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REACTION OF BETA DICALCIUM SILICATE AND
TRICALCIUM SILICATE WITH CARBON DIOXIDE AND WATER

Chris Joe Goodbrake, Ph.D.
Department of Ceramic Engineering
University of Illinois at Urbana-Champaign, 1978

Anhydrous B—CZS and CBS powders were reacted with CO2 and HZO and the
reaction kinetics determined. The carbonation reaction was best described
by a decreasing volume, diffusion controlled kinetic model., The activation
energles for anhydrous B—CZS and C3S powders were experimentally determined
to be 16.4 and 9.8 Kcal/mole, respectively. An equation was developed to
predict the degree of carbonation of anhydrous silicate powders using se-
lected reaction parameters.

The anhydrous carbonated calcium silicates formed only aragonite while
the wetted samples formed calcite initially, then formed aragonite as the
exothermic carbonation reaction dried the samples. The size of the carbonate
crystallites depended on the reaction conditions. Rapid carbonation formed
many small crystals while slow carbonation formed a few large crytals.

Wetted B—CZS and C,S powders (0.05-0.30 w/s) fitted a logarithmic

3
kinetic model which consisted of two straight line segments for the initial
and long-term carbonation periods. Wetted powders reacted more rapidly and
the degree of reaction was more erratic than the anhydrous samples because
the degree of wetness was difficult to control,

The strength of pelletized B—CZS, C,S and a 50:50 molar mixture in-

3
creased exponentially with decreased porosity. The pore space in the pel-
lets eventually filled with carbonates and the decrease in porosity was

linear with respect to the degree of carbonation. The highest temsile and



compressive strengths recorded during this study were 47 MPa (7.5 Ksi) and
330 MPa (49 Ksi), respectively, which was lower than theoretical compressive
strength calculated for B-CZS or CBS pastes 750-900 MPa (109-131 Ksi). The
tensile and compressive strength was much higher than normally hydrated

B-C,S or C,S which have significant porosity, and the rate of hardening was

2 3
500-4000 times more rapid than normally hydrated calcium silicates.
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I. LITERATURE SURVEY

A. History of Carbonation

The process of carbonation is not a recent discovery. Atmospheric
carbon dioxide (E)* and water (H) can form dilute carbonic acid which
causes weathering of rocks and minerals.l Materials containing alkali
and alkaline earth elements are quite susceptible to carbonation. Nat-
ural forms of cement have been formed by the action of C and H. Ground
water percolating into limestone formations leaches out Ca2+s HC03— and
C032’ ions which combine with leached silica to form calcareous cement.
Many agglomerated materials are bonded by a microcrystalline matrix of
carbonaceous material and hydrous silica, The history of building mate-

rials indicates that many materials which have been used successfully are

based on the calcareous bonding principle.

1. Ancient Civilizationms

The Egyptians formed crude cements by calcining impure gypsum (dg'Hx)
and mixing the material with sand, gravel and water to form concrete.z’3
Strength was developed by the hydration of CS and by slow carbonation of
free calcia by atmospheric C. Egyptian concretes were not always reliable
with respect to final properties or working time. In some instances cal-
cined gypsum was mixed with reactive sand to form mortars,

Both the Greeks and the early Romans used calcined limestone and gypsum

which relied in part on slow atmospheric carbonmation. However, large

*
Standard cement nomenclature used throughout the text: C = Ca0, S = Si0

H= HZO,'E = 002, S = 803.

Other standard abbreviations used routinely are: w/s = water/solids ratio,
c/s = Ca0/8102 ratio, H/S = H20/8102 ratio.

2’



structures could not be routinely produced with this type of material.
The Greeks also used reactive sands with calcined limestone or gypsum

and this type of concrete or mortar was superior to the carbonated gypsum.
The reactive sands, which were high surface area hydrous silica, reacted
with calcium and magnesium in the calcined limestone or gypsum to form
hydrated alkaline earth silicates (C-S-H gels) in addition to the carbon-

ated alkaline earths.4

2, Hydraulic Limes

The Romans eventually perfected hydraulic lime mortars which would
harden under water and which displayed consistent curing properties and
higher final strength than carbonated gypsum or limestone. The Romans
used calcined limestone as a starting material but heated the rock at
higher temperatures than the Greeks and carefully selected the mineral de-
posits to assure uniformity. The reactive sands (pozzulana) used by the
Romans were also mined from selected areas. Roman concrete was formed by
mixing the calcined limestone with water and allowing the mass to hydrate
into a thick paste. Pozzulana and building rubble was mixed into a stiff
plastic mass which was usually tamped into place accounting for low poros-
ity, moderate strength and long life (2000 years). Until the 18th century
the Roman cements, which were hydraulic limes, were regarded as secret com-
positions or processes lost to history. Actually, the success of Roman
cement was due to a good formula (determined by trial and error) and strictly
followed processing steps.3

Equation 1 shows the reaction for the formation of slaked lime used in

the Egyptian, Greek and Roman cements by the action of water on dry calcia.



The early cements which relied on carbonation follow equation 2, while re-
action of slaked lime with pozzulana materials follow equation 3.4 Equa-
tion 2 pertains to early cements which hardened by the carbomation process
while equation 3 pertains to the Roman hydraulic limes which hardened by

the formation of C-S~H gels.

C + H —ememeee CH 6D

CH + GC ==mm——m- cC + H (2)

CH + SH ====——— C_S H (3)
Xy

The development of hydraulic limes and the use of carbonation have
cycled throughout history. The knowledge of hydraulic limes was lost during
the Middle Ages and the older carbonation technology was used. In 1756
Smeaton rediscovered hydraulic limes.2 The final strength of Smeaton's ce-
ment was better than the commercial cements of the time, the setting pro-
perties and the final strength being more predictable., Thus, carbonation
was not extensively used during this period because the setting time was
slower and the strength lower than the hydraulic limes. In 1824 Aspidin3
first patented portland cement which is characterized as an intimate mixture
of hydraulic calcium silicates which react when mixed with water. The re-
action products are similar to the hydraulic limes. Carbonation of both
portland cement and lime was developed throughout the period of 1820 until
the present in a cyclic manner depending on the economics of the process and

the advantages derived from carbonation.

3. Commercial Uses of Carbonation
In 1870 Roland patented gaseous methods of hardening cement to produce

"artificial stone." The literature on the carbonation process is quite



extensive and the term cement encompasses quick-lime, hydraulic lime, calcia
or magnesia minerals or hydrates, and hydraulic calcium silicate cements.
Normally, the materilal which is to be carbonated must contain a cation which
will form a stable carbonate precipitate. The cations Caz+, Mg2+, sr2* and
Ba?t form insoluble carbonates when present in the portland cement system,
Roland's processes used a combination of C and steam to rapidly produce
articles from Ca or Mg silicates or cements. Rolands-'9 determined that fine
particle size, low w/s ratio, and low porosity were critical to consistent
products. He also developed the concept of wrapping formed shapes with im-
permeable materials to hold the C and H near the reacting surface. Von
Pittler10 had similar ideas for the carbonation of calcia and magnesia rocks
to form fine grained lithographic stone. Neither Roland nor Von Pittler con-
trolled the reaction conditions rigorously and the early lithographic stone
was usually inferior to natural products due to high porosity, low strength

11,12 Hienzerling13 modified the processing of artificial

and higher cost.
stone to include de-airing of the pressed compact and backfilling the shape
with steam and C. This process ylelded a more uniform product by rapidly
filling the pores through the mass.

From 1900-1940 hydrated and hydrating calcium and magnesium silicates
were processed under varying carbonation conditions. The majority of the
patents issued were improvements on existing patents or slight modifications
for specialty products.ll'“23

Research was conducted on a very low level from 1940-1946 and much of
the research data was destroyed in Germany during World War II. In 1949

Meyers24 revived interest in the hydration-carbonation reaction for portland

cement. Consequently, extensive research was %gnducted in the 1950's on



both wet and dry calcium silicates.25_30 Carbonation was studied from the

view that it could cause excessive shrinkage and cracking of concrete and
mortar. After the researchers had determined that special sealants could
inhibit destructive carbonation, they began investigating the actual re-
action mechanisms and the beneficial uses for carbonation. The patent
literature in this period on carbonation processes is characterized by
references 31, 32.

During the 1960's commercial uses of carbonation included rapid curing
of cinder block533-35 and waste mat:erials.36 Optimum processing conditions
were determined for specific material systems; in 1963, Bierlich37 used high
pressure C to accelerate the hardening of portland cement. Several other
studies on the carbonation mechanism were completed38_41 but the emphasis
during this period was on carbonation shrinkage., The effect of C on the
dimensional stability of concretes, pastes and mortars was extensively
evaluated.l’z—53

In the 1970's specialized research continued. Commercial carbonation
techniques were developed for pelletized batch feed for portland cement pro-
duction.54 Matsuda and Yamada55 investigated the reaction parameters of
carbonated slaked lime construction materials and a series of carbonate
bonded slaked lime materials were also developed by Uschmann.s6 Sakaeda,
Fujihara and Imais7 investigated the durability of carbonated building ma-
terials and determined that carbonated materials can degrade with time.
Moorehead and Morand58 studied the reaction of single crystals of CH when
exposed to C and found that the reaction was similar to carbonation in port-
land cement. Additional research was directed toward understanding the

basic carbonation reaction and optimizing the processing parameters.59_68



4, Recent Research

From 1972-1978 Berger and co-workers studied the carbonation of both
hydraulic and nonhydraulic calcium silicates in detail.69m74 The mechanism
proposed for carbonation7l was similar to the models for hydration as de-
scribed by equations (1-3), The carbonation of nonhydraulic silicates such
as gamma dicalcium silicates (Y-CZS) and wollastonite (CS) were investigated
by Bukowski.75 It appears that any of the calcium silicates can be car-
bonated if the reaction parameters are controlled. Elevated pressure and
temperature and controlled w/s ratio increase the reactivity of the calcium
silicates. Generally, the silicates lose water and gain [ during the exo-

thermic reaction. Compacted silicates gain strength 500-4000 times more

rapidly during carbonation than during normal hydration.73

B. Composition of Portland Cement

1. Compound Compositions

Portland cement is manufactured by heating the finely ground materials
(limestone with clay or shale) in a rotary kiln fired at approximately
1500°C to produce a partial fusion of the raw materials into a cement clin-~

ker.3’4

A portland cement clinker contains four main phases: tricalcium
silicate (C3S), beta dicalcium silicate (B-CZS)’ tricalcium aluminate (C3A)
and calcium aluminoferrite (C4AF). Regular portland cement is ground to a
surface area of 3500-4000 cm?/g. Several types of portland cement are com-
mercially available but the important item is that B—CZS and CBS constitute
70-75 wt.% of all portland cements.

B—CZS can exist in at least five polymorphic states.2 The beta phase



is not stable at room temperature without the addition of MgO or B203.
B—CZS, when stabilized, has a monoclinic crystal structure and the irreg-
ular arrangement of calcium atoms in the lattice makes B_CZS hydraulic.

Y-C,S 1s the stable phase at room temperature, has an orthorhombic struc-

2
ture and is nonhydraulic,

CBS is also metastable at room temperature but is usually stabilized
by additions of Mg0 and A1203. At least five polymorphs have been observed
for C3S and all appear to be hydraulic.2 The pure CBS used in this study

was triclinic and again, the nonuniform calcium coordination causes the
hydraulic activity. CBS has one mole of calcia which is very reactive and

the reaction of CBS with respect to hydration or carbonation is more rapid

than B-CZS'

2. Hydrated Portland Cement

The hydration products for portland cement are similar to those formed in
the hydraulic limes and in the pure calcium silicates (see Section C). During
hydration C-S-H gel and CH are formed but the relative amounts depend on the
exact compounding of portland cement and the reaction conditions, The gel is
the major strength producing component formed during hydration. The rate at
which portland cement hardens depends on the porosity of the cement which de-
creases with the degree of hydration. As hydration proceeds, the C-S-H gel
slowly develops and forms an intricate morphology which determines the volume
stability and the strength of the cement, Hydration is a slow process which

may continue up to 1 year,

3. Carbonation of Portland Cement

Both hydrated and hydrating portland cement and cement compounds have



been carbonated and the reaction rates and products evaluated. Rapid car-
bonation requires the presence of water and a threshold value of C. In
unhydrated portland cement the rate of carbonation depends on the initial
w/s ratio and the most rapid reaction occurs at w/s = 0.15 wt.%Z. The
threshold partial pressure for C was approximately 0.1 atm. Samples which
were hydrated for 28 days and then carbonated showed surface shrinkage and
cracking, while samples which were wetted, mixed and carbonated immediately
showed little shrinkage. The hydrating-carbonated samples showed good
strength gains because the carbonate filled the pore space and formed a
bonding matrix. On the other hand, the hydrated-carbonated samples showed
lower strength gains initially because the carbonation reaction destroyed
some of the hydration reaction products (C-S-H gel and CH). As carbonation
proceeded, the pore space was filled and a carbonate matrix supported the

applied loads.

C. Hydration of Calcium Silicates

Some discussion of hydration of calcium silicates is necessary for com-

parison of curing and strength mechanisms with carbonated specimens.

1. Stoichiometry
The hydration reaction of the calcium silicates is usually studied by
quantitative x-ray diffraction analysis (QXDA) but the method suffers from
experimental difficulties, Reliable values for the degree of hydration are
attained by repetition of the experiment. Approximate hydration reactions4
are shown in equations 4 and 5.
2C,S + 4H e c,S,H, + CH (4)

37273

2C3S + 6H ———ee——e CBSZHB + 3CH (5)



CSS requires mére water to react and forms more CH than B—CZS. The CH
phase contributes to strength because it fills space but the gel phase
forms the bonding matrix. Gel is quite variable in composition because
such factors as reaction time, temperature, w/s ratio and fineness in-
fluence the rate at which the gel forms, The C/S ratio stabilizes at
approximately 1.65, as determined by Brunauer and Kantro.4 The H/S ratio
is also variable but depends on the C/S ratio at all degrees of hydration.
The H/S ratio is generally more variable because B—CZS and CBS are hydrau-

lic and may incorporate different amounts of water in the gel depending

on the relative humidity surrounding the specimen.

2., Hydration Kinetics
The reaction products of normal hydration control the kinetics of hy-
dration at gll but the earliest stages because they form a barrier to dif-
fusion of water and soluble ions into and away from the reacting layer of
the calcium silicate, The rate of hydration is dependent on the tempera-
ture and the grain size of the silicate. There are several stages in the
hydration process:76
1. Initial hydrolysis of the cement grain. Soluble ions (ca?t, on~,
8104-“) build up at the reaction interface and in the capillary
water,
2, The Ca?t and OH™ levels saturate with respect to CH during the
induction period.
3. Calcium hydroxide (CH) precipitates and a gel layer forms around
the grain.

4. Water diffuses into and through the gel while Ca2+ and soluble SiO2



diffuse outward; more Ca2+ leaches from the grain and the gel
layer grows thicker; CH crystals grow in size both interdis-
persed in the gel and in the pore space; water and C continue
counterdiffusion.
5. The C/S ratio of the gel stabilizes and the gel on adjacent
grains grows together to form the final structure.
All of the steps listed for the hydration sequence may vary in duration or

may overlap for different cement components or reaction conditions.

3. Heat of Hydration

The heat of hydration is usually determined using calorimetry. Calo-
rimetry, like QXDA, presents experimental difficulties such as the effects
of initial temperature, particle size and the initial w/s ratio. B-CZS

reacts more slowly than C,S but the ratio of gel to CH is greater than CBS

3

and the B—CZS is as strong as the faster reacting C,S. Table 1 shows the

10

3
relative rate of hydration and the heat liberated during the hydration of
3
B-—CZS and C3S.
Table 1
Rate of Hydration and Heat of Hydration for B—CZS and CSS
Time (days) 0.5 1 10 30 100 300 (1007 Hyd.)
B-CZS 0.10 0.13 0.30 0.57 0.72 0.81 1.00
(100% Hyd.)
C3S 0.23 0.33 0.59 0.81 0.94 0.995 1.00
B-CZS 0.42 0.55 1.26 2.49 2,92 3.40 4.20
(Kcal/mole)
c.S 5.06 7.26 12,98 17.82 20,68 21.89 22,00

3
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4, Morphology of Hydration Products

The initial hydration products are observable only by transmission
electron microscopy (TEM) since the gel and CH particles may be 30-200 A in
size., The most common shapes for the gel are long needles which radiate
from the surface of the hydrating calcium silicate grain and a second gel
morphology which occurs as thin crumpled foils. Many intermediate morphol-
ogles have been reported by De Carvalho,77 Tiegs,78 and Grudemo79 which
may be caused by the variability of the C-5-H gel stoichiometry either
during formation of the hydrate or during TEM observation by the high in-
tensity electron beam. TEM has also been used to determine the identity of
the reaction products with selected area electron diffraction (SAED). TEM
studies have indicated that gels and freshly hydrated calcium silicate can
be accidently carbonated and the carbonates have the same appearance as the
gel or microcrystalline CH, The high reactivity of the gel and the CH may
be attributed to their high surface areas (100-450 m?/g).

Even though the carbonates and the hydrates cannot be easily distin-
guished by TEM micrographs and are initially too small to study by SAED,
some information can be determined indirectly by observing the reacted micro-
structures before and after HCl acid etching. HCl will dissolve the calcia
rich phases but does not attack the polymerized silica in the gel structure.
B_CZS tends to form a continuous gel matrix while CBS forms silica shells
around each grain and exhibits much less connectivity of the gel phase.

Additional information on the placement of the gel and CH from normally
hydrated calcium silicate was obtained through scanning electron microscope

(SEM) studies., The morphology of C-S-H gel in C3S paste and the relation-

ship of the hydration products within the microstructure was determined by
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Lawrence and Young.80 The relative stoichiometry of the gel was also eval-

uated using an energy dispersive x-ray detector with the SEM.

D. Hydration Models

The parameters controlling the hydration of calcium silicates are quite
complex but certain simplifying assumptions can be made to develop theoreti-
cal models of hydration. Zur Strassen76 made two assumptions. The first
was that diffusion through the coating of the reaction products is so rapid
that the rate is controlled by the soiid-water reaction. This is expressed
mathematically by equation 6 where x 1s the thickness of the reaction zomne
and k is the rate constant and t the reaction time,

x = kt (6)
The second assumption is that the solid-liquid reaction is so fast that the
rate is controlled by diffusion of water through the hydrated layer. If it
1s also assumed that the diffusion rate is inversely proportional to the
thickness of the reacted layer, the model can be expressed by equation 7
where x, k and t are defined similarly to equation 6.

x? = 2kt or

il

X Kel/2 N

This simple model fits the hydration data for B-CZS and C,S up to approxi-

3
mately 30 and 120 days respectively, but is not especially accurate imme-
diately after water is added and is not accurate for long times.
Berovitch76 fitted the hydration data to equation 8 where (l-0) is the
amount of unreacted material. Other symbols were previously defined.

d(l - a)/dt = k(1 - o)

—loglo(l -a) = E%%%§-+ const., (8)



Equation 8 was first order when the experimental data was plotted log

(1 - o) versus time and formed two straight line segments.76 The first
straight line was due to the induction period for hydration and the second
line which intersected the initial curve at 3-5 days was the hydration

rate equation for later stages of hydration (5-180 days). The intersection
of the two lines is indicative of the termination of the induction period
for hydration.

Thus, two hydration models, one parabolic (eq. 7) and one logarithmic
(eq. 8), have been suggested for the same reaction. Unless the reaction is
repeated a number of times, the exact kinetic mechanism is difficult to de-
termine. The largest experimental error arises from the QXDA method for
determining the degree of reaction. There are other models which fit the
hydration data better than the models previously discussed, A model pro-
posed by Jander81 was based on the following considerations:

1. Diffusion through the interface was the controlling step.

x2 = kDt (9

]

where x = diffusion layer thickness

k = rate constant
D = diffusion coefficient
t = time

2, If an irregularly shaped particle (radius r) is reacted to a
depth x, the unreacted volume is given by equation 10.
V=4/3r (r-x)? (10)
3. The unreacted volume is also given by equation 11.

V= 4/3mr3l - a) where 0 = fraction reacted Ly

Thus, combining eqs. 9-11, equation 12 is obtained.81

kD

Q- a-w/H=3

t (12)



This equation works quite well except for very short or very, long hydration
periods when the mechanism seems to deviate from simple diffusion. If the
diffusional effect is deleted from eq. 12, the hydration model describes a
reaction controlled by a decreasing volume and the rate of reaction at the
interface of the particle can be expressed by:

(1-(-o)/H" = Kyt where n = 1 (13)

Campbell82 also developed a kinetic model from studies of water-—sus-
pended calcium silicates and the data fit eq. 13.

If n = 2, the diffusional case arises, but if n > 2, complex combina-
tions of diffusion and other processes are acting simultaneously. Jander's
basic assumptions were:

(1) The sectional area of diffusion was the original surface.
(11) The thickness of the reaction zone increased with time.
(iii) Mass transfer depended only on the inward diffusion of reactant,
(iv) Volume of the products was the same as that of the reactant.
(v) Diffusion of the reactant was the slow controlling step.

Ginstling and Brounstein76 modified eq. 12 to include the thickness of
the reaction layer since for hydration the gel has lower density than the
unreacted silicate,

a-qQq

/32 2 27301 - @ - a)t/?)?® = 2pct - ;%7 (14)
o}

where C = concentration difference of the reactant across

the gel layer

[
il

portion of the reactant which diffuses outward
during the reaction

Other symbols were listed previously,

14
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The first term in eq. 14 is the same as eq. 12 and both equations fit very
well for intermediate hydration times. The second term in eq. 14 is a
cubic term which dominates the hydration rate at long times and fits the
hydration data better than eq. 12. The basic problem in applying either
eq. 12 or 14 is that both models assume that the hydration products have the
same density as the unreacted calcium silicate, which is not true. Another
problem is the fact that hydration occurs in the pore spaces and not just at
the reaction zone on the silicate grains. Finally, the reacted layer is not
smooth but has highly textured morphologies and the effects of surface area
are not addressed in these simple models,

Taplin76 formed a hydration model which considered an inner and outer
diffusion layer of different permeability and thickness and allowed for
counterdiffusion of water into the reaction zone and calcium away from the

reactive layers. The hydration model is given by:

1/pg[1 - (L - a)2/® - 2/3a) +

1/p, (z-1){1 + 2/3 (z-D)a - [1 + (z-1)a)?/?} = 255

ar (15)
(o]

where Di and D0 are the diffusion coefficients

for the inner and outer hydration product layers

]

z (vol. prod.)/(vol. react.)

(z~1)/z and is the fraction of material which

a

diffuses outward.

If one can derive or measure all of the pertinent data for Taplin's equation
(eq. 15), it gives a good fit for the portion of the hydration reaction which
is diffusion controlled.

The equations which have been developed for mass transfer controlled by
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diffusion have been subdivided into models for small segments of the hydra-
tion curve. The mass transfer models are complicated and accurate for

very short or long hydration periods.76

E. Carbonation of Calcium Silicates

1, Stoichiometry

B—CZSand C3

carbonated. If the carbonation process is controlled, reduced shrinkage

S are the maln components of portland cement and are readily

and improved hardness and strength can be attained. However, if concretes
or mortars are improperly protected, the effects of carbonation can be
damaging. A simplistic view of the action of carbon dioxide on hydraulic
calcium silicates includes eq. 16-19.

H+C = HC (16)

and 002

3 3 depending on

The ionic species coexisting with HC are H+, HCO

the local pH., Carbonation of B-CZS, CBS and gel are shown in equations
17-19, respectively,71
C,5 + (2-x)C + yH ——--m- c s+ (2-x)CC @7
C,8 + (3-x)C + yH —~—— C,SH, + (3-x)CC (18)
CSH  + (x-x')C - CrSH_y + (x~x')CC + (y-y")H

(19)

Equation 16 indicates the formation of carbonic acid which attacks un-
reacted calcium silicate grains., Calcium ions which are dissolved by HC
react with E'according to eq. 17 and 18, and carbonate 1s precipitated.
After the initial reaction in wetted samples, the gel may also be carbon-
ated as in eq. 19. Initially, the stoichiometry of the gel is approximately

that of fully hydrated gel, i.e., it has C/S ratio of 1.5-1.6 and H/S ratio
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of 3-4, but as carbonation proceeds the C/S ratio and H/S ratio drop to
approximately 0.4.71’73
Three polymorphic forms of carbonate are possible: calcite, aragonite,
and vaterite. Calcite and aragonite are generally formed in concretes and
pastes of calcium silicates. The pH of the carbonating silicate determines
which polymorph forms. A pH<8 favors the formation of vaterite and calcite
while a pH>8 tends to favor the formation of aragonite. The w/s ratio of
the calcium silicate also affects the type of carbonate formed. High w/s
ratio promotes the formation of calcite while a low w/s ratio promotes arag-
onite formation. Additionally, carbonated gel can be formed during the
early stages of carbonation of wetted calcium silicates and at any time on

64,77-79 Normally, the first carbonate

previously hydrated calcium silicates,
observed with a TEM is vaterite which gradually converts to aragonite then
calcite as long as water is present. Without water the calcite-aragonite
transformation does not occur until 400°C. Vaterite has been detected in
large quantities in well hydrated concretes and mortars.

The formation of stable carbonates depends on the reaction conditions.
Two types of calcilum silicates have been studied with respect to carbonation.
The first silicate is termed hydrating, meaning that the silicate was wetted
and immediately carbonated. The second type of silicate is termed hydrated,
meaning that the silicate has been hydrated and has formed hydration products
prior to carbonmation. The hydrating samples tend to carbonate faster than
the hydrated samples since the initial porosity is greater and there are no
hydration products to form diffusion barriers. Both hydrating and hydrated

calcium silicates require water to carbonate and the amount of liquid water

controls the type and amount of carbonate formed.
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2. Carbonation Kinetics

Early studies of carbonation of hydrated portland cement assumed that
the CH formed during hydration was attacked by C, thereby forming the car-
bonate. Calculation of the volume fraction for both hydration and carbona-
tion indicated that if CH was converted to CC there should be a 0.005% ex-
pansion of portland cement samples. Direct observation showed that there

27-30,59-63 The shrink-

was a 0,05-2.0% permanent shrinkage of the samples.
age indicated that all of the hydration products were being carbonated, not
just the CH. Experiments also indicated that the porosity of the hydrated
portland cement first increased and then decreased as the samples were car-
bonated.41 The loss of strength was due to degradation of the gel structure
which increased the porosity since the carbonate has higher density and

lower volume requirements than the gel. As carbonation of hydrated samples
continues, a carbonate matrix forms and fills pore space. Strength gains of
900 MPa (131 Ksi) are possible if the carbonation reaction of densely packed
portland cement goes to completion.83 One possible mechanism proposed for
the carbonation of hydrated calcium silicates is rapid carbonation of the
nearly amorphous CH in the gel structure followed by the reaction of high
surface area calcia in the gel and the well crystallized CH in the pore
space. Finally, the unreacted cores of calcium silicate, which are the most
inaccessible calcia compounds, react. The exact rate at which carbonation

of the silicate occurs depends on the degree of hydration, the water content
and the reaction temperature. Pastes, mortars and concretes carbonate at
different rates and to differing extents. Secondary reaction parameters are:
particle size, pressure of E; relative humidity, sample porosity and reaction

time,



If B_CZS’ C,S or portland cement is dry-pressed or allowed to hydrate

3
for a few hours, the rate of strength development is more rapid than for
hydrated samples. Anhydrous silicates carbonate faster than hydrated
samples because there is no hydration morphology to hinder diffusion of C
or H.
Several important items should be noted for carbonation of calcium
silicates:69_75
1. Water must be present for the carbonation reaction to proceed.
Humidity from the air is sufficient if it is present for long
periods of time.
2. Excessive water drastically limits the rate of carbonation
because C cannot diffuse in the gaseous phase, but must
first diffuse into a liquid filled pore system.
3. The carbonation reaction of calcium silicate requires dif-
fusion of C and water to the reaction zone and some Ca’t
ions outward into the pore space,

4, The carbonation reaction is exothermic and heat can cause
water to vaporize and the reaction to speed up due to the
temperature rise,

5. The carbonation exotherm causes self-desiccation of the cal-

cium silicate sample and can cause the reaction to slow sig-

nificantly.

3. Heat of Carbonation

One mole of B-CZS(n:CBS releases 44 or 83 Kcal, respectively, if car-

bonation goes to completion.84 Rapid flashing of liquid water can be
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observed in powdered and pelletized calcium silicates when rapid carbona-
tion occurs. Water is driven from the material during the initial stages

of carbonation and a lack of water may limit the degree of carbonation.

4, Carbonate Morphology

Three polymorphic carbonates form from the calcium silicates.85 The
first form is calcite which typically forms hexagonal or rhombohedral cry-
stallites with sharp facets. Calcite is thermodynamically stable at room

85

temperature and is usually formed between 0-35°C. The second form of

carbonate is aragonite which is orthorhombic but exists in crystallites
which are poorly shaped rhombohedrals, poorly shaped prisms and lath-like
crystals radiating from the surface of the silicate. Aragonite is gener-
ally formed from 25-100°C and is metastable at room temperature.86m88 The
third form of carbonate is vaterite which is found extensively in concretes
and mortars as amorphous areas or poorly shaped laths and is stable from
30-60°C.

Impurities may determine the polymorph which develops or the morphology

2+, Ba?t and Sr2+ tend to

88

of a particular polymorph., Cations such as K+, Pb
form aragonite while pure water or small amounts of Mg2+ form calcite.

88,89 The dif~-

Vaterite tends to form in the presence of low pH or silica,
ference in the thermodynamic stability of calcite and aragonite is only

40 cal/mole which is quite easily overcome by thermal fluctuations during
carbonation. Calcite forms predominantly in wetted silicates and aragonite
forms when the silicates are reacted relatively dry but both polymorphs may
coexist at room temperature, Whichever polymorph forms first tends to grow

during carbonat:ion.86



F. Carbonation Models

When calcium silicates are compounded with low w/s ratios (0.05-0.2),
equations 16-18 apply and the reaction proceeds until the heat of carbona-
tion drives off the free water. The rate of carbonation also depends on
the porosity and the shape of the silicate compact or particle. When cal-
clum silicates are carbonated as dispersed powders or mortars, the rate of
migration of the interface is the rate of the reaction. MIcKewan90 studied

the effect of particle shape and described the model by equation 20.

rdf = kt (20)
where r = av. radius of a particle
d = density of the particle
f = fractional penetration of the interface into
the particle
k = rate constant
t = time

The fraction of material reacted is described by:

a=1

_{a-p E:;f) (b-f)] (21)

where a and b are the ratio of any two sides of a

particle to the third side.

If a particle or a dense compact of particles is cubic, spherical or cylin-
drical with an aspect ratio of 1.0, eq. 21 reduces to:

o =1- (1-f)? (22)

By combining eq. 20 and 22 yields:

rd (1 - (1-0)!/3) = Kkt (23)

21



If one divides through by d (density) and incorporates d in the rate con-
stant, k, the equation reduces to eq. 13 with n = 1, which is a model for
contracting volume without diffusion. The rate constant can be determined
by plotting (1 - (l—a)l/s) versus log t and calculating the slope. If the
slope is approximately 1.0 the model is contracting volume while if the

slope is 2,0 the model is contracting volume with diffusion.

22

Generally, kinetic models for carbonation of hydrated portland cement,43

pastes and concretes have been determined to follow equation 24,

t = ax? (24)
where t = time
a = constant
x = depth of carbonation

Occasionally, an induction period is observed for carbonation and is modeled
by:43

t=t + ax? (25)
where t, = induction period

Most concretes and mortars are subjected to a concentration of C which is
0.03% by volume. An induction period has been reported for carbonation of
calcium silicates at low partial pressures of C.

The depth of carbonation is usually determined by staining the reacted
mortars or concretes with phenolphthalein which is colorless below a pH of

8.5, where the majority of the carbonate is sited, and pink at pH values

above 8,5, which is common in the areas where the calcium silicates have not

reacted. This testing method indicates a zone of carbonate reaction where

the average pH is below 8.5. The actual depth of carbonation is greater
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than the value obtained with phenolphthalein, therefore the models derived
using this method are not completely accurate.27 Carbonation for infinite
slabs of concrete or mortar did exhibit parabolic dependency (eq. 24, 25)
but the reaction constant (a) varied substantially depending on the porosity
of the sample. QXDA and wet chemical methods are more accurate means of de-
termining the depth or degree of carbonation.

The data obtained by carbonating cubes and spheres 1is quite different
than that obtained on flat concrete walls. The model for a flat surface
reduces to:

rdx = kt (26)

where r = radius or length of a side

b
(]

reaction depth

.
]

density

=~
]

rate constant

time

T
il

This is the form of eq. 21 when a and b are small, i.e., 1/20 or less. The
effects of diffusion can be introduced into the model by squaring the left

side of eq. 26.

(rdx)? = kt or
xz = (rkat)z (27)

Equation 27 is similar to eq. 9 and 24 but now the effect of particle size
is obvious.
Finally, therate of carbonation of a pressed calcium silicate pellet is

different from a dispersed powder because the diffusion and permeability



are very different. The final carbonation model is based on diffusion of

C or water being the controlling step.46

The diffusional reaction of C is given by:

x? kt (28)
e
2. The rate of C diffusion is:
N === (29)

3. Rate of reaction then is:

dt ~CTd ~ Cax (30
o o
4, From eq, 1 and 3
_ 2DAC
k = Cod (31)

where carbonation is assumed to occur at the reaction boundary and the

diffusion and counterdiffusion or ionic species is an operative mechanism.

5. Diffu-fon coefficient for C is given by:
- . 1.75
Dy = (@) * (T/T) (32)
6. Definitions for eq, 28-33
D = diffusion coefficient

o
AP

pressure difference
Co = maximum fixed C or H
d = density of specimen
T = temperature
R = gas constant
€ = porosity
k, = carbonation rate (theoretical)
k = rate constant

7. k= kt/f where £ = tortuosity = €AP (33)
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8. The final equation for carbonation of a porous body is given

by:46

2D eApPTo°75
_ o]

kt - 273"’5Rcod (34)

This carbonation model assumes linear concentration gradients for
C and water which holds only for low concentrations of water or C
(0.1 by volume). Equation 34 predicts the reaction depth of carbonate

of concretes or mortars when exposed to atmospheric'a.

G. Objectives

The carbonation of well hydrated portland cement, pastes, mortars, and
concretes has been thoroughly studied and is reasonably well understood.
The carbonation of hydrating portland cement or its constituents is not
yet fully characterized.

A systematic study of the factors which control the reaction kinetics
during the carbonation of B-CZS and CBS was the main goal of this research.
The study of the effect of C on B-CZSand CBS,which are hydraulic, is part
of a larger project which includes the investigation of nonhydraulic
Y—CZS and CS.

The specific objectives of this study were to:

1. Determine the reaction kinetics of the carbonation
of hydrating B-CZS and CSS'

2, Characterize the reaction products for the carbonation

reaction of hydrated or hydrating B—CZS, C,S and an

3

equimolar mixture of B—CZS and C,S.

3



3.

Characterize the effects of the reaction parameters on
the reaction product morphology and stoichiometry for
the appropriate calcium silicate systems.

Determine the effects of the reaction parameters on the
compressive strength and tensile strength of the reacted

calcium silicates, initially pressed as pellets.
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II. EXPERIMENTAL PROCEDURE

A. Preparation of Calcium Silicates

B-CZS is not stable at room temperature without the incorporation of

special trace oxides such as A1203, MgO, and BZO Malinckrodt analyti-

3°
cal reagent grade Ca0, silicic acid and stabilizing oxides were batched

and placed in a Lucite (E.I. DuPont) plastic ball mill with 5-6 dense al-
umina balls and 2 liters of distilled water, The slurry was mixed for 12
hours, poured into plastic trays and dried at 60°C for 48 hours. The dried
slurry was forced through a 100 mesh nylon screen and formed into 12.7 x
25,4 mm x 152.4 mm bars at a pressure of 5.5 MPa (0.8 Ksi) on a 50 ton
Denison press (Denison Eng. Div. American Brake Shoe Co., Columbus, Ohio).

The bars were placed on thin bars of pressed B-C_S to prevent refractory

2
contamination, sintered in a gas-fired Remmey kiln (Richard C. Remmey &
Sons Co., Philadelphia, PA) at 1500°C for 12 hours, and then immediately
air quenched.

The fired bars were then passed sequentially through a jaw crusher
(Braun Chipmunk, BICO Inc., Burbank, CA) and a disk pulverizer (BICO, Inc.)
which reduced the material to -~100 mesh. Further grinding of the B—CZS to

3850 cm?/g was achieved by ball milling in porcelain mills. A Spex vibra-

27

tory mixer (Spex Inc., Scotch Plains, NJ) was used to reduce the fineness of

the B-C,S still further from 3850 cm?/g to 5300 and 6300 cm?/g. The C,S,
which was supplied by the Portland Cement Association (PCA) in Skokie, IL,
was similarly reduced from -100 mesh to 3900 ecm2/g by ball milling and to
5400 and 6280 cm?/g by vibratory milling. All of the calcium silicates
with surface areas greater than 4000 cm?/g were stored in glass jars which

were purged with dry nitrogen.
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The B-CZS and C.S used in this study were analyzed for crystalline phase

3
and possible impurities by x-ray diffraction. No unreacted material was de-
tected and the diffraction patterns for B-CZS and CBS matched the ASTM Pow-
der Diffraction F11e85 cards 9-35la, 9-352. The phase identification was
conducted on a Norelco Philips diffractometer (Philips Electronic Instru-
ments, Mount Vernon, NY) using CuKu radiation. The batch composition of

the B-C,S and the theoretical and final composition of B-CZS and C3S are

2
listed in Table 2, The chemical analyses were performed by the Canada Ce-
ment Lafarge Research Laboratories in Belleville, Ontario, by the courtesy

of Mr, P, S. Grinrod.

Table 2
Oxide Composition of B-CZS and CBS

B-CZS B—CZS B-CZS C3S 033

batch fired theoretical purchased theoretical
Ca0 65.91 64.06 65.1 72,05 73.7
Sio2 33.44 33.28 34.9 25,70 26.3
A1203 0.11 0.12 —— - —_—
Mg0 0.04 0.48 —_—— 0.64 —_—
B203 0.50 0.44 ———— - ——
Ignition
loss plus 1.14 ——— 1.04 ——
miscellaneous
oxides (Fe203) 0.14

Total 100.00 99.52 100.0 99.57 100.0
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B. Preparation and Carbonation of Samples

l. Dry Powders

The B-CZS and C,S were weighed into clean glass petri dishes and set

3
into one of two reactors. One reactor consisted of a set of five, 11 liter
vacuum desiccators, while the second was a double-walled polyethylene glove
bag having a volume of approximately 45 liters. The general setup is shown
in Figure la. The glove bag was used for short term testing and the glass
desiccators for long term testing. All of the carbonation reactions were

stopped on removal from the reactor by adding 5 ml of acetone and flash

drying at 105°C. The dried samples were stored in 20 ml glass vials.

2, Wet Powders

Dry calcium silicate powder was weighed into a petri dish and water was
added to form pastes with w/s ratios of 0.025-0.4 wt.%Z and 10% excess water
was added to compensate for evaporative losses. Each sample was hand-mixed
for 3 minutes and the samples weighed to assure proper water content. The
sample was then placed into one of the carbonation reactors. As before,
most of the samples were removed from the reactor and treated with acetone.
Some of the samples were not flash dried so that the noncombined water con-
tent (Wn) could be determined. The amount of noncombined water is deter-

mined by the equation below:

Wt. after reaction - Wt, at 105°C
v Wt. at 105°C (35)

3. Dry Pellets
Dry calcium silicate powder was milled to the proper fineness, 3850 and

3900 cm?/g as determined by the Blaine Method (ASTM C-204-55), and compacted
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using an 8 ton Denison hydraulic press. It was necessary to double press
the dry samples to form long specimens and to prevent pressure delamina-
tions. The first pressing operation was carried out at 3.4 MPa (0.5 Ksi).
The pellets were granulated to -40 mesh and repressed at 21 MPa (3 Ksi)

and stored in a desiccator until reacted or tested for strength. The pel-
lets were formed in two sizes (7.9 mm and 12.7 mm in diameter). The height

of the specimens depended on the testing which was to be performed.

4, Wet Pellets

The B—CZS and 03

relative to the desired w/s ratio. The wetted powder was pressed using an

S powders were mixed by hand with 6 wt.Z excess water

8 ton Denison hydraulic press. Only a single pressing operation at 21 MPa
(3 Ksi) was necessary with the wet powders. The water content of the pres-
sed pellets was determined by welghing the pellet as formed, burning-out

the sample at 1000°C for 1 hour and reweighing the sample. The water loss

on ignition was calculated using the following formula:
LOI = (wt. room temp. - wt. 1000°C)/(wt. 1000°C) (36)

The same method was used to determine the amount of atmospheric contamina-
tion of the dry calcium silicate powders. Some of the pellets were carbon-
ated immediately and were designated hydrating carbonated samples. Other
samples were hydrated to 25-507 of theoretical in a saturated solution of
CH and distilled water. The equations used to determine the degree of hy-
dration are:

o - (-]
wt. 105°C -~ wt. 1000°C (37)

"C,S T T wt. 1000°C (0.2091)

% Hyd
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c3s T wt. 1000°C (0.2366)

% Hyd,

If the hydrated samples were later carbonated, the sample type was de-
signated as hydrated-carbonated calcium silicates,

The porosity of the wet pellets was determined by vacuum saturating
the pellet, weighing the sample wet, then drying the sample at 105°C for
4 hours and reweighing the sample. The formula for determining the poro-

sity 1is:

(Wt. saturated - wt. dried) (lg/cm®) (39)

% Porosity = oo = . (dry dimensions) cm?

5. Carbonation Method

Figure 2 shows the carbonation equipment. The procedure involves
evacuating the desiccators and reintroducing C and air which have been con-
ditioned to the proper relative humidity. The fractions of C and air were
monitored using a mercury manostat since the pressure of each gas was pro-
portional to its volume fraction., If the carbonation reaction was to con-
tinue for extended testing, the desiccators were connected in series to
form a larger volume of conditioned gas in order to avoid appreciable
change in RU' The specimens were placed into the desiccators of the glove
bag through a double~sealed portal which isolated the reaction gas from the
laboratory atmosphere. The partial pressure of E'(PEQ was varied from

0 . 0003_10 0 atm-

6. Relative Humidity (RH)
The C and air were conditioned to the proper relative humidity using
saturated salt solutions to equilibrate the water vapor. When long term

testing was necessary, the bottom of the desiccator was filled with the
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appropriate solution (Table 3). When the glove bag, or a desiccator, was
filled for short term testing, two 1000 ml bubbler flasks were connected

in series and the dry C was introduced at a rate of 2 &/min, Dry'E

(Union Carbide-High Purity) from a tank was not used since it had a tested
dew point of -42°C which severely desiccated the reacting calcium silicates.
All of the relative humidity conditions were checked with an Alnow Dew

Pointer (Illinois Testing Laboratories, Chicago, IL).

Table 3
Constant Humidity Saturated Salt Solutions

Salt ZRH
H.PO, 310 9.0
2774 272 '
Mg012'6H20 33.0
Na20r207-2H20 55.0
NH301 79.5
H,0 100.0

2

C. Experimental Methods

1. Specific Gravity Determination

Unreacted B-CZS and 03

using water or benzene as the liquid medium, The vials were washed with

S were analyzed with a constant volume pycnometer

methyl alcohol, then dried at 105°C and stored in a desiccator until needed.
The vials were packed 757 full with material passing 100 mesh (147 um) and

weighed again. Liquid was added to within 5 mm of the top of the vials and



the filled pycnometer vials outgased in a vacuum desiccator at 30 torr for
2 hours. The vials were filled to the prescribed mark and weighed again.
The specific gravity was calculated using the formula listed below and

all determinations were run in triplicate.

Sp. Gr'==[Wt. liquid 3§Zp¥§ée§iigizuid density] glem®  (40)
by the powder at T°C

2. Surface Area Determination

The surface area of the milled powders was determined using the Blaine
air permeability method.91 Three grams of freshly milled calcium silicate
were placed in the apparatus and a vacuum developed across the sample,
The time for the pressure differential across the specimen to approach
equilibrium was recorded and compared to standard calcium silicates with
known surface areas. The equation used to determine Blaine surface area
was

1294. x vtime (sec)

_ rl
Surface area = density of the powder cu” /g (41)

The second method for determination of surface area of carbonated

samples (dried at 105°C) was the B.E.T. molecular adsorption technique.

A static measurement of the surface area using water as the adsorbed ma-
terial was conducted using a gravimetric technique in which the sample
was welghed as the relative humidity over the sample was varied by chang-
ing the concentration of the sulphuric acid-water solution. A dynamic
B.E.T. study was conducted using nitrogen N2 as the adsorbate. The test-
ing was carried out on a Quantasorb apparatus (Quantachrome Corp., Green-

val, New York) by mixing the N, with He to obtain controlled concentra-

2
tions of N2 in the gas stream, The water B.E.T. method always gives
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higher indicated surface areas than the N2 method. It has been suggested
that nitrogen will not diffuse into all of the pores and capillary space

that 1s accessible to water.

3. Thermogravimetric Analysis (TGA)

TGA was used to evaluate the relative rate and amount of volatiles lost
during heating of reacted calcium silicates. A DuPont Model 900 Thermal
Analyzer and a Model 950 Thermogravimetric Analyzer (E.I. Du Pont de Ne-
mours & Co., Inc., Instrument Products Division, Wilmington, Delaware) were
used for this study. A 100 mg sample of reacted calcium silicate which had
been dried at 105°C for 6 hours was used as the standard sample size., Oxy-
gen was bubbled through the apparatus at a flow rate of 0.05 £ft3/min during
the runs and a constant heating rate of 10°C/min was used. The sensitivity
of the instrumentation was as high as 4 mg/inch on the weight vs. tempera-
ture plots., The TGA data were used to develop the constant temperature

pyrolysis technique.

4., Mass Spectrometer (MS)

A constant field MS (AEL, Model MS10) was used to determine the atomic
welght of the gases evolved during the decomposition of the carbonated cal-
clum silicates. The sample and test conditions were identical to those
used for the TGA data and direct comparisons could be made. The MS was set
for a mass/charge (m/e) of 18 for water and 44 for carbon dioxide. The
rate of evolution of H or C was plotted as a function of temperature from
room temperature to 1000°C, The m/e calibration was set before the first
run and held constant throughout the series of MS runs, MS data were also

used to develop the constant temperature pyrolysis method.
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5. Constant Temperature Pyrolysis

All of the reacted calcium silicates which required stoichiometry de-
terminations were dried at 105°C for 6 hours and weighed. The samples were
then placed in dense 92% alumina crucibles and heated for 4 hours at 350°C,
cooled and weighed again. The weight change between 105°C and 350°C repre-
sented the combined water. The samples were heated again to 1000°C and
weighed. The weight difference from 350-1000°C was due to combined C.
These data (combined H and E) were used to calculate the gel stoichiometry.
Up to 40 samples were run at a timej the furnace had a temperature gradient
of *4°C over the array of crucibles. Typical sample weight was 1.0 g and
all of the constant temperature pyrolysis specimens were run in duplicate.
All weighings were carried out on an electronic Right-A-Weigh balance

(William Ainsworth & Sons, Denver, CO) with a precision of #0,0002 g,

6. Strength Testing

Two testing machines were used in this study. The first was an Instron
testing machine (Instron Corp., Canton, MS) which had a load capacity of
200 kg, The Instron was used for unreacted and short term carbonated samples.
The second device was made by Tinius Olsen Testing Machine Co. (Willow Grove,
PA) and had a maximum load capability of 13,600 kg. The normal loading rate
used on both machines was 200 kg/min. All of the compression specimens were
polished plane parallel where necessary, before they were reacted or tested.
The normal compression specimen had aspect ratios of 2,0 while the diametral
compression specimens had aspect ratios of 1.0. Each of the strength tests
was run with five specimens and the average of the three highest strength

values was recorded.



7. X-ray Diffraction Analysis
a. Sample Preparation

Powdered, reacted materials were ground to 5 um in a Spex mixer,
Pelletized silicates were either ground to the same fineness or polished
parallel to the cleavage plane for the diametral compression specimens with
400 grit SiC abrasive. Initial phase identification of the powders was
conducted using the 5 Ym material. When quantitative amounts of the phases
were required, 0.25 g of TiO2 (anatase) was added to 1 g of reacted, pow-
dered calcium silicate and the relative amount of calcium silicate or car-
bonate determined by an internal standard x-ray technique. All of the pow-
dered samples were dried at 105°C for 4 hours prior to being x-rayed and
were stored in glass vials before and after testing. Pelletized samples

were also dried and stored in plastic vials in a desiccator until needed,

b. Specimen Mounting
One x-~ray specimen holder consisted of an aluminum plate 30 mm x

30 mm x 0,3 mm with a 21 mm x 9.5 mm x 1 mm groove milled into the top sur-
face and was used to hold powder for qualitative phase analysis. A glass
slide was placed over the groove, taped in place, then powder was packed
into the slot between the glass slide and the bottom of the groove. This
method minimized preferred orientation of the powders. The slide was re-
moved and the sample run on a diffractometer.

A second x~ray sample holder consisted of an aluminum plate 30 mm x
30 mm x 1.5 mm which had a rectangular window machined into the plate
(Figure 1b). Fractured and polished diametral compression specimens were

mounted in the window and held in place with modeling clay applied to the
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bottom of the sample. A piece of lead foil 0.5 mm thick with a 1 mm verti-
cal slit was fastened to the edge of the holder to collimate the x-ray beam
and form a 1 mm beam at the centerline of the holder. The composition and
the relative amounts of selected phases were determined as a function of
position by moving the specimen relative to the scribed centerline mark on
the holder. The polished sample was aligned with the top surface of the
holder by forcing the pellet against a glass slide which was taped over the

top surface of the holder.

¢c. Qualitative Phase Identification
Two North American Philips Norelco X-ray Diffractometers (Philips

Electronics and Pharmaceutical Industries Corp., Mount Vernon, NY) were
used to determine the phases of the unreacted calcium silicates and the re-
action products of carbonation, using Cu Ka radiation. One diffractometer
was equipped with a graphite crystal monochromator which allowed the use of
the Cu x~ray spectrum without a Ni filter thus allowing a higher intensity
beam to reach the specimen and greater accuracy. The phase identification
was conducted at a scanning speed of 1°26/min with a tube voltage and cur-
rent of 25 Kv and 10 ma, respectively. The angular range of scanning for
phase identification was 10-70°, 20. The rate meter was set at 500 counts
per second (CPS) full scale, The reacted and unreacted phases were identi-

fied through use of the ASTM Powder Diffraction File.85

d. Quantitative X-ray Diffraction Analysis (QXDA)
The extent of the reaction in the carbonated samples and the amount
of carbonates was determined using QXDA. The diffraction peaks for the car-

bonates and the calcium silicates are given in Table 4. These peaks were



Table 4
List of Diffracting Planes Analyzed by QXDA Methods
(Ref. 85)
Phase 20 Value d Diffracting Plane

(4) (hk1) 1/T

B-C,S 31.04 2.878 121 8
32.00, 32,11 2.794, 2.785%  D(104, 122) (100)

32.56 2,748* D(202) (1.00)

34.35 2.608 212 20

41,20 2.189 031 21

C,S 29.53, 30.20 3.022, 2.957 021, 202 (44, 13)
32,22 2.776% D(009) (100)

32.77 2.730* D(024) (100)

34,44 2.602 205 52

41,28 2.185 208 33

CaCo, 29,40 3.035 104 100
(calcite) 35,96 2.495 110 14
39.40 2.285 113 18

43.14 2.095 202 18

CaC0, 26,24 3.396 111 100
(aragonite) 27.25 3.273 021 52
36.20 2.481 200 33

37.93 2.372 112 38

CaCo, 24,85 3.580 110 100
(vaterite) 27.00 3.300 111 100
43.94 2.059 300 100

Ti0, 25,35 3.510 101 100
(anatase) 37.78 2.379 004 22
48.07 1.891 200 33

*
The total area of the doublet was used for the reference peak,
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scanned at'% or %PZGImin and each sample was run in triplicate. The QXDA
analysis was conducted on a second diffractometer which was equipped with
a fine-focus Cu x-ray tube which was run with a Ni filter at 36 Kv and 14 ma.

The rate meter was run at 1000 CPS.

(1) 1Internal Standard Method

The amount of unreacted calcium silicates was determined by mixing
0.25 g of Ti0, (anatase) with 1.0 g of reacted dried calcium silicate. A
calibration curve was determined for weighed mixtures of B-CZS and CBS with
calcium carbonate using TiO2 as the internal standard. The relative in-
tensity under selected diffraction peaks was evaluated for the B—CZS, CSS’
calcite and aragonite and compared to TiOz. Separate calibration curves
were made for the weight fractions of calcium silicates and the weight
fractions of carbonate. Most reacted samples were evaluated by internal
standard QXDA and compared directly with the calibration curve to determine
the amount of unreacted silicate or the amount of carbonate formed. The
relative areas for the diffraction peaks were determined with a K&E compen-
sation polar planimeter (Keuffel & Esser Co., Chicago, IL). The background
intensity of the diffraction peaks was determined visually. Various car-
bonate peaks interfere with the calcium silicate peaks and visual extrapola-
tion or mathematical deconvolution of the mixed silicate-carbonate peaks was
necessary. Visual extrapolation consisted of finding one portion of the
silicate peak of interest which was not affected by the carbonates or hy-
drates and drawing a symmetrical peak for the silicate using the unencumbered

side of the silicate peak as a template. Many silicate peaks were over-—

whelmed by the carbonate formation and the spectra of the calcium silicate
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was analyzed for the relative I/Io values for five selected peaks. The
carbonates do not interfere with all of the silicate peaks, so that when
carbonation occurs, the unencumbered silicate peaks can be used to give a
specific area under the diffraction peak. The mixed silicate~carbonate
peaks can thus be analyzed by mathematically evaluating the area attri-
buted to the silicate predicted from the ratios of jintensities of the other
silicate peaks. The silicate peaks can then be subtracted from the mixed
total and the remaining CC compared to the calibration curve for the car-
bonation weight fraction. Both the -amount of unreacted calcium silicate
remaining and the amount of carbonate formed can be crosschecked using this
method. Each sample of reacted cement was run twice and each trace was

evaluated with the polar planimeter three times.

(2) External Standard Method

Calcium silicate samples which were carbonated directly in the x-ray
holder, or pellets which had been carbonated, fractured and polished, could
not be mixed with an internal standard (such as Ti02) to determine the rela-
tive amounts of unreacted silicate or formed carbonate. Unreacted calcium
silicate powder was run immediately prior to the diffraction run on the re-
acted sample to eliminate variation in the x-ray flux. If powders were being
analyzed, then powdered silicate standards were used and if pellets were
being x~-rayed, standard pellets were run. The external standard method was
not as accurate as the internal standard method because the ratio of calcium
silicate to carbonate depended on the degree of reaction. As the area under
the carbonate peak approached zero, the ratio of silicate to carbonate ap-

proached infinity. The early reaction times, where the silicate is only
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slightly ceacted, were evaluated by directly comparing the silicate peak
to unreacted calcium silicate, Direct comparison was used for very long
reaction times and crosschecked with TGA and external standard data ob-
tained by the ratio of silicate and carbonate. This external standard
method allowed carbonated powders or pellets to be analyzed for relative

composition as a function of position,

8. Scanning Electron Microscopy (SEM)

The specimens examined with the SEM included reacted and unreacted
powders and pellets of B—CZS and C3S. The fractured and polished surfaces
of the reacted calcium silicates were studied.

Photomicrographs of selected specimens were obtained using a JEOL
JSM~U3 microscope (Japan Electron Optics Laboratory Co., LTID, Medford, MS).
The samples were glued to 12,5 mm diameter aluminum stubs with a mixture of
Duco Plastic Cement (E.I. Du Pont) and Dag #154 colloidal graphite suspen-
sion (Acheson Colloids Co., Port Huron, MI). The specimens were dried for
4 hours at 70°C after the glue was applied and stored in a desiccator until
required, The calcium silicate samples were sputter coated with gold ap-
proximately 250 R thick. Additional information on the reaction products
was obtained by using an Ortec nondispersive x-ray analyzer on the U3 micro-
scope (Nuclear Diodes, Inc., Prairie View, IL). The relative amounts of Ca
and 81 could be determined directly at selected areas of the reacted B—CZS
or CBS' Reaction products could be evaluated to determine if the particle

was gel or carbonate since the carbonates contained no silicon.
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IIT. RESULTS

A. Reaction Rate Kinetics

1. QXDA Internal Standard Method

The amount of unreacted calcium silicate and the amount of calcium car-
bonate formed during the carbonation reaction was monitored by QXDA. Figure
2 shows the calibration curves for the calcium silicates and Figure 3 shows
the calibration curves for the predominant carbonate phases (calcite and
aragonite). Each data point on the calibration curves was an average of ten
separate diffraction runs. The calibration curves for the calcium silicates
and the carbonates were linear and the error of the QXDA method was approxi-

mately *3%,

2. QXDA External Standard Method

The amount of unreacted calcium silicate and the amount of calcium car-
bonate formed during the reaction were evaluated by comparison to an external
standard. Four calibration curves were derived from the internal standard
curves (Figures 4 and 5), since both the calcium silicates and the carbonates
were evaluated with respect to a constant amount of T102. Unreacted pow-
dered or pelletized calcium silicates were run immediately preceding each
external standard run so that the x-ray spectra could be directly compared
and the short term degree of reaction determined. Since both calcium sili-
cates and carbonates were present in the initial internal standard mixtures,
any amount of diluting materials could be added without affecting the ratio
of the peak areas of the silicate and the carbonate; thus, the formation of
either C-S-H or S-H gels was not an experimental difficulty. The external

standard method was not as accurate as the internal QXDA method especially
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at low degrees of reaction where the calcium silicate/carbonate ratio ap-
proached infinity. The weight percent carbonate was always cross checked
against the TGA weight loss associated with carbonate decomposition. The
nominal accuracy for the external standard method was 5 wt.Z.

A completely external standard technique which measured the peak area
of the calcium silicate or the carbonate directly was attempted but the in-
fluence of the secondary reaction products such as gel and various forms of

carbonate limited accuracy to *10 wt.Z.

3. Dry Calcium Silicate Powders

Dry powders were the easiest materials to work with and showed the
greatest reproducibility with respect to reaction rate because the sili-
cates received all of the reactants (E & H) from the vapor phase, which was
carefully controlled. Figures 6 and 7 show the degree of reaction of B—CZS
powders with different Blaine finenesses. All B-CZS powders showed in-
creased reactivity with increased temperature and increased surface area.

The same behavior was noted for C,S powders (Figures 8 and 9). Gener-

3

ally, the C_ S reacted faster than the B-CZS dry powders with similar surface

3

area.

4, Wet Calcium Silicate Powders

Figures 10-12 show the reaction behavior of B—CZS with initial w/s
ratios of 0.05, 0.1, and 0.2 wt.% of the dry B-CZS and varying PE and RH.
The 0.1 w/s ratio gave the greatest degree of reaction for B—CZS. An in-
duction period for carbonation of 1-2 minutes was visually observed. The
reaction was quite rapid from 2-15 minutes, but then slowed down appreci-

ably. The initial rate of carbonation and the final degree of reaction were
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substantially higher for the wet calcium silicates than for the anhydrous
samples. The shape of the reaction curves vs. time for the wet and dry
carbonation runs were similar but not identical. Figure 13 shows the re-

sults for carbonated C3S powder with w/s ratios of 0.1, 0.15, and 0.2,

The 0.15 w/s ratio gave the greatest degree of reaction for C,S and, again,

3

CBS reacted faster than B—CZS under identical conditions.

5. Dry Pellets
The dry calcium silicate pellets reacted in a manner similar to the dry
powders but the degree of reaction depends on the composition, shape and
porosity of the pellet. For example, pellets with an aspect ratio of 2 car-
bonated faster than those with an aspect ratio of 1. Figure 14 shows the
degree of reaction of the silicate in the pellet as a function of position
across the diameter (aspect ratio of 1). B-C

S, C,S and an equimolar mix~-

2 3

28 and css were evaluated., All of the samples had a thin layer

of 40-100% pure carbonate on the surface which was predominantly aragonite.

ture of B-C

The sample was moved as explained in Sect. II-7 and the reaction gradient

was determined. The reaction gradients for the anhydrous silicates were
relatively flat throughout the central portion of the samples. Long reaction
times formed flat reaction gradients and produced 30-50% complete reaction

of the pellets.

6. Wet Pellets

Wet pelletized silicates showed greater variation in the central part of
the samples than the dry samples (Figure 14). At early times the minimum
reaction occurred in the center of the specimen (6.25 mm), but the reaction

gradient leveled out across the wet specimens with time. The wet B-CZS,
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CBS’ and B—CZS/CBS pellets all reacted to a greater extent than their dry

counterparts. The maximum percent reacted for the wet pellets was expe-

rienced in the CBS pellet which was 90% reacted at 96 hours. Generally the

C3S reacted the fastest, then the B_CZS/CBS mixture, and finally the B—CZS.

7. Rate of Hydration
The hydration rate for pressed pellets of B-CZS, C3S and B—CZS/C3S is

shown in Figure 15, The rate of hydration of B—CZS and C_,S compared favor-

2,3

3

ably with other hydration studies. The hydration rate of the equimolar

S and C,S.

mixture fell between the hydration rates of B—Cz 3

8. Carbonate Formation

The degree of carbonate formation is shown in Figures 16-18., The dry
powders form calcium carbonate as soon as the calcium silicates are wetted
by atmospheric humidity or by condensed liquid water and as soon as the C
content reaches a threshold value. After a short induction period (0-2
minutes), the carbonate begins to form and the rate at which CE'appears co-
incides with the disappearance of the calcium silicate. Theoretically,
1 mole nf B—CZS can form 2 moles of CC while 1 mole of CBS forms 3 moles
of CE, according to Eq. 42.

c .S+ nC + H + nCC + S-H (42)

The theoretical formation of calcium carbonate is shown in Figures i6-18,
where the limits are given as the g theoretical carbonate/g calcium sili-
cate. The values are 1,162 and 1.315 g CC/g calcium silicate for B—CZS
and C,S, respectively., Thus it can be seen that the deviation from the

3
theoretical lines in Figures 16-18 is an indication of the amount of gel
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formed. The dry powders form little gel and form carbonate immediately
upon the reaction of the silicate (Figure 16).

However, when the wet powders were carbonated (Figures 17 and 18), the
deviation from the theoretical carbonate line was quite pronounced, es-
pecially at early times. A large amount of gel formed initially in the
wetted powders which were carbonated but after 2 hours the amount of car-
bonate approached the theoretical limit indicating that the gel itself was
carbonated. Higher w/s ratios (0.1 and 0.2 for B—CZS, and 0,15 for C3S)
deviated significantly from the carbonate limit while the lower w/s ratios
approached the dry (0 w/s) condition and the theoretical line, Figure 17

shows a reaction envelope for various w/s ratios.

9. Water/Solids (w/s) Ratio

The effect of w/s ratio on the wet B—CZS and C.S is shown in Figure 19,

3

The degree of reaction is maximized at 0.125 and 0.16 for B-C28 and C,S,

3
respectively, and w/s values higher or lower than the optimum value cause a
decrease in the reaction rate for both calcium silicates. Although the

curves in Figure 19 have maxima, they are not symmetrical and reaction rate

drops faster at low w/s ratios than at high w/s ratios.

10. Relative Humidity (RH)
The effect of RH on the degree of reaction is shown in Figure 20, The

wet samples of B-CZS and C_S react more rapidly than the dry samples. The

3
wet samples showed approximately linear dependency on the relative humidity

from 0-55% but virtually no effect from 55-100% RH., The dry B—CZS and CBS

reacted less than the wet samples but showed a continuous increase in re-

activity with increased RH from 0-80%,
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11. Partial Pressure of E'(PE)

Figure 21 shows the effect of PE from 0.025-1.0 atm on the degree of

reaction of calcium silicates. The dry samples showed a breakpoint value
of 0.125 atm for rapid reaction and a slow rate of increase in the rate of

carbonation. The wet B-CZS and C3

PE’ A threshold value of 0,025-0,05 atm was observed in all samples, below

S also showed a two-step dependence on

which no appreciable reaction occurred. Subsequently, the degree of reac-
tion increased rapidly from 0.025 or 0.05 to 0.15 atm C followed by a slower
reaction at PE values from 0.15 to 1.0 atm. The second portion of the car-

bonation curve was shallower for the higher PE'

B. Determination of Stoichiometry

1. Mass Spectrometer-Thermogravimetric Analysis (MS-TGA)

Two separate tests were conducted on selected calcium silicate pastes
and reacted dry powders to determine when H and C were lost from the samples
during heating. All MS and TGA specimens were dried at 105°C for 6 hours
and showed no weight loss or evolved water at temperatures below 105°C (Fig-
ure 22a&b). Water was driven from the samples from 105° to 350°C. The
samples with shorter reaction times had more water as shown in the MS data
and the water peak shifts to slightly higher temperatures and broadens with
longer reaction times. The C was driven from the samples at 350°-1000°C and
the longer reaction times shifted the C to higher temperatures. Shifting of
the water and C peaks to higher temperatures is an indication of increased
crystallinity., The areas under the water and E'peaks are an indication of
the amount of material which was lost at a given temperature., Generally, the
water decreased and the C increased as the samples were carbonated for longer

times.
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Samples which were hydrated then carbonated as shown in Figure 22a&b by
the dashed line were included to show the interference of the hydration pro-
ducts (CH and C~S-H gel) compared to the sharp water and C delineation which
is possible with the dry carbonmated samples. Since the water and C could
only be separated for the dry powders, only these samples were used in the
constant temperature pyrolysis procedure. No wetted calecium silicate pow-

ders were evaluated for stoichiometry using MS-TGA methods.

2. Stoichiometry

The C/S and H/S ratios for reacted dry B—CZS and CBS powders are shown
in Figures 23 and 24. The initial C/S ratios approximate to the C/S ratios
of the anhydrous calcium silicates; i.e., 2.0 and 3.0 for B-CZS and CSS’
respectively, However, the C/S ratios dropped rapidly as carbonation pro-
ceeded, to about 0.4 at 407 reaction, then more slowly toward zero as the
reaction approached 100%. The H/S ratios similarly dropped from 3-4 ini~
tially, toward zero as the reaction approached 100%. Analogous behavior
was noted for the C/S and H/S values for wet powdered B-CZS and CBS’ but
only a limited amount of testing was conducted due to uncertainty in the
exact temperature where the H and C decomposed from the reacted silicates.
The wet powders had scatter in C/S and H/S ratios, especially H/S ratios.
Figure 25 shows the C/S data for a set of w/s ratios on carbonated B-CZS.
The decrease in the C/S as the carbonation reaction continued is similar to
the dry B—CZS which was carbonated. Only the wet powders formed an ap~

preciable amount of gel which subsequently was carbonated.
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C. Properties of Reaction Products

1. Surface Area Determination

The surface area of the anhydrous calcium silicates used in this study
ranged from 0,385-0.,630 m2/g. The reaction products (C-S-H gel and calcium
carbonate) had surface areas which were much higher than the starting ma-
terials., Typical surface areas for carbonated calcium silicates ranged
from 120-400 m?/g (HZO adsorption values), depending on the length of re-
action. The surface area peaked at approximately 1 hour and was lower at
shorter and longer reaction periods. Surface area was evaluated on the car-
bonated silicates using water and N2 as adsorbents for the BET technique of
surface area measurement. The N2 adsorption values were in the range of
70-260 m?/g for the same carbonated samples quoted for the water adsorption
method. The surface area of the dry powders was more reproducible than the
wetted powders. The surface areas of the carbonates (calcite and aragonite)
were estimated from photomicrographs to be 4-20 mZ/g for the crystallites
which could be resolved using a SEM., Some of the carbonate was intermediate

in size compared to the gel and crystallite calcite or aragonite.

2. Morphology of Carbonated Calcium Silicates

Figure 26A&B shows the unreacted morphology of the B-CZS and C3S powders
while Figure 26C&D shows the center and the edge of anhydrous pressed pel-
lets which had been reacted only 1 hour. The unreacted B-CZS (Figure 26A)
had numerous small crystallites on the surface of the larger grains which
were analyzed by x-ray diffraction (XRD) and x-ray fluorescence (XRF) and
found to be B-CZS. The C3S (Figure 26B) powder had clean equiaxed grains.

The center and the unreacted portion of the edge of the pellets showed no



Figure 26.

Characteristic Features of Unreacted B-CZS and CBS

A)
B)
C)

D)

Unreacted B-C,S Powder

Unreacted C,S Powder

Central Porgion of Dry Pressed B-CZS Pellet
(Carbonated 15 minutes)

Edge of a Dry Pressed C,S Pellet
(Carbonated 15 minutes)
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secondary phases. The reacted surface of the pellet was coated with fine
aragonite crystals.

Figure 27 shows the typical microstructure of the dry calcium silicates
after carbonation from the vapor phase. Normal reaction conditions were
100% C and 100% RH. Figure 27A&B shows the surface of a pellet which was
covered with blocky aragonite crystals. This morphology was observed only
in densely pressed C3S pellets or wet or dry powder at very short reaction
times. Figure 27C&D shows the more typical aragonite crystals which grow
on loosely packed powders. The aragonite morphology is acicular and tends
to form only as long as pore space exists. Both the blocky and lath-like
morphologies were expected since aragonite is an orthorhomic crystal.

Figure 28 also shows morphologies for anhydrous calcium silicates which
were carbonated. Figure 28A shows the reaction zone approximately 0.1 mm
below the surface of the pellet. Note the cleaved silicate grain and the
aragonite growing around the grain and the aragonite growing into pore space
across the sample, Figure 28B shows the acicular habit of aragonite cry-
stals growing over a large surface silicate grain. Figure 28C shows the un-
reacted surface and hair-like carbonate growing on a CBS specimen reacted at
60°C for 3 days. Figure 28D shows the two forms of carbonate morphologies
growing together., Both morphologies were determined by SRF, SRD and acid
etching to be carbonates.

The morphologies observed when the calcium silicates which were reacted
wet are collected in Figure 29. The predominant carbonate phase was calcite
which commonly occurred as large rhombohedral crystals or very small, sharply
defined crystallites on the surfaces of the silicate grains. TFigure 29A&B

shows the large calcite crystals on the surface of a CBS pellet with
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Figure 27. Characteristic Features of Carbonated Anhydrous B-CZS and C3S Powders

A) Pellet of B-C,S Carbonated Dry 22 Days
B) Pellet of f~C,S Carbonated Dry 22 Days
C) Powdered Sampfe of C,S Carbonated Dry 3 Days at 60°C
D) Powdered Sample of CyS Carbonated Dry 3 Days at 60°C
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Figure 28, Characteristic Features of Carbonated Anhydrous B—CZS and CBS Powders

A) B-C,S Pellet Carbonated 3 Days (Surface of Pellet
at Extreme Right)

B) B-C,S Pellet Carbonated 7 Days

C) C,S Powder Carbonated 3 Days at 60°C

D) C3S Powder Carbonated 3 Days at 60°C
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aragonite needles growing from the surface of the pellet and apparently
from the immediate area of the calcite crystals. Figure 29C shows large
calcite crystals and small aragonite crystals on another C3S pellet while
Figure 29D shows the area just below the surface of the same pellet and
small aragonite crystals growing into the pore space. No apparent gel
structure was evident for any of the powders or pellets of calcium sili-
cate which were reacted dry or wet,

Other calcite morphologies that were observed on both B_CZS and C3S are
shown in Figure 30. Crystallites of calcite at three magnifications were
examined on a sample which had 100% calcite and no aragonite (Figure 30A-C);
these powders were not allowed to dry during carbonation. Figure 30D shows
massive calcite crystals formed by carbonating the B"CZS in carbonated
water; only the surface of the sample showed any signs of carbonation.

Figure 31 shows the difficulty in trying to identify the carbonate
phases solely by microscopic examination. Figure 31A&B shows carbonated
wet silicate powders which were analyzed to contain 100% calcite and were
80% reacted. Figure 31C&D shows similar micrographs, but in this case the
carbonate was 50% calcite and 50% aragonite and the powder was 857 reacted.
This sample had been allowed to dry partially during carbonation and the 507
aragonite formed during that period. Whichever form of carbonate nucleated
initially predominated during the later stages of carbonation.

Figure 32 shows the interaction of the gel and the carbonates as binding
phases for pelletized silicates used in this study, Figure 32A shows a
typical powdered unetched carbonated sample with aragonite crystals on the
surfaces of the silicate grains., After 3 minutes etching in 0.5 molar HC1,

the carbonate dissolved leaving the highly polymerized, amorphous silica
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Figure 31.

Similarity in Calcite and Aragonite Morphology Observed in
Wetted Powders
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residue. Figure 32B shows siliceous material around and possibly at the
center of the grains. Figure 32C shows one large grain which was etched
for 30 minutes and the siliceous residue has the same shape as the original

grain. Finally, acid etching of carbonated C,S revealed that the grains

3
were not connected by a silica matrix, as was carbonated B—CZS, but by a
dissolvable carbonate matrix. Very thin silica shells, which are similar
to those predicted in hydration theory of calcium gilicates, were visible

around each C,S grain (Figure 32D).

3

D. Strength and Porosity

1. Specific Gravity
The specific gravities of the anhydrous calcium silicates were initially
determined using water as the fluid. Calculated values were 3.260 *0,011

g/cm® and 3.170 +0.01 g/cm® for B-CZS and C,S, respectively, which compare

3
favorably with data cited by Taylor, namely, 3.28 g/cm® and 3.15-3.25 g/cm®
for B-CZS and C3S. A repeat determination using reagent grade benzene gave

values of 3,20 and 3.10 g/cm® for B-C,S and C,S.

3

2. Strength Data
Figure 33a shows the compressive strength of calcium silicate pellets
which were carbonated for 216 hours after being hydrated to 257 completion.
The compressive strength on subsequent rehydration does not increase for the
first 8-10 hours after which the strength increased 75-100 MPa (11-15 Ksi).
The compressive strength for hydrated calcium silicate pellets is shown
in Figure 33b, as well as the time at which they attained 25 and 50% of

complete hydration, CBS reacted the fastest and B-CZS the slowest while an
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equimolar mixture fell between the two extremes. The highest compressive

strength was 110 MPa (16 Ksi) for all of the 50% hydrated silicates.
Figure 34 shows the compressive strength of caleclum silicate pellets

which have been subjected to varying degress of hydration ranging from

0-507% and then carbonated. In all cases the f-C,S pellets were stronger

2

than those of C,S or the mixture and the apparent consistent trend in

3
relative strength of the silicates was due to the relative porosities of
the pellets., The 0% hydration pellets were reacted as dry pellets and had
the highest initial porosity (49%) while the 50% hydrated samples had 36%
porosity prior to carbonation. The rate of strength gain was quite rapid
for the samples which had not been hydrated. The initial strength values
for the pellets which had been hydrated 25 and 50% are the same data as
those shown in Figure 33(b) for the hydrated samples. The strength gain
for the hydrated samples was good (125-200 MPa) and the final compressive
strengths were higher than the nonhydrated pellets. The maximum strength
was 338 MPa (49 Ksi) for B-CZS which was hydrated to 50% of completion and
carbonated.

Figure 35a shows the diametral compression strength (split cylinder ten-
sion strength) for the calcium silicate samples which were hydrated after
being carbonated. The relative strengths of all of the silicates when loaded
in diametral compression were approximately 7-8 times lower than the straight
compression values. The highest diametral strength was 50 MPa (7.3 Ksi) for
B—CZS.

The hydration strengths in the diametral mode were shown in Figure 35b
and were consistent with the compressive strengths in Figure 34b. The

highest diametral strength for the hydrated samples, 30 MPa (44 Ksi), occurred
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for B—CZS pellets which were hydrated 50%, then carbonated.

Figure 36 shows the diametral compressive strength for the three sili-
cate systems discussed previously. The highest diametral strength occurred
on 50% hydrated samples which had been carbonated and the value was 53 MPa

(7.6 Ksi).

3. Porosity

Figure 37 shows the effect of porosity on the compressive strength of
pressed calcium silicate pellets. The type of silicate or the reaction
condition affect the final strength by controlling the manner in which the
porosity is filled. An exponentially decreasing model for strength vs.
porosity was curve fit and the regression coefficient was 0.98. At 0%
porosity the theoretical strength was 566 MPa (83 Ksi). .

The degree of reaction was found to have a linear dependency with po-
rosity as 1s shown in Figure 38. The linear regression coefficient for the
linear model was 0,86, The theoretical percent reacted for the carbonated
calcium silicate predicted by this model was 92.4% reacted at 0% porosity.
Both hydrated and carbonated samples were plotted on this figure and the po-
rosity of the calcium silicate was a major factor in compressive strength.
Figures 39a&b show the effect of porosity and degree of reaction on the
diametral strength of hydrated samples and carbonated samples. The trends
were the same as for the compression specimens, but the exponential depend-
ency of diametral compression had different curve fitting constants. The
same was true for the linear dependency of the degree of reaction vs. po-

rosity for the diametral compression specimens.
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IV. DISCUSSION OF RESULTIS

A. Experimental Methods

1. QXDA Methods

QXDA is the central analytical technique for determining the degree of
carbonation of calcium silicates and the internal and external standard
methods are compared in the following discussion.

a. QXDA Internal Standard Method
The amount of unreacted B—CZS or CBS and the amount of calcium

carbonate formed during the carbomation process, were determined using TiO2
(anatase) as an internal standard for the QXDA method. Anatase has a strong
diffraction peak at 3.51 Z and that peak does not interfere with the major
silicate or carbonate peaks, with the exception of vaterite, which was not
detected in the reacted calcium silicates., The greatest problems in using an
internal standard were determining the proper amount of standard and assuring
thorough mixing of the standard and the dried, ground reacted calcium sili-
cates. The QXDA runs were conducted using the highest intensity Cu Kd tube
available during the period of this research which was a fine focus tube
capable of operating at 36 Kv, 14 ma. The average area under each diffrac-
tion peak corresponded to 20,000-32,000 counts per peak which allowed a pre-

cision of 1,5-2.0% due strictly to counting statistics.92’93

The comparison
of the ratio of the area of the silicate peak to the carbonate peak also in-
volved errors in setting integration limits and rejecting slight overlapping
of nearby peaks so that the total precision of the QXDA method was no better
than 2,5 wt.Z%

The very early degrees of reaction were directly checked against unreacted
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calcium silicates with anatase added since the ratio of the silicate and the
carbonate peaks was relatively insensitive at low reaction times. Addition-
ally, the early stages of carbonation form amorphous material (C-S-H gel,
carbonate, and S-H gel) which cannot be detected by the QXDA method due to
thelr poor crystallinity. The internal standard method worked the best for

degrees of reaction ranging from 10-90 wt.% calcium silicate.

b. QXDA External Standard Method

The calibration curves for the external standard method were de-
rived from the internal calibration runs. Both calcium silicate and car-
bonate were mixed with a constant amount of anatase and the relative areas
of the silicate and the carbonate form a ratio which was related to the
weight 7 calcium silicate remaining in the carbonated sample. This method
is accurate from 15-75 wt.% of the reacted silicate because the silicate/
carbonate ratio is quite sensitive to the degree of reaction. At low de-
grees of reaction the ratio changes very little while at high degrees of
reaction the ratio changes very rapidly. Consequently, the precision of the
external standard method is lower than the internal standard method. Again
early reactions were compared directly to standard calcium silicates to de-
termine the degree of reaction and the final stages of carbonation were de-
termined by comparing the external standard data to the amount of carbonate
formed which was directly related to the degree of calcium silicate reaction.
The external standard method allowed samples to be studied while they were
carbonating without destroying the surface morphology and allowed the exam-
ination of the crystalline phases and the determination of their relative
amounts as a function of position for carbonated powders and pellets. The

relative precision for the external standard QXDA method was *5 wt.Z and the



97

smallest area which could be examined was a spot 1 mm in diameter.

2. Mass Spectrometer-Thermogravimetric Analysis (MS-TGA)

The MS-TGA runs determined the identity an& the relative amounts of ma-
terials which were evolved during heating carbonated or hydrated calcium
silicates. Figure 22a shows the MS results which indicate that the water
content decreased during continued carbonation and that the water evolved by
hydration products would interfere with carbonate decomposition products.
The E'peaks increased in area and shifted to higher temperatures as the de-
gree of carbonation increased. The shift to higher temperatures was a
direct result of increased crystallinity which was verified by decreased
surface area for the carbonate and increased crystal size as observed by
SEM analysis. The TGA data (Figure 22b) indicated the relative weight
losses with temperature and the welght losses due to water or carbon dioxide

when used with the MS data.

B. Kinetics and Mechanisms of Carbonation

1. Dry Calcium Silicate Powders
a. Kinetic Model for Dry Carbonation

The degree of reaction data shown in Figures 6~9 were plotted as
log [}-(1—&)1/{]2 versus log t according to eq. 12 and are presented in
Figure 40, The plot shows a family of curves which are linear and have slopes
of approximately 1.0. A slope of 1.0 would give a perfect fit to the kinetic
model described in eq. 12 and the actual slopes ranged from 0.965 - 1,024,
The carbonation model describes a reaction which is controlled by the rate at
which volume is diminished and the reaction rate is controlled by a diffusion

zone thus giving the model an exponential dependency of 3/2 with respect to
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Figure 40. Diffusion Controlled-Decreasing Volume Kinetic Model
for Carbonated Anhydrous B-CZS and C,S Powders
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the degree of reaction (a). The slopes of the lines in Figure 40 equal the

apparent rate constant (Ké) which equals KD/rg. The true rate constant (K)

and the diffusion coefficient (D) cannot be separated from K,

, and rg only
affects K% as a constant for each fineness of the calcium silicate which
was carbonated,

An Arrhenius plot (log Ké versus 1/T(°K)) was plotted for each silicate
to obtain the carbonation activation energy for B-CZS (Figure 41) and C,S
(Figure 42) for a series of powder finenesses. Figure 41 is a family of
parallel lines which give activation energies of 16.9 Kcal/mole for carbona-
tion of dry B-CZS powder, All of the finenesses tested had the same activa-
tion energy within the experimental accuracy of the determination. The
higher surface area material 6300 cm?/g reacted faster than the coarser
powdered B-CZS. Figure 42 shows similar results for C3S except that CBS
reacted faster than B—CZS and the Ké values were higher for C3S for cor-
responding finenesses and temperatures. The activation energy for the car-
bonation of dry powdered C,S was 9.8 Kcal/mole.

The effect of surface area of the dry powdered calcium silicates is shown
in Figures 43 and 44 which demonstrate the functionality of the apparent rate
constant (Ké) and surface area (A). Both B_CZS and CBS showed that K| was a

T

function of A? which was not unexpected., The following derivation shows the

A? dependency of Ké.
Ké = KD/ré (43)
- 3
v, = 4/31rro r (44)
A = 4mr? 3
o
v.1% r?
o o
2l 9 (45)
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Inverting and setting Vo = 1 since the volume of the particles is con~

served:
) = AZK.D (46)

Xr =79

The term KD/9 is a constant for the calclum silicate which is reacting.

The pre-exponential term, Ko’ and Ké can be determined by calculation
from equation 47.

K% (experimental)

Ky = exp(—Ea/RT) (47)
Then the Ké value can be determined for temperatures of interest by sub-
stituting K into equation 48 (the Arrhenius equation).
\
KT =K exp(—EéRT) (48)
also
v 2
Ko = Ko/Ao (49)
where Ao = standard specific surface area.
Thus eq. 12 can be recast to contain Ko, Ea’ A and T:
3
a=1- |1~ /Kc') exp(-Ea/RT)Aztzl (50)
where R = 1,987 cal/mole°K
T = temperature (°K)
t = time (hours)
K, = 2.389 x 10° (B-C,S) and 3.439 x 10* (C,8)
E_ = 16.9 Kecal/mole (B-CZS) and 9.8 Kcal/mole (C3S)

A% = gurface area (m?/g)

wt.%Z calcium silicate reacted.

Q
L]
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With eq. 50 the degree of reaction can be determined by evaluating Ko and
Ea then introducing reaction times (t). The calculated degrees of reaction
were within 3 wt.% of the experimental values for B—CZS and C3S powders.

Ea is the energy needed to start the carbonation reaction while AH; is the
energy difference from the initial to the final state. The rate constant

for the carbonation reaction can be expressed by:

Ky = 58 exp (AS*/R) exp (-AH¥/RT) (51)
where k = 1.38 x 10”23 J/°K (Boltzmann's constant)
T = temperature (°K)

h = 6.63 x 10~ 3% J-sec (Planck's constant)
AS¥ = activation entropy (cal/mole-°K)
R = 1.987 cal/mole~°K

E = activation energy (cal/mole)

' -1

KT = sec

Equation 51 has the same form as eq. 48 except that

K, = _1;_1:_ exp (AS*/R) (52)

Ko is known from eq. 47 and AS¥ can be calculated.

R 1n{K] h £
ASE = {{TJ +A—l;- (53)

Assuming constant temperature and pressure

E, = ARF + RT (54)

AGF = AHF - TASF (55)
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Therefore AG*, Gibbs Free energy of activation, can also be calculated

AG¥ = AE_ - TASF - RT (56)

The enthalpy of formation (AHf) for the carbonate reaction was cal~

culated to be =44 and -83 Kcal/mole for B-CZS and C,S, respectively, while

3
Ea was experimentally determined to be 16.9 and 9.8 Kcal/mole for B—CZS
and C3S. The AHf's for carbonation of B_CZS and C3S were calculated from

thermodynamic tables using the following equations:

AHfB—CZS = AHf(S-H) + 2AHf(CC) - AHf(CZS) - 2AHf(C) - AHf(H) (57)

AHfC3S = AHf(S-H) + 3AHf(CC) - AHf(C3S) - 3AHf(C) - AHf(H) (58)

Ea was determined from the slopes of Figures 41 and 42 using the

following equation:
'
A log KT

Ea = (2.303)(1.987 cal/mole) AT

(59)

b. Effect of RH and PE on Anhydrous Calcium Silicates

The relative humidity (RH) of the gas above the carbonating dry
calcium silicates affects the degree of carbonation because the water vapor
in the air is the sole source of water. Most of the data evolved during
this study on dry silicates was taken from samples which were subjected to
100%Z RH., A separate study showed that the degree of reaction decreased as
the ZRH was lowered and that the relationship was approximately linear over
specific RH ranges as shown by Figure 20. The behavior of the dry silicates
was fitted to linear equations described by equation 60 and the pertinent

coefficients are listed in Table 5.
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= ( ) )((M x %RH) + C) (60)
“rH from eq. 43

Table 5

The Effect of RH on the Degree of Reaction
of Anhydrous Calcium Silicates

M c Range of RH
C,S 2.6 x 1073 0 (0-100)
€4S 3.63 x 1073 0 (0-8n)

0 0.29 (80-100)

Equation 60 describes the degree of reaction of anhydrous calcium silicate
powders which were reacted at less than 100% RH. The C3S required two
straight line segments to describe the effect of RH., This may be due to

the high affinity of the C,S for water vapor and the tendency of the C,.S

3 3
to form thin water films at RH values of (80-100%). An alternative explana-
tion is that CBS powder is more sensitive to surface phases (liquid water or
reaction products) than B-CZS and gel formation on the surface of the grains
of C3S lowers the degree of reaction of water with the underlying silicate,
Surface contamination of CBS with liquid water and reaction products thus
flattens the (0. vs ZRH) curves for RH values greater than 55%.

The effect of PE on o is shown by equation 61 and the curve fitting co-
efficients are listed in Table 6,

_ = ( o )((M % Pr) + C) (61)
C from eq. 43
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The anhydrous carbonated powders of B—CZS and C3S showed decreased re-

activity as the BC was decreased toward 0 atm., There was also a rapid
drop in the rate of carbonation below a P value of 0.12 atm, (Figure 21).
Table 6

The Effect of PE on the Degree of Reaction

of Anhydrous Calcium Silicates

M c Range of PE (atm.)
CZS 0.18 0.10 (0.12-1.0)
1.43 -0.06 (0.05-0.12)
€4S 0.125 0.16 (0.12-1.0)
1.263 -0.20 (0,025~0,12)

The steep portions of the curves for B—CZS and C3S from 0.025-0.12 atm.
carbon dioxide are caused by decreased pH in the water film surrounding
each silicate grain. The C initially enters the water in low concentra-
tions and cannot precipitate the calcium in solution. As the concentra-
tion of E.increases, the various carbonates precipitate. Local concentra-
tions of carbon dioxide can explain the threshold value, the break point
in the curves and the polymorph of carbonate which forms, although PE-does
not completely control the formation of specific carbonate species. All
of the PE studies were conducted at 24 hours and the degree of reaction
could be accurately determined. If atmospheric concentrations of carbon

dioxide were used in a similar study, the degree of reaction would not have

been detectable. Long term studies of carbonated concretes and mortars with
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atmospheric C (0.0003 atm.) have induction periods, as do the samples in
this study, although the induction period and the time for complete car-
bonation with atmospheric E'may take years.

The approximately linear effects of RH and PE on the degree of reaction
of anhydrous calcium silicate powders is mainly due to the fact that the
water and carbon dioxide are carried to the reaction zone as gases, which

is a rapid process, and the H and C react rapidly to precipitate carbonate

with minimal gel formation.

¢. Carbonation Mechanism for Anhydrous Calcium Silicate Powders
Equation 42 is a good approximation of the carbonation reaction for

dry B—CZS and C,S powders

3

cs+ nC + H = nCC + S-H (42)

C-S-H gel formation is minimal as is shown in Figure 16. Since both the
water and C react as gases, the reaction is rapid and the rate of water ad-
sorption is controlled by the RH and the exothermic reaction, which wvapor-
izes water which would normally condense on the silicates. The temperature
rise associated with anhydrous powders was monitored directly with a thermo-
couple and ranged from 7-14°C above the initial reaction temperature.” The
temperature rise persisted for only 30-60 minutes after which the reaction
proceeded at a slow rate and the temperature was approximately constant.

As eq. 42 indicates, the carbonation reaction for dry silicate powders
can go to completion without forming C-S-H gel while normal hydration, eqs.
4 & 5, forms gel and requires a multistep reaction mechanism which is
slower than carbonation and which has different final reaction products.

Normal hydration forms a gel with approximately 1.5 C/S and H/S ratios and
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and some CH while complete carbonation forms dispersed silica gel and car-

bonate in varying crystal habits and sizes.

2. Wet Calcium Silicate Powders

a. Kinetic Models for Wet Carbonation

Wetted carbonated calcium silicate powders followed kinetic models

similar to normal hydration except that the time scale was drastically com-
pressed for the carbonated samples. Equation 12 with n = 1 described the
first few minutes of carbonation and substitution of n = 2 described the
major portion of carbonation (up to 90% reaction). The value of n ranged
from 1.7-2.2 for most of the carbonation rums but the variation was not
easily controlled due to the difficulty in monitoring the water content in
in the samples of wetted powder during the entire reaction process.

If Figure 15, for the normal hydration of calcium silicates, were re-
plotted as % hydration versus log time (not time), the resulting graph
would be very similar to the plots for carbonated wet silicate powders (Fig-
ures 10-13), which show an initial rapid reaction period followed by a slower
reaction rate at longer reaction times. The multiple stage carbonation mech-
anism will be discussed later. The wetted B—CZS and CBS powders fitted a
kinetic model generally described by eq. 62. This equation was the most ac~—

curate for the later portion (> 20 minutes) of the carbonation reaction.
o= K,}, log t (62)

Not enough data were obtained on the wetted powders to determine a kinetic
model comparable to eq. 50 for the dry reacted silicates.
The time needed to attain comparable degrees of reaction by hydration

are quite different due to the nature of the two reactions. The hydration



111

reaction occurs throughout the wetted mass of the powder while the carbona-

tion reaction proceeds from the surface of the powder toward the center of

the mass. The free energy change for the two processes is also quite dif-

ferent as is indicat d by Table 7 which shows the relative thermodynamic

data for the hydration and carbonation of wetted powders.

Table 7
Thermodynamic Properties for Carbonated
and Hydrated Calcium Silicates at 298°K

3 +
Ea RT AS AG AHf ASf AGf
Kcal Keal Kecal Kecal Kecal Kecal Kecal
mole mole mole-°K mole mole mole-°K mole
Carbonation
B-CZS 16.9 0.592 -35.9 27.0 =44 -0,1233 - 7.24
CSS 9.8 0.592 -57.8 27.0 -83 -0.1522 -37.62
Hydration
(Ref. 94)
B-CZS 10~-18 - - — - 4,2 - -
CBS 2- 9 - - - -22.4 - -

The free energy values indicate that the carbonate is more negative, i.e.,

more thermodynamically stable, at the reaction temperatures in this study and

thus is more likely to form than C-S-H gel or CH.

The main reason for the

carbonate formation is the large exotherm associated with carbonate formation

which is sufficient to overcome the activation energy for carbonation and thus

drive the reaction.
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b. Effect of w/s on Wetted Calcium Silicates

The effect of w/s ratio can be seen in Figure 19 where definite maxi-
ma are observed at 0.12 and 0.16 w/s for B-CZS and C3S, respectively. The
placement of the maxima corresponds to optimum liquid water content which al-
lowed gaseous‘E and water vapor to enter the reaction zone of the wetted pow-
der, Higher w/s ratios cause water to form in the pore space and liquid
water blocks gaseous diffusion of C and H. Lower than optimum values of w/s
depress the degree of reaction by starving the reaction zone of needed water.
Decreased w/s causes a more rapid decrease in degree of reaction than high
w/s ratios,

When the wetted calcium silicate powders were kept wet throughout the
carbonation period and the reaction conditions held at 25°C with 1007 RH and
100% C (0.15 w/s B—CZS and 0.20 w/s C3S), the samples completely reacted in
96 and 68 hours, respectively. At higher reaction temperatures the time for

complete reaction would be reduced.

c., Effect of RH and P.E on Wetted Calcium Silicates
The RH affects the degree and rate of carbonation by controlling the
rate at which water evaporates from the reacting silicate powders. Figures
(10-13) show the effect of RH on the degree and the rate of carbonation of
wetted powders (with 0 w/s plotted on Figures 10 and 11 for reference).
B-C,S and C, 3

greater extent for similar times of reaction. Figure 20 shows a cross plot

S behave similarly, although the C,S reacts more rapidly and to a

of the wet carbonation data at 24 hours with the PE fixed at 100%Z CO From

2l
0-55% RH the degree of reaction increased rapidly in a linear manner and from
55-100% RH the effect of RH was almost negligible. Equation 60 can be used

to describe the behavior of the degree of reaction due to changes in RH but
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now Table 8 must be used to supply the proper coefficients. As before, o is

calculated from eq. 50 or measured experimentally.

Table 8

Effect of RH on the Degree of Reaction
of Wetted Calcium Silicates

M C Range of RH
c,S 1.4555 0 (0-55)
-0.111 0.80 (55-100)
C,S 1,364 0 (0-55)
-0.111 0.80 (55-100)

The effect of PE can similarly be calculated using eq. 50, eq., 61 and

Table 9,

Table 9

Effect of PE on the Degree of Reaction

of Wetted Calcium Silicates

M C Range of RC
3.3 ~0.14 (0.05-0,15)
4.7 -0,235 (0.05-0.15)

The major difference in the wet reacted powders is the higher rate and de-

gree of reaction. Even initial w/s ratios of 0,05 supply the calcium
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silicate powders with water and keep the carbonation reaction going. The
maximum temperature rise measured in a sample of wetted calcium silicate
powder reacted according to the conditions of Figure 11 was 8-10°C which

was slightly lower than the dry powders., The liquid water carries heat

away from the reaction zone and the measured temperature is quite low.
Visual studies of wetted powders have noted that the water inside the pow-
der vaporized at the surface of the powders after 2-5 minutes of carbona-
tion and the local temperature at the reaction zone is considerably higher
than the measured temperature., The fact that the surface may actually steam
indicates local temperatures approaching 100°C. Temperature rises of over
15°C were not recorded because the reaction zone moved rapidly past the
thermocouple and the water vapor migrating toward the surface of the powders

cools the reaction zone and the unreacted mass of powder.

d. Carbonation Mechanisms for Wetted Calcium Silicate Powders
The carbonation mechanism for wet calcium silicates is considerably
different than dry powders, although the overall reaction for the equation is
the same. The proposed mechanism for carbonation of wet powders is a multi-

step process described by equations 63-65.

cns +C+ H ———— C-S-H + CC (63)
C-S-H + C + H =—mmm c'-s-H' + CC (64)
C'-S-H' + T+ H =—m—m S-H + CC (65)
cns + nC + H === S-H + nCC (42)

Initial formation of gel and carbonate (eq. 63) is followed by carbonation
of the gel (eqs. 64, 65). This model i1s supported by carbonate formation

data (Figure 17 and 18) and C/S and H/S ratio data (Figures 23 and 24).



115

Figure 17 shows the amount of gel formed by the wet carbonated B—CZS
as a function of initial w/s ratio. As the w/s ratio was increased, the
deviation from the formation of theoretical carbonate (according to eq. 42)
increased and the amount of gel increased. As the w/s ratio approached 0,
gel formation became minimal. The bulges in the curves (in Figure 17) are
limited to the first 1-8 hours of carbonation after which the theoretical
carbonate limit is closely followed.

The carbonation of the gel is a contlnuous process once it is initiated,
and eq. 64 could be omitted; but the concept of a multi-step reaction mech-
anism is necessary., Additionally, the wet carbonation reaction will go to
completion forming the same products as the dry carbonated samples. B—CZS
forms more C~S-~H gel by weight than comparably treated CBS and this is con-

sistent with hydration eqs. 17 and 18 and Figure 18.

3. Calcium Silicate Pellets

The determination of reaction profiles and the phase analysis of diametral
sections of fractured pellets were successfully accomplished. The dry pel-
lets had a buildup of carbonate (predominantly aragonite) on the surfaces of
the pellets and a very steep reaction gradient just beneath the surface of
the samples as seen in Figure 14, The reaction gradients in the center of the
dry samples were relatively flat and the degree of reaction uniformly in-
creased with longer reaction periods. One surface point and six equally
spaced points across a fractured and polished diameter of the pellets were
examined by point QXDA and regular X-ray diffraction (XRD). The pellet was
then ground into powder and the average composition determined and compared
to the seven measured points across the diameter of the specimen. All of

the analyses balanced out to within 5 wt.”Z silicate and carbonate, The use
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of the x-ray diffractometer as a x-ray macroprobe was useful in determining
point composition and quantity of phases, but required slow scanning speeds
(1/2 or 1/4°206/min) to obtain sufficient counting statistics.

Similar studies were conducted on wetted pellets but the reaction pro-
files were considerably different (Figure 14). The surface was covered with
carbonate as in the case of the dry samples, but the degree of reaction just
below the surface was much higher for the wetted pellets. The rate of re-
action was approximately 120-150 times greater than for the dry pellets.

The center for the wetted pellets reacts more slowly than the outer surfaces,
the reason being that the central portion becomes water starved as the exo-
thermic carbonation reaction proceeds. This was observed previously by
Berger, Young and Breese.73 Eventually, the center carbonates and the re-
action gradients level out. Steam curing with C is even more effective for
rapid carbonation because the reactants move to the reaction zone in the
vapor state and the pores in the pellets are not normally clogged with liquid

water as is the case, at times, with wetted pellets,24,33'35

C. Properties of the Reaction Products

1. Stoichiometry of Carbonation Products

a. Carbonate Formation
Determination of the carbonate content was accomplished by QXDA and
constant temperature pyrolysis., Both methods were more accurate at high de-
grees of reaction (50-90 wt.Z). The QXDA method determined carbonate directly,
while the pyrolysis method determined the weight loss attributed to combined [4
and the carbonate fraction was calculated. The dry silicate powders and pel-

lets formed calcium carbonate directly as the silicate reacted according to
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eq. 42, The theoretical carbonate line in Figure 16 shows the limit of car-
bonate formation for various degrees of reaction calculated from eq. 42.

All of the dry silicates closely followed the theoretical line, and there-
fore the formation of gel was minimal since the calcia was immediately pre-
cipiated as carbonate.

Figures 17 and 18 show the deviation of wetted calcium silicates from
the theoretical carbonation limit. The bulge of the curves indicates that
the carbonate reaction causes the silicate to react rapidly initially form-
ing not only calcium carbonate but also a substantial amount of C-S-H gel
which carbonates later. This behavior was confirmed by both QXDA and pyrol-
ysis techniques. The extent of deviation relies on accurate QXDA which was
more difficult to obtain reproducibly for the wet reacted powders than for
dry silicates. The family of curves in Figure 17 indicates that the theo-
retical carbonate formation limit was approached as the w/s ratio approached
0. Figure 18 shows the deviation of the wet B—CZS and c3s powders from
theoretical carbonate formation. The maxima in the deviation occurs at
30-50% (1-2 hours of reaction) and the theoretical line is approached at

60-80% (1-12 hours) of carbonation. PB-C_.S can form a higher weight fraction

2
of C-S-H gel during hydration than CBS can, as shown in eqs. (17 and 18).

b. Stoichiometry Calculations
The stoichiometry of the carbonated calcium silicates was determined
by a material balance calculation. The silica from the reacted calcium sili-
cate was assumed to form only C-S-H gel. The total calcila is divided be-
tween calcia in the gel, which was not measured directly, and calcia in the
carbonate, The amount of carbon dioxide was determined from constant tem-

perature pyrolysis as was the amount of water bound in the C-S-H gel. The
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C was assumed to be completely assoclated with the calcia so that a specific
amount of the calcia available from the reacted calcium silicate was tied up
as carbonate, The calcia in the carbonate was subtracted from the reacted
calcia and the remainder associated with the gel., The mass balance equa~

tions for C and S are given in equations 66 and 67.

Ctotal - Ccarbonate + Cgel * Cunreacted silicate (66)

Stotal - Sgel + Sunreacted silicate (67)

Finally, the calcia, silica and water in the gel were calculated on a molar
basis and normalized to silica so that the C~S~H ratio was expressed as
CxSHy where x was the C/S ratio and y was the H/S ratio. The amount of
carbonate was determined by dividing the amount of carbonate by the anhy-
drous weight of the total calclum silicate sample.

The basic problem with this method is that small errors in the determina-
tion of the percentage of calcium silicate reacted yields large errors in the
apparent stoichiometry of the gel. Both the wet and dry carbonated samples
showed similar behavior during the course of the carbonation reaction. The
dry calcium silicates showed a rapid drop in their C/S and H/S ratios with
increased periods of carbonation (Figures 23-24), Berger95 and Bukowski75
observed the same type of behavior while carbonating non-hyd-aulic, Y—CZS.
While hydrated calcium silicates show a limit of 1.6-1.5 for C/S and H/S
ratios of fully hydrated pastes, reacted carbonated samples show C/S and H/S

ratios of 0.15-0.2 and 0.2-0.3 for B-CZS and C_S, respectively. Silicates

3
which were carbonated wet showed a less drastic drop in their C/S and H/S

ratios because more gel was formed and the carbonation of that gel took time

(Figure 25), Carbonation does continue, however, and eventually the C-S5-H
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gel converts to S-H gel. C-S-H gel would be stable at room temperature if
carbon dioxide were not present, but C forces CC to form and causes a -44

to -83 kcal/mole exotherm which drives the carbonation reaction to com~-
pletion. The driving force for the hydration reaction is -4 to -22 kcal/mole
and gel is stable under these conditions. Generally, C,S carbonates faster

3

than B-CZS but the relative differences in rates of carbonation are much less
pronounced than for the relative rates of hydration of CBS and B-CZS (Fig-

ure 15).

2. Surface Area

Both the C-5-H gel and the carbonates were formed with high surface areas
and appreciably coarsened at longer carbonation periods. The C~S-H gel has
the greatest surface area which is between 100-400 mz/g, with the rate of sur-
face area decrease generally following the degree of reaction. The carbon-
ates which were formed initially also had high surface areas but not as high
as C-S-H gel; the values ranged from 4-20 mz/g. However, these determinations
were made after the carbonates appeared on QXDA traces which implied crystal-
line carbonates. TEM analysis of the initial carbonation products showed car-
bonates intimately mixed with the gel and the surface area was comparable to

77,78 The carbonates nucleate very early in the carbonation

the coarser gel.
reaction and grow throughout the reaction, while the C-S~H gel partially con-

verts to carbonate and silica gel.

3. Morphologies of Carbonated Calcium Silicates
The unreacted calcium silicates shown in Figure 26 were typical for the
powders and pellets. The powder grains were equiaxed and not contaminated

with water or carbon dioxide. No second phase was detected by x-ray analysis.,
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The pictures of the fractured pellets in Figure 26C&D show the lack of re-
action products and the uniform morphology. Figure 27 shows the highly
reacted surfaces of dry powdered and pelletized caleium silicates which
contained aragonite. The aragonite commonly grew in orthorhombic shapes
(either blocks or laths) which are indicative of this form of calcium car-
bonate., Figure 28 shows more aragonite morphologies on dry carbonated
samples., Note the fractured grain in Figure 28A and the carbonate growing
radially from the surface. Other uncommon carbonate morphologies are shown
in Figures 28C&D; the hairlike material in those plates was proved to be a
carbonate by energy dispersive x-ray analysis using SEM, and by acid etch-
ing, but positive phase identification was not possible.

Figures 29 and 30 show various morphologies found on carbonated calcium
silicate (powders and pellets) which were reacted wet. Calcite was the pre-
dominate phase formed as long as the silicates were kept wet, but upon dry-
ing, aragonite grew as thin laths. Figure 31 shows similar morphologies for
carbonated silicates with aragonite and calcite or pure calcite as the reac-
tion product. Generally, the crystallites growing on the wet reacted pow-
ders were small (1 pm) but with long reaction periods when liquid water was
present on the surfaces of dense pellets, larger crystals (10-15 um) form
(Figure 29). Carbonation under saturated water yielded 100 um calcite cry-
stals (Figure 30D).

The carbonation reaction also forms C-S-H gel in addition to calcium car-
bonate and this is partially resistant to HCl acid etching. The influence of
the gel on the final structure can be seen in Figure 32. B-CZS has a nearly
continuous gel matrix which holds the pellet together after acid etching,

while the CBS has gel around each grain but has a carbonate matrix which was
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dissolved by the acid. The differences in the bonding matrix should have
some effect on the strength behavior, though none was detected in the com-
pression or diametral compression data. Possibly creep or long term
strength degradation57 would be affected by the matrix morphology. The
size or shape of the carbonate crystallites was not a significant factor
in the strength of the pellets although the crystallites tended to grow

into the pore space and strengthened the pellets by filling the voids.

D. Strength and the Effect of Porosity

1. Specific Gravity
The specific gravity of the unreacted calcium silicates was within the

4,85 The 2% lower specific gravity values

reported limits for the materials,
obtained using benzene instead of water as a suspending liquid were caused
by a nonwetting problem with the benzene. The values obtained using water

also decreased with time because the silicates hydrated and the reaction

products had lower density than the unreacted grains of silicate.

'

2, Strength Data
The compressive and diametral compressive strength data was obtained on

three types of calcium silicate pellets (B—CZS, C,S, and a 50:50 molar mix-

3
ture of B-CZS and CBS)‘ The 50:50 mixture of silicates was tested to simu-
late portland cement composition. The pellets were treated by two special
reaction conditions (carbonated then hydrated and hydrated then carbonated).
The carbonated-hydrated samples are shown in Figures 33a and 35a. The car-
bonation treatment gives roughly twice the strength of portland cement and

the pellet was carbonated only 216 hours. Hydration of the carbonated ma—

terial caused the strength to increase more rapidly than normal hydration
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because only a small amount of porosity needs to be filled to effect large
changes in compressive strength at low porositiles.

Hydrated pellets (25 and 50% reacted) were tested for strength as shown
in Figures 33b and 35b. Some pellets were subjected to carbonation for
varylng time periods. The relatively high values for the compressive
strength of the hydrated pellets were due to the high initial density of the
pressed pellets, which was up to 70% theoretical density for the silicates
tested. Figure 34 shows the relation of the degree of hydration to the
strengthening of the calcium silicates by carbonation. The unhydrated pel-
lets gained strength more slowly than the hydrated samples on carbonation
because there was more pore space to fill in the unhydrated samples. All of
the variation within each test group was due to internal porosity variation
caused by different particle size for each group. The pressing efficiencies
listed in decreasing order were B-CZS, B_CZS/CBS and C3S. The maximum
strength (350 MPa, 49 Ksi) attained in this study was below the theoretical
compressive strength which is approximately 800 MPa (120 Ksi) as determined
by Roy and Gouda83 (Figure 45).

The diametral compression (split cylinder tensile) tests were run to de-
termine the tensile strength of the carbonated calcium silicate (Figure 36).
The trends observed for the compression testing were also seen in the diame-
tral samples but the strength values were 6-8 times lower than normal com~

81,96 The scatter in

pression which commonly occurs in brittle materials,
the diametral compression specimens (40% and 25%) and the stress values are
probably slightly high due to the small size of the specimens. The speci~

mens were placed on thelr side and loaded. The platen can either crush the

bearing surface giving low readings or hold the cylinder together since the
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the loading area compresses and a lateral force is needed to separate the
halves of a fractured pellet in addition to the tensile forces developed
within the sample.96 The crushing effect was lessened by placing 0.13 mm
thick copper foil above and below the loading points. The copper shims did
not alleviate the shear force problem which would only be solved by using

larger samples.96

3. Effect of Porosity on Strength

Both the diametral compression and the regular compression strengths
depend on the porosity of the pellet when it was tested. The composition of
the pellet and the reacting conditions per se have little effect on the
strength. The reaction parameters did affect the rate at which the porosity
was filled, but the important material parameter was porosity which is
strongly influenced by initial pressing. The strength decreased in an ex-
ponential fashion with increased porosity (Figures 37 & 39h) while the degree
of reaction showed a linear dependency on the porosity (Figures 38 & 39a),
These relations held for the compression and diametral compression samples.
The regression coefficlents for the exponential porosity models shown in
Figures 37 and 39b were 0.98 and 0.93 for the compression and "tensile"
strengths, respectively. The regression coefficient for the relation of
percent calcium silicate (o) reacted to the porosity were 0.86 and 0.96 for
compression and tension (Figures 38 and 39a).

An equation can be written to calculate the compressive or tensile

strength of pressed B—CZS, C,S or CZS/C3S as functions of porosity and de-

3

gree of reaction.
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a = A - B(P) (68)
p=4 =& Figures (38 & 39a) (69)
0 = C exp (-D(P)) Figures (37 & 39b) (70)
o = Cexp [-D AT Y] (71)

Most of the carbonated strength specimens were less than 100% reacted so
the majority of the load was carried by a thin carbonated shell surrounding
the pellet. The stress was determined using the entire loading area so the
actual failure stress in the thin carbonate shell was much higher than the
reported value. Strict evaluation of the strength of the carbonated pellets
would require the use of complex composite strength theory which was beyond

the scope of this investigation.
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V. CONCLUSIONS

1. The reaction of anhydrous B-CZS and css powders followed a decreasing

2.

volume kinetic model with the rate controlled by diffusion. The

general form of the kinetic rate equation was:

E- (l—ot)1/3:|2 =Ky ¢

where o

%
t

degree of carbonation

apparent rate constant

time

The activation energies for carbonation of anhydrous B-CZS and C3S
powders were experimentally determined to be 16.4 and 9.8 Kcal/mole,
respectively, No comparable data were obtained for wetted calcium

silicate powders which were carbonated.

The kinetic model for wetted B-CZS and C3S powders was generally de-

scribed by:
a=1(,]':10gt+C

where C = a constant
The logarithmic model did not fit the wetted silicate powders reaction
rate as well as the model for dry powders. The reaction rate for the
wetted silicates depended on the amount and distribution of water and

the agglomeration of the wetted silicate particles.

Both the anhydrous and wetted calcium silicate powders showed a depend-

ency on relative humidity, partial pressure of coz, initial water/solids



ratio, particle fineness, reaction time and reaction temperature.
Generally, an increase in any of these parameters increased the rate

of carbonation.

Carbonated anhydrous B-CZS and C,S powders formed only aragonite while

3
the wetted powders first formed calcite then formed aragonite as the
exothermic carbonation reaction dried the samples. The wetted CBS
powders initially formed more calcite than aragonite but the opposite

was true for wet carbonated B-CBS samples.

Calcite formation was favored when distilled water was used while
aragonlte formation was preferred when silicates were reacted dry or

when deionized water was used to form wetted samples.

The strength of pelletized B—CZS, C3S and a 50:50 molar mixture in-~
creased exponentially as the porosity decreased, The porosity of the
pellets decreased approximately linearly with the degree of carbona-
tion. The maximum tensile and compressive stresses recorded during
this study were 47 MPa (7.5 Ksi) and 330 MPa (49 (Ksi), respectively.

The compressive strength of the compacts was considerably lower than

theoretical value of 750-900 MPa or 109-131 Ksi.
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