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Abstract

There are number of factors which control the rate of process of natural carbonation and make it very slow in cement based material.
Studies show that the effect of carbonation is mostly limited to corrosion of steel reinforcement in R.C.C. structures (including cover
depth design and service life prediction). Research at global level is focused on developing a cost effective and safe technology for the
possibility of carbon dioxide sequestration as per IPCC guide lines, and attempts are being made to apply the accelerated carbonation
technology for CO2 sequestration in concrete. This paper discusses about the detailed study on the uptake quantity of carbon dioxide in
concrete, increase of strength and changes in mineral content by adopting. The concrete grades of M15, M20, M25 and M30 were taken
for investigating the strength with respect to time of exposure and pressure by adopting Accelerated Carbonation Technology by using
commercially available pure CO2 for carbonation curing. After the testing of concrete for strength, XRD analysis was carried out to
study the conversion of calcium hydroxide into calcium carbonate due to carbonation. This green technology would help cement, con-
crete, precast product and other similar manufacturing industries to obtain carbon credit and they can adopt this green technology to re-

duce their industrial carbon dioxide emissions into the atmosphere to reduce global warming.
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1. Introduction

The global warming and climate change due to emission of CO2
(the principal greenhouse gas) from Cement industries worldwide
can be reduced by 18% in the year 2050 by adopting the technolo-
gy roadmap of IEA& IPCC which envisages energy efficiency,
alternative fuel, clinker substitution, Carbon Capture and Seques-
tration in geological, ocean, enhanced oil recovery, abandoned
coal field, mineral conversion and concrete [7, 9]. In the cement
industries, CO2 from flue gas (14% by volume) can be captured
by adopting suitable novel technologies like oxy-fuel combustion
and Mono-Ethanol Amine/ Methyl-di-Ethanol Amine scrubbing
and self-concentration absorption technique[4, 11]. Among the
available CO2 capturing technologies, the calcium looping cycle
can be preferably adopted economically with minimal limestone-
related infrastructure investment, since lime stone is a cheap mate-
rial with good geographical distribution and is already being used
for cement manufacture .The potential benefit of this new technol-
ogy is that the lime purged from the cycle could be used as a raw
material for the production of cement clinker and the cost of CO2
capture can be considerably reduced. Further, very low efficiency
penalty is expected (<6%) compared with other capture technolo-
gies [1]. The current trading value of CO2 is between 4 and 41
USD per ton in US, Canada and Europe. Each year the potential
for capturing CO2 from the atmosphere (through concrete) is
roughly estimated at 266 million tons worldwide [8].

Carbonation is a process which takes place while Ca(OH)2 present
in the concrete reacts with CO2 available in the air (0.033% by
volume or 350 ppm), right from the starting of mixing operation

and converted as thermodynamically stable calcium carbonate and
so reduces the atmospheric concentration. This is a slow and con-
tinuous process which is working from the surface of the concrete
inward. The estimated quantity of CO2 uptake in plain cement
concrete produced with cement content of 350 kg per cubic meter
would be 10 kg (3% by weight of cement used) during the initial
stage and 65 kg (19%) in fully carbonated stage and differs ac-
cording to the mix proportions and admixtures added .The CO2
sequestration is a new opportunity for carbon trading, evidence for
environmental reporting and production of high potential building
materials. The annual sequestration potential is forecast based on
cement utilization for the construction concrete products being
marketed in U.S. and Canada and the details are furnished in the
Table 1. [12].

Table 1: CO, Sequestration potential of materials in U.S. & Canada

Description Masonry Paver Cement Fiber
Block Block Board Board
9 6 8
Annual production £ehlll 74X10 75x10° m? ol le g
Nos. m m
Cement used (Million
tons) = 5.900 2.600 0.595 4.800
13.895Mt
Uptake from recov-
ered CO, (9.8-18.9%) 0.578 0.255 0.073 0.907
=1.813 Mt
Uptake from flue gas
(6.3-8.1%) = 0.372 0.164 0.026 0.389
0.951 Mt

It was reported in the literature that the building products like
plain cement concrete masonry block, paver block, cement board
and fiber board treated with accelerated carbonation curing en-
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hances early strength gain, durability, shortening of curing time,
reduced water permeability and it is also good in freeze- thaw
cycling effect. The uptake quantity of CO2 with concrete by using
pure gas is twice that of flue gas [12]. The energy cost of steam
curing and carbonation curing study on a light weight P.C.C. hol-
low block (15 kg), worked out to 9.84 USD/cum and 9.27
USD/cu.m respectively. The existing steam curing plant can be
modified to make it suitable for carbonation curing at reasonable
cost [3, 5, 6]. Replacing 10% of building materials with carbonat-
ed minerals is expected to reduce CO2 emissions by 1.6 Gt/year of
the global CO2 emission as of 2011 [2].

2. Mechanism of Carbonation

The mechanism of accelerated carbonation due to the reaction of
CO2 with tri-calcium silicate and di-calcium silicate was de-
scribed by the researcher as detailed below [10].

C;S +3CO, + H,0 — C-S-H + 3CaCO; + 347 kJ/mol 1)
C,S +2CO0; + H,O — C-S-H + 2CaCO; + 184 kJ/mol 2

The steps involved in the exothermic reactions are at nine stages:
Diffusion of CO, gas in to concrete, permeation of CO, through
the air filled pores of concrete, transformation of CO, from gas
phase to aqueous phase of concrete in the plastic stage and subse-
quently converted to H,CO;, ionization of H,CO; to H', HCO5,
CO;* and the drop of pH due to H' can recover due to develop-
ment of micro structure. Dissolution of C;S and C,S yields C-S-H
gel that dissolves to release Ca*" and SiO,* ions, Nucleation of
stable CaCO; and formation of C-S-H gel in a conventional man-
ner, precipitation of CaCOs as solid phase and secondary reaction
of carbonation with remaining cement paste producing Calcium
Silicate Hydration and CaCOs.

3. Materials and Methods

3.1. Materials

Ordinary Portland Cement 53 grade conforming to IS: 12269 —
1987, river sand with fineness modulus 3.13 and coarse aggregate
with fineness modulus 7.2, potable water and pure carbon dioxide
were the materials used in this study. Specific gravity of coarse
and fine aggregates are 2.74 and 2.63, respectively.

3.2. Design Mix and Propotion

The mix proportion for M15, M20, M25 and M30 is adopted as
per 1S-10262-2009. The experimental program was designed to
study the compressive strength and CO, sequestration by acceler-
ated carbonation test. The maximum size coarse aggregate was
limited to 20 mm. Sieve analysis conforming to IS: 383-1970 was
carried for both fine and coarse aggregate. The concrete mix de-
sign was proposed to achieve the compressive strength of 15 MPa,
20 MPa, 25 MPa and 30 MPa after 28 days of curing in the case of
cubes and the details are furnished in Table 2. The concrete cubes
of size (100x100x100mm) were cast and demoulded after 24 hrs.
Among the specimens were cast 50% utilized as a reference con-
crete and 50% for carbonation purpose. The reference specimens
were water cured and tested at room temperature at the age of 7,
14 and 28 days.

3.3. Accelerated Carbonation Curing

The hydration process in cement concrete yields the end products,
mainly consisting of C-S-H gel and free lime of 28% by volume.
Carbonation happens only in the favorable environmental condi-
tion, i.e. at a temperature of 25- 27°C and relative humidity of 50-

70%. Based on this concept, 50% of test specimens after one day
of initial ambient curing were weighed before carbonation and
then placed in an air tight chamber and carbonated with pure CO,
gas at 1.5 bar pressure for 12 hours. The final mass of carbonated
specimen and water accumulated in the chamber were calculated.
After carbonation the test specimens were taken out and weighed.
Then the carbonated test specimens were cured under moist curing
to undergo the further hydration process till the testing for com-
pressive strength at the age of 7 days, 14 days and 28 days. The
schematic experimental setup for carbonation and compression
test is presented in figs. 1 and 2, respectively.
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Fig. 1: Schematic Setup of Carbonation

Fig. 2: Experimental setup for Compression Test

4. Result and Discussion

4.1. Compression Test

The compression tests were carried out in accordance with IS:
516-1953 and the samples of size 100 x 100 x 100 mm at the load-
ing rate of 140 kg/cm*min. tested at the age of 7 days, 14 days
and 28 days for both reference and carbonated specimens. The
compressive strength results and percentage increase of strength in
concrete at the age of 3days,7 days, and 28 of concrete are pre-
sented in Table 2. The results of variation of compressive strength
of test specimens tested at the age of 3 days, 7 days and 28 days
are shown in Figs. 3, 4 and 5. The depth of carbonation was meas-
ured for each broken cube and the Phenolphthalein indicator solu-
tion was sprayed over the cut portion. The carbonated portion of
the concrete became colourless (pH<9) and the non-carbonated
portion shows pink in colour. The cross section of test specimen
after carbonation is shown in Fig. 6. As per mass gain method, the
CO, uptake percentage is calculated by the formula as given be-
low.

0, -
CO2 uptake % = (W after carbonation +W water lost) -W before carbonation
w Cement
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Table 2: Mix Proportions for various grade concrete, compressive strength and CO, uptake

Water . i FA CA Avg. Comp. strength of concrete (N/mm®) 'C'I}:
Mix (I.-'.'Ll‘mg} b g} {kgfms',l 0 :} Reference Carbonated Uptake
3 day T day= 28 days 3 day T day= 28 days ki

- = 60 10.7 178 17 165 19.5

M| ABhE | S | gl 12001 a3 7195 | s0.11%) | anooe | a717 | masme | qomgy | 127
50 140 RS 1z 15.0 240

MO | 1824 ) 3720 | 60B6 | 12D | o3 610p | mone | qoosa | e | ome | gosg | MO

= 10.0 152 287 16 150 29.0 =

MIS | 1841 | 4650 | 3L | LIBAS | oy paep | (s206m | clome | 517 | 6206 | aooe | 22
. 120 205 36.7 175 20.0 37.0

MO | 1888 | 4722 | 3333 | M | gpgoep | cssese | clomee | camoon | aosw | qooms | 2

MNote: Values given in the table are average of three identical specimens
Values given in bracket are %0 strength development with reference to 28 days strength
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Fig. 10: Avg. Compressive strength Vs Age (M30)

The initial curing was necessary in the accelerated carbonation test
to remove free water and facilitate and CO, diffusion to favor the
condition of carbonation. The water evaporated during carbona-
tion was in the range of 2 to 5% which was much less than water
removed by pre conditioning. The higher W/C ratio concretes
provided more permeable voids for CO, to penetrate which could
also have more evaporated water over carbonation. The water loss
was compensated by moist curing to that play a critical role in the

Fig. 7: Avg. Compressive strength Vs A;ge (MlSr)r -
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late strength development. From the figure 3, 4 and 5 it is ob-
served that the M15 concrete with W/C ratio equal to 0.6 seques-
tered more CO, compared to the concrete with subsequent lesser
W/C. Even though the cement content of the M15 concrete is less
than the higher grade concrete the carbonation was comparatively
more due to presence of more pore volume. In the higher grade
concretes the carbonation process was found to be less due to less
pore volume and the strength gain was due to the subsequent hy-
dration process.

The average compressive strength of both reference and carbonat-
ed concrete test specimens versus age are shown in Fig.7 to 10 for
M15, M20, M25 and M30 concrete respectively. From the table .2
and the above graphs shown in figs.7-10 it is concluded that the
early age strength (3days) due to carbonation for M15 concrete is
about 87.1% of 28 days compressive strength but the same for
M20, M25 and M30 are 50%, 55.17% and 47.29% respectively.
The compressive strength of the above four grades of carbonated
concrete for 7 days due to moist curing has been found as
94.87%, 75%, 62.06% and 54.06% of 28 days strength concerned
concrete respectively. The depth of carbonation for M15 concrete
are measured in the range of 10 to 12 mm, M20 concrete 3 to 5
mm, M25 concrete 1 to 2 mm and M30 concrete not measurable.
The improved early age strength would be helpful in enhance the
speed of construction. The strength achieved and CO2 uptake in
lower grade concrete is comparatively higher than the other higher
grade concrete.

4.2. XRD Analysis

A typical XRD analysis results for both reference and carbonated
concrete is shown in Figs.10 and 11 respectively. The inferences
are made for M20, M25 and M30 concrete powdered samples as
detailed below.

M20R (Reference concrete)

The X-ray Diffraction data of the sample M20R shows the for-
mation of standard Silicon dioxide phase in majority. But the
presence of calcium in the form of calcium hydroxide is also con-
firmed through X-ray data. This is possible due to the reaction of
calcium when treated with water in certain conditions.

.n-ﬂ_,waW'_:J et !L

Al

T T T T T T T

Fig. 11: Shows typical XRD analysis of M20 concrete before carbonation
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Fig. 12: Shows typical XRD analysis of M20 concrete after carbonation

M20C (Carbonated concrete)

The X-ray Diffraction data of the sample M20C shows the for-
mation of majority Silicon dioxide phase in the material. The cal-
cium exists in two different phases: calcium hydroxide and calci-
um carbonate, is confirmed. This is possible due to the reaction of
calcium when treated with water and CO, in certain conditions.

The findings from XRD are supported by the SEM micrographs
for the sample M20C with the appearance of flake and layer like
material. The layer by layer and flake like morphology is formed
by the SiO, phase in the material. The presence of white particles
distributed in the morphology is observed to be calcium-based
phases, i.e., calcium hydroxide and calcium carbonate. The ob-
served particle size distribution calcium hydroxide and calcium
carbonate particles of that the calcium hydroxide particles are in
the range of 250 nm-700 nm size distribution.

M25C

The X-ray Diffraction data of the sample M25C shows the for-
mation of standard Silicon dioxide phase in majority. The pres-
ence of calcium in the form of calcium carbonate along with cal-
cium oxide silicate is confirmed through X-ray data. This is possi-
ble due to the reaction of calcium when treated with CO, in certain
conditions.

The findings from XRD is supported by the SEM micrographs for
the sample M25C with the appearance of flake like material. The
layer by layer flake like morphology is formed by the SiO, phase
in the material and the white particles are the calcium carbonate
along with calcium oxide silicate. Also, it is observed that the
calcium carbonate and calcium oxide silicate particles are in the
range of 300 nm-600 nm size distribution.

M30C

The X-ray Diffraction data of the sample M30C shows the for-
mation of majority Silicon dioxide phase in the material. The cal-
cium exists in two different phases: calcium carbonate and calci-
um manganese oxide, is confirmed. This is possible due to the
reaction of calcium when treated with water and CO, and manga-
nese in certain conditions.

The findings from XRD is supported by the SEM micrographs for
the sample M30C with the appearance of flake and layer like ma-
terial. The layer by layer and flake like morphology is formed by
the SiO, phase in the material. The presence of white particles
distributed, which is very less when compared to other samples, in
the morphology is observed to b calcium-based phases, i.e., calci-
um carbonate and calcium manganese oxide. The observed parti-
cle size distribution calcium carbonate and calcium manganese
oxide particles of that the calcium hydroxide particles are in the
range of 200 nm-400 nm size distribution

The findings from XRD is supported by the SEM micrographs for
the sample M20R with the appearance of flake like material. The
layer by layer flake like morphology is formed by the SiO, phase
in the material and the white particles are the calcium hydroxide
material. Also, it is observed that the calcium hydroxide particles
are in the range of 300 nm-900 nm size distribution.

M30R

The X-ray Diffraction data of the sample M30R shows the for-
mation of standard Silicon dioxide phase in majority. The pres-
ence of calcium in the form of calcium carbonate along with cal-
cium hydroxide is confirmed through X-ray data. This is possible
due to the reaction of calcium when treated with water and CO2 in
certain conditions.

The findings from XRD are supported by the SEM micrographs
for the sample M30R with the appearance of flake like material.
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The layer by layer flake like morphology is formed by the SiO,
phase in the material and the white particles are the calcium car-
bonate along with calcium hydroxide. Also, it is observed that the
calcium carbonate and calcium oxide silicate particles are in the
range of 150 nm-450 nm size distribution.

5. Conclusion

The accelerated early carbonation causes the formation of CaCO3
due to the reaction between CO2 and C3S, C2S from surface to
inward causes the closure of micro as well as macro pores. The
secondary reaction between CO2 and initially formed Ca(OH)2
also yields the end product as CaCO3 to cause discontinuity of
capillary pores which helps in enhance the compressive strength
as well as reduce the permeability due to the reduction of pore
volume.

The early age carbonation in the concrete blocks the pores on the
surface to inward to smaller depth in the cover concrete protects
the weathering carbonation in the long run further due to pro-
longed hydration yields the end product as C-S-H gel and
Ca(OH)2.This free lime maintains the alkalinity which is favoring
the passive layer over the surface of the rebars to protect and en-
hance the life of higher grade precast units.

The early carbonation is helpful in conserving the water instead of
going for steam curing for precast units. The percentage of
strength enhancement and uptake of CO2 is found to be higher in
low grade concrete and less in higher grade concrete.

The accelerated carbonation will be very suitable for construction
masonry units, fiber boards like precast units of large scale manu-
facturing purposes.

The other cementitious materials with calcium oxide and silicate
content can also be used as a partial replacement of cement to
reduce CO2 foot prints. XRD analysis conforms the mineral con-
version due to carbonation and particle size distribution.

6. Summary

Based on the trial experiment conducted in the laboratory, the
following conclusions are obtained. The uptake quantity of CO2 is
more in the lower grade concrete having higher water to cement
ratio and is getting reduced with respect to low water to cement
ratio. The early strength gain in the lower grade concrete is due to
more pore space created due to water loss in the concrete. In the
higher grade concrete, due to low water to cement ratio, the pore
volume is less and the possibility of carbonation from the surface
is getting reduced, and the depth of carbonation also getting re-
duced. It is concluded that the CO2 sequestration is more suitable
for plain cement concrete precast units. Photos must be crystal
clear with such resolution to allow fine details visibility. The ele-
ments from any photo must be explained using numbers, letters,
etc. The text within a figure or photo must have the same style,
shape and height as the caption has.
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