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The continuous growth of anthropogenic CO2 emissions into the atmosphere and the disposal of haz-
ardous wastes into landfills present serious economic and environmental issues. Reaction of CO2 with
alkaline residues or cementitius materials, known as accelerated carbonation, occurs rapidly under ambi-
ent temperature and pressure and is a proven and effective process of sequestering the gas. Moreover,
further improvement of the reaction efficiency would increase the amount of CO2 that could be perma-
nently sequestered into solid products.
This paper examines the potential of enhancing the accelerated carbonation of air pollution control

residues, cement bypass dust and ladle slag by applying ultrasound at various water-to-solid (w/s) ratios.
Experimental results showed that application of ultrasound increased the CO2 uptake by up to four times
at high w/s ratios, whereas the reactivity at low water content showed little change compared with con-
trols. Upon sonication, the particle size of the waste residues decreased and the amount of calcite precip-
itates increased. Finally, the sonicated particles exhibited a rounded morphology when observed by
scanning electron microscopy.

� 2016 Published by Elsevier Ltd.
1. Introduction

With approximately 36 Gt of CO2 emitted globally every year,
the adverse impact of human activity on global climate is now
beyond doubt (Parmesan et al., 2013; Power et al., 2013). Cement
manufacture, processing of steel and iron as well as incineration
of municipal solid wastes are some examples of carbon-intensive
processes that need to be controlled in order to reduce the concen-
tration of CO2 into the atmosphere (Bobicki et al., 2012).

In addition, the disposal of millions of tonnes of hazardous
waste into landfills presents serious implications for human health
and the environment due to the release of heavy metals and harm-
ful contaminants (Nabhani et al., 2013; Cárdenas-Escudero et al.,
2011). Carbon emissions mitigation and waste management could
be simultaneously realised by reacting CO2 with waste residues via
a process known as accelerated carbonation (AC). Accelerated car-
bonation involves the reaction of alkaline wastes or cementitius
materials with pure or flue gas-derived CO2, ideally from the same
plant, to produce stable mineralised products (Gunning et al.,
2010; Castellote et al., 2008; Goñi and Guerrero, 2003; De
Ceukelaire and Van Nieuwenburg, 1993).
The use of AC decreases the alkalinity and toxicity of several
wastes by reducing the pH and concentration of heavy metals such
as cadmium (Cd), chromium (Cr), lead (Pb) and zinc (Zn) (Rendek
et al., 2006; Pérez-López et al., 2008), and provides manufacturing
with lower-cost options for the management of solid wastes in
countries with expensive landfill taxes (Shu-Yuan et al., 2012).
Also, accelerated carbonation facilitates waste valorisation, which
may lead to the formation of products that could be used for civil
engineering purposes (Gunning et al., 2009).

Candidate residues for AC include air pollution control residues
(Tian and Jiang, 2012; Li et al., 2007; Zhang et al., 2008; Prigiobbe
et al., 2009), cement dusts (Huntzinger et al., 2009a) and steel-
making slags (Huijgen and Comans, 2005; Boone et al., 2013).
These residues are found in large quantities around the world
and as such, they have potential to sequester significant amounts
of CO2 under low temperature and pressure (Renforth et al.,
2011; Kirchofer et al., 2013).

The efficiency of accelerated carbonation is quantified by the
CO2 uptake, which is a function of the initial and final CO2 concen-
tration and can be measured by calorimetric or thermo-
gravimetric analysis (Baciocchi et al., 2009).

CO2UPTAKE% ¼ CO2FINAL%� CO2INITIAL%

100� CO2FINAL%
� 100 ð1Þ
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Ambient temperature and pressure are preferable during AC in
order to keep the associated costs to a minimum. Previous workers
estimated the maximum CO2 uptake of air pollution control resi-
dues (APCr) at 20% (Cappai et al., 2012), cement dusts at 11.5%
(Huntzinger et al., 2009b) and steel-slags at 28.3% (Chang et al.,
2013), by using various carbonation methods and reactors. The
application of cost-effective techniques for enhancing the carbona-
tion efficiency will increase the carbon sequestration capacity of
these residues allowing more CO2 to be bound into the products
(Sanna et al., 2012). The application of ultrasound, also known as
sonication, is a physical technique with potential to improving the
reaction efficiency.

The main effect of sonication is cavitation, or the formation,
development and collapse of small bubbles in liquids, resulting in
high temperatures and pressures, while water acts as the aqueous
medium, permitting efficient energy transmission between the
ultrasonic device and the solid to be treated (Rao et al., 2007).

Sonication is known to increase the precipitation rate of cal-
cium carbonate from mineral substrates (Nishida, 2004; Kojima
et al., 2010; López-Periago et al., 2011; Santos et al., 2012,
2010; Stoica-Guzun et al., 2012), enhance the dissolution rate of
CO2 in water (López-Periago et al., 2010), decrease particle size
(Lu et al., 2002; Rao et al., 2007; Kojima et al., 2010; Santos
et al., 2010) and increase the dissolution rate of sonicated solids
especially for particles with a low surface area (Lu et al., 2002).
Important features of sonication are the time of treatment, size
of sample, power of the ultrasonic device and temperature
(Franco et al., 2004). A previous study on particle breakage phe-
nomena suggested that higher sonication power facilitated cavita-
tion, while longer sonication times resulted in enhanced particle
breakage in the temperature range 25–37 �C (Raman and Abbas,
2008).

The literature reports several studies on sonication of wastes
(Rao et al., 2007; Santos et al., 2010, 2013a; Said et al., 2015), but
none of them examines the effects of this technique upon the
CO2 uptake at low w/s ratio. Also, except for steel-slag and fluidised
bed combustion (FBC) ash, no other alkaline waste was tested.

The main objective of this paper was to examine whether son-
ication increases the CO2 uptake of APCr, cement bypass dust (CBD)
and ladle slag (LS) at low, medium and high w/s ratios under ambi-
ent temperature and pressure. In addition, the effects of sonication
on particles size, mineral composition and morphology of the trea-
ted materials were studied by using appropriate analytical
techniques.
Fig. 1. Experime
2. Materials and methods

2.1. Materials and preparation

500 g of each waste were received as finely grained powders.
APCr coming from the incineration of municipal solid wastes
(MSW) were received from Slough Heat and Power; CBD from
Cemex Rugby Plant and ladle slag (LS) from Harsco Sweden. Before
treatment the waste powders were dried in oven at 105 �C for 24 h
and then cooled in a desiccator for 30 min. Ordinary Portland
cement (CEM 1) 42.5 N was obtained from Cemex and used for
apparatus testing and calibration.

2.2. Accelerated carbonation of residues

After preparation, 0.5 g of solid was placed inside plastic con-
tainers (volume 50 ml) and mixed with distilled water at the
selected w/s ratios (0.2, 0.4, 0.6, 0.8, 1, 5, 10, 25, 50 and 100).
Then, the mixes were carbonated, without agitation, for 1 h by
using the experimental set-up (closed system) shown in Fig. 1.
The set up consisted of: (a) a CO2 chamber containing carbon
dioxide gas of 99.9% purity, (b) a rota-meter to measure/control
the flow of CO2 into the system, (c) an aspirator to humidify
the incoming gas, (d) a water-bath capable of generating an ultra-
sonic field at 35 kHz and containing up to 10 sealed plastic tubes
connected in series, and (e) a condenser to maintain the temper-
ature constant.

2.3. Sonication at 35 kHz

The same mixes were sonicated, without agitation, for 1 h by
using an ultrasonic bath at 35 kHz (Camlab, power rating 150 W).
The selection of ultrasonic bath, instead of ultrasonic probe, was
made in order to examine the effect of sonication on various water
concentrations including low w/s ratio samples. The input power
delivered to the system was found to be 120 W. Thus, the energy
consumption of the device was estimated at 0.12 kW h. The atten-
uation of sound waves was tested by sonicating CEM 1 inside plas-
tic and Pyrex containers. The results showed that the average CO2

uptake of CEM 1 inside the plastic tubes was higher compared to
Pyrex.

For each residue, the samples that showed the highest CO2

uptake were sonicated over a prolonged time (up to 8 h) in order
to determine when the rate of sonication stops progressing.
ntal set up.



Table 1
Key parameters of the particle size distribution for the un-treated materials.

Material d(0.1)
(lm)

d(0.5)
(lm)

d(0.9)
(lm)

Specific
surface area
(m2/g)

Volume weight
mean diameter
(lm)

APCr 2.6 10.7 293.1 1.23 72.2
CBD 2.5 24.1 154.9 1.10 55.0
Steel slag 2.7 85.0 325.9 0.87 125.3
CEM 1 2.7 19.0 86.0 1.10 38.3
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All experiments were conducted at T = 20 �C, p = 1 bar and CO2

flow-rate = 0.2 L/min and repeated in triplicate.

2.4. Analytical techniques

The chemical composition of the input materials was analysed
by X-ray fluorescence (XRF) on a Bruker S4 Explorer and each anal-
ysis lasted for 15 min. The mineral phases of the un-treated and
treated materials were identified by X-ray diffraction (XRD) by
using a Bruker D8 Advance and by analysing the samples between
5� and 65� 2h in 0.02� steps each lasting 0.4 s. Particle size with and
CEM 

Steel sla

A

A

100 µm

100 µm

Fig. 2. SEM images for (A) non-sonicated and (B) sonicated CEM

Table 2
Major oxide composition (expressed as% by weight).

Al2O3 CaO Cr2O3 Fe2O3 K2O MgO

APCr 0.8 65.0 0 0.8 2.0 1.2
CBD 2.8 68.0 0 2.6 4.8 0.8
Steel Slag 5.5 51.0 5.0 5.1 0.1 13.5
CEM 1 3.8 70.0 0 3.15 0.60 1.3
without ultrasound was estimated by wet laser diffraction on a
Malvern Mastersizer MS2000 by utilising the wet sample delivery
module (Hydro MU). The CO2 uptake of the treated materials was
measured by an IL 550 TOC-TN/DSC1300 analyser (Hash Lange
UK), calibrated with CaCO3 (99% purity). The microstructures of
the sonicated and non-sonicated samples were examined by a JEOL
JSM-5310LV, using secondary electrons.
3. Results and discussion

3.1. Materials characterisation

The key statistical parameters (10th, 50th, 90th percentiles,
specific surface area and mean volume) of the particle size
distribution of the raw materials are presented in Table 1. CEM 1
displayed the finest particles with d(0.5) = 19.0 lm and d(0.9)
= 86.0 lm. On the other hand, ladle slag showed the largest parti-
cles with d(0.5) = 85.0 lm and d(0.9) = 322.9 lm.

The original un-treated residues are predominantly calcium
aluminosilicates whose chemical composition (determined by
XRF and expressed as oxides) is shown in Table 2. It should be
1

g

B

B

100 µm

100 µm

1 (w/s = 100 and t = 1 h) and steel slag (w/s = 50 and t = 1 h).

MnO P2O5 SiO2 SO3 TiO2 ZnO Cl LOI

0.2 0.2 2.5 12.0 1.95 2.5 9.8 0.6
0.1 0.1 7.7 9.3 0.2 0 3.0 0.4
1.7 0 16.0 0.35 0.8 0.05 0 0.75
0 0.25 16.5 3.8 0.3 0 0 0.2
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noted that APCr and CBD contained high levels of sulphate, while a
significant concentration of magnesium was found in steel-slag.

Although no crystalline reaction products were identified, scan-
ning electron imaging revealed differences between sonicated and
non-sonicated samples, which were more evident in the particles
of CEM 1 and steel-slag (Fig. 2). The sonicated particles which
showed a lower d(0.5) as described later in Section 2.3, exhibited
also a more rounded appearance compared to non-sonicated ones
that characterised by a more angular shape. Finally, analysis by
SEM did not show any major fracturing of large crystals into smal-
ler pieces by sonication as suggested by previous workers who
used lower frequency (=20 kHz), and thus higher intensity, ultra-
sonic probes (Price et al., 2010; Santos et al., 2013a). It seems that
the main mechanism of this study is de-aggregation of particles
and mixing improvement rather than particle abrasion or
breakage.
3.2. Accelerated carbonation

Initially, the mixes were treated by accelerated carbonation for
one hour and the achieved CO2 uptakes are shown in Fig. 3.

The CO2 uptake for all the input materials was dependent upon
the water content. Low w/s ratio samples (w/s = 0.2–0.6) showed
high reactivity to CO2, whereas the CO2 uptake of intermediate
samples (w/s = 0.8–10) was relatively weak. The reaction yield
Fig. 3. CO2 uptake measured with and without ultrasound at various w/s ratios and t =
started to rise again as more water were added into the system
(w/s = 25–100). The results were in accordance with previous stud-
ies, which indicated that accelerated carbonation is favoured under
dry conditions (Fernandez Bertos et al., 2004), while excess water
inhibits the reaction because CO2 diffusion is restricted due to
pore-blocking (Li et al., 2007). However, a further increase in water
improves the reaction efficiency. It seems that the increased vol-
ume of water provides a reservoir with a larger total capacity for
carbon dioxide solution and ionisation/hydration. Another expla-
nation might be the absence of agitation that could have improved
the carbonation efficiency of intermediate and high w/s samples.

The highest CO2 uptake was shown by APCr at 13.3%
and w/s = 0.4. Compared to previous studies conducted under
ambient temperature and pressure, the achieved CO2 uptake was
higher than the uptake during the carbonation of Chinese APCr
(CO2 = 12%) in a glass cylinder (1000 ml volume) (Wang et al.,
2010), but lower than the CO2 uptake achieved during the carbon-
ation of Sardinian APCr (CO2 = 20%) in an open vessel, although the
reactions lasted for 3 h (Cappai et al., 2012). The second highest
CO2 uptake was given by CBD at 12.9% and w/s = 0.6, validating
the findings of previous workers who carbonated landfilled cement
dusts in columns containing CO2 and water and estimated the CO2

uptake at 11.5% (Huntzinger et al., 2009b). Steel-slag showed the
lowest CO2 uptake at 6.7% and at w/s = 0.2. A former study sug-
gested that under ambient temperature and pressure the direct
1 h. The error bars represent the standard error of the mean for a sample size of 3.



Table 3
Comparison of current with previous carbonation studies conducted under ambient T and P.

Waste Major Oxides (%) Key minerals Particle size (lm) Reactor type w/s ratio Time (h) CO2 Uptake (%) Ref

APCr n/a – Calcite n/a Open Vessel 2.5 4 20 Cappai et al. (2012)
– Halite
– Portlandite
– Sylvite
– Ca(OH)Cl

APCr CaO = 53.0 – Anhydrite 0.14–632 Glass Cylinder 0.25 240 12 Wang et al. (2010)
Na2O = 5.7 – Calcite
K2O = 5.4 – Halite
SO3 = 5.1 – Portlandite
Cl = 18.8 – Quartz

– Sylvite

APCr CaO = 65.0 – Anhydrite <120 Sealed plastic tubes 0.4 1 14.5 This study
SO3 = 12.0 – Calcite
SiO2 = 2.5 – Halite
Cl = 9.8 – Lime

– Portlandite
– Ca(OH)Cl

Cement Dust CaO = 34.5 – Anhydrite n/a CO2/Water Column n/a 82 11.5 Huntzinger et al. (2009a,b)
SiO2 = 13.1 – Arcanite
K2O = 5.8 – Calcite
SO3 = 4.7 – Ettringite

– Quartz

Cement Dust CaO = 68.0 – Anhydrite <120 Sealed plastic tubes 0.4 1 12.9 This study
SO3 = 9.3 – Calcite
SiO2 = 7.7 – Lime
K2O = 7.8 – Portlandite

– Quartz

Ladle slag CaO = 58.1 n/a 160–315 Pyrex Flask 0.4 40 24.7 Bonenfant et al. (2008)
SiO2 = 26.4
MgO = 6.2
Al2O3 = 4.6

Ladle slag CaO = 42.2 – Calcite <100 Batch Reactor 100 1.1 4.6 Uibu et al. (2011)
Al2O3 = 22.3 – Periclase
SiO2 = 15.02 – Ca2SiO4

MgO = 14.9 – Akermanite
– Mayenite

Ladle Slag CaO = 51.0 – Brucite <120 Sealed plastic tubes 0.2 1 6.9 This study
SiO2 = 16.0 – Calcite
MgO = 13.5 – Chromite
Al2O3 = 5.5 – Merwinite
Fe2O3 = 5.0 – Periclase
CrO2 = 5.0 – Portlandite

– Quartz

BOF Slag CaO = 42.4 – Brownmillerite <63 Rotating Packed Bed 20 0.5 93.5a Chang et al. (2012)
Fe2O3 = 26.7 – CaCO3 (pure)
MgO = 9.15 – Lime
SiO2 = 12.00 – Magnesite

– Olivine
– Quartz

BOF Slag CaO = 41.1 – Brownmillerite <44 Glass Column 20 2 28.3 Chang et al. (2013)
Fe2O3 = 24.4 – Calcite
SiO2 = 10.5 – Hematite
MgO = 9.2 – Lime

BOF Slag SiO2 = 35.6 – Brucite <125 Open Granulator 0.12 2 14.4 Morone et al. (2014)
CaO = 23.9 – Calcite
Fe2O3 = 19.6 – Larnite

– Magnetite
– Portlandite

a Refers to carbonation conversion (%) of steel-slag and not CO2 uptake.
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aqueous carbonation of ladle slag (w/s ratio = 10) in an stirred
batched reactor for 40 h gave CO2 uptake at 24.7% (Bonenfant
et al., 2008). In another study, (Uibu et al., 2011) the CO2 uptake
after direct carbonation of wet slurries (w/s = 100) of ladle slag
inside a batch reactor for 65 min was estimated at 4.6%. Finally,
the CO2 uptake of CEM 1 was estimated at 10.3% at w/s = 0.2.

The different reactivity to CO2 of the input materials could be
explained by their initial concentration in calcium oxide and the
mineral phases in which calcium was present (Gunning et al.,
2010). According to the elemental analysis (Table 2) APCr and
CBD contained high concentration of calcium (65% and 68% respec-
tively). Also, analysis by XRD (Fig. 6) revealed the presence of the
reactive Ca-based mineral lime, which was converted into CaCO3

during carbonation. On the other hand, the concentration of
calcium oxide in steel-slag was lower (51%) and no lime was iden-
tified. High calcium content and presence of lime could also



Fig. 4. Particle size d(0.5) for non-sonicated and sonicated APCr (w/s = 100), CBD
(w/s = 100), CEM 1 (w/s = 100) and steel slag (w/s = 50).

Fig. 5. Effect of sonication and carbonation time on CO2 uptake at (A) low w/s ratio
and (B) high w/s ratio. The error bars represent the standard error of the mean for a
sample size of 3.
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explain the improved reactivity of APCr and CBD in a wide range of
water concentrations (especially for w/s ratio between 0.4 and 25)
compared to steel-slag and CEM 1.

3.3. Sonication at 35 kHz for 1 h

The same mixes were sonicated at 35 kHz for 1 h and the new
CO2 uptakes were measured and compared with the uptakes
achieved without ultrasound (see Fig. 3). The results showed that
sonication increased the average CO2 uptake of the products by
4–28% for low and by 62–400% for high w/s ratio samples. At inter-
mediate w/s ratios the yield recorded was low.

The effect of ultrasound on the CO2 uptake of low w/s ratio sam-
ples was weak, as generally too little water was available to facil-
itate cavitation. At w/s = 0.4, the CO2 uptake of APCr was measured
at 15.9% showing an average increase of 19.4% compared to the
non-sonicated samples. At the same w/s ratio, the CO2 uptake of
CEM 1 was estimated at 10.1% (average increase 28.4%), while no
change in the reaction efficiency was observed for CBD. At w/
s = 0.2 the CO2 uptake of steel-slag was estimated at 6.9% indicat-
ing a slight average increase due to sonication (4%). In Table 3 the
CO2 uptakes achieved after 1 h of sonication are compared with
previous carbonation studies conducted at ambient conditions.

At high w/s ratio, the conditions for sonication were much
improved as more CO2 was available to the aqueous medium
(Rao et al., 2007). It should be noted that the lack of agitation dur-
ing sonication of wet slurries may affected the maximum possible
efficiency.

The CO2 uptake of APCr increased by 63% and estimated at
14.5% (w/s = 100), while the uptake of CBD (at w/s = 100) was mea-
sured at 14.9% suggesting an average increase of 153%. The soni-
cated slurries (w/s = 100) of CEM 1 gave uptake at 4.7%
(increased by 159%). The biggest improvement of sonication on
the reaction efficiency (increased by 400%) was shown by steel-
slag and the CO2 uptake was estimated at 3.7% and w/s = 50.

Evidence of the beneficial effects of ultrasound on carbonation
of wet slurries of steel-slag was also found in previous studies.

Sonication of agitated wet slurries (w/s = 100) of stainless steel-
slag in a glass beaker for 1 h by using a 24 kHz ultrasonic probe,
increased the yield of carbonate in steel-slag by 2.8–8.1% (Santos
et al., 2011). In addition, the sonication of agitated steelmaking slag
slurries (w/s = 50) in a glass flask by using an ultrasonic bath
(40 kHz and 80 W), enhanced the extraction of calcium from the
residue especially for the smallest particles (96% extraction com-
pared to 65% extracted by mechanical agitation) (Said et al., 2015).

Finally, the application of ultrasound on fluidised bed combus-
tion ashes by using 2 different ultrasonic probes (power rating
600W and 750W respectively) ameliorated the carbonation rate
by increasing the conversion of Ca(OH)2 into calcium carbonate
(Rao et al., 2007).

The particle size of the sonicated slurries was lower compared
to the non-sonicated ones (Fig. 4) in accordance with previous
findings (Lu et al., 2002; Rao et al., 2007; Kojima et al., 2010;
Santos et al., 2010, 2013a). The average median diameter d(0.5)
of cement particles reduced by 35.5%, followed by the particles of
CBD (33.5%) and APCr (24%). The particle size of steel-slag
decreased only slightly (3%).

3.4. Effect of sonication time on CO2 Uptake

For each residue, the samples that showed the highest CO2

uptake were sonicated over a prolonged time (up to 8 h and up
to 0.96 kW h) in order to determine when sonication stops pro-
gressing. Accelerated carbonation is known to proceed rapidly
and the reaction can be completed within hours or even minutes
(Maries, 2008). In the case of APCr and steel-slag, analysis of



Table 4
CO2 uptakes recorded in this study.

Material w/s ratio CO2 Uptakea after
1 h of AC

CO2 Uptakea after
1 h of sonication

CO2 Uptakea after
8 h of sonication

APCr 0.4 13.3 ± 1.7 15.9 ± 0.5 17.3 ± 1.1
APCr 100 8.9 ± 0.5 14.5 ± 2.5 26.1 ± 3.0
CBD 0.6 12.9 ± 0.5 12.9 ± 0.1 16.6 ± 0.3
CBD 100 5.9 ± 0.8 14.9 ± 2.0 15.7 ± 1.4
Steel slag 0.2 6.6 ± 0.2 6.91 ± 0.5 6.93 ± 0.3
Steel slag 50 0.7 ± 0.1 3.7 ± 1.1 6.7 ± 1.6
CEM 1 0.4 7.9 ± 2.5 10.1 ± 2.0 15.1 ± 1.7
CEM 1 100 1.8 ± 0.5 4.7 ± 0.9 17.8 ± 3.0

a CO2 uptake is expressed as% by weight.
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Fig. 5A led to the same conclusion, as the reaction reached a pla-
teau after one hour of sonication. The results for CBD and CEM 1
showed that the CO2 uptake stopped increasing after five and six
hours respectively.

The higher concentration of water in the sonicated samples
resulted in a slower reaction and inhibited the rapid diffusion of
CO2 into the system (Fig. 5B). The only exception was observed
for CBD, where the reaction rate stopped progressing after two
hours of treatment. For the other materials, the recorded CO2

uptake was increasing continuously and only after seven hours of
sonication remained at a relatively stable level. Considering that
longer sonication time (>1 h) did not considerably increase the
CO2 capture capacity of the waste residues, the application of ultra-
sound for more than 1 h is not cost-effective and it is not recom-
mended for use at large scale.

Table 4 summarises the CO2 uptakes recorded for 1 h of treat-
ment (with and without sonication) and after 8 h of sonication,
as well as the optimum w/s ratios for each of the tested materials.
3.5. Phase analysis by X-ray diffraction

The key mineral phases of the original, sonicated and non-
sonicated materials (at high w/s ratio and one hour of treatment)
are shown in Fig. 6. Calcite was found in all the un-treated residues
indicating carbonation prior to treatment (Huntzinger et al.,
2009b). For APCr and CBD, the application of ultrasound resulted
in the full carbonation of lime and portlandite.

The composition of APCr is very diverse, depending on the type
of incineration feed that typically includes metals, plastic and
putrescent materials (Arickx et al., 2006). In this study, the un-
treated ashes composed of many Ca- and Cl-based mineral phases
such as lime, portlandite, halite and calcium chloride hydroxide.
The mineral analysis of APCr revealed the presence of vaterite in
the carbonated products. Vaterite is the least thermodynamically
stable polymorph of CaCO3 and when exposed to water, is trans-
formed into either calcite or aragonite (Price et al., 2010). After
sonication, the peak intensity of calcite increased due to the com-
plete carbonation of lime and portlandite as they both showed no
signals of detection. On the other hand, the diffractogram of the
non-sonicated ashes revealed the presence of un-reacted port-
landite. The mineral Ca(OH)Cl was not identified after treatment.
Ca(OH)Cl is highly soluble and it is also likely to participate in com-
plex reactions which form minor chloride-based mineral phases
(Wang et al., 2010).

CBDs are formed during cement manufacture, after kiln firing
(Gunning et al., 2010), at high temperature (around 1400 �C) and
for this reason their chemistry was rich in calcium contents (lime,
portlandite and calcite) and sulphur present as anhydrous calcium
sulphate (anhydrite). During sonication, lime and portlandite
totally reacted to form CaCO3, while un-reacted concentrations of
these minerals were detected in the non-sonicated samples.
It is known that the mineral composition of steel-slag is com-
plex including several mineral phases (Baciocchi et al., 2015).
Steel-slag is the main by-product of steel production process, com-
prising calcium, iron, aluminium, magnesium, manganese and
other heavy metals. Due to its high alkalinity (high pH) intensive
pre-treatment prior to disposal or valorisation is required (Santos
et al., 2013b). The predominant mineral phases of steel-slag were
the minerals brucite, calcite, chromite, merwinite, periclase, port-
landite and quartz. The element chromium was present as chro-
mite that belongs to the spinel group. Analysis by XRD showed
that the peaks intensity of portlandite in the sonicated and non-
sonicated slags decreased, while the peaks of calcite increased. It
seems that a portion of portlandite reacted with CO2 and formed
calcite.

CEM 1 was primarily composed of calcium present as calcite
and, along with silicon, as the calcium silicates hatruite and larnite.
The high concentration of calcium (70%) found in the un-treated
CEM 1 is not unusual, as Portland cement contains remarkable
amounts of calcium ions (Otieno et al., 2014; Thomas et al.,
2012). Also sulphate was bound in the mineral gypsum. The
diffractograms of both sonicated and non-sonicated CEM 1 showed
more intense peaks of calcite compared to original CEM 1. A possi-
ble explanation was given by previous workers that observed the
breakdown of di-calcium silicates and the formation of calcite dur-
ing carbonation (Fernandez Bertos et al., 2004).
4. Conclusions

This study investigated the possibility of enhancing the acceler-
ated carbonation of APCr, CBD and ladle slag by ultrasound via a
CO2 negative process with an estimated energy consumption of
0.12 kWh. Sonication was favoured at high w/s ratios (50–100),
increasing the reaction efficiency by 65 –400%. At low w/s ratio
(0.2–0.6), although the CO2 uptake was higher compared to wet
slurries (for APCr at 15.9%, CBD at 12.9% and ladle slag at 6.91%),
the effect of ultrasound was weak due to the lack of enough water
to facilitate cavitation. Sonication decreased the particle size of the
newly formed carbonated products, which exhibited a more
rounded appearance. Finally, analysis by XRD showed that sonica-
tion enhanced the full conversion of lime and portlandite into
calcite.

Despite the fact that ultrasound did not significantly increase
the CO2 uptake of the treated materials, the reactivity of wet slur-
ries under temperature and pressure was improved. Ambient con-
ditions are desirable during the handling or processing of vast
amounts of residues, since the associated costs are kept to a min-
imum. Thus, sonication should be considered as a potential way
of increasing the carbon sequestration capacity of industrial wastes
treated by accelerated carbonation.

It should be noted that this is a preliminary study and the effect
of frequency/intensity and the power of the sonication device on



Fig. 6. Diffractograms of un-treated, non-sonicated and sonicated samples. (APCr (w/s = 100 and t = 1 h), CBD (w/s = 100 and t = 1 h), steel slag (w/s = 50 and t = 1 h) and CEM
1 (w/s = 100 and t = 1 h)).
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the CO2 uptake remains to be addressed. It is anticipated that the
exposure of alkaline wastes to a higher power (power rating
>150W) or lower frequency (<35 kHz)/higher intensity, may
increase their reactivity to carbon dioxide during treatment. How-
ever, future research should be accompanied by a detailed cost and
energy consumption analysis that will determine the feasibility of
any ultrasound-based process at large scale.
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