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Abstract  The compositional characteristics of 
cement by-pass dust (CBPD), specifically its alka-
linity and salt content, present significant limitations 
to its reinsertion in cement production. Further-
more, these characteristics give rise to considerable 
concerns regarding its disposal. The present study 
investigated the potential for treating CBPD through 
the application of a direct aqueous carbonation tech-
nique. The aim is to assess carbon capture potential 
of the material and to investigate the impact of the 
mineralisation process on its composition. The pro-
cess was conducted under atmospheric pressure, at 
low temperature (20–60  °C) and for short duration 
(20–60 min). Different CO2 quantification techniques 
were employed to assess experiments efficiency and 
replicability of the adopted quantification techniques. 
A Design of Experiment was developed to iden-
tify the optimum carbonation conditions in terms of 
time and temperature. The conditions for CO2 con-
tent maximisation resulted in a fair agreement with 
the prediction of the response surface methodology. 
High values in CO2 uptake (25.1%) and carbonation 

degree (82%) were achieved, outperforming previ-
ous literature studies. Moreover, the mineralisation 
process significantly reduces the chloride content of 
CBPD, paving the way for its adoption as a supple-
mentary cementitious material in integrated industrial 
processes for carbon capture and utilisation.

Keywords  Carbon capture and utilisation · Cement 
by-pass dust (CBPD) · Direct aqueous carbonation · 
CO2 uptake

1  Introduction

It is estimated that approximately 40% of global 
energy resources are currently being exploited in 
the construction industry [1]. In this context, cement 
represents the most widely used building material, 
and its production is continuously increasing in order 
to meet the extensive global demand for housing 
and infrastructure construction. It was estimated that 
production increased by approximately 7% compared 
to 2012 and by approximately 50% compared to 2003 
[2, 3]. In addition, the production of ordinary Portland 
cement (OPC) represents a significant source of 
anthropogenic carbon emissions into the atmosphere. 
In 2021, the sector provided a substantial contribution 
of 1.7 billion metric tons as direct emissions to the 
global CO2 inventory [4]. Furthermore, cement 
plants generate considerable quantities of waste in 
the form of dust on an annual basis, with Europe and 
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the United States of America accounting for millions 
of tons [5]. These dusts, classified as cement kiln 
dust (CKD) and cement bypass dust (CBPD), are 
collected in the rotary kiln and the calcination tower 
(preheater), respectively. The primary distinction 
between CKD and CBPD is in their respective 
compositions. In comparison to CKD, CBPD exhibits 
a higher calcium oxide content and is notably rich in 
alkalis, chlorides, and sulphates. The high alkalinity 
and chloride content, which have been reported to 
range from 7.5 to 21.9% [6–8], preclude its complete 
reinsertion within the same cement production 
process. The chloride content limit is fixed at 0.1% 
by the EN 197-1 standard [9]. These characteristics 
also give rise to significant concerns regarding its 
disposal. Consequently, previous studies have sought 
to identify potential reuse opportunities, including 
its use as a soil stabiliser [10], as a filler in asphalt 
mixtures [11], as a binder for waste stabilisation [12], 
or as a source for potassium chloride production [13].

Sipple and Mullner [13] proposed a solution based 
on the separation of chlorides obtained through 
CBPD washing in water and subsequent filtration. 
The cleaned dust was subsequently employed 
as supplementary cementitious material (SCM). 
Although the process demonstrated encouraging 
outcomes with regard to CBPD reuse, the chemical 
procedure entailed the use of reagents such as soda 
and hydrochloric acid, which significantly reduced 
any positive environmental impact. However, 
the alkaline composition of CBPD provides a 
potential pathway for more strategic applications, 
such as mineral carbonation through accelerated 
processes. Accelerated carbonation involves the 
reaction of alkaline compounds with CO2, ideally 
derived from the flue gas of the same plant or 
reproduced at laboratory scale with pure CO2 gas, 
to produce stable mineralised products [14]. The 
utilisation of a cement by-product as a sink for 
carbon sequestration simultaneously contributes to 
carbon and waste cycling, thereby facilitating the 
decarbonisation of the cement industry in a virtuous 
circular economy approach. Consequently, cement 
dust has been employed in recent studies examining 
the carbon capture capacity. Huntzinger et  al. [15, 
16] demonstrated that a substantial carbonation rate 
can be attained when employing CKD, even under 
ambient pressure and temperature conditions. Araizi 
et  al. [17] investigated the accelerated carbonation 

of several industrial wastes. They observed that 
CBPD exhibited a notable degree of carbonation 
due to its calcium oxide-rich composition, and 
that sonication enhanced the efficiency of the 
mineralisation process. However, these applications 
did not assess the effectiveness of the process in 
removing salt content. Moreover, while the impact of 
temperature on accelerated aqueous carbonation has 
been extensively examined with various industrial 
waste and by-product materials, often demonstrating 
a substantial influence [18, 19], this particular 
aspect has not been subjected to a comprehensive 
analysis in the context of cement dust. Furthermore, 
the literature on mineral carbonation processes is 
not homogeneous. Different techniques are used 
to carry out accelerated carbonation, and different 
methods are employed to quantify CO2 levels. This 
necessitates the verification of the reliability of some 
common quantification techniques.

The present study aims at showing the path to 
increase carbon capture capacity of cement by-pass 
dust, and at the same time to analyse the efficiency in 
terms of salt removal in a single step process avoiding 
any pre-treatment of the material. In order to achieve 
this, the CBPD was selected in preference to CKD, 
which typically exhibits a lower chloride content. 
A direct aqueous carbonation route was adopted 
for the mineralisation, which was identified as very 
promising for the carbonation of industrial waste 
[20], but up to now, it has scarcely been applied to 
CBPD. The influence of temperature, in conjunction 
with the duration of carbonation, was investigated 
in order to develop a model for optimising the 
operational parameters of the mineralisation process. 
Furthermore, the replicability of the experiments and 
the reliability of certain quantification techniques 
were evaluated.

2 � Materials and methods

2.1 � Material characterisation

Cement bypass dust (CBPD) powder was supplied 
by a cement plant based in Ireland. The particle size 
distribution was determined by laser granulometry 
(Malvern Mastersizer 3000 AERO S, Worcestershire, 
UK), and the results are presented in Fig. 1. The D10, 
D50 and D90 values, as determined by the cumulative 
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curve distribution, were found to be 3.79 µm, 14.1 µm 
and 58.0 µm, respectively.

The mineralogical composition of as-received and 
carbonated CBPD was investigated through X-ray dif-
fraction analysis (XRD, Empyrean Malvern Panalytical, 
Almelo, The Netherlands) in Bragg–Brentano configu-
ration, with Cu-Kα wavelength radiation (0.15406  nm) 
operating at 40  kV and 40  mA. 2θ spanned from 5to 
70 ° with an angular step of 0.006 ° held for 23  s. The 
diffractometer was equipped with soller slits (0.04 rad), 
anti-scatter slit (P7.5), beam mask (10 mm), divergence 
(¼  °) and axial (½  °) slits. Field-emission Scanning 
Electron Microscopy (FESEM, Hitachi S4000, Tokyo, 
Japan) was used to analyse the powder morphology 
before and after the carbonation.

An X-ray fluorescence (XRF) spectrometer (Rigaku, 
Supermini200, Tokyo, Japan) was employed to evalu-
ate the chemical composition of the samples. The most 
abundant elements in the powder, as expressed in oxide 
form, were calcium, potassium and silicon (Table  1). 
Additionally, a considerable quantity of chlorine was 
identified, which is a common constituent of CBPD 
waste material.

It is possible to calculate the carbonation poten-
tial (ThCO2) according to Eq.  (1), based on the 
chemical composition of the material. This equa-
tion, based on the Steinour formula, which was 
originally conceived for the assessment of carbona-
tion potential in mortar and concrete [21], was sub-
sequently adapted by Huntzinger et al. [15] for use 
with generic materials. The equation assumes that 
all CaO (except calcium already bound in CaSO4 
and CaCO3) will form calcium carbonate, MgO 
will form magnesium carbonate, and Na2O and 
K2O (except the one bound in sylvite, KCl) will 
form Na2CO3 and K2CO3, respectively. The value 
of %CaCO3 was derived from the CO2 content of 
the as-received material (discussed in paragraph 
3.2). The value of %KCl was derived from XRF 
data assuming that the entire potassium content is 
related to chlorine to form KCl (%KCl = 26.7 wt.%).

(1)

%ThCO2 = 0.785
(

%CaO − 0.56 ⋅%CaCO3 − 0.7 ⋅%SO3

)

+ 1.091 ⋅%MgO + 0.71 ⋅%Na2O

+ 0.468(%K2O − 0.632 ⋅%KCl )

Fig. 1   Cumulative and 
Frequency curves of as-
received CBPD powder
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Table 1   As-received 
cement bypass dust 
chemical composition (% 
wt)

Oxides CaO K2O Cl SiO2 SO3 Al2O3 Na2O Fe2O3 MgO Other LOI-Flux

(%) 39.10 16.90 14.80 5.85 2.61 2.11 1.84 1.45 1.11 0.83 13.40
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According to Eq.  (1), CBPD carbonation poten-
tial resulted in 30.5%.

2.2 � Aqueous carbonation set‑up

The aqueous carbonation of CBPD was conducted in 
a 500 mL flask. The flask was filled with the slurry, 
which consisted of cement bypass dust suspended 
in distilled water at room temperature and was 
homogenised through continuous magnetic stirring. 
CO2 was introduced into the flask at a constant 
flow rate and ambient pressure, as measured by a 
flowmeter. To prevent the formation of a pressurised 
system, the flask was partially closed with a drilled 
cap, allowing for the insertion of the CO2 pipe. The 
experiments were conducted in a suction hood.

The experiments were conducted under standard 
atmospheric pressure conditions. The slurry was 
prepared with a liquid-to-solid ratio (L/S) of 3, 
whereby 100    g of CBPD was added to 300    g of 
deionised water. The magnetic stirrer was set at 
1200  rpm, and the CO2 flow rate was maintained 
at 150  L/h. The CO2 purity in the gas cylinder was 
99.9% (grade 2.5, SIAD, Turin, Italy). The pH 
was measured at the outset and at the conclusion 
of the carbonation process. The initial pH was 
approximately 13, and it decreased to approximately 
10 at the end of the experiment. After carbonation, 
the solid fraction of the slurry was separated from 
the liquid by centrifugation for 4   min at 3000    rpm 
(REMI equipment). Subsequently, the powder 
was subjected to a drying process at 60  °C for 
approximately 24    h until a constant weight was 
attained. The adopted L/S ratio permitted the 
simultaneous carbonation and hydration of the 
powder during the aqueous mineralisation process. 
To gain a deeper understanding of the impact of 
carbonation, samples that underwent only hydration 
were produced for comparison. The hydrated samples 
were prepared with the aforementioned operational 
parameters, excluding the fluxing of CO2. To 
confirm the reproducibility of the experiment, three 
carbonation tests were conducted under identical 
conditions, specifically at room temperature and with 
a reaction time of one hour. The CO2 content of each 
sample after carbonation was measured three times 
with each quantification technique.

2.3 � Design of experiment

The study investigated the effects of reaction time 
and temperature with the perspective of optimising 
the mineral carbonation process. To this end, a 
Design of Experiments (DoE) was developed using 
Minitab (version 20.1.3). The experiments were 
designed using Response Surface Methodology 
(RSM). RSM involves the execution of a fixed 
number of experiments, the objective of which is 
to ascertain the effect of independent variables on 
the system response. The objective of this approach 
is to reduce the amount of information required by 
conducting a minimum number of experiments [22]. 
A Central Composite Design (CCD) was selected 
to create an experimental design space consisting of 
two operational parameters: reaction time (min) and 
temperature (  °C). The remaining parameters were 
maintained in accordance with the specifications 
outlined in the preceding paragraph. In selecting the 
experimental ranges, the maximum reaction time was 
set based on the initial results, which demonstrated 
the complete conversion of the reactive phases within 
one hour. With regard to the temperature, it should 
be noted that the open system adopted in this study 
would have resulted in the evaporation of the slurry 
at temperatures exceeding 60  °C. Accordingly, the 
adopted experimental ranges were 20–60  min and 
20–60  °C. RSM generated a set of 11 experiments 
to analyse the individual and combined effects of the 
operating parameters on the CO2 final content.

2.4 � CO2 quantification methods

In order to quantify the CO2 content of carbonated 
samples, three different testing procedures, previously 
defined by the authors in a separate study [23], were 
employed: (i) thermogravimetric analysis (TGA), (ii) 
thermal decomposition carried out in a muffle furnace 
and (iii) acidic digestion. The first two methods deter-
mine the CO2 content according to the same princi-
ple: the thermal decomposition of calcium carbonate 
is an endothermic reaction that yields calcium oxide 
and carbon dioxide (Eq. 2).

(2)

CaCO
3(s) → CaO(s) + CO

2(g) + ΔH

ΔH = − 178
[

kJ∕mol
]
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It is assumed that the complete reaction of calcium 
carbonate decomposition occurs within a tempera-
ture range of 550to 850  °C, in accordance with the 
findings of similar studies referenced in the literature 
[24–30]. Therefore, Eq. (3) is typically employed for 
the calculation of CO2 content, on the assumption 
that the total weight loss is attributable to carbon-
ate decomposition. It was assumed that any potential 
weight loss from hydrated phases within the specified 
temperature range would be negligible.

In which mi represents the initial mass of the 
measured sample, while m550  °C and m850   °C are the 
mass of the sample after heating at 550–850  °C, 
respectively.

The dried powder was subjected to simultaneous 
thermogravimetric-differential thermal analysis 
(TG–DTA) using the LABSYS EVO system from 
Setaram (Caluire, France). The heating cycle 
comprised an initial isotherm at 30  °C for five 
minutes, followed by a heating ramp to 1050  °C at 
10 °C/min, and then a cooling ramp to 30 °C at the 
same rate. The test was conducted with nitrogen 
serving as the purge gas (20 mL/min), and the tested 
samples had a mass of 50 mg.

Thermal decomposition is a two-stage process 
conducted in a muffle furnace, comprising a 
preliminary thermal treatment up to 550  °C and a 
subsequent one up to 850  °C. This technique offers 
the possibility of obtaining similar information 
regarding the content of CO2 when compared to TGA 
but utilises simpler and less expensive equipment. 
In the case of thermal decomposition, it is possible 
to maintain the use of Eq.  (3) by considering the 
initial mass of the powder (mi) and the weights of 
the samples (m550 °C and m850 °C) recorded after the 
thermal treatments. These samples are composed of 
the tested powder placed in an alumina crucible and 
their weights are obtained after the completion of the 
thermal treatments [23, 31]. The initial mass tested 
was approximately 3 ± 0.5 g. Thermal decomposition 
measurements were conducted on three samples for 
each investigated configuration.

The acid digestion methods assume that the carbon 
dioxide content is equal to the mass loss of the dry 
sample when subjected to a dilute hydrochloric acid 

(3)mCO2
(%) =

(m550
◦

C −m850
◦

C)

mi

× 100

solution [23, 32]. The assumption is that the gaseous 
phase liberated during acid digestion is composed 
entirely of carbon dioxide, and that all carbonates 
react with hydrochloric acid, producing CO2 in 
accordance with Eq. (4).

The experiment is conducted in a 250  mL flask 
containing 100 mL of diluted HCl solution (0.001 M) 
and 5 g of powder. The mass of the system is recorded 
at regular five-minute intervals until a constant mass 
is achieved, which typically occurs within 20  min. 
The CO2 content is calculated in accordance with the 
following equation:

where m0 is the initial mass of the system, mf is the 
final mass of the system and mi is the initial mass of 
powder.

2.5 � CO2 uptake definition

To quantify the carbon uptake of materials, different 
studies [15, 33, 34] agree with the calculation of the 
CO2 uptake as the quantity of CO2 captured ( ΔCO2 ) 
referred to the initial mass of the material (mi), as 
defined in Eq. (6).

In Eq.  (6), %CO�
2 content

 represents the carbon 
content after carbonation, whereas %CO2 initial 
denotes the initial carbon dioxide content of the raw 
material. This equation is based on the assumption 
that the mass changes observed after carbonation 
are solely attributable to the capture of CO2 by the 
material. Nielsen and Quaghebeur [35] demonstrated 
that the neglect of mass changes resulting from 
de-hydroxylation and/or hydration reactions can 
lead to a significant under- or overestimation of 

(4)
CaCO3(aq) + 2HCl(aq) → CaCl2(aq) + CO2(g) + H2O(l)

(5)CO2(%) =
(m0 −mf )

mi

× 100

(6)

%CO2 uptake =
ΔCO2

mi

≅
%CO�

2 content
− %CO2 initial

1 −
(

%CO�
2 content

)

%CO�
2 content

= mCO2−after carbonation

%CO2 initial = mCO2−before carbonation
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the effective CO2uptake. With regard to CBPD, 
it was evident that considerable mass alterations 
were attributable to hydration processes and 
chloride dissolution during the aqueous carbonation 
procedure, which subsequently underwent removal 
through centrifugation. These mass changes (Eq.  7) 
were found to be non-negligible in the CBPD under 
analysis (see paragraph 3.4). Therefore, Eq.  (6) was 
modified to yield Eq. (8)

where Δm represents mass changes other than those 
due to captured CO2 and mi the initial mass of as-
received material.

The increase in the mass of hydration was 
quantified through TGA and thermal decomposition 
in the range 60–350  °C. The removed mass of 
salt was determined by collecting and drying the 
supernatant from the separated slurry, which was 
obtained by centrifugation. In this study, Eqs. (6) and 
(8) were adopted and compared.

The carbonation degree, denoted as ηca, was 
defined as the amount of CO2 captured with respect 
to the theoretical maximum extent of carbonation 
(Eq. 9).

3 � Results and discussion

3.1 � Influence of carbonation upon phase composition

The composition of CBPD was analysed through 
XRD analysis before carbonation, after hydration and 
after carbonation (Fig. 2). The peaks of higher inten-
sity related to the main phases involved in the reac-
tions, were highlighted in the figure to emphasise the 
changes in the material composition due to hydration 
and carbonation processes. The mineral composition 
of the as-received CBPD was found to consist primar-
ily of free lime (CaO) and halite/sylvite (K0.7Na0.3Cl). 

(7)mcarb = mi +
(

mCO2carb
− mCO2initial

)

+ Δm

(8)

% CO2 uptake=
ΔCO2

mi

≅

%CO�

2 content
×

(

1 +
Δm

mi

)

− %CO2 initial

1 −
(

%CO�

2 content

)

(9)�ca(%)=
% CO2 uptake

ThCO2

⋅ 100

Additionally, other compounds that are typically 
present in the composition of cement and related 
waste materials were identified, including portland-
ite (Ca(OH)2, CH), quartz (SiO2), dicalcium silicate 
(Ca2SiO4), tricalcium silicate (Ca3SiO5), mayenite 
(Ca24Al27FeO67Cl2.50) and anhydrite (CaSO4). The 
presence of portlandite, even with a low peak inten-
sity, indicates that the free lime present in the raw 
material was partially hydrated as a result of weath-
ering conditions. The hydrated powder exhibited a 
considerable quantity of calcium hydroxide, which 
was formed during the hydration of lime. Addition-
ally, the main calcium carbonate peak increased, 
likely due to the natural carbonation of portlandite 
during the drying phase. Furthermore, the hydration 
process resulted in the formation of hydrocalumite 
(Ca4Al2(OH)12(Cl,CO2,OH)2·4H2O) [36] and gyp-
sum. The presence of mayenite and dicalcium silicate 
was identified both prior to and following the hydra-
tion process. In the carbonated powder, the carbona-
tion reaction led to the complete consumption of lime 
and portlandite, which actively contributed to the for-
mation of calcium carbonate. After the aqueous car-
bonation, the disappearance of tricalcium silicate may 
be attributed both to carbonation and the hydration 
reaction, forming calcium silicate hydrate (C-S–H) 
gel, not detectable through XRD analysis being an 
amorphous or poorly crystalline phase. Mayenite was 
not detected after carbonation, suggesting its involve-
ment in the reaction. Instead, quartz and dicalcium 
silicate peaks were still detected after carbonation. 
The carbonated powder did not exhibit any indica-
tions of gypsum, however, a distinct phase in com-
bination with potassium, langbeinite, was identified. 
The diminution in the intensity of the sylvite peaks is 
attributed to the dissolution of KCl within the aque-
ous slurry, which then underwent a process of sepa-
ration from the powder through the application of 
centrifugation.

TG–DTA allowed the identification and quantifi-
cation of the various compounds present in the sam-
ple. As illustrated in Fig.  3, the DTA curves of the 
as-received (yellow line), hydrated (blue line) and 
carbonated (green line) powders reveal the existence 
of three distinct regions. The first region (i), spanning 
from room temperature to 350 °C, is characterised by 
the removal of free and bound water, and associated 
with the decomposition of C-S-H compounds. The 
second region (ii) is linked to the dehydroxylation of 
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the portlandite phase. The third region (iii) is typi-
cally associated with the decomposition of calcium 
carbonates [37].

The as-received powder exhibited a significant 
peak in the second temperature region, at 445  °C 
(peak IV), corresponding to the dehydroxylation 

Fig. 2   XRD pattern of 
as-received (CBPD_AR), 
hydrated (CBPD_HY) and 
carbonated (CBPD_C) 
CBPD (Index codes of the 
different phases: 1. 96-900-
8606; 2. 96-900-3180/96-
900-3122; 3. 96-702-2028; 
4. 96-100-1788; 5. 96-900-
9667; 6. 96-154-0705; 7. 
96-901-2794; 8. 96-901-
5595; 9. 96-500-0041; 10. 
96-900-9354; 11. 96-101-
0982; 12. 96-9005789)
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Fig. 3   TG (A), TG 
derivative (B) and DTA (C) 
curves of cement bypass 
dust as-received (yellow), 
hydrated (blue), carbonated 
(green)
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of calcium hydroxide, estimated to be equal to 
10.6%  w/w, which is consistent with the XRD 
analysis. The third range was distinguished by the 
presence of two peaks, occurring at 650  °C (peak 
V) and 700  °C (peak VI). Peak V is specifically 
associated with the melting of potassium and sodium 
chloride (KCl-NaCl) [38]. The mass loss associated 
with peak V was approximately 0.6%, indicating that 
the contribution of salt melting can be considered 
negligible with respect to the mass loss due to 
calcium carbonate decomposition (peak VI).

In the hydrated sample, peak II, occurring at 
approximately 140  °C, is associated with gypsum 
dehydration. However, peak II, together with peak 
III, which occurs at about 315  °C, also confirmed 
the presence of AFm phase (hydrocalumite), which 
has previously been shown to decompose at about 
310  °C [36, 39]. Region ii was distinguished by an 
intense signal attributed to portlandite (peak IV), with 
a content of 24.5% w/w. In the third region, a signal 
indicative of calcium carbonate decomposition (peak 
VI) was observed. However, no peak corresponding 
to the melting of chloride salts (KCl, NaCl) was 
detected, confirming a lower content compared to the 
as-received powder.

In regard to the carbonated powder, the initial 
region of differential thermal analysis (DTA) 
exhibited a broad endothermic signal at approximately 
100 °C (peak I). However, the peaks associated with 
hydrocalumite, which were present in the hydrated 
powders, were not detected. Indeed, the stability of 
hydrocalumite is pH-dependent, and the aqueous 
carbonation, which lowered the pH, prevented its 
formation [40, 41]. Peak I is typically associated with 
the dehydroxylation of C-S–H, which corresponds 
to a mass loss typically observed between 60  °C 
and 350 °C, in addition to a potential release of free 
water. A comparison of the TG curves in region i 
reveals a distinct difference between the hydrated 
and carbonated materials. While the hydrated powder 
exhibited a limited weight loss up to 350  °C, the 
carbonated material demonstrated a continuous and 
significant mass loss within the same temperature 
range, indicating an increased extent of hydration 
during the carbonation process. These findings are 
consistent with those of a previous study [42], which 
reported that the quantity of hydration products 
formed during the carbonation of calcium silicates 
was greater than that produced during hydration 

under identical conditions, although exhibited a lower 
Ca/Si ratio.

In the third region, a substantial endothermic signal 
(peak VI) was identified within the temperature range 
of 550–850°C, thereby confirming the successful 
occurrence of the carbonation reaction. The shift 
of peak VI (related to carbonate decomposition) to 
higher temperatures for hydrated and carbonated 
CBPD is commonly associated with an increased 
calcium carbonate content. The calcium hydroxide 
formed in the slurry was entirely consumed during 
the carbonation reaction, resulting in the formation of 
calcium carbonates. This is evidenced by the almost 
flat DTA curve observed in the second region.

Scanning electron microscopy (SEM) observa-
tions were conducted on the as-received and car-
bonated samples at varying magnifications (Fig.  4). 
The as-received material exhibited the presence of 
multiple cubic-shaped grains, with a size range of 
2–5 µm (Fig. 4a), which may be associated with the 
potassium chloride salt. In studies on the hydration 
of CBPD, it was found that when a high quantity of 
sylvite was present, the hydrated powder was primar-
ily covered by partially dissolved KCl, which may 
impede the identification of other phases [43, 44]. 
Nevertheless, at higher magnifications (Fig.  4c), it 
was possible to observe hexagonal crystals associated 
with portlandite, in addition to fine (submicrometric, 
with rounded shape) CBPD particles forming micro-
metric agglomerates.

A significantly different morphology was 
observed in the carbonated powder, wherein the 
particles exhibited a more wrinkled surface and were 
covered by ultrafine precipitates (Fig. 4b). Oral et al. 
[45] synthesized calcium carbonate particles via 
precipitation reaction between calcium acetate and 
sodium bicarbonate and investigated the influence of 
pH and [Ca2+]:[CO3

2−] ratio on calcium carbonate 
morphology. In the case of a lower ratio of calcium 
ions to bicarbonate ions, calcite polymorphs were 
observed to assume a smaller size and a spheroidal 
shape. Accordingly, the spheroidal morphologies 
observed on the particles were associated with 
nanometric (100–200  nm) calcium carbonate 
precipitates, given the high concentration of CO2 
present in the carbonation process.
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3.2 � Experiment replicability

Figure  5 illustrates the CO2 contents obtained from 
different quantification techniques for the as-received 
(CBPD_AR) and hydrated (CBPD_HY) powders, as 
well as for the three carbonated replicates (CBPD1, 
CBPD2 and CBPD3). The values were calculated 
using the formulas provided in Eqs. (3) and (5). The 
third replicate (CBPD3) was subjected to three meas-
urements for each of the techniques. The error bars 
displayed in the chart (Fig. 5) represent the standard 
deviation. The coefficient of variation was calculated 
as the ratio between the standard deviation and the 
average of the measurements from CBPD3. It was 
approximately 12% for TGA and acid digestion and 
approximately 5% for thermal decomposition.

The hydrated CBPD exhibited a higher CO2 con-
tent than the as-received powder, which can be attrib-
uted to the natural carbonation of the sample occur-
ring during the drying step subsequent to hydration. 
The hydrated sample contains considerable quantities 
of calcium hydroxide, which is highly reactive with 
atmospheric CO2 and naturally forms calcium carbon-
ate when exposed to air. Furthermore, the CO2 con-
tent values obtained through thermal decomposition 
for both the as-received and hydrated CBPD powders 
were higher than those determined through the other 
quantification techniques. These discrepancies can 
be attributed to the natural carbonation of calcium 
hydroxide that occurs during the prolonged heating 
and cooling cycles in the muffle furnace, which are 
not present in the other techniques. Accordingly, the 
CO2 contents of CBPD_AR and CBPD_HY were 

Fig. 4   SEM images of CBPD as-received (a and c) and carbonated (b and d)
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calculated without incorporating the thermal decom-
position method. In contrast, the results obtained 
from the carbonated powders can be regarded as unaf-
fected by this phenomenon, given that the material 
was previously subjected to accelerated carbonation. 
Therefore, the reactive phases were fully consumed. 
An analysis of variance (ANOVA) was conducted 
using the general linear model, based on both repli-
cates of the carbonation test and CO2 quantification 
techniques. The ANOVA indicated that there were no 
statistically significant variations in the quantification 
techniques (p value = 0.279), thereby demonstrating 
the interchangeability of TGA, acid digestion and 
thermal decomposition for CO2 quantification. These 
findings corroborate those of the preceding study by 
Ferrara et al. [23], thereby substantiating the dependa-
bility of the CO2 quantification techniques employed. 
With regard to the statistical analysis of the replicates 
of the carbonation test, a notable degree of variabil-
ity in the results was observed (p value = 0.042). In 
particular, while the estimates of CBPD2 and CBPD3 
(respectively with an average CO2 content of 20.2% 
and 20.3%) are quite similar, a higher degree of 
variability is observed when comparing with the 
CBPD1 value (23.4%). However, while the CBPD2 
and CBPD3 tests were conducted at approximately 

the same time, the CBPD1 test was performed a few 
months earlier at a higher room temperature (of about 
26 °C), due to seasonal variations, that has increased 
the reactivity of the material. It is therefore reason-
able to conclude that the observed variability between 
CBPD1 and CBPD2-3 is attributable to changes in 
room temperature.

3.3 � Carbonation optimisation: effect of time and 
temperature

The study investigated the effect of time and tem-
perature on carbonation using Response Surface 
Methodology (RSM). The CO2 content was deter-
mined exclusively through acid digestion, as this 
is the most expedient of the three techniques inves-
tigated, particularly when a substantial number of 
experiments are conducted. The impact of time and 
temperature has been extensively examined in the 
existing literature and across a range of materials. It 
is anticipated that the CO2 content will increase over 
time until reaching a plateau, which indicates the 
saturation of the material available for the carbona-
tion reaction. Additionally, the impact of elevated 
temperatures, particularly within pressurised envi-
ronments, is understood to enhance CO2 uptake. In 
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the experimental configuration proposed by the pre-
sent study (open system), an increase in temperature 
is expected to lead to two opposing effects. While 
higher temperatures improve the reaction kinetics of 
calcium dissolution and, therefore, its availability for 
the carbonation reaction, they reduce the solubility of 
CO2 in the slurry. Thus, an arc trend is expected to 
describe the effect of temperature, the trajectory of 
which depends on the specific kinetic of the studied 
material. Table 2 lists the results of the observations 
taken following the CCD and obtained as the average 
of three repeated measurements. CBPD12 was identi-
fied as the point of the suggested maximum. Figure 6 
shows the experimental observations and the relative 
curve predicted by the model. From these data, the 
interaction plots confirmed the expected trajectories 
for time and temperature (Fig. 6).

The most suitable model was selected based on 
the evaluation of R2 adjusted, residual plots and the 

Table 2   Design of experiment observations

Obs Uncoded units Coded units

T(°C) t(min) X-T( °C) Y-t(min) CO2 content 
(%)

CBPD3 20.00 60.00 −1.00 1.00 19.42
CBPD4 20.00 20.00 −1.00 −1.00 15.48
CBPD5 40.00 40.00 0.00 0.00 20.71
CBPD5B 40.00 40.00 0.00 0.00 23.27
CBPD6 60.00 20.00 1.00 −1.00 17.57
CBPD7 60.00 60.00 1.00 1.00 20.83
CBPD8 11.72 40.00 −√2 0.00 18.83
CBPD9 40.00 11.72 0.00 −√2 15.79
CBPD10 68.28 40.00 √2 0.00 14.44
CBPD11 40.00 68.28 0.00 √2 24.09
CBPD12 40.00 60.00 0.00 1.00 23.21
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stepwise method (Fig.  7). This model demonstrated 
an R2 value of 83.3% and an S value of 0.0163. The 
combined effect of time and temperature was found to 
be negligible, as was the linear effect of temperature. 
This resulted in the formation of a non-hierarchical 
model. Accordingly, the model’s regression equation 
(Eq. 10) was solely calculated in coded units, as illus-
trated in Table 2.

The recorded CO2 content exhibited a range of 
14.4–24.1%. The model indicated that the optimal 
conditions would be 40  °C and 63  min, with a 
CO2 content of 23.3%. At 40  °C and 60  min, the 
experimental value was found to be 23.2%, which 
was highly comparable to the RSM prediction and 
fell within the confidential interval (standard error of 
fit = 0.8%). In any case, the CO2ontent should increase 
over the course of the reaction in a plateau-like 
trajectory, as evidenced by the empirical observations 
(CBPD11). This discrepancy can be attributed to 
the inherent limitations of the model, including the 
employment of full quadratic terms, the highly similar 
standard error and model variance of CO2 content 
above 60 min, and the saturation of the reaction close 
to the experimental limits. Therefore, while the CO2 
content should result in a slight increase over time, the 
model identifies an optimum point at 63 min. Indeed, 

(10)
CO2content (%) = 21.97 + 2.355 Y − 2.653 X2 − 1.015 Y2

extending the reaction time beyond 60  min, does not 
result in any significant improvement of CO2 uptake. 
Instead, this would result in an increase in the energy 
consumption associated with the process.

3.4 � CO2 uptake and literature comparison

A critical challenge in studying CO2uptake is the 
inherent uncertainty associated with changes in mass 
of CBPD during aqueous carbonation. Nevertheless, 
this value is fundamental for comparison with 
existing literature and for the objective evaluation of 
the experiment’s efficiency. Given the difficulty of 
measuring these data for each experimental point, an 
investigation into the correct CO2 uptake was only 
conducted for the temperature/time combination of 
40 °C and 60 min (CBPD12).

Firstly, an evaluation of the influence of these mass 
changes on the CO2 uptake based on the CO2 content 
was conducted, the results of which are presented in 
Fig. 8. Equations (6) and (8) were plotted by varying 
the CO2 content while maintaining the initial CO2 
concentration at approximately 2%. The inclusion of 
higher CO2 contents serves to increase the degree of 
variation observed in the CO2 uptake value, which is 
a consequence of the influence of other mass changes 
(Δm). In particular, for the selected observation (CO2 
content = 23.2%), the variation in CO2 uptake esti-
mation could correspond to ± 3% for Δm =  ± 10% 
and ± 6% for Δm =  ± 20%.

Fig. 7   Surface plot of the 
combined effect of time and 
temperature on CO2 content 
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The quantification of mass changes is related to 
the increase of initial mass due to hydration reactions 
and the decrease of initial mass due to the removal 
of salts at the experimental point CBPD12. The aver-
age mass loss resulting from thermal decomposition 
due to dehydration of hydrated phases was found to 
be 7%. A residual liquid of 18.5 g was obtained from 
the centrifugation of the slurry, which was produced 
with 100 g of as-received CBPD and 300   g of dis-
tilled water. Accordingly, the change in mass, Δm, as 
defined in Eq.  (8), was calculated by the sum of the 
percentage decrease in mass resulting from the sepa-
ration of salts (–18.5%) and the percentage increase in 
mass resulting from the hydration of CBPD (7%). The 
residue was subjected to X-ray fluorescence (XRF) 
and X-ray diffraction (XRD) analysis to ascertain its 
chemical composition and confirm the absence of any 
hydrated phases. The results of the elemental XRF 
analysis indicated that approximately 90% of the resi-
due was constituted by potassium, sodium, and chlo-
rine. Accordingly, XRD analysis confirmed that the 
majority of the residue was composed of anhydrous 
salts, with strong signals belonging to sylvite (KCl) 
and halite (NaCl), in addition to traces of gypsum and 
quartz phases (see Fig. 9).

Upon calculation with the modified formula 
(Eq. 8), the CO2 uptake was determined to be 25.1%, 
while the general equation (Eq.  6) would have sug-
gested a CO2 uptake of 28.5%.

The carbonation degree (ηca) at 40 °C and 60 min 
of CBPD was approximately 82%.

Table 3 presents a comparison with existing lit-
erature on similar aqueous and wet carbonation 
processes of CBPD and CKD. Gunning et  al. [46] 
observed that CKD exhibited inferior performance, 
as evidenced by lower CO2 uptake and carbonation 
degree, relative to CBPD subjected to carbonation 
under identical operational parameters. The present 
study and that of Araizi et al. [17] were conducted 
under ambient pressure, although with different 
CO2 flow rates. In contrast, Gunning et al. [46] con-
ducted their experiments in a closed and pressurised 
system, and thus, the data pertaining to the CO2 flow 
rate are not accessible. As illustrated in Table 3, ele-
vated temperatures and pressures have a beneficial 
impact on carbonation efficiency. The initial aspect 
has already been analysed and discussed in this 
study; however, the effect of pressure could be con-
sidered for future perspectives on CO2 uptake opti-
misation. Despite the use of different operational 
parameters, the carbonation degrees attained by this 
study were markedly superior to those reported in 
the literature, particularly when compared to results 
obtained at room temperature. This discrepancy can 
be attributed to the enhanced reactivity of the pow-
der employed in this study. In analogous conditions, 
Araizi et al. [17] observed a higher CO2 uptake for 
a higher L/S ratio. Nevertheless, while Chang et al. 
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[47] identified the presence of water as essential 
for achieving a high carbonation degree, they also 
observed that L/S ratios exceeding 20 could inhibit 
the carbonation reaction. In particular, the pres-
ence of excessive water resulted in the formation of 
a mass transfer barrier, which in turn lowered the 
ionic strength and decreased the rate of Ca2+ dis-
solution. Therefore, the superior outcome observed 
in this study at room temperature is consistent 
with previous literature, particularly given that an 
elevated CO2 flow rate is also associated with an 
enhanced carbonation degree. Despite the use of 
an open system, the carbonation degree achieved 

in this study surpassed previous literature data. The 
considerable quantity of captured CO2 substantiates 
the viability of this material for utilisation in carbon 
capture and utilisation (CCU) technologies. Addi-
tionally, this straightforward mineralisation tech-
nique is highly promising and has the potential to 
facilitate an integrated industrial process for CCU. 
Moreover, a reduction in KCl content during accel-
erated carbonation could enhance the reuse of car-
bonated CBPD, thereby upcycling this by-product.

Fig. 9   XRD pattern of 
CBPD residue after centri-
fuge drying
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Table 3   Comparison with previous literature on direct aqueous mineralisation conducted on cement bypass and kiln dust

* Calculated with Eq. (8) considering the same Δm obtained for CBPD12

Direct aqueous mineralisation

Bibliography Material CaO (%) L/S P (atm) Temperature 
( °C)

Time (h) CO2 flowrate 
(L/min)

CO2 uptake (%) �ca (%)

[17] CBPD 68 0.6 1 20 1 0.2 13 25
100 1 20 1 0.2 15 28

[46] CKD 46 0.1 2 20 72 n/a 12 41
CBPD 66 0.1 2 20 72 n/a 26 51

This study CBPD 39 3 1 20 1 2.5 20* 65
3 1 40 1 2.5 25 82
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4 � Conclusions

The objective of this study was to investigate the 
accelerated aqueous carbonation of cement bypass 
dust, with particular attention paid to the influence 
of temperature and the efficiency with which salt is 
removed. The efficacy of various CO2 quantification 
techniques was evaluated, and the findings were 
contextualised within the existing literature.

•	 The mineral composition of the CBPD was 
also studied, and it was found that the material 
contained significant quantities of high-reactive 
lime (CaO) and portlandite (Ca(OH)2). These 
components underwent carbonation, resulting in a 
substantial increase in calcium carbonate content. 
The presence of KCl salt, as confirmed by both 
XRD and XRF analyses, presented a challenge in 
evaluating the COv uptake.

•	 The Response Surface Methodology was 
employed to construct an experimental design 
for the evaluation of the CO2 content capacity of 
CBPD and the examination of the individual and 
joint effects of the operating parameters of time 
and temperature on the uptake. The experimental 
results demonstrated a considerable influence of 
the examined variables on the CO2 content, which 
was observed to range between 14 and 24%. While 
the results were satisfactory, further investigation 
into additional operational parameters, such as 
the liquid-to-solid ratio, pressure, and CO2 flow 
rate, could enhance the study. The present study 
investigated the accelerated aqueous carbonation 
of cement bypass dust with focus on the effect 
of temperature and the efficiency in terms of salt 
removal. Different CO2 quantification methods 
were compared, and comparison with literature 
was provided.

•	 A modified formula for calculating the CO2 uptake 
and the carbonation degree was implemented to 
consider the mass variations occurring during 
the mineralisation process, which are due to 
the hydration of calcium silicate species and the 
separation of salts. The CO2 uptake was calculated 
for a single experimental point, namely 40 °C and 
60  min, resulting in 24.1%. Had mass variations 
been neglected, the calculations would have 
yielded an error of + 3.6%.

The mass of KCl and NaCl removed by this 
aqueous carbonation process was approximately 
18.5% of the initial mass of the sample. It would 
be beneficial to further investigate and improve this 
aspect of the process, particularly in light of the 
potential for reuse of the material. The high CO2 
storage capacity and the proximity of the material’s 
production to the CO2 emissions of a cement 
plant indicate that developing a carbon capture 
and utilisation technology may be a relatively 
straightforward process. Further investigation will be 
conducted on the potential reuse of carbonated CBPD 
as a supplementary cementitious material, with the 
aim of developing a more robust carbon capture, 
storage and utilisation technology.
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