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With Carbon Dioxide
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The effect of age, water-cemont retio, and ovaporable-water content on the reaction
of hardened cement paste with carbon divxide was investigated, weing amall cylinders of
cement pasie, The rate and extent of the renetion are subject to manipulation by varying
the evaporable water content of the Rlaatc, Pastes of diffcrent age and water-ecment ratio
tend to dry &t different rates, and this differenec cxerts an important indircet effect on
rarbonation,

Analyais of the speetmens showed that lesa than one molecule of nonevaporable water
was releasod for every molecute of carbon diexide galned, exeept bn paste of low waber-
cement ratio or ab low levela of carbonation in other pastes,  IF caleivm hydroxide were
the only phasc attacked, equlmolecular Clh—HaO stoiehionotry would bo expected. The
ohacrved behavior doea het rule out the possibility of snme preferentisl attack on caleium

Reaction of Hardened Portland Cement Paste

hydroxide, but other pluases can reacst while saleium hydroxide s still present.

Water-

cement ratio, [partiﬁllla,rl}r in very dense paste, may exerl some effect on Lthe compurative

aecessibllity of diferent phases.

1. Intreduction

Practical interest in the carbonation of hydrated
poriland cement atems from the fuct that it modifies
the properties of cement products. It usually im-
proves the sompressive atrength [1-6], but carbona-
tlon under some circumstances has heen reporied to
ke deleterious [7]. Jones [4] found the impack
strength of cement-zsbestos sheet to be adversely
affceted by carbonation.  Also, water containing
carbon dioxide may attack gel conatiiuents an
weaken cooncrete under prolonged exposore [8a).
When conorete, mortar, or hardened cement paste is
allowed to react with carbon dicxide, shrinkage ia
observed [3, 0, 10, L1}, but the carbonated duci
may exhibit somewhat grenter volutne stability than
the original material [10, 11]. Curbonation has also
been discussed as a possible cavee of the crazimg
observed on seme concrete surfaces [1, Sbl.

The reaction of cement products with ecarbon
dioxide is influenced by the colloidal structure of
cement paste. It is partly o diffusion-controlled
rocess I which water functions primarily as a
arvict to the rapld movement of gas, and it is
partly u moisture-controlled process in which a small
amount of water iz necessary hefore reaction will
take place. Bessey [2] observed that the earhonation
of mortsr and sand-lime specimens procended more
readily as the relative humidity of exposure was
lowered. Lea and Desch [6] in discussing (his
behavior suggesied that the rate of carbonation
Emhpl:_nly falls off again at some still lower relative

umidity. There 1= now ample published experi-
mental evidence to support this view [10, 12, 13].
Tha present paper describes some experiments with
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amall specimens of paste, which examine in some
detail IRIB effect of age, water-cement ratio, and
evaperabla water content on the reaction of hydrated
portland cement with carbon dioxide, Carbonation
1 considered primarily from the point of view of the
water and carbon dioxide involved in the overall
process,

2. Methads and Materials
2.1. Cements

Twe cementa were used for these experiments.
Both met the requirements of Federal Specification
33-C-102 for type T cement.  The chemical analysis
of the cements 18 given in lable 1. Cement No. 1 was
used in the depth-ol-penetration atody. ement
Mo, 6 was used n all other experiments.
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2.2, Praparation of Specimens

Thirty to forty grams of cement were mixed with
water nd cast in eylindricel polystyrens molds, Jin.
in diameter pnd ¥ in. decp. Nomina! water-cement
Takios of 0.3, 0.4, and 0.5 were selected, and an addi-



tional series of specimens ol water-cement ratio 0.5
were prepared in which 1.56 percent of the cement
was replaced with CaClg.

Curing for the first 24 hr took place in sealed molds,
Curing beyond 24 hr tock piace in paraffin scaled
glase jars contaimng a small prmormt of water in the
bottom to maintain high relative humidity. The
specimens were exposed to the vapor only.

Specimens for the measurement of depth of carbo-
nation were cast in glass tubes 1 in. in diameter and
2% in. deep. A nominal water-cement ratio of 0.5
was uzed. They were cured and allowed t¢ remain
in the tubea, so that the enbsequent loss of water and
gain of carhon dioxide were essentially unidirectional
theough the top surface. Samples for analysis were
talken with & masonry drill, and sampling depths
were megsured with a depth gauge.

2.3. Carbonation of Specimens

Ten specimens were taken to represent each age
atil water-cement ratio, The spcoecimens in cach
geries are designated here by numbers 1 throngh 10,
and the precarbonation treatment of each specimen
is summarized as follows:

1. Pluced in water 10 min and surface blotted.
No treatment.
Yacuum dried 3 L.
Vacuum dried 2 hy.
Vacuum driad 5 hr.
Vacuum dried 24 hr.
Vacuum dried 72 hr.
Vacuum dried 7 days.
. Vacuum deied 7 days after which the apecimen
wae crushed and vaeuum dried an additional 7 days.
10. No treatment and not exposed to carbon
dioxide.
After pretreatment, specimens 1 through 9 were ex-
posed to dried carbon dioxide at one atmosphere for
a week in closed individusl cells sunilar to the ocne
fllustrated in figure 1. The ambient temperature
during exposure waa 25°C. Specimen 10 was not
dried or e d te carbon dioxide and served as a
check on the normal rate of hydration of the paste
during the 1-week exposure period.
The depth-of-carbonalion specimens, wrbileenly
desipnated 4, B, (7, and D, were vacoum dried for
erioda of 30 min, § hr, 48 hr, and 7 days respectively.
They were then exposed to carbon dioxide at 1 atm
for a week in a glass jar equipped with a gas inlet
trap contsining ﬂ—hut}fll phthalate, similar to the one
in hgure 1.

2.4, Datermination of Nonevaporable Water, Evap-
orable Water, and Carbon Dioxide

00N Uk 23 b

Nonevaporable water, W, was determined by a
ghight modification of the Copeland and Hayes pro-
ure [14]. After exposure to carbon dioxide, the
specimens were dried in & vacuum zystem coutaining
a irap cooled with dey iee.  The penod of drying was
selected 20 us to give each apecimen a week of drying,
including any drying received befors earbonation.
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Fravee 1,

Cell for expoying eylinders of hardened cement
parie o carfion dierdde.

The specimens were then crushed and dried for an
ndditicnal week. The number 0 apecimen of each
series, which reeeived this complete drying treatment
before exposure t¢ carben dioxide, was grven an ad-
ditional 24 hr of drying after carbonation to compen-
sate for the cxtra handling. Nonevaporable water
was then determined by measuring the loes of waight.
at 1,050 ?C and subiracting the earhen dioxide con-
tent of the specimen.

Evaporable water, W, was detcrmined by mens-
uring the loss in weight of each specimen during pre-
carbonation drying and subtracting this loss from
the total evaporsble water eontent of the original
bardenad paste. ‘The water lost by the number 0
apacimen of each series was assumed to represent: the
total evaporable water content of the original paste,

Carhon dioxide was determined by digesting the
peste in 4-normal hydroehlovie acid and absorbs
the cvolved gas in Ascarite. The apparatus an
procedure were similar to those described by Kolthoff
and Sandell [15] with minor modifieations which have
been previously deseribed [16].

2.5. Estimation of Pore Volune
Total pore volume, Pp, and gel pore volume, Pg,

of tho original hardened paate were caleulated from
the equations of Copeland and Haves [17],
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Pr=0.09 (W, —0.746 W)
Fo=2.36 kW,

(1
{2)

wherelW, ia the original mixing water and represents
the iotal pore volume at the start of hydration, k is
a constant for any given cement, and W, is the non-
evaporable woter content of the original poaste. In
the present experiments ¥, was based on the totai
water in the paste immuediately after removal from
the mold alter 24 hr, & was assumed to be 0.3, and
W, wes hased on the nonevaporable water content
of the numher 9 specimen of each series after car-
bonation. Such weluea of W, are estimeted to he
0.2 to 0.5 percent lese than the true noneveporakle
water content of the original paste.  An uncertainty
of 0.5 percent in W, corresponds to an uncertainty
in total pore volume of about 0.4 ml per hundred
%rams of ignited cement. Also, the equations of

opeland and Hayes are based upon vacuuni-mixed
pastes and would not include any entrained air in
the specimens,

3. Results and Discussion
3.1. Effect of Predrying on Carbonation

The results chiained when %n. specimmens of hard-
ened cement paste of different age and water-cement
ratin were partially dricd and allowed to react with
carbon dioxide are sunmarized in table 2. The data
include evaporable water content before exposure to
carbon dioxide and carbon Jioxide and nonavapors-
ble watler content after exposure. Wide variations
in the amount of carbon dioxide reacting with the
paates are evident in the table. Individual sveci-
inens contain as Iitile as 0.82 or as much as 40.656
percant carbon dioxide after & week in an atmos-
phere of the pas. It is clesr that the reaction is
extremely responsive to the drying treatment re-
ceived by the paste before exposure.

The effect of predeying is shown more clearly in
figure 2 where carbon dioxide content is plotted as a
Funetion of drying time. Each age and water-
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cement ratio is Tepresented by a separate curve
For each paste there iz an optirmum condition for
maximum reaction with carbon dioxide. Saven-
day-old pastes are denser in structure and dry more
slowly than 1- day-ulrl pustes.  Therelore they reach
and pass through thie optimum condition more
slowly. d.lgerence ie evident from the shift of
the max_lma of the curves in figure 2. Thie shift
would ba expected to be greater in older specimens.
However, the 28-day-old specimens de not appesr to
reach the optimum condition more slowly than 7-day
specimens.  The amount of additianal{l dration of
these particular apecimens between 7 an 28 days is
apparently insuffieient to make & significant change
in their drying and earbonation characteristies,
except in the very denze paste of water-cement ratio
0.3, At this water-cement ratio, reduced accessi-
l:firlil;jr to carbon dioxide ot 28 days is the predominant
sek.

In general, youne pastes of high water-cement ratio
tend to earbonate more reaﬁlly than older and
denger pastes. For example, a 28-day-old specimen
of water-cement ratio 0.3 would react with lese carkon
dioxdde than & 1-day-eld specimen of water-cement
ratio 0.5, but if the comparizon iz arbibrurily made
after 72 hr of drying, rather than at the time of
maximym resction, the opposite ia true. Behavior
2uech ne this is probably one of the ressone why Leber

Carbon dloride content of cement poafes ag a funotion of drying Wme before expesure fo carbon diaride.

and Blakey [9]l were indyeed to comment that,
“There iz ample evidence that slight changes in
carbon dioxide treatmtent, such as age at which
treatiuent starts, will produce completely contra-
dictory resolts”

The effect of caleium chloride was examined at
one water-cerent ratio, because it s 8 coinmonly
usad agent for accelerating the hydration of portland
cement. It might be expected that a I-day-old
pagte containing calcium chloride might behave as a
slightly older specimen without caleium chloride.
However, the twe sets of curves in figure 2, repre-
genting water-cement rafio 0.5 with and without
caleinm  choloride, show only slicht  differences.
Apparanily the reduction in bleeding produced by
the accelerator has compensated for any inecreased
hydration. In other words more hvdra,tlun products
are formed in the presence of raleium chloride, but
there iz wlso more space to fill. Therefore the net
affect on the drym wnd carbonalion characteristics
of the paste is sma

3.2. Carbonation as a Function of Fore Space

FPowerz and DBrownyard [15] have designated the
pores remaining i the voids betwesn (he oripinal
patticlez, which becotne purtially or completaly

with gel during hydration, as eapillary pores. The
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much smaller pores characteristic of thie el they have
designated ns gel pores.  The sum of the capillary
and gel pore space iz the total pore space.

The pore volume of & eaturated paste is equal to
the volume of water required to fill the pores. For
purposes of approximation, pore volume, in appro-
priate unitz, may be (‘Dl‘lSldp red numerically equal
to the welght. or percentage of water requiced to fill
the pores, since water in n snturated puste has o
gpecific volume of 0.99 [19). In order to ezamine
carbonation from the standpoint of pore space, car-
bon dioxide content at the end of one week exposura
ie plotied in ficure 3 a8 & function of the amount of

evaporable water in the specimen at the start of
exposure.  For each haedened paste before carbena-
Lion the amoont of the original mixing water, W, the
total pore volume Fg and the volwima of tha gel
pores, Pg, are marked on the abscissa of the graph.
The difference boetween Fr and P4 on the ahscissa
is approximately numerically egual to the capilla
ore volume In em¥ 100 g of coment, and the Jii-
crence between W, and Py, to the net increase in
the wolume of solid phases during hydration. Fig-
ure .} affords a visual comparisen of the amount of
evaporable water in each apecimen at the beginning
of each carbonation caperiment and the amount of
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water required to fill the pores. The difference along
the abscissa between each point and the value of
Fria approximately equal to the unfilled pore space
in em¥f100 g of cement. Since leas is known ahout
the actual volume of the pores and the density of
water in & partislly dricd paste than in o saturated
paste, the value obtained is referred to in this paper
as apparent ynfilled pore space.

Considering only the right branch of each solid
curve in figure 3, the amount of carbon dioxide in
each apecimen shows rather good correlation with
the apparent unfilled pore volume at the beginnin
of carbonation. In figure 4 the data for ]—gla}f-ﬂlﬁ
gpecimens of all water-cement ratips is aesembled
in one graph, and the zame iz done for 7- and
28-day-old specimens.

Differences between pastes of different water-
cement ratio may be seen in fizure 4, but they are
small considering the much greater possibility for
losz of continuity of the capillary pores in denser
pastes. According to estitmates of Powers, (opeland,
and Mann [f2I]], based upon water-permegbility mens-
urements of saturated pastes, all of the specimens of
water-cement ratio 0.2 and the 7- and 28-dayold
s]i'ﬂcimenﬂ of water-coment ratio 0.4 might reason-
ably be cxpected to have completely lost their cap-
illary continuity. However, when these apesimens
were dried and exposed to carbon dioxide, they
behawvad cotnparably to specimens of highar water-
cement ratio which should definitely contain con-
tinuous capillory pores. Powers [2i] has reported
& 70-fold increase in the water permeability cocffi-
cient of a mature paste after bringing it to equilib-
rium with 79 percent relative humidity and care-
[ully resatyrating it. Therefore it is not sgrprising
that partially dried pastea of low water-cement ratic
shou]lc:i have considerable accessibility to carbon di-

oxide. Even if capillary continuity is loat in the
hydration process, drying appsrently creates pasaages.

Carbon dioerde conberd of cement pesle ox 6 funclion of opperent unflled pore space of fhe beginning of corbo nation.

3.3, Carbonution and Nonevaporable Watsr

Carbonution brings about . reduction in the
amount of chemically combined water in hardened
cement paste. In figure 3 this reduction is reflected
by decreases in nonevaporable water shown by the
dotted lines in the figure. It should he possible to
drgw some infercnces 85 to whether caleinm hydrox-
ide iz the only phase involved in carbonation by
determining the aimount of nonevaporable water loat
during the process. Verbeclk [10] has applied a some-
what analogous procedura to the analysis of suto-
claved pastes. The reaction of calcium hydroxide
with carbon dicxide may be represented by the
equation,

Ca{OH),4- 00, —Cal0), 4+ H, 0. (3

One molecule of water iz released for ew muole-
cule of carbon dioxide accounted for in the final
praduct. While calcium bicarbonate as a_ possible
miermediate product should not be overlooked [Sa],
the analysis meludes only carbonate stable during
the final drying. Egquation 3 1o therefore a resson-
sble raprasentation of the initial reactants snd final
roducts in the carbonation of calcium hydroxide.
t iz more difficult to write equations representing
the carbonation of other phases in herdened cement
paste.  However, if less than one molecule of water
12 relensed from the paste for every molecule of car-
ben dioxide gained, and if hydration of the cement
Eoes on at a negligible rate, 14 18 clear that calcium
ydroxide is not the only pilﬂ.SB attacked in the var-
honation process. If, on the other hend, equi-
molacular stoichiometry i1z observed, 16 s possible
that calcium hydroxide is the only phase attacked,
but the point is not unequivoeally proven until
more information is known about the behavior of
other phases during carbonation and drying.
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In figure § the nonevaporable waier contents of
28-day-old specimens are plotted ag a {unction of
carbon diexide content. By limiting the analysis to
28-duy-old pastes, hydration during the carbonation
period is limited to less than 0.5 percent nonevapo-
rable water. The solid steaight lines in fgore 5
correspond to the required theoretical slope if one
melecule of water is lost for every molecule of carhon
dioxide gained. Comparison of the experimental
pointa with the theoretical slope shows that less
water was released than required by the stoichiom-
etry of eq 3, except in the paste of water-cement
ratio 0.3 or &t low lavels of carbonation in the other
Dasles.

Verbeck [10] hus estimated that it would be stoichi-
nmetrically possible to aceount for carbon dioxide
contents equivalent to about 20 percent or more of
ultimate carbonation by reaction with enleinm and
alkali hydroxides without attack on the main gel
phases.  OF course any such estimate depends upon
the dafgl‘ee of hydration, since calcium hydroxide is
one of the hydration products. For the cement
represented in fipure 5§, 20 percent of uliimete car-
bgnation corresponds to about 10 pereent carbon
diexide based on the ignited weight of the cement.
The form of the experunental curves for the pastes
of water-cement ratios 0.4 and 0.5 suggests that
there is seme posaibility of preferential attack en
caleium hydroxide, particularly in the carly stages
© of ecarbonation, but that other phases resctwhile
caleivm hydroxide iz still present. The data for

56091 —B2—23

paste of water-cement ratie (.3 more ncarly approxi-
mate the theoretical slope than the data for other
pastes. Froin the point of view of OO-H;O stoi-
chiometry, this paate resembles sutoclaved neat
pustes [10]. A 23 dawy-old paste of water-cement
ratio 0.3 would have a much lower surface nrea, as
measured by nitrogen adsorplion, than pastes of
higher water-ccment ratio.  Autoclaved pastes have
even Jower surfuce areas.  Thie factor seams to make
8 difference in the relative accesaibility of the dif-
ferent phazes to carbon dioxide.

3.4. Depth of Carbonation

In fizure 8 ihe carbon dioxide content of four uni-
directionally dried and exposed cylinders of pasta is

loited as a function of averspe sampling depth.

he A specimen, which was dried 30 min befors
exposura, showed only superficial carbonation after
& weaok of cxposure, e carbon dioxide content was
alrcady ruther low at an average sampling depih of
fmm. Longer drying resulted in deeper penetration
into the paste. Specimen O, which wus dried 48
hr, 18 of particular interest becanse it contained more
carbon dioxide at n depth of 30 mm than near the
surface. The specimen which was dried a week
hefore exposure was too dry for optimum resction.
Ii any hiph-carbonation zone existed further inside
the specimen, it was heyond the maximum sampling
depth of abhout 38 mn,
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Sinee reaction with carbon dioxide is infiuenced
by the moisture content of the pastc, a moisture
gradient in a reacting specimen leads to different
rates of carbonation in difercnt parts of the speei-
men. Figure 6 i3 an experimental demonstration of
this faet for a particular set of conditions. Gradients
in moistura and carbon dioxide content probably
axisted also in the X-n. specimens roprosented in
Ggures 2, 3, 4, and 5. However, except for the wetier
specitnens, such gradients were probably small in
compprison with those attainad with larper speci-
mens.

3.5 Carhonation a4nd the Physical Characteristics
of Hydrated Cement

In the results shown in {igures 2 to 5, the water
and cerbon dJioxide involved in the carbonation

ocess have been accounted for, but no diract
information has been obtained regarding the effact
of carbonation on the compressive strengtl, shrink-
age, or other physical properties or behavior of
hardened paste. ’Ele phyzical characteristics of the
product may depend not only on the amocunt of
carbonate formed but also on the conditions under
which it 18 formed. For example, Zalmounoff [22]
found that the strengths of carbonated lime putties
were greater if carbomation and drying took place
sinultaneously than if the specimens were first
dried and then exposzed to earbon dioxide. Possibly

gimilar behavior might he observed with cement
products. The cffect of sequence of drying and
carbonetion on shrinkege is less clear. Verbeck [10]
found that mortar specimens shrank more if they
were first dricd at 50 pereent relative humidity and
then exposed to carhon dioxide than if carbonation
and drying took place simultansously. Howewver,
Alexander and Wardlaw %23] coneludad from the
study of amasll specimens of paste, X in. in diameter
and 2 in. long, that the sequence of drying and ex-
posure made hitle difference. In the present exper-
ments the drying characteristics of the specimens
after carbonasion indicated small differences in
permesability, depending on the amount of water
in the specimens at the beginning of carbonation.
Specimens which wera nearly saturated when Efllmﬂ'?d
t¢ carbon dioxide appeared to dry more slowly in
vacuum thercafter than specimens which contained
less water. When the specitnens were crushed, the
differences in drying rate were laa‘geldy aliminated.
These qualitative observations of the drying charac-
teristics of carbonated pastes suggest that optimum
eonditions for reaction with CO. might not necessari-
ly be optimum ronditions for producing dense-
textured resction products.

4, Summary

Partinlly dried ¥-in. evlinders of paste of nominal
water-cement ratic 0.3, 0.4, and 0.5 reacted with
increasing amounts of carbon dioxide as the water-
cement ratio incressed. The differences in the
amounts of carbon dioxide reapling were greater
at 28 days than at one day. However, pastes of
different age and water-celnent ratio tend to dry
ot different rates and reach, or go beyond, optimum
conditions for carbonation at different rates, Under
some circumstances this behavior can overshadow
any inherent differences in reactivity or accessibility
to earbon dioxide.

In pastes containing more than the optimum
amount of evaporable water for carbonation the
amount of carbon dioxide found after n week of ex-
posure showed & linear relationship with the apparent
unfilled pore volume at the beginning of carbonation.

Analysis of 28-day-old specunens showed that less
then one molecule of water was released for every
moleoule of carbon dioxide gained, except in a paste
of wje ratio 0.3 and at low levels of ¢carbonation in
other pastes. This behavior does not rule out the

ihtlity of some preferential attack on ealcium
E;fmxidn, but shows that other phases can react
while calcium hydroxide is still present. Apparently
in & very dense pasta of low water-cement ratio the
cotnparative accessibility of the varicus phases to
carbon dioxide is different than in & paste of high
ratio.

The effect of moisture gradients on the depth of
carbonation was examined with unidirectionsbly
dried cylinders, 1 in. in diameter and 2% in. long.
One of the predried specimens was found to have
more carbonats formed at a depth of 2 to 3 em than
nearer the exposed surface.
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