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and supercritical carbon dioxide  (scCO2) and found 
that the  scCO2 condition achieves higher compressive 
strength and yielded a stronger barrier against leach-
ing. Hence, this carbon cured cement can be widely 
used in underground applications, where the heavy 
metal leaching is a critical issue. Projections show our 
greener cement reducing  CO2 emission by 55% com-
pared to Portland cement and reducing direct costs by 
35%. Also, our cement ultimately reduces hydrogen 
gas demand by recycling aluminium, which releases 
pure hydrogen during the production process, and 
this effect reduces annual  CO2 emission by 35 million 
tonnes from this hydrogen production alone. Adopted 
globally, the system would permanently store 72 mil-
lion tonnes of  CO2 in a stable composite annually. On 
whole, our cement production significantly reduces 
the energy requirement for cement manufacturing and 
releases future energy, hydrogen gas, as by product.

Article highlights 

• The Greener cement is produced with 55% less in 
 CO2 emission and 35% less in cost compared to 
OPC.

• Our cement production releases 2 million ton of 
H2 yearly and it could reduce 35 million ton of 
 CO2 emitting from conventional H2 production.

• Annually, 72 million ton of atmospheric  CO2 can 
be utilized in cement industry for solving heavy 
metal leaching.

Abstract Production of building materials emits 
11% of global carbon dioxide  (CO2) emission. The 
greenhouse gas emission from the construction indus-
try has been tried to mininmize from early 1980s; 
but after four decades of development, it is not fully 
sustainable. Cement is the second most consumed 
material in the world, after water and cement produc-
tion contributes for 8% of global  CO2 emission. We 
produced a greener cement from abundantly available 
waste: fly ash, blast furnace lag, and rice husk ash to 
significantly minimize the greenhouse gas emission. 
Discarded aluminium foil becomes one of most land-
filling waste that has high potential for recycling. On 
other hand, cement carbonation is a curing method 
that stores significant amount of  CO2 into cement 
with lesser cost and energy compared to commercial 
carbon sequestration. Therefore, we incorporate alu-
minium foil waste and  CO2 waste from industry to 
improve the engineering and environmental perfor-
mance of the cement. We compared changes in car-
bonation when using gaseous carbon dioxide  (gCO2) 
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1 Introduction

The construction industry is responsible for 11% of 
global  CO2 emissions, including 5% from the cement 
industry alone ((IEA), 2019b; Amato, 2013). Glob-
ally, 1.32  Gt of  CO2 was emitted from cement pro-
duction in 2014 (Davis et  al., 2018); and over the 
next 30 years cement demand is expected to rise by 
12–23% due to population growth ((IEA), 2018). 
Emissions from infrastructure developments could 
increase global temperatures by 2 °C (Churkina et al, 
2020). In the face of increased demand, conventional 
additions to cement are being replaced by lower-
emission supplementary cement materials (SCMs) 
such as fly ash (FA), blast furnace slag, rice husk ash 
(RHA), and waste glass (Habert et al., 2020).

“It’s not easy being green,” wrote Richard A. 
Clarke (1994), former chairman and chief execu-
tive officer of Pacific Gas and Electric (California). 
SCMs are already put to work as active precursors, 
but these commercial alkali activators (Cheng-Yong 
et al., 2017) are environmentally unfriendly and con-
sume excessive energy (Fawer et  al., 1999; Mohaje-
rani et  al., 2019). For example, sodium silicate as 
an alkali source accounts for estimated emissions of 
1.51 kg carbon dioxide equivalent  (CO2-eq) per kilo-
gram (Turner & Collins, 2013). To improve the rheo-
logical and mechanical performance of cementitious 
materials, industry experts are proposing (and already 
using) commercial additives such as superplasticizer 
and retarders, along with fillers such as hollow micro-
spheres and fibres of polyvinyl alcohol (PVA) (Aslani 
& Wang, 2019; Khalifeh et  al., 2014; Şahmaran 
et  al., 2011; Scrivener & Capmas, 1998). Analysis 
of superplasticizers estimates emissions at around 
2 kg   CO2-eq/kg (Latawiec et  al, 2018); and produc-
tion of PVA accounts for 1.73  kg   CO2-eq/kg  (Patel 
et al., 2005).

In our work we used RHA as an alternative to com-
mercial silicate, and discarded aluminium foil (Al) as 
alternatives to commercial additives. Only 25% of 
the world’s annual 70 million tonnes yield of RHA is 
currently recycled (Venkatanarayanan & Rangaraju, 
2015), leaving > 50  million tonnes to landfill. Dis-
carded aluminium foil is abundant in waste streams 

and can be 100% recyclable, but it has little accept-
ance in the recycling industry since it is dirtier than 
aluminium cans and could damage processing equip-
ment. So each year 20,000  tonnes of used Al foil is 
lost to landfill or incinerated  (Osman, 2017). Here 
we show that discarded Al foil are potentially viable 
as replacements for commercial additives in the con-
struction industry.

Our results also show that if industry incorporates 
waste  CO2 in cement, this would not only improve 
mechanical properties but also keep a significant 
amount of  CO2 out of the atmosphere. We analysed 
how carbonation affects leaching in cement compos-
ites made using municipal and industrial waste mate-
rials – with either gaseous carbon dioxide  (gCO2) or 
supercritical carbon dioxide  (scCO2). We showed that 
storage of atmosphere  CO2 in cement would limit the 
leaching of heavy metal ions (defined as including 
ions of Mg, Na, Si, etc.) to the environment.

2  Method and materials

2.1  Materials and Sample Preparation

Class F FA and granulated blast furnace slag (GBFS) 
were sourced from Australian coal power plants 
and iron refineries, respectively. For our alternative 
silica source, we purchased RHA (Aslani & Wang). 
We used analytical grade (99.9%) sodium hydroxide 
(NaOH) as the alkali source.

In preparing the samples we kept the follow-
ing parameters constant: FA:GBFS ratio 40:60; 
liquid:solid ratio 0.48:1;  Na2O:Al2O3 molar ratio 
1.2:1;  H2O/Na2O molar ratio 15%. We obtained RHA 
as a powder with average grain diameter 200 µm. We 
introduced discarded Al foil together into an 8  M 
NaOH solution: at an Al/(FA + GBFS) percentage by 
weight of 0.5%. Cement made with FA, GBFS, RHA, 
and NaOH is referred as “control”; and cement com-
posites made of FA, GBFS, RHA, NaOH and 0.5% Al 
is denoted as “0.5Al”.

We cast the control mixture in PVC moulds in 
two different sizes; (1)diameter 20  mm and height 
40  mm cylinder (20D), (2) diameter 38  mm and 
height 76  mm cylinder (38D) since for saturation, 
small samples were preferred due to limited volume 
of saturation chamber. 20D samples were used for 
carbon curing method, and 38D samples were used 
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for ambient curing condition (21 ± 2 °C and 50 ± 10% 
relative humidity (RH)). After 24  h we demoulded 
the samples, control (38D) and 0.5Al (38D) samples 
were kept at ambient condition (air curing) for 7 days, 
28 days and 56 days. 20D samples were placed in sat-
uration chambers for carbonation test. To carbonize 
the samples, we cured the composites under two con-
ditions, gaseous carbon dioxide  (gCO2) and supercrit-
ical carbon dioxide  (scCO2), for three different curing 
periods: 7 days, 28 days, and 56 days.

To determine the heavy-metal leaching of the com-
posites with carbonation time, we placed the samples 
in chambers half-filled with water. We maintained the 
 gCO2 condition by pressurizing chambers at 5  MPa 
(room temperature), and the  scCO2 condition by pres-
surizing at 8 MPa (40  °C). To compare carbonation 
characteristics, we prepared 20D control samples and 
kept in water medium (water-cured) at room tempera-
ture (21 ± 2  °C). Figure  1 shows the set-up arrange-
ments for  scCO2 condition.

2.2  Testing methods

2.2.1  Rheological analysis

The plastic viscosity and yield stress of the cement 
slurries were determined using the ARES-G2 rheom-
eter with a temperature control system following 
the requirements of ASTM C1749-17. The rheom-
eter was calibrated using the given standard solutions 
before testing. Three tests were conducted for each 
samples and the tests were performed after 10  min 
of mixing. A shear strain rate ramping protocol was 
adopted starting from 0.1  s−1 up to 30  s−1 using par-
allel-plate geometry (Advanced Peltier System (APS) 
Heat break collars and a plate 25 mm in diameter).

2.2.2  Mechanical strength test

At the end of curing periods, sets of three samples 
were tested under a series of uniaxial compressive 
strength tests (UCS) on a Shimadzu 300kN frame 
at a loading rate of 0.2  mm/min for each testing 
conditions.

Fig. 1  Experimental set-up for  scCO2 condition
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2.2.3  Mineral and Microstructural analysis

After the curing period, we traced the changes in min-
eral phases due to the addition of  CO2 by using X-ray 
diffraction (XRD) analysis with a Bruker D8 ECO 
cobalt X-ray diffractometer: Co Kα radiation at 40 kV 
and 25 mA, range (2θ) 10°–90°, step size 0.02°, and 
dwell time 0.9  s/step. The divergence slit size was 

0.6 mm, and the diffracted signal was detected by a 
LynEye XE detector.

Scanning electron microscopy (SEM) allowed 
us to capture microstructural changes. We used FEI 
Quanta FIB/SEM to obtain microstructural images 
for identifying hydrates and special features. Samples 
were scanned under analytical mode at 15.0 kV volt-
age and 8.0 nA current.

2.2.4  Chemical analysis

At the end of each curing period, we collected the 
resulting leachate solution from the chambers for 
tracing the presence of heavy metals through ICP-
OES analysis; 24  h before analysis, we added 1% 
of nitric acid to the samples, arresting any further 
precipitation.

Table 1  Chemical composition of four raw materials

Component FA (%) GBFS (%) Al foil (%) 
(Inc, 2017)

RHA (%)

SiO2 62.7 32.7 – 92.8
Al2O3 27.1 13.0 – 0.3
CaO 2.1 43.0 – 0.8
Fe2O3 2.6 0.3 – –
K2O 1.3 – – 3.3
MgO 0.4 5.8 – 0.6
SO3  < 0.1 1.4 – 0.2
P2O5 0.3 – – 1.2
TiO2 1.0 – – 0.1
MnO – 0.2 – –
Na2O – 0.4 – –
S – – – –
Al – – 98.17 –
Other metal 

(Cu, Si, Fe, 
Mn, Mg, Zn, 
Ti)

– – 1.83 –

Fig. 2  SEM image of a FA; b GBFS; c RHA

Fig. 3  Variation of viscosity with addition of Al
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3  Results and Discussion

3.1  Materials Characterization

Chemical compositions of the FA, GBFS, RHA and 
Al foil are shown in Table 1. Microstructural image 
of raw materials are shown on Fig. 2,

3.2  Rheological and mechanical properties

3.2.1  Rheology

Plastic viscosity and yield stress for control and 0.5Al 
slurries were analysed at 21 °C using rheometer and 
shown in Fig. 3. Fresh cement slurries were subjected 
for tested after 10 min of mixing. Viscosity of slurry 
decrease with shear rate due to non-Newtonian behav-
iour of slurry (Mohammed, 2018). Bingham-Plastic 
model (Ⴀ = Ⴀo  +𝜂�̇� ; where Ⴀ-shear stress, Ⴀo -yield-
stress, η-plastic viscosity and ϒ-shear strain rate) was 
used to interpret the results (Sun et  al. 2017). Plas-
tics viscosity of 0.5Al (0.0742) is higher than that of 
control (0.065) since addition Al to NaOH accelerates 
the initial hydration reaction immediately after the 
cement mixing and further, shear thinning behaviour 
in 0.5Al enhances.

3.2.2  Mechanical properties of composites

Figure 4 shows the compressive strength and Young’s 
modulus variation of control and 0.5Al with curing 
period. After 7 days, control and 0.5Al have similar 
strength value but at end of 28  days curing, 0.5Al 

achieves 73% higher strength than control. When the 
Si/Al is higher than 2.0, increase in Si/Al decreases 
the mechanical strength of composite (Castillo et al., 
2021). As addition of Al reduces the resultant Si/Al 
ratio to 2.65 from 2.72, 0.5Al composite becomes 
stronger. Similarly, after 56 days, introduction of Al 
improves the strength by 77% by accelerating the 
formation of sodium alumina silicate hydrate gel 
(NASH).

Young’s modulus was calculated according to the 
variation of stress with strain. Control and 0.5Al have 
approximately equal stiffness at 7  days and 28  days 
but at 56 days, stiffness of control sample reduces by 
20% that is 80% lower than that of 0.5Al. The signifi-
cant stiffness reduction of control samples occurs due 
to the dehydration process where, the incorporation 
Al in 0.5Al gains higher young modulus and balances 
the stiffness degradation.

In Fig.  5, compressive strength of water cured 
and carbonated samples are compared with time. 
With the curing period, water cured and  scCO2 
samples gain strength, where no significant changes 
were observed in  gCO2 samples. Generally, water 
bath method is highly used in real construction 
application as it avoids the dehydration process and 
accelerates the strength development. Therefore, a 
gradual strength improvement could be noticed in 
water cured samples with time.

In  gCO2 and  scCO2 conditions, sodium ions leach 
out due to hydrolytic reactions. This effect weaken 
the alumina silicate skeleton, and affects the sta-
bility of the aluminate species (Wan et  al., 2020). 
When the cement is exposed to  CO2, Calcium silica 
hydrate (CSH) gel starts to degrade to form  CaCO3. 

Fig. 4  Variation of Compressive strength and Young’s modu-
lus with addition of Al

Fig. 5  Variation of Compressive strength with  CO2 exposure
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The strength reduction after 7 days causes due to the 
weaken NASH bond and degradation of CSH. In 
 ScCO2 condition, formed CaCO3 in form of calcite, 
vaterite and aragonite helps to seal the pores in cement 
and increases the compressive strength (Kim, 2016). 
In  gCO2 condition, as rate of formation of  CaCO3 is 
slow, degradation of CSH and continuous sodium 
leaching start to dominate the changes on mechanical 
properties and reduce the strength of cement.

Young’s modulus was calculated for water cured, 
 gCO2 and  scCO2 and shown in Fig.  6. Young’s 
modulus varies as similar as compressive strength 
does with time. Stiffness of water cured and  scCO2 
samples increase with curing period, whereas stiff-
ness of  gCO2 begins to loss with time at 28 days and 
maintains the same value at 56 days. Due to degra-
dation of CSH and weaken NASH bond, carbonized 
samples has less stiffness compared to water cured 
samples.

3.3  Carbon storage in cement

Leachate samples collected at the end of each cur-
ing period had different concentrations of alkali 
ions, evident in the pH values (Table  2). With 

aging, the leachate pH drops as  CO2 dissolves in 
water and forms carbonic acid. The rate of reaction 
also increases with curing (Mi et al., 2021). Signifi-
cantly,  scCO2 conditions result in more alkali-satu-
rated solutions than  gCO2 conditions.

The rate of carbon storage with the period could 
be evidenced in Fig.  7. Here, carbon stored at 
56 days is taken as reference to calculate the weight 
percentage (wt%: weight of stored  CO2 at selected 
period/ weight of stored  CO2 at 56  days × 100%). 
The  CO2 absorption in the  scCO2 at initial stage is 
higher than  gCO2 as carbonation reaction is acceler-
ated in  scCO2 condition but after 20  days, absorp-
tion rate in  gCO2 condition is higher than in the 
 scCO2, because formation of nahcolite  (NaHCO3) is 
accelerated with  scCO2, maintaining the leachate at 
a higher pH condition and retarding dissolution of 
 CO2.

Supercritical condition facilitates 2% (mass of 
 CO2/mass of composite in %) of carbon storage in 
the composite, whereas annually 72 million ton of 
 CO2 can be effectively stored in cement.

Figure  8 shows SEM images of the control, 
 gCO2, and  scCO2 samples after 7, 28, and 56 days 
of curing. Considerable calcite is evident in both 
carbonation conditions. With  scCO2 the pores are 
packed with calcite, reducing total porosity. As 
calcite acts as fillers, the load bearing capacity 
and stiffness of carbonated samples could further 
increase. This effect could be validated with the 
higher compressive strength and stiffness of  scCO2 
but degradation of CSH and NASH, and heavy 
leaching of ions make the  gCO2 sample weaker 
despite the pore compaction. In  gCO2 condition, 
rate of calcium carbonate formation is lower com-
pared to  scCO2 that could be proved with the for-
mation of greater amount of calcium carbonate in 

Fig. 6  Variation of Young’s modulus with  CO2 exposure

Table 2  pH value of leachates

Curing period pH of leachate

gCO2 scCO2 Atmos-
phere 
condition

7 days 10.30 11.00 13.50
28 days 9.03 10.50 13.40
56 days 6.63 7.93 12.60
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Fig. 7  CO2 absorption rate with curing period
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Fig. 8  SEM images of a control, b  gCO2-exposed, and c  scCO2-exposed samples, after (i) 7 days, (ii) 28 days, and (iii) 56 days

Fig. 9  XRD analysis of Composite with  CO2 exposure
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 scCO2 compared to  gCO2. Generally,  CO2 initially 
dissolves into water, then forms carbonic acid, and 
reacts with cement reaction products. When  CO2 is 
in liquid form it is more convenient to dissolve into 
water and reacts with cement than gaseous  CO2. 
Therefore, the reaction rate in  scCO2 conditions is 
higher than  gCO2.

With  scCO2, vaterite, and aragonite, mineral 
phases are evident through X-ray Diffraction analy-
sis in Fig. 9, but we found less vaterite in the  gCO2 
condition. No aragonite was found with  gCO2, as 

 Mg2+ ions in pores were absorbed and hydrotalcite 
–  Mg6Al2CO3(OH)16·4H2O – was formed, which 
retards aragonite formation (Li et al., 2017). Vater-
ite and aragonite are metastable calcium carbonates, 
with hexagonal and orthorhombic crystal structures 
respectively. Formation of aragonite only occurs in 
 scCO2, because the specific samples were kept at 
a higher temperature (40  °C)  (Maciejewski et  al., 
1994).

Here S = sodium calcium aluminium silicate 
hydrate  (Na2O.CaO.Al2O3.SiO2.H2O), C = calcite 

Fig. 10  Micro CT-scan images of a Control; b  gCO2; c  scCO2 samples

Fig. 11  Heavy-metal leaching effect with Al addition at pH 2.5, 6, and 10, after 7 days
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 (CaCO3), Q = quartz  (SiO2), M = mullite  (Al2O3.
SiO2), V = vaterite  (CaCO3), A = aragonite 
 (CaCO3)

Eventually, both carbon-curing conditions reduced 
the porosity of composites by 60–74%. The volume 
fraction obtained from micro-CT scanning with reso-
lution of 3.37 µm proves the effect of pore compac-
tion with carbonation in Fig.  10, as does the SEM 
image (Fig. 8(c)ii).

3.4  Environmental analysis

3.4.1  Heavy metal leaching

We added nitric acid to leachates immediately after 
carbonation, and gas bubbles confirmed the presence 
of carbonates, or bicarbonate  (NaHCO3).

Figure  11 compares the effects of Al on heavy-
metal leaching behaviour after 7  days in acidic (pH 
2.5), atmospheric (pH 6), and alkali (pH 10) condi-
tions. We found that addition of 0.5Al favours the 
formation of alumina gel, compacting the pores and 
reducing leaching of  Si4+ by 47%, and of  Na+ by 56%.

As shown in Fig. 12, introducing  CO2 into cement 
significantly limits the leaching of  Al3+,  Si4+, and 
 Na+ into the surrounding medium. For instance, we 
observed significant leaching (40–67  ppm) of  Al3+ 
over 7–56  days of water-curing, but almost none 
(< 0.1  mg/l) was recorded after introducing  scCO2 
into the medium. In  scCO2-saturated cement, the 
presence of calcite and aragonite was high compared 

to the water-cured composite. These carbonates act as 
a barrier that reduces permeability and limits leach-
ing (Omosebi et al., 2016).

On the other hand, there was some leaching of 
 Mg2+ ions in the  scCO2 condition during carbonation, 
though this condition limits leaching to relatively few 
ions. In the  gCO2 condition, formation of hydrotalcite 
limits  Mg2+ leaching; but high crystallization of arag-
onite in  scCO2 retards the formation of hydrotalcite, 
so free  Mg2+ ions in pores can leach out. However, 
the recorded maximum amount for  Mg2+ ions leach-
ing was 40% lower than the standard limit values 
(ARMCAPCNZ, 2000).

3.4.2  Emissions of  CO2 into the environment

We conducted comparative  CO2 emission and cost 
analyses for producing 1  m3 0.5Al slurry versus 1  m3 
Portland Cement slurry. We considered transporta-
tion and electricity as main factors for estimating the 
cost and emission for discarded Al foil. Our analysis 
showed that the proposed composite emits 55% less 
 CO2 and can be produced at 35% less cost than stand-
ard Portland cement.

As a significant side-benefit of our processing 
method, when we add Al foil to NaOH it produces 
800 g of pure hydrogen gas for each 1  m3 of cement 
slurry, as shown in Eqs.  1–2. Demand for hydrogen 
gas, a clean and versatile fuel, has continued to rise 
since 1975. Annual global hydrogen production has 
reached around 70  million tonnes  ((IEA), 2019a), 

Fig. 12  Effect of carbonation on the leaching of ions, as concentration in the surrounding medium
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but this production is only equivalent to 6% of global 
natural gas consumption and 2% of coal consump-
tion, which jointly emit a yearly 830  million tonnes 
of  CO2. Setting yearly global cement demand at 4.1 
billion tonnes ((IEA), 2020), meeting this demand by 
the use of our process could reduce annual emissions 
of  CO2 by 35 million tonnes. Producing hydrogen gas 
from municipal waste (Al foil) therefore appears to 
be a powerful adjunct in the reduction of atmospheric 
 CO2, as well as directly reducing landfill. Table. 3.

4  4. Conclusions

Through careful experimentation, we explored the 
development of a low-energy greener cement which 
would make best use of industrial and municipal 
wastes that are problematic for the recycling indus-
try. Major benefits from this innovation are: (1) opti-
mised reuse of waste materials; (2) reduction of  CO2 
emissions from cement production; (3) absorption of 
atmospheric  CO2 into permanent storage in cement 
composite fillers; and (4)  collateral production of 

(1)2Al + 6H
2
O + 2NaOH → 2NaAl(OH)4 + 3H

2

(2)2Al + 6H
2
O − Al(OH)3 + 3H

2

hydrogen gas, a promising future energy source, with-
out the  CO2 emissions that accompany its conven-
tional production. The product promises wide appli-
cability in the construction industry, offering good 
mechanical properties and superior environmental 
performance compared to conventional Portland 
cement.

1. Major municipal waste, aluminium foil were 
tested in this study as substitutes for energy-
consuming commercial additives, to improve 
the mechanical performance of cement. Though 
addition of 0.5% aluminium (0.5Al) limits work-
ability, it enhances the formation of alumina 
gel, yields a denser composite with fewer pores, 
improves the compressive strength by (73-77) 
%, and helps to reduce leaching of  Na+ and  Si4+.
Utilization of discarded foil minimises the green-
house gas emitting from conventional hydrogen 
gas production and further, it limits the emission 
from the commercial additives production chain.

2. Inclusion of liquid  CO2 in water medium favours 
the load bearing capacity of cement by increas-
ing the compressive strength by 10% at end of 
56 days. Since, in  scCO2, formation of three dif-
ferent types of calcium carbonate; calcite, vater-
ite and aragonite helps to pack the pores and 
resists the load. However, compressive strength 

Table 3  Comparative emission and cost analysis of 0.5Al composite and Portland Cement slurry

Emission 
(kg  CO2-e/t)

Unit cost ($/t) Mass (kg/m3) Total 
emission 
(kg  CO2)

Total cost ($) References

0.5Al
FA 9 40 358 3.2 14.3 (Chen et al., 2010; Gastaldini et al. 

2009)
GBFS 19 85 537 10.2 45.6 (Chen et al., 2010; Gastaldini et al. 

2009)
RHA 157 225 54 8.5 12.2 (Gastaldini et al., 2009; Hu et al. 2009)
NaOH 1915 300 163 312.2 48.9 (Perez-Cortes & Escalante-Garcia, 

2020; Turner & Collins, 2013)
Water 0.3 2.3 535 0.2 1.2 (Chiaia et al., 2014; TeamPoly, 2018)
Discarded Al foil 0.2 0.5 4.5 0.0009 0.0023 (EPA, 2020; Transport, 2020)
Totals:  ~ 334.3  ~ 122.2
Portland cement
Portland Cement 820 200 917 752 183.4 (Collins, 2010; Gastaldini et al., 2009)
Water 0.3 2.3 440 0.13 1.0 (Chiaia et al.,2014; TeamPoly, 2018)
Totals: 753.13 183.4
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of cement cured in  gCO2 conditions is affected 
due to the degradation of CSH.

3. Heavy-metal leaching from cement is a well-
known environmental challenge for the indus-
try. When our greener cement absorbs  CO2 
(carbonation), the carbonates it forms compact 
the pores and reduce porosity. The supercriti-
cal  CO2-  (scCO2)-cured samples had signifi-
cantly more calcium carbonate (calcites, arago-
nite), and showed less porosity than gaseous 
 CO2-  (gCO2)-cured samples. Due to this reduced 
porosity, carbonation significantly limits the 
movement and leaching of heavy metal ions 
 (Al3+,  Si4+, and  Na+). Compared to  gCO2, the 
 scCO2 condition makes a stronger barrier to limit 
leaching due to a higher presence of carbonates. 
Leaching of  Mg2+ ions is higher with  scCO2; but 
because delayed aragonite crystallization facili-
tates the formation of hydrotalcite, the concen-
tration of  Mg2+ ions presence in leachate is 40% 
less than the standard limit values.

4. A 0.5Al slurry emits 55% less  CO2 than conven-
tional Portland cement slurry, and is 35% cheaper 
to produce. Moreover, hydrogen (pre-eminent as 
a zero-carbon fuel) is released when the Al foil 
combines with NaOH, promising as much as 
35  million tonnes net reduction in global  CO2 
emissions from hydrogen fuel production alone. 
And finally, wide adoption of  CO2 as a cement 
admixture could reduce atmospheric  CO2 by 72 
million tonnes annually.
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