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TECHNICAL PAPER

HyDRATING OPC/CSF BLENDS:

AN INFRARED SPECTROPHOTOMETRIC STUDY

Tjamogale Eric Manchidi and John Morris !

SYNOPSIS

This paper describes the background to and the
resulis of an investigation of the hydration process in
ordinary portfland cement/condensed silica fume
(OPC/CSF) blends, using the relative concentration
of caleium hydroxide as @ parometer and Fourier
Transform Infrared  Spectropholometry [FTIR) as the
investigative tool.  The 'study shows that the partici-
pation of silica fume in the hydration process com-
mences within the first hour after the addition of water
io the blend ond provides some insight into the role
of CSF concentration on the hydration process in

OPC/CSF blends.

INTRODUCTION

The principles of FTIR and its potentiol as an inves-
figative tool in the study of materials based on port-
land cement, were described in o paper in this jour-
nal (Morris and Kumming, 1994). In order to follow
the changes in the relative concentration of calcium
hydroxide during the first 28 days of the hydration
process it was necessary fo adopt a fechnigue for
stopping the hydration process at appropriate times,
drying the sample and then recording the spectrum of

the parily hydrated blend.

The technique of freeze-drying is commonly used in
other fields of research, for example, organic chem-
isfry, but appears not to have been used extensively
in cement research (Rashed and Williams, 1991). s
application in cement research was described by
Morris and Bergesen (1994). Esseniially it relies on
the fact that cooling reduces the rate of most chemi-
cal reactions and that sublimation, under vacuum, of
the water from the frozen reaction mixiure, dries the
paste without allowing the redaction to recommence.
The authors believe it holds'an advantage over other
technigues such as ovendrying which might acceler
ate the reaction before the concentration of water has
dropped sufficiently to stop further development.
Similarly the use of alcohal (generally isopropancl) to
remove water might contaminate the sample suffi-
ciently to complicate the infrared spectum.  The
freeze-dried samples were, subssquently, briefly
dried by infrared rodiation fo ensure that the last ves-
figes of water had been remaved.

The pastes that were prepared for this invesfigation
were sealed in polyethylene bags to preveni loss of
water during the hydrotion process. They were, at
appropriate stages of hydration, dipped inte liquid
nitrogen, instantly freezing them and reducing the

temperature fo around -190°C.  The frozen samples
were then subjected to vacuum drying while being
maintained at a temperature of -40°C.

The dried, partially hydrated material could then be
prepared for examinalion by FTIR in the knowledge
that, in the absence of water, the reaction would not
recommence.

The samples were mixed with potassium bromide which
is fransparent fo infrared radiation between 5000 and
250 em ! wavenumbers (2 to 40pm wavelength).
Pellets of these mixiures were then formed in a die under
pressure and examined by recording their infrared
absorpfion spectra; (Merris and Kuming, 1994).

The relafive concentrations of calcium hydroxide were
determined by reference to the intensity of the absorp-
fion peck caused by calcium hydroxide at
3642cm!. The relationship between calcium hydrox-
ide concentration and durafion of hydration was
determined and is illustrated later in this paper.

SILICA FUME:

Silica fume or Condensed Silica Fume (CSF] con-
denses from the vapours from the arc furnaces during
the production of elemental silicon and of ferrosilicon.
It is a largely amorphous powder, finer than tobacco
smoke, consisting of silicon dioxide (>85% SiO,).
Due fo its extreme fineness (about 20 000 m?/kg)
(Malholra and Carelfle, 1982) it is difficult to handle
and it is 'densified’ by agglomeration thereby increas-
ing its density by a factor of three (from 0,2 tons per
m3 fo 0,6 tons per m3) it may also be made more
manageable by adding water to form a slurry.

The addition of silica fume fo concrete was first report-
ed in Norway in the late 1940s (Aitcin, 1983). By
1978 the Norwegian Standards were amended to
allow the use of up to 8% silica fume in an OPC /CSF
blend in concrefe.

In South Africa it is marketed as ‘CSF 90" and con-
tains more than Q0% SiO,,.

The reasons for ifs use as an extender in concrete stem
from the origins of hydraulic cements, namely the use,
by the Romans, of mortars based on lime and natural
'Pozzolans’ which were the ash spewed out by Mount
Vesuvius and found in the neighbourhood of Puteoli
(Pozzucli) - hence pozzolans (Domene, 1994). The
acidie silica reacts with the basic slaked or hydrated
lime {calcium hydroxide, CalOH),) to form calcium sili-
cafe hydrates. These in furn act as hydraulic binders.
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[tis, however, relatively expensive and that precludes
its genaral use as an extender and limits its applica-
fions to the achievement of special properties.

HYDRATION OF OPC:

The phase composition of the clinker from which com-
mercial OPC is made, is generally accepted as being
represented by the Bogue formulation which in the case
of South African cements may be as shown in Table 1.

When water is added to OPC various complex chemi-
cal reactions take pbce. However, the main products
that are of inferest in this study are the formation of cal-
cium silicate hydrates which constitute the main cemen-
titious binders, and the formation of calcium hydrexide
s a product of the hydration of OPC which causes the
high eH (>12), of hydrated cement.

This availability of calcium hydroxide leads fo the
pozzolanic reaction with CSF fo produce additional
calcium silicare hydrates.

It may be anticipated that the free calcium oxide in the
OPC would form calcium hydroxide almost instantar
neous\y upon the addition of water. Because the con-
centration of frée calcium oxide in OPC is low, this con-
tribution to the concentration of calcium hydroxide in the
hydrating OPC paste would be small.

The hydrafion of the other components of the OPC
would lead o @ Stead\/ increase in the concentration
of calcium hydroxide until it, asymptotically,
approached o maximum value. At a later stage one
might anficipate o slow reduction in the concentration
as carbonation of the calcium hydroxide due to reac-
fion with atmospheric carbon dioxide progressed.
This was however, unlikely fo affect the results of cur
investigation since the pastes would nof be exposed
fo the atmosphere and the sxperiment would only
examine the first 28 days of the hydration process.

HYDRATION OF OPC/CSF BLENDS:

It was anticipated that the rafe of production of cal
cium hydroxide resulting from the hydration of the
OPC in the OPC/CSF blend would be very similar
fo that arising from the hydration of unblended OPC
but that when the concentration of calcium hydroxide
reached an appropriate level the pozzolanic reaction
with the CSF would commence.

Since the reaction between silica fume and calcium
hydroxide to form calcium silicate hydrates could be
expecied to reduce the concentration of calcium
hydroxide in the hydrating OPC/CSF blend, o com-
parison of the concentrations of calcium hydroxide in
hydrating OPC and in hydrating OPC/CSF blends
should show af what stage the pozzolanic reaction
involving CSF commences.

EXPERIMENTAL PROCEDURE:

For fnis investigation a series of OPC /CSF blends were
prepared on the basis of addition of CSF to OPC:

TABLE 1: COMPOSITION OF SOUTH AFRICAN OPC BY MASS.

HYDRATING OPC/CSF BLENDS
O T Sy |

Abbreviation Compound Formula % by mass
in cement

C,5 Tricalcium silicate 3Ca0.5i0, 35-55
CyS Dicalcium silicate 2Ca0.510, 20-40
CHA Tricalcium aluminate 3Ca0.AlL,O4 G112
C4AF Tetracalcium aluminoferrite 4CaO.Al,O,.Fe, Oy S =alle)

C Calcium oxide or Free limé CaO &e=25
M Magnesium axide or magnesia MgO 0.3=4
CSH Calcium sulphate or Gypsum Raw material 4-7

(Addis, 1994, adapted)

TABLE 2 COMPOSITION OF EXPERIMENTAL OPC/CSF BLENDS BY MASS

Blend NO | W/(OPC+CSF) | OPC CSF OPC+CSF | % CSF | Water
co 0,4 100 0,0 100,0 0 40
E1 0,4 100 2.5 102,5 2.4 4]
E-2 0,4 100 5,0 105,0 48 42
E-3 0,4 100 10,0 110,0 9,1 44
E-4 0,4 100 15,0 1150 | 13,0 46
E-5 0,4 100 20,0 1200 | 167 48

For this study the ratio of water to cementitious material
was kept constant of 0,4 by mass. Disfilled water wos
used and no superplasticiser or other additive was used.

Each dry blend was mixed thoroughly in a kitchen
blender (Kenwood Chef] at low speed for three (3)
minutes. Experiment showed that this consistently pro-
duced a blend of even colour.

The requisite amount of water was added and the
pasle was mixed at high speed for 5 lo 8 minufes.
The mixing fime was increased for the higher con-
centrafions of CSF fo attain consistent mixing as the
increased CSF confent reduced the workability, (the
mixlure became increasingly sticky).

The ‘paste was removed from the mixing bowl and
sedled as a thin layer in a flat polyethylene bag, pro-
viding a large surface area for effective heat transfer
in the constant temperature water bath during curing.
The water bath was maintained at 25° = 2°C.

The paste samples were allowed to hydrate for peri-
ods of 1,3,6, and 10 hours and 1,3,7,14, and 28
days before freeze drying commenced. At the pre-

" scribed limes the somples were fransferred to glass

tubes and immersed in liquid nitrogen. When the
samples were frozen, the tubes were connected to
the vacuum system of the freeze drying apparatus
where the waler was sublimed off ot a temperature
of about -40°C overnight. To ensure that the samples
were completely dry they were heated in an infrared
oven [still under vacuum) for 5 minutes.

Such stringent procedures for drying the samples are
needed o avoid further hydration and also because
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Calcium Hydroxide moisture absorbs infrared radiation strongly in a
broad band that would tend to mask the absorption
2 peak of calcium hydroxide at 3642 cm’. Once they
had been dried the samples could be kept in a des:
iccator over silica gel until it was convenient to record
the spectra.

3642 cop—1

Absorbance

The dried samples were accurately measured out on
a semi-micro balance and mixed with potassium bro-
1 mide (infrared grade] which had been dried in an
oven at 120°C ovemight, in the ratio of 2% sample
and 98% KBr, using a vibratory mill (Specamill) that

both mixed and ground the powders together.
JL\ r//\ The powdered sample/KBr mixiure (200 mg in total)
L e was transferred to o die in which it was subjected to
0 high pressure under vacuum (650 MPa) for 2 o 3
4000 2000 2000 1000 minutes.  This produced an almost clear pellet, 13
i mm in diameter and 0,5 mm thick. The pellets could
be stored in a desiccator or oven, unfil required.

Wavenumbers [¢cm™)
FIGURE 1

RECORDING OF SPECTRA:

Condensed Silica fume 2 The specirum of a pure KBr pellet was used fo estab-
lish the background spectrum of the aimosphere in
T the spectrometer (a reference spectrum which is auto-
& matically sublracted from subsequent spectra by the
11t emzl software controlling the spectrometer). Then the spec-
fra of the pellets were recorded under the same
instrumental conditions namely between 5000 cm’
and 400 cm’, at a resolution of 8 cm™ and using 25
coadded repetitive scans. This was repeated four
j times for each sample and the average spectrum
N

[

| 5

computed for each sample.

5 Specira of pure calcium hydroxide (Fig 1), pure CSF
(Fig 2), and unhydrated OPC (fig 3) were also record-

ed. The sharp absorption peck at 3642 cm’, due to
-1 the presence of calcium hydroxide, is clear in Fig 1,
while the strong peaks due o CSFat 1111 cm” and at
4000 Y 2000 1000 800 cm' are prominent in Fig 2. The more complex
Wavenumbers (cm™!) and unresolved absorption peaks due to C,S, G35,

FIGURE 2 C3A and C,AF dominate the spectum of unhydrated
OPC, from about 1500 ecm” to 600 em”, in Fig 3. The

presence, in the spectrum of unhydrated OPC, of minor

Unhydrated Q08 peaks in the regions of 1111 em’ and 800 em” would
complicale the quantiitative esfimation of the amount of
unreacted CSF in the various stages of hydration of the

Absorbance

o

/\ blend.
1 f ﬂ Fig 4 shows the progress of hydration in the 5% CSF

3642 cm’ relative fo the baseline of the spectrum at
- | 3700 cm’, was measured and used as an indication
\ / \/\) of the relafive concentration of the calcium hydroxide.
The measured intensities of the pecks were nor

Pt % J\/I _ .
malised fo refer fo o constant OPC amount in the pel
! lets fo compensate for the fact that increasing the CSF

4000 3000 2000 1000 concenfration in the pastes reduced the OPC content
‘ of the pellets and affected the overall intensify of the

\ W blend.
: \ | - The height of the calcium hydroxide peak at
J

Absorbance

Wavenumbers (cm™)
FIGURE 3 Ll
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In Figures 5 and & the development of calcium
hydroxide based on the intensily of the absorbance
at 3642 cm™ as derived from the recorded specira,
is set out in the form of a graph of fime in hours (O-

24 hours) and doys (0-28 days) versus absorbance.”

Absorbance is related fo concenfration according to

the following equation: A = abe (Federation of

Socisfies for Coatings Technology, 1980); where:

A = Absorbance.

a = absorptivity and is specific fo the particular
matericl at the specific wavenumber,

= pathlength through the sample.

¢ = concentration of the material that absorbs at

the specific wavenumber.

Since the amount of cement in each pellet is kept con-
stant and the thickness of the pellets are constant, the
chserbance is directly proportional to the concentra-
tion of the material sought; in this case calcium
hydroxide.

The concentration of calcium hydroxide generated in
the OPC paste shows the expected gradual increase,
the rate of which slows down after 7 days (Fig 5).

The blends show slighily lower calcium hydroxide
concentrations than the OPC. After 3 hours and affer
6 hours the 2,4% and 4,8% CSF blends confinue to
reflect slightly lower concentrations than the OPC.
However the 13,6% and 16,7% CSF blends reflect
a reduction in-the relative concentrations of calcium
hycroxide. Since the concentrations have been nor
malised these lower values suggest that some of the
calcium hydroxide has reacted and disappeared as
a molecular species.

The higher value fourd for the 13,6% CSF sample after
10 hours appears fo be a rogue value and would need
to be reexamined. The preparation of the pellet was
repeated with fresh material from the dried sample but
the absorbance measured was the same.

IF it were closer to that of the 16,7% CSF sample affer
10 hours, the development of calcium hydroxide
would appear more consistent and link up with the
fact that the concentrations for all the blends reach
similar values affer 24 hours. ‘

From 24 hours to 3 days there is a sharp increase in
the concentration of calcium hydrexide in all the
tlends but with a clear indication that the higher the
concentration of CSF the more rapid the development
of calcium hydroxide.

From 3 days to / days there is a morked decrease in
the calcium hydroxide concentration in all the blends
except that with the lowest (2,4%) CSF confent.  This
sample rejoins the calcium hydroxide content level
and rate of production of the GPC sample.

After 7 days the three blends [4,8%, 13,0%, and
16,7%) seem to stabilise at o rate of production sim-
ilar to that of the OPC sample but ot o lower con-
centration of calcium hydroxide. Whether this trend

HYDRATING OPC/CSF BLENDS
e

4,8% CSF: 1 - 28 Days Hydration

1111 cm-1
28 days

3 days J
|

Absorbance

Qiﬁ_ﬂ

e

4000 3000 © 2000 1000

Wavenumbers (em™)
FIGURE 4

DEVELOPMENT OF CALCIUM HYDROXIDE
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FIGURE 5

continues will have to be investigated by an exten-
sion of the work o beyond the 28 day limit that was
adhered to in this study.

DISCUSSION:

It would seem that the lower initial concentration of
calcium hydroxide in all four blends is due fo the
removal of CalOH), as a molecular species from the
reaclting paste by ifs reaction with the pozzolanic
CSF to form calcium silicate hydrates.

The reduction in the concentration of CalOH),
between the 3rd and 10th hours in the blends
with 13,6% and 16,7% CSF might be ascribed to
the reactivity of the CSF. lIts greater concentration
in these two blends causes it to react faster with
the calcium hydroxide than the latter can be pro-
duced by the hydration of the OPC. This might
also be dependent on the availability of o partic-
ularly fine and hence highly reactive fraction in

the CSF.
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Ramachandran (1987 reported that his calorimetric
studies revealed a peak in the rate of heat generc-
tion, and therefore, of chemical reactivity, affer two
hours and ascribed this fo the reaction between
CalOH), and CSE. Wu and Young (1984] suggest
that the pozzolanic action of CSF arising from the
hydration of C,S, starts after two hours. Sarkar and
Aitcin are reported (Rashed and Williamson, 1991)
to describe CSF as a fastreacting pozzolan. Roy
[Rashed and Williamson, 1991) claims that due fo its
high surface areq, silica fume partially dissolves in
saturated calcium hydroxide solutions within 5 min-
utes affer mixing and that o siliconich hydrated form
is deposited as layers or films on the silica parficles,

Other authors (Zhang and Gijorv, 1991) (Yogendran
et al, 1991], quoting studies based on a variety of
techniques, disagree ond maintain that the poz
zolanic reaction involving CSF only commences 1
day affer water has been added tfo the blend. The
ACI (American Concrefe Institute Commitiee 226,
1987) maintains that the main confribution by CSF is
only perceptible between 3 and 28 days after hydra-
tion starts.

Sellovold ef al [1997) found that the CSF participa-

fion becomes significant after several days ond that -

the maximum concentration of calcium hydroxide is
reached after 7 days, whereafter it declines.

These differing results may be due to the different
techniques ond/er the different materials used.
However, from the literature it is evident that the very
early stages of the hydration reaction have not been
studied as extensive\y as the lafer siages. We believe
that our adoption of the technique of freez-drying the
pastes in combination with FTIR anclytical techniques
has made these early stages accessible fo our inves-
tfigations.

Reference fo the silica absorption peak af 111 Tem?
in the recorded specira for all the blends shows clear-
by thot the conceniration of silica decreases progres-
sively from the first hour and by the 28th day the ini-
fially strong and distinct peak has become a shoulder
on the silicate peak at 1000 em”as exemplified by
the spectral series for 4,8% CSF (Fig 4) despite the
noted presence of a small peck at 1117 em™ in unhy-
drated OPC. This bears out our contention that the
CSF parficipates in @ pozzolanic reaction within the
first hour of the commencement of hydration.

A mechanism that has not been mentioned yet is that
due to the socalled ‘finediller effect’.
argued that the presence of fine material such as CSF
can increase the rate of cement [OPC| hydration by
providing nuclei on which calcium hydroxide can
precipifate thereby reducing the. conceniration of
Ca[CHl, in solution and shifting the equilibrium of
the hydration process to produce more calcium
hydroxide (Massazza, 1980). This might explain the

ropid development of calcium hydroxide in the peri-

It has been

od between 1 day and 3 days and the apparent cor-
relafion between the concentration of calcium hydrox-
ide and the amount of CSF in the blend. Stein and
Stevels (Takemoto and Uchikawa, 1980) report that
the presence of amorphous silica accelerates the
hydration of C4S and explain this by suggesting that
the presence of the amorphous silica reduces the cal-
cium and hydroxyl ion concentrations in the liquid
phase, leading fo the formation of products of low
Ca/Si rafio and the stimulation of the hydration of
C,4S. This argument is supported by Kurdowski and
Nocum-Wezelik (Ramachandran, 1987) who refer
to the existence of a quasistationary superscturated
layer of calcium ions around the C,8S.

Removal of calcium ions from this layer would stimu-
late the hydration of the C5S to restore the supersatu-
rated state.  Other authors extend this line of argu-
ment fo include the hydration of C;A and C,AF
(Hiorth, 1982 (Grutzeck et al, 1983) (Cheng-Yi and
Feldman, 19835).

CONCLUSION:

It seems clear from the invesfigation described and
the work of the many oiher authors on the subject,
that the presence of CSF in OPC paste affects the
hydration process in several ways.

1 The availability of fine silica particles provides
nuclei on which calcium hydroxide is precipitated
from solution thereby changing the equilibrium
conditions and stimulating the more rapid pro-
duction of calcium hydroxide through the accel
erated hydration of the OPC consfituents.

2 The chemical reaction between silica and calcium
hydroxide in solution, which is known as the poz-
zolanic reaction, commences within the first hour of

the additon of water fo the OPC /CSF-blend.
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