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1 .0 Introduction

Investigations i nto the carbonation of hydraulic and non-hydraulic

calcium compounds such as portland cement, l ime , and calcium silicates have

accelerated in the past few years. References dealing with the carbonation

hardening of various hydraulic and non-hydraulic calcium binders increased

from 1 in 1974 to 29 in 1978, as reported i n Cements Research Progres s1 ’2.

The references reported fr 1978 included 17 Japanese patents based on the

carbonation of various binders and - glass fiber-reinforced systems. The

potential for carbonated cement systems is great since low energy calcium

compoun ds can be reacted with a waste resourc e, C02, to produce high strength

durable building units . However, basic studies of the carbonation reactions

are few and the present investigation is designed to provide information on

the reaction kinetics , reaction products and the reaction mechanism of the

carbonation process. In the present work the reaction of five calcium

silicates , Ca3SiO5 (C 3S)*, 8-Ca2SiO4 (8-C 2S), y-Ca2SiO4 (y-C 2S), Ca 3SiO7
(C 3S2) and 8-CaSiO3 (8-CS) were studied . In all cases the reaction of CO2
(
~~

) an d H20 (H) with calcium silicates resulted in the formation of reaction

products consisting of CaCO3 (Ce) and a low lime calcium silicate hydrate

(C-S-H).

Excellent reviews of the carbonation of calc ium silicate containing

materials are presented elsewhere .3 ’4

*Cement chemist’s shorthand nomenclature is hereafter employed: C = CaO ,

5 =  S102, H =  H20, CO2.

ft 
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2.0 Experimen tal

The effect of temperature , CO2 pressure, partial pressure of CO2.,

water/solids ratio (w/s), relative humidity (RH), and fineness on the carbon-

ation reaction of various calcium silicates was studied. The B-CS , a

naturally occurring mi neral , was obtained from Cabot Corp.*, while the C352,

y-C2S, B-C2S (stabilize with magnesium and alumi num) and C3S were prepared

from reagent grade chemicals. All the calcium silicates were ground to a

Blam e fineness of approximately 5000 cm2/g; inadditio n ,the B-C2S and C3S

were ground to approxima tely 4000 and 6000 cm2/g to test the i nfluence of

fineness on reaction rate. All calcium silicates were reacted in 100% RH ,

100% CO2 environmental chambers . A schematic of the reaction chanters used

in the B-C25, C35, B-CS and C3S2 studies are shown in Figure 1 , Appendix 1.

The B-CS and 1-C2S were reacted in a similar manner in a high pressure bomb**

rather than dessicators . The experimental procedures such as sample prepara-

tion and carbonation as well as the analytical techniques including quali-

tative and quantitative x-ray diffraction analysis (QXDA), specific gravity .,

H20 surface area measurements , thermogravimetric analysis (TGA), mass

spectrometry, stepwise constant temperature pyrolysis , and scanning electron

microscopy (SEM) for B-C25 and C3S and B-CS and y-C2S are di scussed in detail

by Goodbrake3 and Ghinazzi4, respectively.

2.1 Temperature and Pressure

Samples of C3S, 8-C2S and B-CS were reacted at 5°, 25°, 40° and 60°C.

In another set of experiments , C3S and ~-C2S were reacted at partial pressures

of CO2 from 0.025 to 1.0. Ganina-C2S and B-CS were reacted at CO2 pressures of

1 , 4, and 54 atm.

* Cabot Corporation , Boston , Mass.
** Parr Instrument Co., Moline , IL. 

-- - -  

- 
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2.2 Water/Solids Ratio and Relative Humidity

The initial water/solids ratio was varied from 0.0 to 0.3. The

water vapor saturation of the CO2 reaction chamber was 100% in the majority

of tests. However, in order to determine the influence relative humidity

plays on the carbonation reaction , a series of tests were performed in which

the water vapor saturation of the CO2 in the reaction chamber was varied

from 10 to 100%.

2.3 X-Ray Di ffraction

Qualitative x-ray diffraction was used to determine the polymorphic

type of calcium carbonate which formed during the reaction of calcium silicates

with CO2 and water. Quantitative x-ray diffraction was used to determine the

degree of reaction by measuring the amount of residual calcium silicate

after given reaction periods and in some cases the quantity of the calcium

carbonate reaction products , aragonite and calcite . These data were used

in determining the reaction kinetics as well as the stoichiometry of the

calcium silicate hydrate (C-S-H) reaction product.

2.4 Mass Spectrometry~
Mass spectrometry was used to determine the nature of the decompo-

sition products during a progranined heating of reacted samples . It was

found that only H was present in the volatile decomposition products up to

400°C, and only ~ was present at temperatures >400°C.

2.5 Thermal Analysis

Thernogravimetric and stepwise constant temperature pyrolysis

were used to determine the H contents and ~ contents of reacted sampl es.

The ~ content was used to determi ne the quantity of C~ present in the reaction

—- .-.--- — -S--- - .-~~ 
—, 
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product. The stoichiometry of the C-S-H reaction product was determined

indirectly from the C~ and H contents determined by thermal analysis and

the degree of reaction determined by quantitative x-ray diffraction analysis.

2.6 Surface Area Measurements

Both nitrogen and water vapor surface areas were determined to

provide some insight into the nature of the reaction products .

2.7 Scanning Electron Microscopy

Scanning electron microscopy was used to determine the morphological

nature of the reaction products which included two polymorphs of CC ,

aragonite and calcite , as well as C-S-H.

3.0 Results and Discussion

3.1 Kinetics

The reaction kinetics were determined on dry calcium silicate powders

(i.e., the initial calcium silicate having a w/s ratio of 0) because the

reactions in these tests were reproducible and not influenced by secondary

parameters . Calcium silicates with w/s > 0 react very rapidly initially

and self—dessicate resulting in a significant slow down in the reaction .

This system was difficult to maintain under controlled conditions which

resulted in a reaction which was difficult to reproduce and interpret. A

detailed discussion of the reaction kinetics of C35 and B-C2S reactions are

given in Appendix 1 . The reaction of all calcium silicates followed the

same general diminishing volume diffusion controlled kinetic model . The

kinetics of the reaction are controlled by the C/S ratio of the starting

calcium silicate. A plot of the C/S ratio versus activatio n energy is shown

in Figure 1.

I
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Figure 1. Relationship between C/S ratio of anhydrous calcium silicate
and activation energy for the C02-H20-calcium silicate reaction .
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The infl uence of partial pressure of C on the reaction kinetics

are shown in Figure 4A , Appendix 1. The rapid carbonation reaction exper-

ienced at partial pressures above 0.12 atm diminish below 0.12 atm and very

little carbonation occurs below 0.025 atm during the time period studied .

The influence of RH on the reaction kinetics is shown in Figure 4B of Appendix

1 for C3S and B-C2S. Over a 24 hour reaction time there is a steady decline

in react~vity with declining RH from 100 to 0%. However , for y-C2S the RH

has a very strong infl uence on degree of reaction as indicated by the plot

of weight gain/g C2S versus RH shown in Figure 2. For long-term carbonations

the degree of reaction falls off very rapidly at RI-I values below 100% and the

reaction ceases in all cases at RH < 40%.

The strong dependency of the B-C2S reaction rate on temperature is

shown in Figures 3 and 4. The influence of fineness on reaction rate is

also shown in Figure 4. Temperature is the predominate infl uence on the

rate of reaction with all the calcium silicates studied .

The influence of w/s ratio on degree of reaction after a 24 hour

reaction period in a 100% C and 100% RH environment is shown in Figure 5 for

C3S and B-C2S. Maximu m reactivity takes place at a 0.10 w/s ratio for

~-C2S and approx imately 0.15 for C3S. The decrease in reactivity with

increasing w/s ratio is a result of pores between particles being filled

with water and blocking the ingress of CO2 to the powder surfaces. At w/s

below the optimum , reactivity decreases due to the lack of water at the

interface. This water must be obtained from the atmosphere and diffuse

into the sample , thus resulting in a slower reactivity . The optimum w/s

ratios change with the length of reaction time . With an increased reaction

time , the optimu m w/s moves to l ower values . The infl uence of increasing the 

~~~~
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Figure 2. Plot of weight gain of y-C2S dry powder (w/s = 0) after
prescribed reaction times in 100% C at various relative
humidities.
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Figure 3. Degree of carbonation for anhydrous B-C2S powder (3850 cm2/g)
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pressure from 1 to 54 atm on the reactivity of B-CS and y-C2S were stud ied

in 1 00% RH environments and with w/s ratios of 0 and 0.15. The effect of

increasing the ~ pressure was d i f f i c u l t  to interpret since the test results

were difficult to reproduce; but in general , increasing the pressure did

result in some increase in the degree of reaction. The degrees of reaction

versus reaction time of dry and wet (w/s 0.15) B-CS powders reacted at 1 , 4

and 54 atm of c are shown in Figures 6 and 7. In all cases the influence of

pressure on reactivity was not as great as moderate increases in temperature .

The diffusion of ~ into wet and dry compacted samples of ~-C2S,

C3S, and a mixture of B-C2S and C3S, was investiga ted by determining the

degree of carbonation through a cross-section of the compact after various

times of carbonation . In all cases the degree of reaction was highest in

the 1 nm surface l ayer. In the dry samples the reaction was equal throughout

the remainder of the compacts with the degree of carbonation increasing

with time of reaction . In the wet compacts the reaction was faster and

the degree of reaction diminished continuously towards the center of the

compact with the exception after long term reaction times where the reaction

became fairly even throughout the cross section of the compact (Fig. 8).

3.2 Reaction Products

The reaction products of the carbonation reaction with all the

calcium silicates studies were C~ and a C-S-H with variable stoichiometry .

Two C~ polymorphs were predominant . Calcite generally occurred in samples

which contained H whereas aragonite formed durin g the carbonation of the

initiall y dry calcium silicates (w/s = 0), during the later stages of reac-

tion in the other calcium silicate systems with w/s > 0 and in wet -~-CS. The CC

formed outside the origina l calci um silicates grain boundaries and was the

_ _
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Figure 7. Degree of reaction as a function of time of ~ioist y-CS powderreacted at 23°C , 100% RH , 1 00% C at various C pressures .
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only reaction product observed with SEN (Figure 7, Appendix 1; Fig. 9). In the

carbonation of y-C2S an increase in ~ pressure resulted In larger C~ crys ta ls

(Fig. 9 and 10). Aragonite which formed during the carbonation of i~-CS Is shown

in Fig. 11 . Numerous SEM photos of the C~ reaction products of B-CS and

and B-C2S and C3S are presented by Ghinazzi
4 and Goodbrake3, respectively.

The C-S-H reaction product forms primarily within the grain boundary

of the ori gi nal anhydrous powder. This reaction product in carbona ted C3S

and B—C2S initially has a high C/S and H/S ratio which decreases as the

carbonation continues (Figure 6, Appendix 1). The C/S ratio in the C-S-H

formed during the carbonation of y-C2S and B-CS is initially low and

increases to a maximum and then decreases as shown in Fig. 12 for B-CS.

The H/S ratio for ~ll other systems studied decrease with increasing

reactivity , similar to that shown for B-C2S and C3S (Figure 6B , Ap pendix 1).

An increase in the initial w/s results in a genera l increase in the C/S

ratio of the C—S-H. This is shown indirectly in FIg. 13 where the large r

the deviation from the theoretical carbonate/cement ratio line represents a

higher C/S ratio of the C-S-H. The resulting C-S-H after high degrees of

reaction is almost a hydrous amorphous silica as the C reacts with the

C-S-H to remove C. The C-S-H reaction product is insol ubl e in hydrochloric

acid. The C-S-H product after dissolution in acid has the same

morphology as the original starting anhydrous calcium silicate , indicating

that C has been pul l ed out of the anhydrous calcium silicates to form CC

leaving the S behind which forms a highly polymerized insoluble structure .

4.

_ _ _ _ _ _ _ _ _ _ _ _  
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Figure 10. Photom i crogra ph of 97’~ reacted )-C2S powder which was initi ally
moistened (w/s 0.15) and carbonated in a 54 atmosphere C02, 1000
relative humidity , 23°C environment for 10 ,935 minutes (7.6
days). Figure lOB is an enlargement of iDA . The granular
surface material Is the CaCO3 reaction produ ct which consists
of a mi xture of calcite and araqonite. The individual granules
are about twice the size of those shown in Figure 9.
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Figure 11. Photomicrogra ph of 55% reacted B-CS powder which was initially
dry and carbonated in 54 atmospheres, 100% rel ative humi dity ,
23°C environment for 10,935 minutes (7.6 days). Figure ll B is
an enlargement of llA. The lath shaped CaCO3 reaction product
is aragon ite. 
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Figure 12. The C/S ratio of the C-S-H reaction product of carbonated

B-CS as a function of degree of reaction.
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Figure 13. Amount of carbonate formation versus degree of carbonation of
B-C2S powders of different w/s ratios . The theoretical
carbonate/cement ratio line represents a C-S-H reaction
product with C/S = 0. The greater the divengence from the
theoretical carbonate/cement ratio line the higher the C/S
in the C—S-H reaction product.
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The H surface area of the C-S-H in carbonated C3S, B-C2S and y-C2S

decreases from 300-400 m2/g to approximately 100 m2/g, as the reaction

continues from 20 to 80%~’~ . However, some work4 has show n tha t the surface

area of carbonated y-C2S increased wi th degree of reaction and also increased

with a decrease in the C/S and H/S ratios of the C-S-H (Figs . 14 and 15).

3.3 Carbonat i on Reac ti on

From the proceeding data the general carbonation reactions for all

the calcium silicates can be expressed by

~~~ + z~ + qH -+ CX Z S
Y
Hq + zC~ (1)

where x = 1 , 2 or 3, y = 1 or 2 , z = 1 to 3, and q = 0.2 to 3.

However , the C-S-H is a metastable phase in the presence of C. Therefore ,

as carbonat i on progresses ~ will react with the C-S-H to form additional

C~ and a stable silica gel (S-H). Thus the final overall reaction can be

expressed by

CxSy + x~ + qH -* SyHq + xC~ (2)

where x 1 , 2 or 3; y = 1 or 2 an d q = 0 .1 to 0 .3.

3.4 Strength

Compressive and in some cases tensile strengths were determined

on samples of y-C25, a-C2S, and C35 which were compacted at 21 MPa (3 ksi)

into 7.9 or 5.6 m dia. cylinders and carbonated for various lengths of

times. In a few cases strength tests were made on samples which were

hydrated and then carbonated or carbonated then hydrated for various time

intervals. The capillary porosities of the pellets were determined by

vacuum saturation with water and subsequent drying to 105°C. The strength 
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Figure 14. Interrelationship between water specific surface area and
C/S ratio of C-S-H produced during the carbonation of y-C2S.
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yC 2S , 0.15w/s
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Figure 15. Interrelationship between water specific surface area and
H/S ratio of C-S—H produced during the carbonation of y-C2S.
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poros i ty relationship for some typical data is shown in Figure 16. This

strength porosity relationship is similar to that developed by Roy and

Gouda6 for specimens compacted at high pressures (50-75 ksi) and hydrated .

The fal l off in strength development (Figure 16) under 30% (0.3) porosity ,

is due to the low degree of reactivity as the initial porosity of the

unreacted compacts was ‘\.140%. The advantage of the carbonated system is

that a cementitious binder with a strength > 200 MPa develops upon carbona-

tion in samples which were compacted at reasonably low initial compaction

pressures . In hydrated cements compacted to the same initial porosity a

strength development of only 150 MPa was possible. The intrinsic strength

of the hydrated and carbonated systems seems to be approximately the same

as the over-riding parameter in controlling strength is the capillary

porosity .

4.0 Sununary

The objectives of the present study were to learn more abou t

the reaction of calcium silicates with CO2 and water . The properties

of the carbonation products , kinetics of the carbonation reaction , and

mechanism of carbonation were studied within the scope of the present

investigation. The carbonation of five calcium silicate systems which

differed in compocition or polymorphism were considered. Specific

f i ndings  included :

1) Reaction kinetics depend on the Ca/Si ratio of the reacting

calcium silicates , activation energies increase from 9.8 kcal/

mole for Ca3SiO 5 to 22.9 kcal/mole for B-CaSiO 3. 
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. • Ca3SiO 5 ,Carbonated
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250 — ~~~~~~~~ White cement , Hydrated —

c9 • Roy and Gouda (1973)
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Figure 16. Relation ship of compressive strength to capillary porosity
of carbonated and hydrated compacted materials.
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2) The carbonation reaction fits a diffusion controlled diminishing

volume model .

3) The carbonation reaction rate is strongly influenced by relative

humidity in that the reaction rate decreases as relative humidity

decreases.

4) The carbonation reaction rate decreases rapidly with a decrease

in CO2 partial pressure <0.12 and decrease less rapidly as CO2
partial pressures become ‘0.12.

5) The initial rate of reaction is very sensitive to the presence

of free water.

6) The reaction of dry powders of calcium silicates with CO2 and

water vapor results in the formation of calcium carbonate

and a calcium silicate hydrate with a very low Ca/Si ratio or

a silica gel .

7) The crystalline polymorph ofCaCO3 which forms during the

reaction is control l ed by the moisture content of the reacting
- material . Calcite forms if water is present , whereas aragon ite

forms in the absence of free water.

8) The Ca/Si and H2O/Si ratios of the calcium silicate hydrate

reaction product decreases with increasing degree of reaction .

This is probably related to condensation (or polymerization )

— of the silica gel structure (i.e., further formation of Si-O-Si

bonds).

9) The surface area of the calcium silicate hydrate (silica gel )

ranges from 400 m2/g to 100 m2/g, decreasing with increasing

degree of reaction.

1
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10) The low lime calcium silicate hydrate (or silica gel) reaction

product has a highly polymerized silica structure , which main-

tains the morphology of the original calcium silicate structure

after treatment in HC1 .

11) Reaction rates of all calcium silicates studied increased

significantly with increased temperatures up to 60°C.

12) The size of CaCO3 crystallites increased as CO2 pressure was

increased to 54 atm .

13) The calcium silicate hydrate (or silica gel) forms prima ri 1 y

wi thin the grain boundaries of the original reacting calcium

silicates , whereas the calcium carbonate reaction product

generally forms outside of the original grain boundary .

14) Strength devel opment of compacts of calcium silicate compacts

carbonated for various lengths of time show a direct strength-

porosity relationship, similar to that shown for hydrated

hydraulic calcium silicates.

15-) Carbonation of compacts results in the carbonation of the outer

portion of the compact which impedes diffusion of CO2 into the

compact and slows the carbonation process.

16) The reaction rate of non-hydraulic calcium silicates y-Ca2SiO4
and CaSiO 3 generally increase with an increase in CO2 pressure

up to 54 atm .
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6.0 Appendix I

Reprint of “Reaction of Beta-Dicalcium Silicate and Tricalcium

Silicate with Carbon Dioxide and Water Vapor” by C. J. Goodbrake , J. F.

Youn g an d R. L. Ber ger, J. American Ceramic Society, 62, No. 3-4,

March-Apri l 1979.
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Reaction of Beta -Dica lcium Silicate and Trica icium Silicate
with Carbon Dioxide and Water Vapo r

C. J. G000BRAKE,** J. F. YOUNG , and R. L. lwR(;Eg
Departments of (‘ is il J:ngineermng and Ceramic l:nginecring. L m niversit ~ iii Illinois at (J rban a -Ch ampau gt i . ( rhana , Illinois ts l$t ) I

The carbonation-reaction kinetics of beta.dicalcium silicate ——

(2CaO Si00 or f~.C2S) and tr icalcium silicate (3CaO- Si02 or i•Oiitisi V,i. , 

I I
C-IS) powders were determined as a (unction of material param. I
eters and reaction conditions and an equation was developed I I
wh ich predicted the degree of reaction. i~he effec t of relative I
humidity, partial pressure of CO2. surface area, reaction tern .
perature. and reaction time on the degree of reaction was de.
term ined. Carbonation followed a decreasing -volume . ______

diffus ion-controlled kinetic model. The activation energies for 
_______________ _____________

car bonation of f~-C2S and C.1S were 16.9 and 9.8 kcallmol,
respectivel y . Aragonite ssas the principal carbonate formed ______

coincident with depletion of the calcium silicates~ C.S.H gel
formation was minima ).

dur ing the reaction and the rate of carbon ate formation was ______

I. Introdu ction

T HF accelerated hydration of hydraulic calcium silicates , C3St 
_______L 1and /3-C2S. in the presence of high CO2 concentrat ions leads to

Cnnm,,u.d ¶ ..,n’sis..rapid strength development of compac ted mortars .’ It has been ~~.

suggested’-2 that the carbonation process initially forms calcite and
C-S- H according to Fig. 1. Schematic view of carbonaiiiin apparatus

C,S+(n —X) C+YH -- C~SH. + (n — x) CC (1)

The C-S-H which forms initially may be similar to that formed in
convent ional hydrat ion but is believed to carbonate rapidly so that 3. 26~ 0.01 g/cm 1. whic h compares lavorabI~ with published data.
the final reaction products are calcite and silica gel. the oserall The 13-C 2S was then ball-milled to a Blam e fineness of 3850 cm2(g
reaction being: and further reduced in size by a vibratory miser : to ‘rpes ific surface

areas of 5300 and 6300 cm2/g. All of the powder fract ions were
C,S+nC +:H—nSH 0 +nCC (2) stored in sealed glass s- ials until needed. The chemical analysi s of

During the initial carbonation of compacts the high heat evolution the C3S used in this study’ is also given in Table I: no other calcium
s ilicates were detected by XRD. The C iS was milled lii a finencss iiidrives water from the specimen and the central core of the compact 3900, 5400. and 6280 cm2/g us ing the above methodsreacts only slightly. Subsequent carbonation of the core will occur

only in the presence of water vapor. Accordingly, a study of the (2) C arbonation
carbonation process under these conditions was of interest. The use Approximately 3 g of dry powdered calcium silicate w as weig hed
ofwatervaporenab les there actionconditioiis to bewell deftnedand into a clean . dry. glass petri dish and placed into the carbonation-
is thus suitable for a detailed kinetic study. rcaclion vess e l. Tw o types of reactors were used; the first consisted

of a double-walled glove bag w th dual seal openings and a volume
ot 45 Land the second consisted of t is~ I l -I glass va c uum des K-

II. Experimental Procedure cators which were connected in parallel to a conditioned gas supp ly
(I) Materials (Fig. I ) .

The part ial pressures 01 CO2 were controlled h~ evacuating theThe p-C 2S was synthesized in the laboratory and analyzed chem- desiccators and backtllling to prescribed pressures (as determinedically and by X-ray diffraction (XRD). The chemical analysis is by the mercury manostat). The relative humidity (rh ) was controlledgiven in Table I: no other silicates were detected. Its density was by bubbling the CO2 through saturated solutions i t t  specific salts to
________ attain the proper degree of moisture in the gas stream - Table II lists

Presented at the 50t h Annual Meeting. The Amer ican ( eramic Soi l i l y .  Dein,ii . the saturated salts used for the rh conditioning. After c arbonation all
Michigan . Ma~ 0. i 97i1(Cemin is Disi s m o n . Nit 31 1 751. Receinedlunc IS . 975: of Ine samples were dried by washing w ith 5 mL of acetone; therevise d cimpy received Sepiember 7. 975

Based in part in a thesis submmtied by C. 3. Gocmdbrak e flmr the Ph. Ii degree ~ specimens were sealed in 20-mL glass vials until needed.
cerammi eng m neenng. University iii Illinois. April 975 , (3) .~nai~s~ of Carbonated PowderSupported by ihe U.S. Army Researc h Office under Grant Nit . DAAG 29 76 G
0 1 6  After carbonation, samples were analyzed by quant itative X -ray

Member . the American Ceramic Society.
~4:ii oith the IM (1m - Si, Paul. Minnesoia 5510 1 - -

tW i t hm n t h is  pape rS conve ntional cement chemi stry netat lur n is used . i.e. C (a0 . ~Spex industries . inc - Scotch Plains . N J.
S Su0 2. H H~() . C ( ( i ~ h Prmrtland Cement A ssuri  aunt, . Skiuk :c Ill .

______   
Table ). Oxide Analyses of Calcium Silicat es

- — - Amount preseni Uvt~ l_ -
Compound Ca4 ) SuO~ ~~~~~ J~~L 

Fe,O2 Mg() 

~~~~ K 1() SO~ Ca( ) t i l l  lRb
C3S 7 1 .33 25.70 0.00 0. 14 0.64 0.01 0.00 0.05 0.72 0.76 0.22

64.06 33.28 0.12 0.10 0.48 000 000 0.04 0. . 1 .00 0.4
~Fsctudung tree CaO. f t ncludes 110, and P50-,. t t.oss on ignitIon. §lnsoluble residue.
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rablr II. ( onstant Humidity Saturated Salt Solutions 29.C
Rd , i r J i 5  Rd humidity

I~ bk Ill. I f f r~~t k~ 

f 
‘
I

t2 22 2 77~ i) l ) K )~li ( i l k l i

~2 77 2 7 to l) ,0 4 I i isn
~4 44 2 602 2) 15 ~2 • ,c is

41 2N 2 185 2115 
0 C 55

( ‘ .i( i  I 2’ 1 -UI 3 ( ) 4 S  1114 1 (X) 
iS.

dc iii. I 15 c
~f~ 2 )9S I iu 1 ‘~ ‘no

01 411 2 2s 6 l i t  IN Trin* I~~~.rs I
4~ 4 2 ~~ S 2 1) 2 IN

Fig. 2. l) i t tu sm on ciimmirrrlled Is’ i- . us : i i ~ l i:r iii km net s tnridc i l i t  car-
( .~ ~

( ) 2tm 2 4  ~ lb I l l  I bimnating 0.) ‘ ,S and C S  po w d e rs l iSSi in

(aragonmte ) 27 25 1 2 7 4  (12 1 52
lb 211 2 ~~i 200
17 “~~ 2 1~~2 1 1 2  15

Ii) ) 25 15 S l U  101 l IMI
(analasel 1’ 714 2 l7~t (104 22

4 50 7  I s~lI 2151 11

1 1 . 1 area it ii shios W .m i rrseiJ t imt remereni C u is

clii Ir is  li ii analysis II.) Xl )  -\ i using I it )~ I 1triata,sc 25 vi I ’ . ) as an
mntemal standard .5 dmffr acto meter 5 vs t b ( u.k ii radiation was used 0

lii recor d d lt t rac 00!) pattern s at a scanning speed iii ‘~m to ~~

2i9 mm f ive separate peaks were used for eac h si l i cate ) table liii
and eac h samp le was run in rtp lmc atc . us ing a tr e~ls pus king for eac h 

~ •
‘ •

run The degree ii reaction, us determined is the amount it un- o
0

reacted s i l i ca te ,  could he estimated t im 3 w t i  The amount of ~~ Os — 0

c a lcium c artsm nate was simi larly determined .
When samples had a tow sk grec ’ iii react ion (short periods si t  ~ o

c arbonation) an este rnal standard method was more s,iiP.i,is liur\ 
~ 0

For sees high degrees i i )  rca - tion (long periods iii carbonation) the ~~ 
O S  —

degrec o t u ~ artionatiiin vs .is c .ils t i l i t es i  fro m the amount of CC formed ~
based u n  Eq 2 1  The internal standard method w as  used t r i r  l ) ) i i i 

~ 0 
ThSo;stmCOl

0 Cse bonotS / C.m.nt
ifl)’ . it total reaction . ~ • R000

The degree u t  cartsmnate limrmatirin was ,i lsiu determined by
co nstant-temperature py ri ‘I~ s is  lechniques The artsin1mted sample 0 o~

was dried at I ))S ( t o  constant weight to remove uncuimhmned w ater.  ~
then heated t i  15)) ( ‘ l i i i  h. t he weig ht di t ie re ns betw een US :
and 35)) C was t u e  t i  combined water  The sample vs as then heated
to I (XX) (‘ the w eig ht dif fere nce between 1S)) and I (XX) ( vs as due on — 0

t n decnmrn p.ms it inm n i t t  c a rbonate ,mnil vs _ is equal ti the weig ht r i f t ) ) .

The we ig ht . ii .trlsunnalc could be .. .ih ulated and compared Iii
()XD A values 0

Ihe polymorph itt ak urn .11)5 u n i t s  I iii lie iir aragonitc ) vu is . -‘ u
t
o Jo ~o

identified hs XRD Sli t ihu lu cs w a s  studied Isv sc .mnning electron
WI % Calcium Silicate R~octsdm te loscopy using s in Fi les that is crc pt I i i i  ‘ m i s - il vs it Ii gn ild I he

pity ders were mounted in spec men s t uds using silver conducting Fig . I ( ats mum , Is n il, f r mrm aii rmn v s  degree it car~ mnat uim n l IMP rh .
paint containing a l i tt le I )Iic I I cement I ii atm (I) , 2~

III. kitsi mits and t)iscussum ri-ui ted at 5 2~ . 4)) . and lii i C \k hen log (I ‘- II i t

pli it ied , i 1 . l i i u s i  log t the plots nrc nearly linear and the slopes an’
f F 1  A inetu s and SImi -huum,trp ) I.) . indk aiing a dit t i is i ui r ial l ’m co ntrolled reaction ( - .S powders

) igure 2 shuiws the behasmu ir iii nir\ 0~ 
,S and ( .~i powde r’. reacted tim a greater degree than 1 ( 5 lii all iettiperaiu res esc ept

(sIt ( The i t s - g u s - i ,i I i tO li l t , , ! wds dif f icul t  in detct—tiu ine fi s t

sarnpks which were ID w t 1
~ reacted

‘s . . t r I i .  ‘mi rt h Smert u no Philips I .. - i  ~s
S t - I, SM I I J I—i )( . (’( m I~ n Sri i i i  v i . . I ci i i  .4 ‘~hiisi s Ihi- drfl ulUfl l i i i  , , m i t s r , , u i i  fiurlncd ptr .i.mtt l  i i )
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3(~ I Table IV. Reaction Parameters for Carbonation 
-

I ~~~~~~~~~~~~~~~~~~~ 

d4 0
1
8 1 0  

~~~~~ 
~~~~~~~~~~ 

i
~~~~~~~~~~~~~~~~~~~~~~~~~ n i

Part ial Preuuri of co2 (atm ) 

— 

to’ —

~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

IO~ O C S
0 20 40 60 80 100 •$_ C2S

Re ioim ve Humidity 1%)
Fig. 4. l~,ite c i  iu)  I-F ) relative humidity and (B I CO2 partial
pressure on k inet ic s i i i  carbonation (at 40’( l it  24 hI.

30 31 32 33 3~4 3-5 36 37

1 000 / 7 ( K 1
carbonate at the same rate as the si l i cate is depleted. acctt rding to Fig. 5. A rrenhius plots it t  carbonation r u t  C S  and 0-C ,

~I 2 ) The slight negative dev iation ot the experimental data trom -

t he theoretica l ,mrbonate line indicates that a small arnount ofC-S H
was iiirnied. u.s in Eq. ) I ) .  age particle vile, and -l .mce rage su rlace area The temperature
(2 l-,f J eti of E xperimental Parameters dependency is given by the .\rrt ienius equation.

‘t he rh il the (‘ (1 abose that of the sirs calcium silicate partially -

controls the degree ii) carbonation w h i c h . al 24 h vs ithI’~ 
. .o atm A , A ,, e xp( - 1 k !  I (5 )

increased vs ith increas ing rh in an approximatel y linear manner Where A’ preexpisnentiat term / ,, a - t t ra t io n energy - R gas
IF - mg. 118). Since water is c s s c n t l a l  tiir carbonation to occur and co nstant, and 7 temperature I K I (. itni hiti ing Eqs I to 5 gives
since water vapor in the CO2 my the only source it water, the posit i ve

i _ Il _ i ‘ I. DI 2 ) 1 2 13 ih iinfluence i i ~ rh was especte d.  There appears to be a slig ht decre ase ~ I I i i ~ X~ m’u .~ 
I. 1~

in the degree ,i) reaction at 1 001 , rh wh ic h may be due to the w here A ,,’ =A’ ,D. The values tor the reaction parametersA , ’ and /~~,formation i i  a ltqumd w aler hIm which serves as a diffusion barrier are e’ ic en n Table IS
Ii ur w .mtc r and Ct 

~2- 
Simi lar results were reported by Verbe clc’ on - -- (4)  Pred iction o[ iiwetted portland cement carbonated in carv ing rh c i i nd iliimns -

Equation 6 can be used to calculate for powders ill v ary ingFigure 4) -H shows the e t fe c  liii! , on the decree of earhonattuin.
-\ threshnmld value e x i s t s  for both ~~~

(‘  .5 and C S  at ~0 ()2~ atm surta c e area reacted atd iff erent temperatures~. The constanLs t i r  I s
- . lb I were obtained )rltm Fig. 5. vs hich shows the Arrhenius pluits Iisr

CO . Beluics this value carbuinati imn was  null detectable at _ 4 h, , - -f3-( -S and ( 5 ( ross plots ill the apparent rate constan t A , showatt hm iug h ,irbnunat immn las been observed iller prolonged exposure to -

- t t se linear dependence of 12 and I i  The calculated s aloes fro m E qatmos pheric s uincc ntral ions it ( II. (0. 1 5 5 1 1  atm hs vnsume), The
161 were accurate to ~ 3 cv i  ove r many reaction temperatures andcri ter ia for n. arhiinatiuin. t herckirc . are the ci insentrat inin of( (l and pan ic Ic tinenesses E quation I f t l w a s  develope d using l ived react iont he re aclimi n lime. The c- i t s ’s lo t  Pi- w as most pronounced betw een -s ,iiiu)lt I(ln s i t t  I .0 atm ( ( ) , and 1(X) 1 1 rh. The re asliusn at riiher 1( 1 1) _S t h u  0 2 atiti - cv Iuere .ms at hmg tuc -r partial pressures m t w  as much -
and rh s att ics c an be determined by ’ multip ls ing l-q ft I Isv theless The apparent hrc ,ik in the c irbi itiat iii!) curves at 0 .12 for both - -

- . - tu i l low mng constants. vs hich were determined tntm l u g  40 (  5 and C 1S is c iused by a satu ralstn limit of ( ( I  in the advnurbed
vu ater u n  the dru silt s ate grains at Itie [c ii olin ci indmti uu ns indicated in 

~~~~ I o )~) If ‘ i rh I + (j  ( 7 / 3 1 3 1  (71
F ig  4 1 1 1

I ) I ( arbuna iwn A m m - t i n s 
ii Iii  (It. , / r I R~ 1 1 1 7  IN I

Ru th ji- (’~S m d ( .5 pity ders 1,111 w - n lii rs - m s i n g suiluine The correct eurve- htted coc filc ienls ) mi r I qs 7
~ and SI are l is ted in

st i ttuvuu ut’i sutntr iilled kunetic model’ which is expr essed by T u h ls  5’ 7 is the re, ic tu i in tem perature ( in K) and these equations

‘ 
L I ~ i i i ’ ~)‘~ A , I ~ l t hus indms u s ’ a linear dependencs nst rh and P wi th  tetiuperature

)P , being an invers e iii ss ’ndence) Althoug h the temperature
where i t  dec ree il c ,ur~v u na t l im n . A , apparent rate ‘ ‘ius i. i i i i .  and dependence mit rh and P~’ should ,m st uall y be c u r s  linear function s .
I t mv i m~ ii re.ms I u n  A st i pend’. m m sec i’r,i l rnateru ,uI pri ipe t-lies , as the Itnear ciltTe laiii ln is mm gniiud approximation in the temperature
shown hy range studied

A l ) ’ u  ( S I  Ream luur,i Shuschiometry
A , ~~j

’ A ) 1 4 1  lIme car tsu natmns n mechanusm f i r  anhydr mius powders is best de-
ll 

ss ribed by Eq ) 2 \ nals s n’ s mndte ate that a snuall .mtnount iii ( S II
where A as iii.i l rate constant . 1) d mt tu si i mn s. tx ’ f f icmen l , i, ave r  tiuryn s . whic h rapIdly fusses ( jo and w at er ul tg . P u ,  i i form amisr-
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Table V .  Effect of Experimental Variable on Carbonation Parameters phous silica. The carbonation reaction is
______ 

That Modif y Eq.(6) exothermic . the calculated heats of tuur-
If , L 

________ . - . — -. B Range 
- 

)~ i ~ mation (Table Ill) for c arbonation being
( IS cons iderably higher than for normal hy-

0 0—0.29 140 ItX)~ i rh 7 dration. 4
3.63 10 ~ 0 0 140’ rh 7 Both $-C2 S and C.~S pow ders form

—0.20 
~~~~~~~~~~~~ aragonite during carbonat ion unless

-- 0.16 . - I liquid water condenses on the sample. if
2 6  10 li 0 

- , 0- l00~ rh 7 liqu id water is present calcite forms m i -
1 -4 3 - 006 0.05 0 ) 2  Pr 8 tmall y and aragonite forms -nis the sped-
0. 8 14. 10 0.1 2 1.0 Pr 8 

- mendr ies. Aragonite occurs as prismatic
blocks (Figs. 7(A) and 7(B)) or as or-
thorhombic laths (Figs. 7(C ) and 7(D) )

3C 30 whic h radiate from the original surfaces
A I I I of the equiaxed silicate grains. Cutncer-

sion of aragonite to ca lcite was not observed during
• BC2S I • $C~S t he reaction , although ca lcite is the thermody-
o C3S o c,s - namically stable phase.

20 - - 1 - 2.0 V. Conclusions

1 ~ The reaction of anhydrous f3-C2S and C 3S powders
o wi th carbon dioxide and water fo l lowed a
-0 decreas ing-volume , diffusion-controlled kinetic
~ model. The activation energies for carbonation uut

o ~ /3-C2S and C3S were 16.9 and 9.8 kcal/mol . respec-
~ l0

• 
- 

1)
5i~.’.~ 

- .0 ! tive ly. The reactions are also strongly exothermic .
us us w ith calculated heats of formation being —44kcalJmoI

x for f3-C2S and —83 kcallmol for C.~S. The degree of
carbonat ion increased with increased reaction temper-

• ature . part icle-surface area, reaction time , relative
__________________________ I I 

humidity. and part ial pressure of CO7. Carbonation
00 20 40 60 80 0 20 40 60 80 1(X) of anhydrous /3-C2S and C3S formed aragonite and

W I % Calcium Silicate Reocled silica gel. Small quantities of C-S-H gel were formed
- ‘ - in the initial stages of the reaction.

FIg . 6. Composition iut C-S-H formed during carbonation in terms of (4) C/S ratios and
(B) HIS ratios.
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