silica particles towards coagulation is strongly dependent on the nega-
tive surface charge which results from the deprotonation of silanol
groups through OH− (Eq. (12)) [5]. Charge neutrality between the silica
particles and the aqueous medium is maintained by the adsorption of
counter ions (K+ in this experiment) and co-ions (OH− in this experi-
ment)which form the so-called double layer. The repulsive electrostatic
forces originate from the overlap of the electric double layers of ap-
proaching particles [59]. One can conclude that sufficiently high surface
charges prevent a coagulation of silica fume, pyrogenic silica and
Stoeber particles in de-ionized water (reference values).

The DLVO theory further explains the influence of the ionic strength
of the dispersion medium. The ionic strength of the KOH solution re-
duces the thickness of the electric double layer of the particles in com-
parison to those in de-ionized water [59]. This compression of the
double layer decreases the electrostatic repulsive force. In consequence,
if the repulsive force is too low, the distance of the particles becomes
small enough that van der Waals attraction promotes the coagulation
of particles [59]. Besides the ionic strength, the particle size has a signif-
icant influence on the electrostatic repulsive force. The thickness of the
S throughout 24 h (hydrodynamic diameter, pH= 13.5, 0.3 wt.% solid content, values after
eclines for pyrogenic silica.
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double layer is independent of the particle size. Subsequently, the ratio
of particle size to thickness of the electric double layer decreaseswith an
increasing particle size and the electrostatic repulsive force is reduced.
According to the results of this experiment, the repulsive forces seem
to be large enough for Stoeber particles and pyrogenic silica to prevent
the coagulation of particles in KOH suspensions; however, they are too
low for particles of silica fume which subsequently coagulate.

Although silica particles dissolve under the given conditions in the
KOH solution and therefore their coagulation behavior might not
completely conform to the DLVO theory, the described size dependency
of the coagulation is in accordance to the observation that Stoeber par-
ticles with a size of 740 nm coagulate in KOH suspensions (procedure
similar to Section 2.4, data not shown). Therefore, it is concluded that
aggregates of silica fume (283nm)might be too large to be stabilized to-
wards coagulation, whereas Stoeber particles (242 nm) and aggregates
of pyrogenic silica (197 nm) seem to be too small to coagulate under the
given conditions.

Apart from the DLVO theory, some authors [50,60] propose that
stabilizing layers other than the double layer determine the stability of
silica particles in aqueous suspensions. Jenkins et al. [60] suggest that
the repulsion of particles is enhanced with an increasing amount of
deprotonated silanol groups on the silica surface. These silanol groups
attract solvated counter ions forming a layer around the silica particles.
The gel layer of polysilicic acid suggested by Yates and Healy [50] (pre-
viously described in Section 3.1) is also strongly related to the amount of
surface silanol groups. The conclusion can be drawn for both layers that
agglomerates of silica fume should have the lowest stability towards co-
agulation in alkaline media because they have the lowest amount of
silanol groups.
3.3. Discussion of silica reactivities in a cementitious environment

The properties of silica have to be considered for evaluating themain
effects of silica on the hydration reactions of cement. The influence of
the specific surface area ismost obvious because it determines the inter-
face between the solid silica and the pore solution. The comparison of
the BET specific surface areas allows for the following reactivity ranking:
pyrogenic silica N silica fume≈ Stoeber particles.
Fig. 7. XRD patterns of UHPC pastes at 1 h of hydration. Gypsum is present in all samples
Besides this purely geometric consideration, the intrinsic chemical
reactivity of the silica surface is also important. Two different reaction
sequences (paths I and II) should be observed:

Path I) silica dissolution (Eq. (4)) followed by the pozzolanic reac-
tion (Eq. (8)),Path II) alite dissolution (Eq. (6)) and hydration
(Eq. (5)), in which silica is not consumed but C–S–H phases nucleate
on its surface (seeding effect).

The surface silanol group density (Section 3.1) is decisive for either
path because it significantly affects the dissolution (previously discussed
in Section 3.2) and the adsorption of ionswhichpossibly affects the nucle-
ation of C–S–H phases. Additionally, the total content of silanol groups of
an entire particle needs to be taken in account for path I. As a conse-
quence, Stoeber particles should be by far most reactive, followed by
pyrogenic silica and the least reactive silica fume.

3.4. Investigations of UHPC pastes containing silica

3.4.1. Solid phases
The crystalline phases of UHPC paste were determined by in-situ

XRD analysis 10 min and 1 h after mixing. Diffraction patterns for both
reaction times were identical; therefore only the patterns after 1 h are
shown in Fig. 7. Alite, belite, aluminate ferrite phase and ettringite
(formed after Eq. (7)) are detected in all pastes. Gypsum is present in
all samples including the dry CEM I powder (Fig. 8). Moreover, a signif-
icantly higher intensity of the (020) peak at 11.6° compared with the
(021) reflection at 20.7° was observed in the UHPC pastes (Fig. 9).
Such extraordinary relative intensities result from preferred orientation
of crystals. The comparisonwith the intensity distribution for statistical-
ly oriented crystals given in PDF 033-0311 suggests a preferred gypsum
orientation [010]. It is assumed that this orientation of the gypsum crys-
tals results from a directed growth along the Kapton® foil. This formation
of so-called secondary gypsum from previously dissolved bassanite was
reported before for cementitious systems [13].

SEM images (Fig. 10) show that alite has straight edges and a smooth
surface in all mortars 1 h after mixing. Silica particles and ettringite crys-
tals prevail the microstructure. Gypsum is present in pastes with Stoeber
particles and seems to overgrow the particles (Fig. 11). Its appearance
but a higher amount is detected in pastes with pyrogenic silica and Stoeber particles.



Fig. 8. XRD pattern of cement CEM I 52.5R HS/NA.
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might be in accordance to the secondary growth indicated by the XRD re-
sults. C–S–H phases did not form, not even for the Stoeber particles which
are assumed to be the most reactive silica in this study (see Section 3.3).
This result corresponds to the observations made by Pfeiffer et al. [61]
and Korpa et al. [28] who attributed the absence of C–S–H phases to the
hydration retardation of the superplasticizer.
3.4.2. Pore solution
Na+, K+, Ca2+, OH−, SO4

2− ions and silicate ions (e.g. H3SiO4
−)will be

in the pore solution quickly after water addition to a cement [8,9]. They
are formed fromhighly soluble alkali sulfates on the cement clinker sur-
face (K2SO4, Na2SO4 and Na2SO4·3K2SO4), the setting regulation agent
(gypsum, bassanite and anhydrite), calcium oxide and the initial disso-
lution of clinker minerals (mostly alite and aluminate phase) [9]. Fig. 12
shows the analytic ion concentrations and pH values in pore solutions
from the different UHPC pastes. The analytic results refer to total ele-
ment concentrations nominated as: Na, K, Ca, sulfate and silicate. In
Fig. 9. Intensity of gypsum reflections of UHPC pasteswith Stoeber particles and pyrogenic silica
detail, measured sulfur is most likely sulfate (SO4
2−). The occurrence of

different silicate species will be discussed later in this section.
Measured concentrations of Na, K and sulfate are below themaximum

possible values (in mmol/l: Na = 300, K = 350 and sulfate = 1190, cal-
culated from the analytical composition of the cement andw/c=0.23 by
mass) in all pore solutions. A certain amount of sodium and potassium is
bound in the unhydrated clinkerminerals. The sulfate concentration is di-
minishedby the precipitation of ettringite [14]whichwas also detected in
XRD. Ca and silicatemay be dissolved from setting regulation agents, alite
and silica. Measured pH values correspond to similar pastes [62].

Pastes containing pyrogenic silica show slightly lower concentra-
tions for all measured elements than samples with silica fume. Remark-
ably, in the pore solution of pastes with Stoeber particles, K and Na
concentrations drop by a factor of about 10−3, sulfate by about 10−1,
whereas the silicate concentration increases. This lack in Na, K and
sulfate is untypical for a cementitious paste. In addition, the concentra-
tion of Ca in pastes containing silica fume and Stoeber particles is signif-
icantly higher than the saturation concentration of Ca2+ ions for lime
at 1 h of hydration. Enhanced intensity of (020) indicates preferred orientation of gypsum.



Fig. 10. SEM images of UHPC pastes after 1 h of hydration prepared by cryo-transfer technique (alite is confirmed by EDX, ettringite by morphology and in-situ XRD): A) silica fume, B)
pyrogenic silica and C) Stoeber particles. The initial morphology of the particles is still visible. Silica particles are accompanied by ettringite.
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(approx. 22 mmol/l). Different interactions at the interface between sil-
ica particles and the pore solution depending on the silica type may be
assumed from the results and are discussed in the following.

For a deeper insight, the detailed processes at the silica surface have to
be considered. As was already stated in the Introduction, simultaneously
Fig. 11. SEM images of gypsum in paste containing Stoeber particles after 1 h of hydration
to the dissolution of silica in basic media (Eq. (4)), oligomeric sili-
cate species are formed (Eq. (2)) [5,6]. The degree of this polymeri-
zation depends on the pH value and the concentration of ions in
solution [5]. Na+ and K+ ions mostly lead to the formation of low
molecular alkali silicate species (monomeric, dimeric or tetrameric
prepared by cryo-transfer technique (gypsum is confirmed by in-situ XRD and EDX).



Fig. 12. Chemical composition of the pore solution from UHPC pastes (10 min after water
addition,measurement error±2%). The average value and the standard deviation of three
single measurements (silica fume and pyrogenic silica) and two single measurements
(Stoeber particles, note that the second value for Na was measured 0 mmol/l) is shown.
Stoeber particles significantly change the composition of the pore solution.
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ions, e.g. Si(OH)2O2M−, Si2(OH)4O3M− and Si4(OH)6O6M−withM=Na,
K) [63,64], so-called alkali silicate oligomers like in water glass solutions.
Eventually, they solidify to a gel by further condensation. Ca2+ ions can
promote such a gel formation process [65], different mechanisms for
this formation were proposed [65]. Bound sodium and potassium can
also be replaced by calcium in the alkali silicate oligomers (so-called cal-
cium alkali silicate oligomers) and possibly calcium silicate structures
close to C–S–H phases are formed [66–68].

The analytic results of the total element concentrations of Na, K, Ca
and silicate can be interpreted as follows taking into account those in-
teractions of Na+, K+, Ca2+ and silicate ions. Although present in the
pore solution after formation, alkali silicate oligomers and calcium alkali
silicate oligomers do not contribute to the analytical results of Na, K, Ca
and silicate. Theymay be removed by centrifugating together with clin-
ker species and silica particles. As a consequence, analytical results for
Na and K are understood as Na+ and K+ ions. The analytical concentra-
tion of Ca for pastes containing pyrogenic silica can be interpreted as
Ca2+ ions because it is consistent with the saturation concentration of
lime. For silica fume und Stoeber particles, analytical results for Ca
above this saturation concentration might be explained by the forma-
tion of calcium silicate oligomers not being sedimented in the centrifu-
gation residue. The analytical concentration of silicate being higher than
in pastes containing silica fume supports this assumption.

Having the ranking of silica reactivities (Section 3.3) and the
discussed interactions of Na+, K+ and Ca2+ ions in mind, the results
of the pore solution analyses can be understood as a consequence of
the silica reactivities. Na+ and K+ ions enter the pore solution immedi-
ately [9,15] and might be attracted to the negatively charged silica sur-
face in the very early moment of mixing. They originate from alkali
sulfates which are a relic from the cement production and cover the
clinker minerals. Ca2+ ions enter the solution somewhat later. They
are dissolved from calcium sulfates having a slower dissolution velocity
than alkali sulfates [9]. After the dissolution of alkali sulfates, clinker
minerals dissolve and provide additional Ca2+ ions. Na+, K+ and Ca2+

ions interact with dissolved silicate ions to alkali silicate oligomers, cal-
cium alkali silicate oligomers and calcium silicate oligomers. The
amount of dissolved silicate ions and oligomers depends on the silica
reactivity which is postulated from the surface silanol group densities
and total content of silanol groups (Section 3.3). Accordingly, it should
be highest for Stoeber particles and lowest for silica fume. As a conse-
quence, less alkali silicate oligomers and calcium alkali silicate oligo-
mers are formed with silica fume and retain lower amounts of Ca, Na,
K and silicate in the centrifugation residue (Fig. 12). This result agrees
to the higher concentrations of those elements in the pore solutions in
case of pastes containing silica fume.

The very low concentrations of Na and K in pastes containing
Stoeber particles might indicate that alkali ions are almost completely
bound in alkali silicate oligomers and removed by centrifugation. It is
assumed, that the alkali silicate oligomers might even form a layer
(amorphous gel phase) around the silica particles which is not detect-
able by cryo SEM or XRD. The still high concentration of silicate and
Ca suggests that calcium silicate species are in the pore solution. The
lower concentration of sulfates is in correspondence with the precipita-
tion of secondary gypsum as observed by cryo SEM and XRD.

4. Conclusions

In this study, the effects of different types of silica (Stoeber particles,
silica fume and pyrogenic silica) on the hydration of UHPC pastes were
investigated within the first hour. Two different reaction sequences for
silica (paths I and II) can be observed in a cementitious environment:
either silica dissolves followed by a pozzolanic reaction (path I) or C–S–
H phases from the hydration of alite nucleate at its surface (path II).

The silica reactivitywasdiscussed consideringdifferent properties of
silica. Surface silanol group densities, total contents of silanol groups
and solubilities in alkaline suspensions indicate that Stoeber particles
should be by far the most reactive, followed by pyrogenic silica and
the less reactive silica fume. A different reactivity ranking is postulated
(pyrogenic silica N silica fume ≈ Stoeber particles) if the specific sur-
face area is considered which is twice as high for pyrogenic silica as
for silica fume or Stoeber particles.

Silica reactions were further traced in UHPC pastes within the first
hour of hydration by investigating the solid phases and the pore solu-
tion. The results give no indication for the reactivity ranking assumed
from the specific surface area or for any reaction following path I or II.
Instead, silica particles seem to attract cations (Na+, K+ and Ca2+)
from the pore solutions and form alkali silicate oligomers and calcium
silicate oligomers. These oligomers might be held as a layer around
the silica particles and form an aqueous, amorphous gel phase. The ex-
tent of the assumed oligomerization depends on the silica reactivity
postulated from the surface silanol group density and the total content
of silanol groups. Indeed, it seems to be high enough in pastes with
Stoeber particles to bind almost all alkali ions in alkali silicate oligomers.
The corresponding decline of alkali ions in the pore solution may have
an impact on the subsequent processes because alkali ions accelerate
the hydration of alite [69,70]. Therefore, the alite hydration in UHPC
pastes containing Stoeber particles might not be as fast as in UHPC
pastes containing other silica. Reaction path I seems to be more likely
for Stoeber particles than for the less reactive pyrogenic silica and silica
fume.

Further studies should investigate the effect of silica with different
reactivities for an extended observation period to fully clarify the influ-
ence on the hydration (path I, II or both) and the resulting properties of
UHPC.
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