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The hydration of tricalcium silicate (C3S) with three grain sizes of monoclinic (M) and triclinic (T)
modifications and on their thermally activated samples were investigated by exposure to water
vapour at 80°C for 60 days. The products were investigated by XRD, TG and N2 adsorption.
The smaller the particle size the greater was the hydration for both dried and activated samples
from (M). In the activated samples a hydrate with 20 values of 384°, 446° and 486° could be
identified. Hydration increased with particle size for the unactivated (T) samples but after activa-
tion the intermediate size exhibited enhanced hydration. Thermal treatment at 950°C of (T)
samples increased the surface active centers on the expense of those in the bulk. Changes produced
in surface texture upon activation and/or hydration are discussed.

The interaction of tricalcium silicate (C3S) with water has been extensively investi-
gated in the paste or suspension form1 7• Under these conditions the various
hydration stages greatly overlap in virtue of the high concentration of the water
molecules. The attack of water onto C3S from the vapour phase was studied by
Fierens and others8 -10 who employed thermoluminescence technique in their study
and showed the importance of the nucleophilic excited centers in the hydration
process that form the initial chemisorptive bond in the C3S—H20 system.

Activation by thermal treatment9 is found to modify both the characteristics of
these active centers and the probability of escape of trapped electrons that have
a marked influence on the rate of water chemisorption. Also the presence of lattice
defects" in the grains was found to be directly related to the enhanced reactivity
towards hydration.

In a previous study on the hydration of alite (C3S) from the vapour phase12, it
has been shown that the penetration of water molecules into the lattice structure,
after adsorption, causes the distortion of the cell dimensions giving rise to a pattern
that bares some resemblance to the C3S pseudo-cell structure prior to its chemical
interaction with the solid matrix. Some investigators13"4 employed a specific grain
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size or area in their investigations but the problem to what extent does the grain
dimension affect the different hydration stages was hardly attempted. The effect of
polymorphism of C3S on the initial hydration rate was also studied5 in the paste
form, where they noticed apparent differences in the morphology of the calcium
silicate hydrate formed on the surface of the grain.

In this investigation the role of both grain size and polymorphism on the water
vapour adsorption at 80°C was monitored using thermal, structural and textural
techniques.

EXPERIMENTAL

Materials

Two crystalline modifications of C3S were used, namely the monoclinic (MC3S) and triclinic
(TC3S) forms supplied by Portland Cement Association (PCA) U.S.A. Three different grain
sizes were employed, two of them possessed a Blain area of approx. 3 500cm2/g and approx.
2 200 cm2/g and the third was an 8-mesh sample. The subscripts 1, 2 and 3 denote these three
samples.

The particle size was analysed on a Sedigraph particle size analyzer using Sediperse A-12 aS
dispersant and carried out by Micrometrics (Fig. 1).

The free lime content determined in duplicate of the monoclinic and triclinic modifications
gave an average of 07 and 04, respectively. The bulk chemical composition supplied by the
PCA is given below in wt. %.

Modification Si02 A1203 Fe203 CaO MgO KO Na20 Ti02

Monoclinic 2675 0•94 0.09 7295 0'SO 001 003 0-45
Triclinic 2705 09l 006 7370 028 001 002 O'16

Full scan X-ray pattern from 2° to 90° 20 showed no secondary minerals to be present.

FIG. 1

Particle size distribution of samples: I
(TC3S)1, 3525 cm2/g; 2(MC3S), 3 525 cm2/
/g; 3 (TC3S)2, 1 986 cm2/g; 4 (MC3S)2,

____________________ 1 965 cm2/g; y cumulative weight percent,
x equivalent spherical diameter
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Thermal Treatment

All samples were dried at 120°C overnight and activation was achieved by heating at 950°C for
two hours in air. The temperature of 950°C was found not to affect the structure of C3S samples
under investigation, being below the first transition temperature at 1 050°C (ref.9). As the rate
of cooling usually affects the populaion of defects in the solid structure, it was controlled in the
three grain sizes. After heating the samples at 950°C they were left to cool in the muffle furnace
till the temperature reached 500°C, taking about 2 h and then placed in a desiccator (silica gel
was used as dehydrating agent). The treatment temperature will be given in parenthesis when
necessary.

Hydration of the Samples

The dried and activated samples were hydrated in the vapour phase at a temperature of 80°C
(H20 vapour pressure 47343 kPa) (arbitrarily chosen to be below the b.p. of water). The samples
were exposed to water vapour (free from any absorbed gases) at this temperature for 2 months —
the experimental details are given elsewhere12. It is worth noting that no distillation of water to
the samples took place during this period.

Apparatus and Technique

Thermogravimetric analyses of the samples were carried out using a Stanton—Redcroft thermo-
balance type 750/770 connected to a Kipp and Zonnen BD-9 two channel automatic recorder.
The analyses were done in static air at a heating rate of 10 K/mm.

The XRD patterns of the various hydration products were obtained using a Philips X-ray
diffractorneter, model PW 1140/90 using Ni-filtered Cu-radiation. The d distances were cal-
culated and their relative intensities were compared with data in the ASTM cards15'16.

Adsorption—desorption isotherms of purified N2 were determined at — 196°C using a conven-
tional volumetric apparatus.

RESULTS AND DISCUSSION

Effect of Particle Size

Thermal and structural characteristics. Thermogravimetric analysis of the mono-
clinic and triclinic C3S samples dried at 120°C showed no weight loss in the range
ambient temperature — 1 000°C. They all exhibit the main characteristic X-ray bands
of C3S.

The TG curves of the monoclinic and triclinic samples hydrated at 80°C exhibit
three main distinct regions of enhanced weight loss that characterize the decomposi-
tion of the resulting hydration products (Fig. 2, curves a, b, respectively). These
regions are arbitrarily confined in the temperature ranges below 450°C, 450—750°C
and above 750°C to indicate the first, second and final major decomposition stages.
These result from physically adsorbed water, hydration water (which may as well
have been dissociatively adsorbed to form hydroxyls) and decarbonation resulting
from the carbonate produced by interaction with atmospheric CO2. The percentage
loss corresponding to each stage is given in Table I for all the samples.
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To measure the extent of hydration, the first decomposition stage should be
omitted being concerned with physically adsorbed water only. It appears more
reasonable to take into account the intermediate and final decomposition stages to
represent the extent of chemical interaction with water vapour, and not the total
weight loss. These two stages are believed to represent together the products of
reaction with water and can be employed as an alternative to the "non-evaporable"
water estimated by some authors to evaluate the extent of reaction17. Accordingly,
the extent of interaction for the various particle sizes is in the decreasing order of
(Mc3S)1 > (Mc3s)2> (MC3S)3.

From XRD analysis of the samples before and after hydration, the sample (MC1S)3
(largest grain size) is found to exhibit an increase in intensity for some of the smaller
bands situated at 20 values of 307, 3154, 3630, 4520, 5400 and 5900° with a cor-
responding marked decrease in the characteristic bands for C3S (Fig. 3). These
bands are not identified as belonging to any well established hydration product of
C3S. In case of the other two grain sizes, a marked decrease in band intensity is
observed with the disappearance of some of the bands whose intensity increased
in the sample (MC3S)3. Simultaneously with this decrease in band intensity for the
sample (MC3S)1, some weak bands for Ca(OH)2 appear which clearly represent
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FIG. 3
Thermogravimetric curves for a monoclinic X-Ray diffraction patterns for monoclinic
b triclinic C3S samples dried at 12h°C and C3S samples dried at 120°C; a sample
hydrated at 80°C for 60 days o(C3S)1; (MC3S)7 before hydration; b—d samples

C3S2; (C3S)3 weight loss in percent (MC3S)1, (MC3S)2 and (MC3S)3, respecti-
vely after hydration at 80°C
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an advanced hydration stage. Combining these observations with the TG results
it seems reasonable to believe that in the sample (MC3S)2, Ca(OH)2 may also be
present but in an amorphous state'8 or in very small crystallite dimensions (<5nm).

Thus the initial hydration process partly destroys the crystalline pattern of mono-
clinic C3S with the appearance of an intermediate, probably a metastable hydrate6,
characterized by the bands observed for the sample (MC3S)3. Ca(OH)2 starts to
form at a later stage in minute size (existing in an amorphous state), with the dis-
appearance of this metastable hydrate as in the sample (MC3S)2. This amorphous
Ca(OH)2 gradually takes on its geometric shape at a further stage as found with the
sample (MC3S),. Comparable observations on large single crystals were also re-
ported7. Thus the smaller particle (MC3S), is found to enhance hydration in the
monoclinic modification.

TABLE I

Loss in weight of the three major decomposition stages obtained from TG analysis for the un-
hydrated and hydrated C3S polymorphs

Initial loss Intermediate loss Final loss Total loss
Sample <450°C 450°—750°C >750°C

Before hydration

(TC3S),(950) 180 025 025 230
(TC3S)2(950) 245 050 045 340
(TC3S)3(950) zero 035 105 140

After hydration

(MC3S),(120) 600 1240 800 184O

(MC3S)7(120) 500 1170 7•70 1670
(MC3S)3(120) 690 1095 720 1780
(TC3S)1(120) 555 295 600 1440
(TC3S)2(120) 560 420 74O 1720
(TC3S)3(120) 540 430 &20 1790
(MC3S),(950) 600 1380 800 1980
(MC1S)2(950) &60 1260 800 1920
(MC3S)3(950) 740 930 510 1670
(TC1S)1(950) 465 275 660 14C0

(TC3S)2(950) 650 530 1030 2210
(TC3S)3(950) 440 235 595 1260
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When C3S is in the triclinic form, the largest grain size shows an advanced hydra-
tion stage over the other two grain sizes; the sample (TC3S), exhibits a more retarded
stage than (TC3S)2 (Table I, columns 3 and 4). In these samples a more significant
parameter other than particle dimension is becoming active in the hydration process.
The presence of available active centers at the surface and consequently their number
seem to have a major role in this process8'1. From TG analysis (Fig. 2, curve b)
no steps are observed at 400— 550°C indicating the absence of free Ca(OH)2 which
was also not found in the X-ray patterns of the hydrated samples (Fig. 4). However,
an increased weight loss is subsequently observed up to approx. 750°C that seems
to result from the hydrate (or hydrates) formed, followed by a distinct step in the
temperature range 800— 850°C depending on particle size, that results from the
decomposition of the carbonate.

Hydration of the C3S triclinic samples results in a decrease in the X-ray bands
characterizing C3S with an increase in the band intensity of those at 20 values of
3082° and 3165° being marked in the sample (TC3S), and analogous to those
observed with the monoclinic modification, together with bands characterizing the
presence of carbonate (calcite). In these samples no definite crystalline hydrate
could be detected and the above mentioned bands appear to result from an ill-
-crystalline hydration product. However they are much reduced in the sample
(TC3S)3 that also shows the highest percentage loss in the two intermediate stages
of weight losses (Table I, columns 3 and 4). Thus when C3S is in the triclinic modifica-
tion its activity towards hydration increases with grain size.

FIG. 4

X-Ray diffraction patterns for triclinic C3S
samples dried at 120°C: a sample (TC3S)2
before hydration, b—d samples (TC3S),,
(TC3S)2 and (TC3S)3, respectively after

29 hydration at 80°C
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Vapour Phase Hydration of Tricalcium Silicate 1999

Surface and pore characterization. Adsorption-desorption isotherms of N2 at
77°K were obtained for the three grain sizes of the dried monoclinic and triclinic
modifications before and after hydration. The isotherms are all on the border
between Type H and Type III being characterized by a low BET C-constant. Before
hydration, closed hysteresis loops are observed for the two smaller grain sizes from
the monoclinic modification that disappeared upon hydration, whereas for the
triclinic form, only the smallest grain size exhibited a small narrow hysteresis loop
and after hydration all grain sizes showed small narrow hysteresis loops.

Though the early region of the isotherms do not show a well defined knee, yet the
BET equation could be applied in its normal range of applicability to estimate the
specific surface area (SBET) assuming a value of 0i62 nm2 as a cross-sectional area
for the N2 molecule. As all samples whose area is estimated by the BET equation
exhibit low C constant, any error arising from the absence of a pronounced knee
in the adsorption isotherms may be considered almost constant for all samples
and consequently comparison of these specific areas would be meaningful.

Hydration of these monoclinic samples brings about an increase in specific surface
area that is largest for the sample (MC3S)1, that was shown before to undergo
enhanced hydration over the other two grain sizes (Table II, column 3). This increase
in surface area is accompanied by a decrease in both total pore volume V(o95)
and average pore radius (RH), (columns 5 and 6, resp.).

These changes are also reproduced through the pore structure analysis carried
out according to the i-method of de Boer and coworkers1 9 The t-curve originally
given by Mikhail et al.2° characterized by a low BET C-constant is corrected for
differences in the frequencies of oscillations of molecules or ions21 of the adsorbent
and reference solid as given by Selim et al.22 to allow for a correct estimate of S
(specific area obtained from V1—t plot). The agreement between S and SBET s
clearly observed as shown in Table II (columns 4 and 3, respectively).

The V1-t plots of the monoclinic C3S modification show that before hydration,
the sample (MC3S)1 exhibits an upward deviation in slope permitting capillary
condensation to occur with multimolecular adsorption (Fig. 5, I). At very low
i-values of O2—O3 nm some poiiits are negatively deviated that result from the
presence of few micro pores and the sample is thus predominantly meso porous.
For the other two grain sizes, (MC3S)2 and (MC3S)3, the upward deviation does not
continue but soon reverts back to cut the straight line passing through the origin
at i-values of HO and O98 nm, respectively pointing to the increased microporosity
that increases with grain size. The V1—t plot of sample (MC3S)3 clearly shows that
it possesses the narrowest pore dimension and is mainly composed of supermicro
pores23.

Hydration of these samples is accompanied by narrowing of the pore system; this
is pronounced for the sample (MC3S)1 (Fig. 5, I), and sample (MC3S)3 is least
affected. It seems that in this specific grain size of the sample, (MC3S)1 (smallest
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size) either exposes the largest number of crystal defects which act as the initial
nuclei24 for the hydration process or that this particular size causes the exposure

TABLE IL

Surface characteristics of monoclinic and triclinic C3S samples
responding hydrated samples

dried at 120°C and their cor-

BET
Sample

C-constant
SBET
m2/g

S
m2/g

V(095)
ml/g

rH
nm

Before hydration

4'O 692
4.0 70'3
3'O 65'9
3.5 67'2
3'O 814
3.0 58'7

After hydration

(MC3S)1(120)
(MC3S)2(120)
(MC3S)3(l20)

(TC3S)1(120)

(TC3S)2(l20)

(TC3S)3(120)

(MC3S)1(120)

(MC3S)2(120)

(MC3S)3( 120)

(TC3S)J(120)
(TC3S)2(120)

(TC3S)3( 120)

65'O

67'5

59'O
660
780
59'O

77'O
67'O
60'5
53.9
620
56'S

0' 1498
0'0889
0'0714
0'0840
0'0850
0'0640

0' 1076
0'0800
0'0679
00619
0'0679
0'0643

216
126
1'03
l'25
1'OS

105

1'40
1'lO
1'Ol
1'lO
1'08
106

3.0 76'6
3.0 72'S
3.0 67'O
3.5 56'S
4'O 65'!
3.0 60'7

t mug
004

0

004

0

004

0

004

0
0 3!.

0

004
0

0 08 16 0 08 24
t, nm

FIG. 5

V1—t plots for monoclinic (I) and triclinic
(II) C3S samples dried at 120°C before and
after hydration at 80°C for 60 days: a (C35)1;
b (C35)2; c (C3S)3
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of certain planes, as found with some oxide systems25 which have preferential ad-
sorption of water vapour. This adsorbed water may at first be bound by physical
forces then gradually undergoes a chemical reaction" probably after penetration
into the lattice if not originally chemisorbed on the surface.

In the triclinic modification, the sample (TC3S)2 possesses the highest area and
the smallest average pore radius among the series (Table II, column 3). Hydration
of the samples is accompanied by a decrease in specific surface area for the two
samples of smaller grain sizes whereas the area is almost unaffected for sample
(TC3S)3. From the previous observations it follows that the 8-mesh sample con-
tained more hydration products than the other two grain sizes. If the initial stages
of hydration are accompanied by a decrease in area, the increased amounts of
hydration products in the sample should at a certain stage contribute to the increase
in area. The initial hydration stages may possess pores that are inaccessible to the
N2 molecules. The total pore volume slightly decreased for the two smaller grain
sizes, whereas the average pore radius is almost unaffected for all the samples.

The V1—t plots of the triclinic C3S samples show all the three grain sizes to be
composed of a mixture of micro and meso pores in which the latter are in the low
size range (Fig. 5, II). The V1—t plot of sample (TC3S), shows clearly the occurrence
of some capillary condensation to take place thus reflecting the existence of some
wider pores as compared to the other two samples of larger grain size. The changes
induced in the pore system upon hydration are negligible except for the sample
(TC3S)1 where some narrowing of the pores is observed that is also reflected in the
data of the average pore radius (Table II, column 6).

Effect of Activation at 950°C

Thermal and structural changes. The monoclinic C3S samples activated at 950°C
showed no weight loss in the range ambient temperature 1 000°C whereas the tn-
clinic modification is more affected by this activation being reflected in the cor-
responding TG curves of the three grain sizes (Fig. 6, curve a). No other component
than C3S could be detected in the XRD patterns of the activated samples. However,
from I R spectral analysis for both modifications, bands at 3 400 cm' and 1 600 cm'
arising from the stretching and bending modes of the 0—H vibrational frequency
of adsorbed water appeared as well as a band in the frequency range 1 400 to
1 500 cin characterising the presence of a carbonate (CaCO3)26. It is interesting
to note that the TO of the sample (TC3S)3(950) of largest grain size, does not exhibit
any weight loss below 420°C where all the adsorbed water appears to undergo
chemical interaction with the solid (l4° total loss). These observations were absent
for samples dried at 120°C. Thus activation at 950°C seems to increase the active
centers at the surface in localized parts24 that readily adsorb water vapour from the
atmosphere and initiate the hydration process to proceed. At these active centers,
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the Ca(OH)2 formed as a hydration products further interacts with the atmospheric
CO2 to form the carbonate. If the intermediate and final stages of percentage losses
of TC3S are taken into consideration, the largest grain size is found to be the most
sensitive towards atmospheric H20 and CO2 (Table I, columns 3 and 4).

The hydration at 80°C of these samples is also enhanced only for the two smaller
grain sizes as seen from both polymorphs compared to that of the hydrated dried
samples; the largest grain size show retarded hydration (Table I) for both forms.

In case of monoclinic C3S, the hydration increases with decrease of particle size
as previously observed for the dried samples, however that the largest grain size
heated at 950°C gives lower hydration products than the corresponding sample
heated at 120°C is quite peculiar. Likewise in the triclinic modification, though the
largest grain size of the hydrated dried sample shows the maximum hydration
products, the corresponding sample heated at 950°C exhibits the least reaction
inspite that it was most reactive upon exposure to atmospheric H20 and CO2. It
thus seems reasonable to believe that there should be some active centers in the solid
matrix to aid in the continuity of the reaction. When these migrate to the surface
by heat treatment at 950°C they induce excess activity to the surface at the expense
of the bulk activity thus giving the observed effects in the largest grain size. It is
significant to note that samples showing maximum loss in the intermediate stage
(Table I, column 3) are those that show enhanced activity.

From the TG curves of the monoclinic samples it is noted that the sample (MC3S)1.
.(950), that actually represents the most advanced reacted hydration stage, shows
a clear step at approx. 500°C representing the decomposition of Ca(OH)2 (Fig. 6, b).
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FIG. 6

Thermogravimetric curves for samples ac-
tivated at 950°C: a Triclinic C3S before
hydration; b monoclinic C3S after hydra-
tion; c triclinic C3S hydration weight loss
in%
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Its presence is clearly observed in the XRD patterns where the bands are well defined
and their intensities are found to decrease with increase in particle size (Fig. 7). Some
bands for vaterite (ji-CaCO3) are also observed. Though all hydrated samples show
reduced bands of the crystalline pattern of C3S yet some new bands of relatively
strong intensities appear with d distances of 3275, 2755, 2344, 20&6, 2O3O and
1873 pm. Not all of these appear in the samples (MC3S)2 and (MC3S)3 but are
much reduced for the latter both in number and intensity with the appearance of
two small peaks at 20 range of 307_32.00 that also appeared with the hydrated
dried samples. No tobermorite-like structure could be detected. It is important to
note that three of the main new bands characterizing the hydrate formed and clearly
identified in the sample (MC3S)1(950) are according to their decreasing intensities
at 20 values of 384° > 446° > 486° (d distances of 2344, 2O3O and 1873 pm) do
not characterize together any known hydration product of C35 (ref.27). The 1873 pm
band actually constitutes one of the strong bands for a C3S hydrate28 but some other
strong bands at 328 or 289 pm should have appeared as well with a nearly equivalent
intensity which is not the case. The band appearing at 20 272° has a much lower
intensity than required for this reported C3S hydrate as well as it does not include
a band at 2344 pm. We thus believe that this pattern may either represent a new
phase of C3S hydrate alone or mixed with some undefined C25 hydrate.

From the above observations on the effect of activation temperature on the
hydration reaction, the samples can be put in the increasing hydration order of
(MC3S)3(120) < (Mc3S)2(120) (Mc3S)3(95o) < (Mc3S)1(120) < (Mc3s)2(950)
<(Mc3s)1(95o).

Fia.7 e

X-Ray diffraction patterns for samples
activated at 950°C and hydrated at 80°C for
60 days: a—c samples (MC3S)1, (MC3S)2
and (MC3S)3, respectively; d—f samples
(rc3s)1, (TC3S)2 and (TC3S)3, respectively 40 29 10
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In case of the triclinic C3S samples, activation at 950°C enhanced the hydration
of the sample with intermediate size, (TC3S)2, but not of the other two grain sizes
where the hydration is almost unaltered for the sample of smallest grain size and
decreased for the largest grain size compared to the hydration of the dried samples
(Table I).

The TG curve of sample (TC3S)3 is characterized by two steps in the intermediate
stage at approx. 500°C and 535°C besides that in the final stage at 750°C (Fig. 6,
curve c). From XRD data, only two hydration products could be identified, a tober-
monte gel and CaCO3, then the step at 500°C probably results from amorphous
Ca(OH)2. Also bands at 20 of 3835° and 4460° (d distance of 236 and 202 pm,
respectively), that are close to those observed for the hydrated sample (MC3S)1(950),
are intensified for the sample (TC3S)3(950) only (Fig. 7). This raises the belief that
the small step observed in the TG curve at 535°C results from a hydration product
which is responsible for increasing the intensity of these bands that are destroyed
upon further hydration. They may represent the initial stages of formation of the
hydration product in the tobermorite gel. The sample (TC3S)3(950) represents
a more retarded hydration stage as compared to the samples (TC3S)2(950) or
(TC3S)1(950) and the order of increased hydration may be put as (TC3S)3 <
<(Tc3s)1 <(TC3S)2.

Variations in the textural characteristics. The N2 adsorption—desorption iso-
therms of the activated samples from both modifications are also between Type II
and Type III and are still characterized by a low BET C-constant except that of the
sample (MC3S)2(950) and the hydrated sample (MC3S)3(950) that are Type III
(BET C-constant < 3). For both modifications and with all grain sizes the isotherms
exhibit closed hysteresis ioops of variable sizes. Hydration of the samples causes
a marked narrowing of these loops and completely disappearing for the sample
(Tc3s)1(95o).

Specific surface areas evaluated for samples from the monoclinic form show
that activation causes a small increase in area for the sample (MC3S)I, whereas
a decrease is observed for the sample (MC3S)2 while the sample (MC3S)3 (8-mesh)
seems to be unaffected (Tables IL and III, column 3). The presence of relatively more
carbonate in the sample (MC3S)1(950) than in other grain sizes as detected by JR
spectroscopy (not presented here) seems to be responsible for this small increase
in area. The samples characterized by BET C-constant < 3 had their areas evaluated
for comparison only by assuming an approximate value for the constant C and
locating29 (P/Pø)m from which the monolayer capacity can be obtained, but are
still considered unreliable.

The changes in specific area observed for the samples (MC3S)2 and (MC3S)3
(compared to the dried samples) are accompanied by an increase in both total pore
volume V(O95) and average pore radius (Table III, columns 5 and 6). Such
effects result from the agglomeration of the particles upon heating. It is significant
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to recall that the bulk chemical nature of these samples is unaltered upon activation
at 950°C (except for the surface active centers that seem to have reacted with the
atmosphere after activation).

These results are reflected in the V1—t plots of the samples (MC3S)1 and (MC3S)3

(Fig. 8, 1). The small upward deviation at 048 nm of the sample (MC3S)1(950)
relative to that heated at 120°C shows the presence of a group of pores which only
permit limited capillary condensation. Some of the very wide pores seem to disappear
with the appearance of others of smaller dimensions giving rise to mesopores with
smaller average pore radius than those dried at 120°C. For the sample (MC3S)3(950)
a marked increase in pore size is noted changing the pore system from being pre-
dominantly microporous for the dried sample to completely mesoporous upon
activation.

The hydration of these activated samples causes a decrease in specific area for
the sample (MC3S)1(950) whereas an increase is observed for the other two grain
sizes. Since the initial hydration stage is usually characterized by an increase in
specific area, as found for the samples (MC3S)2(950) and (MC3S)3(950), the hydrated

TABLE III

Surface characteristics of monoclinic and triclinic C3S samples
corresponding hydrated samples

activated at 950°C and their

Sample
BET SBET

C-constant m2/g

Before hydration

St

m2/g ml/g nm

(MC3S)1 (950)

(MC3S)2(950)

(MC3S)3(950)

(TC3S)1 (950)
(TC3S)2(950)
(TC3S3(950)

3O 738
20 62.Oa
4.0 640
3.5 596
3O 678
3O 617

650 01404
01201

600 01404
55•0 01310
620 01310
59O 0l513

After hydration

(MC3S)1 (950)

(MC3S)2(950)

(MC3S)3(950)
(TC3S)1 (950)
(TC3S)2(950)
(TC3S)3(950)

60 655
5O 87l
20 712"
30 70.9
30 7O3
4.0 623

70.0 00871
865 01154

OO624
713 0'0858
7OO 00757
610 00677

133
138

121
108
109

" Areas obtained for the sake of comparison29.
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sample (MC3S)1 actually represents a more advanced hydration stage as also found
from the analysis given before. The decrease in area observed for this second stage
is attributed to the remarkable increase of the micro structure of the hydration
products5 whose pores are partly inaccessible to N2. This is accompanied by a marked
decrease in total pore volume resulting from the increase in the crystallite size of
Ca(OH)2 formed30. In all cases, the hydration is accompanied by a decrease in the
average pore radius This narrowing is clearly reproduced in the corresponding
V1—t plots of the activated samples before and after hydration (Fig. 8). Both samples
(MC3S)1 and (MC3S2) show an upward deviation at a t-value of 050 nm that reverts
back at a i-value of 100 nm with a larger increase in slope for the latter sample
permitting more capillary condensation to occur. They contain both micro and
meso pores, the latter being wider for the sample (MC3S)2.

The heating of triclinic C3S samples decreased the specific area for the two smaller
particle size samples, (TC3S)1 and (TC3S)2, whereas a small increase is observed for
the sample (TC3S)3. Heating at 950°C was previously found to activate the surface
and enhance its interaction with atmospheric water vapour. As these samples possess
wide hysteresis loops it seems that some soldering of the particles has taken place,
as such silicates usually form a sheet structure, the area decreases only slightly
whereas the pore structure changes tremendously. The 8-mesh sample does not show
this decrease in area.

This widening of the pore system is reflected in the V1—t plots showing the pre-
dominance of mesoporosity. As initial upward deviation is observed that com-
mences in the t-value range of approx. 056 nm with small decrease in slope at
higher i-values but still remains above the straight line. This decrease in slope is

FIG. 8

V1—t plots for monoclinic (I) and triclinic (U)
C3S samples activated at 950°C before and
after hydration at 80°C for 60 days: a (C3S)1;
b (C3S)2; c (C3S)3
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marked for the sample (TC3S)2(950), which, from the values of average pore radii,
shows it to possess the smallest value. The widening of the pore system thus produced
upon activation is evident and results from the agglomeration of the particles as
in the monoclinic modification.

The hydration of activated triclinic C3S causes an increase in specific area for all
three grain sizes compared to the corresponding unhydrated samples. This increase
in area is found to be accompanied by a corresponding decrease in both total pore
volume. i'(O95)' and average pore radius rH (Table III, columns 5 and 6). These
variations appear as a result of the nature of the products formed. The water mole-
cules adsorbed inside the pores give rise to the reaction products which mainly con-
stitute tobermorite gel of higher area than the parent material31. These products
possess lower density and larger volume32, thus bringing about the observed nar-
rowing in average pore radius and decrease in total pore volume. The increase in area
of the sample (TC3S)3 is negligible inspite that the total pore volume and average
pore radius are strongly affected. As this sample is least affected by hydration (previous
section), the formed hydration products imposing the resulting textural variations
seem to be still formed on the internal walls of the pores but are not yet extended
into the solid matrix itself.

The drastic changes produced in the pore system upon hydration are reflected
in the V—t plots (Fig. 8, II). In these plots most points fall on a straight line up to
a i-value of O9O nm resulting from a compensation effect33 between micro and meso
pores. Above this t-value a downward deviation is observed confirming the presence
of micro-pores. Thus much narrowing of the pore system has taken place upon,
hydration reflecting the nature and texture of the newly formed hydration products.
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