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Carbon dioxide accelerated concrete curing process provides superior 
performance concrete masonry units, while eliminating harmful CO2 
emissions. This research investigates physiochemical changes affecting 
the rate, depth and extent of CO2 uptake during the accelerated curing 
process using a flow-through reactor where moist CO2 and N2 (model flue 
gas) were passed through simulated concrete masonry units under 
ambient conditions. The CO2 uptake dynamics demonstrated rapid and 
complete uptake in the early stages of carbonation. Declining uptake was 
observed in the second stage as a result of ongoing product layer 
deposition within the matrix. The loss of exposed and unreacted cement 
particle surface area from calcite deposition, hydration time (aging) and 
CO2 flux were the main factors controlling the rate and extent of 
carbonation. Comparable CO2 capture  efficiency  (17 %), kinetics of CO2 
uptake and superior depth of carbonation were obtained within one hour 
using as-captured flue gas under mild conditions with the flow-through 
reactor in comparison to pressure chamber type accelerated concrete 
carbonation methods. Enhancing the surface area of the grout material 
yielded near complete capture efficiency (79%). 
 
1. Introduction 
 
The observed effects of global warming, including rising sea levels, glacial 
retreat, species extinction, habitat loss, the spread of diseases and 
extreme weather events have been attributed to rising atmospheric levels 
of greenhouse gases (GHGs) [1]. In particular, CO2 has been identified as 
the major anthropogenic contributor to the greenhouse effect which leads 
to global warming. The unprecedented levels of atmospheric  CO2 (365 
ppm) are a result of rapidly increasing fossil fuel consumption since the 
beginning of the industrial era [2]. The Kyoto Protocol is the international 
response to combating the damaging effects of climate change. The 
protocol offers signatory nations a set of emission reduction targets and 
carbon offset and trading mechanisms. Under the protocol, Canada is 
bound to reduce its CO2 emissions within the 2008-2012 compliance 
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period by an average of 6% below the 1990 level. Achieving these 
ambitious goals will require a multifaceted approach involving the use of 
low carbon fuel sources, energy conservation, land use management and 
technical innovations such as carbon dioxide capture and storage (CCS).  
 
CCS is a broad term that incorporates all engineered processes which 
involve capturing, transporting and storing CO2 from large industrial 
emission point sources [3, 4]. The processes are intended to eliminate 
CO2 emissions from polluting processes such as power or cement 
production plants. It is predicted to account for between 15 to 55% of the 
global CO2 mi tigation effort preceding 2100 [4]. CO2 accelerated concrete 
curing is an alternative pre-cast concrete curing process that employs a 
form of CCS called mineral carbonation to safely and permanently store 
CO2 as thermodynamically stable mineral carbonates within the concrete 
porous matrix. In addition to being a powerful CO2 mitigation technology it 
also offers superior concrete physical properties and improved process 
conditions in comparison to conventional steam curing.  
 
The chemical changes occur ring during natural concrete weathering is 
comparable to that of CO2 accelerated concrete curing. In both processes 
concrete is capable of sequestering approximately 50% of the cement 
mass as carbon dioxide [5]. Weathering reaction kinetics are, however, 
very slow compared to the CO2 uptake reaction kinetics for accelerated 
concrete curing, where CO2 sequestration reactions may be completed 
within hours. Nearly half of the global cement supply (1.1 Gt/yr) is used to 
produce products that are eligible for CO2 accelerated concrete curing, 
which include: precast non-reinforced load-bearing or non-load-bearing 
concrete products such as concrete blocks, siding panels, roofing tiles, 
bricks, cement board, fiberboard, wall panels and concrete pipes [6]. With 
a low carbon intensity  of 0.13 t CO2 / t concrete, concrete products are 
already emission-competitive with other building materials [7]. Based 
solely on cement consumption and without even considering the sizeable 
CO2 emission savings from eliminating steam or heat treatment, the 
process has the global potential to permanently and safely sequester up to 
550 Mt CO2 /yr w hile producing superior concrete products in less time 
than traditionally cured products. It has been found that concrete samples 
cured with this process benefit from greater volume stability, lower 
permeability, much faster 28-day strength development and enhanced 
compressive strength [8-12]. 
 
Previous research in the area has exhibited shallow CO2 penetration 
depth, slow reaction kinetics and modest CO2 uptake despite using severe 
process conditions. The research objectives of this project were to: 
 
1. Design a model, flow-through concrete curing reactor that operates 

under ambient conditions and provides improved curing performance. 



 
2. Define the factors limiting the rate, depth and extent of carbonation for 

the CO2 accelerated concrete curing process. 
 
3. Characterize the microstructural properties and classify the main 

constituents of the carbonated product. 
 
4. Identify process parameters that influence the efficiency of CO2 

accelerated concrete curing. 
 
Chemical and microstructural changes were investigated to clarify the 
previously unexplained limitations and provide solutions to enhance CO2 
storage and sample penetration.  
 
2. Materials and Methods 
 

2.1. Material Characterization and Preparation 
 
Simulated concrete masonry units (CMUs) with a mass of 800g and a 
water cement ratio and dry density of 0.26 and 1.94 g/cm3, respectively, 
were prepared with a cement grout mixture containing silica sand (Bromix), 
type 10 Portland cement (St. Lawrence Cement, Canada) and tap water. 
No coarse aggregate was used to improve sample homogeneity. A steel 
mold was constructed to cast cylindrical shaped grout samples with 
precise sample dimensions of 12.7 cm × 3.1 cm (d × h) and even 
distribution of the 8 MPa applied load. Within 2 hours after casting, the 
samples were mounted in a PVC shell using 5-minute epoxy. Prior to 
carbonation the mounted samples were stored in a sealed 100% humidity 
chamber at room temperature for predetermined aging periods. 
 
Cement powder is a complex mixture of minerals and is the chemically 
reactive component in the grout mixture. The cement was characterized 
for its elemental composition using X-Ray Fluorescence (XRF) 
spectroscopy with a Phillips PW2440 4k W automated spectrometer, a 
AFT 6000/C automated fusion preparation system and a HERZOG HTP 
40 pelletizing press. The particle size distribution of cement and silica 
sand were measured using a Lasentec M100 laser particle size analyzer 
and followed the ASTM LAS-W laser diffraction technique [13].  
 
 

2.2. Reactor Design and Sample Carbonation 
 
Two flow-through reactors were designed for carbonating the compacted 
and non-compacted grout samples.  Previous research employed batch 
pressure chamber apparatus which required either/or high pressures and 



temperatures, vacuum conditions, pure CO2 and long experimental runs 
[14, 15]. The flow-through design provided equitable CO2 uptake results 
and better penetration and kinetics, despite using ambient experimental 
conditions and simulated flue gases with low CO2 partial pressures. 
 
Carbonation experiments were conducted with certified high purity (± 0.1%) 
CO2 gases in a nitrogen balance (Praxair Inc) in one of two reactors 
depending on the grout physical properties. Carbonation was tested under 
a range of ambient conditions (20-40% CO2, 1-3.4 atm, 20ºC, 30-7000 min, 
0.1-2 sLpm, 20-100% RH). In both reactor designs the system was 
operated at constant temperature, pressure, flow, CO2 partial pressure 
and relative humidity. The first category, consisting of compacted grout 
samples, was carbonated  in the 1-D flow-through reactor (Fig. 1A). Non-
compacted samples were carbonated in a custom-made 250 mL pyrex 
glass three-port continuously-stirred, gas-sparged reactor (Fig. 1B). 
Depending on the experiment, the appropriate reactor was selected and 
connected to the overall apparatus. The apparatus included the gas 
control systems (pressure gauges, flow rate regulator, water trap and 
particulate filter), analytical instrumentation (temperature/relative humidity 
probe, CO2 sensor)  and certified gas supply (Fig. 1C). The reactors were 
submerged in a water bath during operation to maintain a constant 
temperature and check for leaks.  
 

2.3. Analysis Techniques 
 
The rate and extent of CO2 uptake were tracked using two infrared (IR) 
gas absorption instruments. The first IR instrument, an Eltra CS-800 
combustion infrared gas analyzer, offered direct and precise measurement 
of the total CO2 uptake and moisture content of solid carbonated samples.  
CO2 uptake dynamics were also monitored online using a Quantek model 
906 NDIR CO2 gas sensor. Data from the inline CO 2 sensor and a 
combined relative humidity and temperature probe were collected every 5 
seconds for the duration of the experiment with a multi-channel datalogger.  
 
Following the experiment, scanning electron microscopic analysis (SEM) 
was conducted with a Hitachi S 4700 field emission gun SEM (FE-SEM) 
equipped with a Robinson backscatter detector to identify the major 
morphology and spatial distribution of the reaction products. Grout 
samples were electrically grounded prior to the SEM analysis by applying 
a 400Å Au/Pd coating. X-Ray diffraction (XRD) analysis of the carbonated 
material was performed to identify the morphology of the main 
constituents with a Phillips PW 1710 powder XRD instrument and 
interpreted with the 2005 ICDD diffraction pattern library.  
 



 

Figure 1. Carbonation apparatus (A) compacted grout reactor, (B) loose 
grout reactor, (C) overall carbonation apparatus setup. 
 

2.4. Carbonation Efficiency Calculations 
 
The Steinour formula (Eq. 1) estimates the theoretical limit of CO2 
sequestration in terms of the elemental composition of the raw materials 
[5]. The CO2 uptake potential (XCO2 Tot) in units of wt %, is a function of the 
relative mass of the specific metal oxides (XCaO, MgO, SO3, Na2O, K2O). Based 
on the relative mass of oxides within cement, the CO2 uptake capacity 
(XCO2 Tot) of cement was found to be 49.62 wt %.  
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The carbonation efficiency (㯠) (Eq. 2) was calculated to quantify the 
degree of carbonation normalized to the mass of cement contained within 
the product using the combustion infrared gas analysis data. It is defined 

A B

C



as the mass of sequestered CO2 (M CO2) divided by the mass of the 
Steinour-derived theoretical uptake limit (MCO2 Tot). Equation 2 is a function 
of the fraction sequestered CO2 within the carbonated dry sample (XCO2), 
the 7.1 wt% fraction of the non-carbonated dry sample containing CO2 
(XCO2

o), the mass of the dry carbonated sample (MP), the mass of cement 
(MC) and the theoretical maximum CO2 uptake capacity (X CO2 Tot ). An 
adjusted carbonation efficiency equation (Eq. 4) was devised, by applying 
equation 3, where MF is the mass of fine aggregate (sand) and MCO2 is the 
mass of sequestered CO2. Equation 4 eliminates the errors affecting MP 
associated with estimating the mass of net water gain and the grout 
material loss from handling. On average a carbonation efficiency of 16.7 ± 
2.1% was measured for compacted grout samples using standard 
carbonating conditions.  
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A second carbonation efficiency (㯠) calculation method (Eq. 6) was 
designed to offer real time CO2 uptake tracking from the inline NDIR CO2 
data. The numerator of equation 2 was calculated by directly measuring 
the mass of sequestered CO2 during the experiments by applying 
equation 5 with known flow (Q), measurement intervals (㥀t = 5s), gas 
density (㰐CO2) and inlet (CCO2

o) and effluent (CCO2
')  CO2 concentrations.  

The sum of all time intervals for the length of the experiment yielded the 
total CO2 mass gain (MCO2). Substitute (MCO2) into equation 2 to gain the 
second carbonation efficiency measurement method (Eq. 6). The CO2 
uptake efficiency (㯠) calculated using the inline NDIR CO2 measurements 
compared well with the efficiency computed with the combustion infrared 
analysis results. 
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3. Results and Discussion 
 

3.1. CO2 Uptake Dynamics 
 
Two distinct stages in the CO2 uptake patterns were observed during the 
carbonation of compacted and non compacted cement grout as displayed 
in a typical carbonation plot under standard conditions in Figure 2.The 
area between the inlet and effluent CO2 concentration curves (Fig. 2A and 
2B) illustrates the quantity of sequestered CO2 as outlined in equation 5. 
During the course of this brief 30 minute period, all of the CO2 was 
sequestered from the gas stream, demonstrating the fast kinetics and 
sequestration potential of cement products. The cumulative CO2 mass 
gain (Fig. 2C) exemplifies the high proportion of sequestration occurring 
within this short period.  
 

 

Figure 2. Carbonation plot of compacted cement grout. (A) inlet CO2 
concentration (%) , (B) outlet CO2 concentration (%), (C) cumulative CO2 
mass gain (g). The error bar denotes the standard deviation (㰰 = 1). 
 
Eventually stage I terminated, leading to the gradually declining and 
eventually insignificant uptake in stage II. The carbonation reaction ran to 
completion within one hour without reaching complete conversion. Long 



term carbonation experiments (7 days) did not offer any significant CO2 
uptake or loss.   
 
CO2 accelerated concrete curing involves many concurrent microstructural 
and chemical changes. The reactions 7-10 represent the chemical 
changes that occur during the carbonation reaction. These include 
dissolution of CO2 in water (Eq. 7a-c), calcium dissolution from cement 
and portlandite (Eq. 8 and 9), and the precipitation of calcium carbonate 
(Eq. 10). It has been proposed that (1) relative humidity [8], (2) CO2 
hydration kinetics  [16], (3) portlandite deposition [17, 18], (4) CaCO3 
deposition [19-22] and (5) moisture content [11, 14, 15] are the main 
factors controlling the reaction dynamics in various lime and concrete 
carbonation experiments. The CO2 accelerated concrete curing 
mechanism and the aforementioned proposed factors were studied to 
clarify the governing variables under a range of ambient conditions. It was 
found that CaCO3 deposition, and in certain cases portlandite dissolution, 
were the governing factors controlling carbonation dynamics. The rate and 
extent of CaCO3 deposition was a function of the exposed pore surface 
area, flow rate and CO2 gas concentration. Doubling CO2 flow or 
concentration reduced the length of stage I by 50% without lowering the 
uptake. In experimental work, the degree of portlandite deposition was 
modified by the length of grout aging period. The grout moisture content, 
chamber pressure, relative humidity and CO2 hydration reaction rate were 
shown to have no si gnificant effect on the reaction dynamics under the 
conditions studied.  
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3.2. Effects Product Layer Deposition on Dynamics 
 
Portlandite deposition and dissolution cont rolled the  kinetics, extent and 
heterogeneity of carbonation reactions only when samples were 
sufficiently hydrated (aged) prior to carbonation. For this study , aging or 
hydration time refers to the elapsed time from when moisture is first added 
to the dry grout material until the sample is carbonated. D uring aging, 
hydration reactions (Eq. 11-12) form a portlandite product layer that 
caused a brief period of slower carbonation dynamics as observed in the 



carbonation plots for aged and unaged samples in Figure 3. SEM images 
confirmed that the low permeability, yet ultimately soluble, portlandite 
product layer was extensively deposited throughout the grout matrix. This 
product layer limited CO2 ingress into the porous network and imposed an 
ion diffusion controlled reaction rate which temporarily delayed 
carbonation until the product layer was slowly dissolved by carbonic acid 
(Eq. 13) as shown by the increasing uptake rate in the latter half of stage I 
(Fig. 3B) [17].  
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The retarded CO2 uptake was observed for aging periods longer than 
approximately 20 hours. Optimal carbonation results were obtained with 
minimal hydration time (2 hrs) (Fig. 3A), without compromising strength. 
The conventional 28-day strength rating can be attained in less than 20 
minutes using the accelerated carbonation curing process [23].  
 

 
 
Figure 3. Carbonation effects from aging.  (A) unaged grout and (B) aged 
grout. Error bars denote the standard deviation (㰰 = 1). 
 



During stage I (Figure 2), CO2 is rapidly replenished throughout the 
unsaturated pore network by advection to sustain the carbonation 
reactions (Eq. 7-10) [19]. The onset of stage II carbonation dynamics 
occur when the particle and pore surface area is coated with an 
impermeable CaCO3 product layer that essentially halts ion diffusion. The 
process is analogous to portlandite deposition in that the precipitates will 
deposit within pores and on particle surfaces. The distinguishing effects 
between portlandite and calcite deposition are the ir relative solubilities. 
Portlandite is more soluble than calcite and will dissolve upon carbonation 
(Eq. 13) to  form calcite. As such it will only impose a temporary ion 
transport limitation until it is sufficiently  dissolved. Calcite (CaCO3) is 
insoluble and thus will impose permanent ion diffusion and CO2 uptake  
limitations.  
 
Large kinetic gains were achieved by reducing the aging time and 
increasing the CO2 flow rates and concentration of the as-captured flue 
gas used in the flow-through reactor. Without any attempt to promote CO2 
uptake in stage II, the kinetics and overall uptake can be enhanced by 
increasing the CO2 supply rate and minimizing the aging time. 
Concentrating the flue gas to achieve higher CO2 partial pressures is likely 
not as economically viable. Minimizing aging time poses no perceived 
disadvantages since aging time lengthens the industrial production cycle, 
thereby raising costs, and is not required for product strength development 
in accelerated concrete curing.  
 

3.3. Extent of Carbonation 
 
Loss of exposed surface area was identified as the main limiting factor 
governing the rate and extent concrete carbonation. Carbonation 
experiments were performed to investigate the effects of increased 
surface area on CO2 uptake. Non-carbonated and compacted grout 
samples were crushed into loose material in order to expose the cement 
particle surface area and eliminate the particle-particle contact of closed, 
tortuous and narrow pores that would normally plug during carbonation 
and impede complete conversion. Typical standard samples (uncrushed) 
were prepared and carbonated under similar conditions as the crushed 
samples. The carbonation of the standard sample  (compacted grout 
material) demonstrated a typical CO2 uptake profile similar to Figure 2 with 
negligible uptake beyond the commencement stage II. The average  
carbonation efficiency (㯠) of the standards was 20.2 ± 0.6%. Nearly full 
carbonation efficiency was reached within 40 min (㯠 = 78.7 ± 9.7%) for the 
loose grout samples. Comparable carbonation efficiency (㯠 = 68.3 ± 3.2%) 
was measured when a standard sample was crushed and recarbonated 
as a loose material. The results indicated that there was a remarkable 
three fold rise in carbonation efficiency from increasing the exposed 
cement particle surface area. Although the loose material achieved much 



higher CO2 uptake, it has little value as a construction material. 
Adjustments to the CO2 accelerated concrete curing process that increase 
the surface area of cement particles for enhanced carbonation efficiency, 
such as modifications to the aggregates mix design, compaction pressure 
and the carbonation process, may provide increased carbonation. 
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