Ispitivanje potencijala ubrzane karbonatizacije
recikliranog betonskog agregata

Mikuli¢, Zdravka

Master's thesis / Diplomski rad
2023

Degree Grantor / Ustanova koja je dodijelila akademski / strucni stupanj:
University of Split, Faculty of Civil Engineering, Architecture and Geodesy / SveuciliSte u
Splitu, Fakultet gradevinarstva, arhitekture i geodezije

Permanent link / Trajna poveznica: https://um.nsk.hr/urn:nbn:hr:123:402517

Rights / Prava: In copyright /Zasti¢eno autorskim pravom.

Download date / Datum preuzimanja: 2024-05-10

Repository / Repozitorij:

‘ . A ‘ FCEAG Repository - Repository of the Faculty of Civil
_ Engineering, Architecture and Geodesy, University

of Split

AN

zir.nsk.hr

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII

% UNIVERSITY OF SPLIT i i O E ;O r



https://urn.nsk.hr/urn:nbn:hr:123:402517
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.gradst.unist.hr
https://repozitorij.gradst.unist.hr
https://repozitorij.gradst.unist.hr
https://zir.nsk.hr/islandora/object/gradst:2845
https://repozitorij.svkst.unist.hr/islandora/object/gradst:2845
https://dabar.srce.hr/islandora/object/gradst:2845

SVEUCILISTE U SPLITU
FAKULTET GRAPEVINARSTVA, ARHITEKTURE I GEODEZIJE

DIPLOMSKI RAD

Zdravka Mikulié¢

Split, 2023.



SVEUCILISTE U SPLITU
FAKULTET GRAPEVINARSTVA, ARHITEKTURE I GEODEZIJE

Zdravka Mikuli¢

Ispitivanje potencijala ubrzane karbonatizacije

recikliranog betonskog agregata

Diplomski rad

Split, 2023.



Ispitivanje potencijala ubrzane karbonatizacije recikliranog betonskog
agregata
SaZetak:

Proizvodnja cementa €ini priblizno 5 % globalne emisije CO2 tako $to se u cementnoj pe¢i CO: oslobada
kalcinacijom vapnenca (2/3) i izgaranjem goriva (1/3). Nakon izlaganja zraku beton s vremenom
ponovo apsorbira atmosferski CO, koji se trajno ugraduje. Taj proces se naziva karbonatizacija. Javlja
se tijekom vremena trajanja betonske konstrukcije, ali i nakon rusenja. Beton nastao rusenjem betonskih
konstrukcija odlaze se kao otpad. Njegovom ponovnom upotrebom, recikliranjem, bi se reducirao
nastali otpad kao i koristenje prirodnog agregata za proizvodnju betona ¢ije rudarenje iziskuje veliku
potro$nju energije. To bi takoder imalo veliki utjecaj na prirodu, krajolik i Covjekov okolis. Dobivanje
novog betona od recikliranog betonskog agregata, koji bi zadovoljio propisane standard za
konstrukcijski beton, zahtjeva primjenu tehnologije ubrzane karbonatizacije. Medutim, primjena ove

tehnologije je jos uvijek novost i nije do kraja razvijena.

U ovom diplomskom radu je ispitan potencijal ubrzane karbonatizacije recikliranog betonskog agregata
na razli¢itim frakcijama agregata. KoriStena je standardna tehnologija ubrzane karbonatizacije
ugljikovim dioksidom. Na temelju mjerenja protoka plina, koncentracije CO,, relativne vlaZnosti,
temperature i mase napravljena je analiza podataka. Dobivena je krivulja za procjenu apsorpcije COz u

reciklirani betonski agregat tijekom vremena za razlicite frakcije.

Kljuéne rijeci: Reciklirani betonski agregat; ubrzana karbonatizacija; dubina karbonatizacije;

apsorpcija COs..



Investigation on the forced carbonation potential of recycled concrete
aggregate
Abstract:

Cement production accounts for approximately 5 % of global CO; emissions, by releasing CO- in a
cement Kiln by calcination of limestone (2/3) and fuel combustion (1/3). After exposure to air, concrete
eventually reabsorbs atmospheric CO,. This process is called carbonation. It occurs during the duration
of the concrete structure, and after demolition. Concrete formed by the demolition of concrete structures
is disposed of as waste. Its reuse, recycling, would reduce the resulting waste and the use of natural
aggregate to produce concrete whose mining requires high energy consumption. This would have a
great impact on nature, landscape and human environment as well. One of the possibilities for obtaining
concrete from recycled concrete aggregate is the application of forced carbonation technology.
However, the application of this technology is still a novelty and has not been fully developed.

In this graduate thesis, the potential of accelerated carbonation of recycled concrete aggregate on
different fractions of aggregates was examined. The standard technology of accelerated carbonation by
carbon dioxide was used. Based on the measurement of gas flow, CO; concentration, relative humidity,
temperature and mass, data analysis was made. A curve was obtained to assess the absorption of CO;

into a recycled concrete aggregate over time for different fractions.

Key words: Recycled concrete aggregate; forced carbonation; carbonation depth; CO, uptake.
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Introduction

1. Introduction

Due to its durability and easy application, concrete is the most used material in the construction industry.
When concrete structures are no longer usable or are repurposed, that concrete is demolished and
disposed of as demolition waste. About 70 to 80 % of the total volume of concrete is aggregate. Natural
aggregate (NA) is a limited resource. It is obtained by mining. Mining requires heavy equipment and
energy consumption, which incurs high costs. Also, if the nearby source of natural aggregate is
insufficient or dried up, it is necessary to open a new source, which represents an additional cost. These

problems can be solved at least partially with recycled concrete aggregate (RCA) [1] .

Replacing the natural aggregate with recycled aggregates in the production of new concrete would
significantly affect these problems. Using recycled aggregates to replace natural aggregate has some
negative effect on the performance of the new concrete, especially mechanical properties [2]. It is shown
that one of the ways to achieve better mechanical properties is the application of forced carbonation
technology of recycled concrete material [3; 4]. This technology rests on the fact that the carbonation
that takes place naturally in concrete has a positive effect on the mechanical properties of concrete [5].
By filling the cavities with limestone, a higher strength of hardened concrete is obtained. Therefore, it
was determined that the mechanical properties of the newly formed concrete would be improved if the
recycled concrete aggregate was treated in such a way that the carbonation takes place rapidly [6].

Considering what the stated, the aim of this thesis is to investigate the potential of forced carbonation
of recycled concrete material to further use the same material to produce new concrete. In addition, the
thesis paper will examine equipment designed for accelerated carbonation and the possibility of its

application for further testing.
The following 3 research questions are addressed in this thesis:

= What is the potential for recycled aggregate treated with accelerated carbonation?
= Which equipment exists to accelerate carbonation?

= Which amount of CO2 can be stored within various grain fractions of recycled aggregate?

Accordingly, this master thesis is divided into two parts: theoretical background and experimental part

including results with discussion.

In the theoretical part firstly is described recycled concrete, its production, properties and mechanical
properties of concrete with different proportions of RCA. Secondly, the carbonation of concrete, its
positive and negative impact on the properties of hardened concrete and the factors that affect it are
described. The third part of the theoretical background describes the technology of accelerated

carbonation and the possibilities of its application.
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In the experimental part, there is a characterization of the basic raw material as well as description of
used methods and equipment. Furthermore, a determination of the forced carbonation potential is

carried out.
1. Research on different grain fractions:
0-0,25 mm; 0,25-0,5 mm; 0,5-1 mm; 1-2mm; 2-4mm; 4-8mm; 8-16mm; 16-22mm

2. Determination of the total amount of stored CO- by analyzing the measurements taken during

the process (gas flow, concentration and continuous measurement of the weight changes)

The aim of this work is to obtain curves according to which carbon dioxide uptake could be predicted
for different fractions of recycled concrete aggregate and examine the possibility of applying this

technology for further tests.
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2. Theoretical background

2.1. Recycled concrete aggregate

Use of recycled concrete began at the end of World War 11 [1]. It was necessary to rebuild Europe, and
at the same time to get rid of waste material. Then the use of RCA decreased. Reuse began in the 1970s
in the United States, but for non-structural purposes like fill material, foundations and base course [7].
Since then, research into RCA, properties and application possibilities has begun. Although there has
been a decrease in the use of recycled concrete in construction since then, this does not mean that the
amount of decomposed concrete waste is decreasing. Indeed, today there are many sources of concrete
waste. The main reasons for the increase of this volume of demolition concrete waste are: “many old
buildings and other structures have overcome their limit of use and need to be demolished,; structures,
even adequate to use, are under demolition because there are new requirements and necessities and
creation of building wastes which result from natural destructive phenomena (earthquakes, storms...)”
[8]. Therefore, the demolition rate is high, but unfortunately the storage space is small and the costs of
storing such materials are increasing. If we turn around the problem of harmful use of natural aggregate
to produce new concrete, then recycling of concrete offers a unique solution to this spectrum of
problems.

Natural aggregate Recycled concrete aggregate 1~ Recycled concrete aggregate 2

Fig. 1. Natural aggregate and different RC aggregates [9]

Recycling involves proper collection and grinding of demolished concrete. As a product, RCA is
obtained. Fig. 1 shows natural aggregate and two different recycled concrete aggregates. Opposed to
NA, RCA consists of two different materials: natural aggregate and adhered mortar (see Fig. 2).
Adhered mortar makes RCA heterogeneous compared to NA and limits its application in concrete due
to its inability to predict its behavior. This property of RCA creates an obstacle to achieve the required
guality of RCA concrete and requires research technologies to improve the properties of RCA and to
enable mass production of RCA concrete. Even though recycled concrete has already been applied in

the past, its use in new construction applications in many countries is still a new technique.
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<Emm—

Concrete

aggregate

Fig. 2. Residual mortar paste attached to RCA [10]

2.1.1. RCA properties

In this theoretical part, the properties of RCA are discussed compared to the properties of NA. The
purpose of this description is to understand the behavior of RCA in concrete mixtures. RCA is different
in composition from NA, so it is not surprising that it shows differences in some basic properties such
as density, porosity and shape of aggregates. These properties further influence the remaining and
dictate the behavior of RCA in the concrete mixtures.

2.1.1.1. Density, porosity and water absorption

The main factor affecting the density of RCA is the residual of the adhesion mortar on the aggregate.
Due to the lower density of mortar enveloping the natural aggregate in RCA, the density of RCA is
lower than the density of NA [7]. The relative density of RCA (in the saturated surface dry state) is
approximately 7-9 % lower than that of NA [11]. Density values also vary depending on which
aggregate recycled concrete is made of. When it comes to bulk density, RCA also showed lower values.
The value of bulk density RCA and NA was 2,394 and 2,890 kg/m?, 17% respectively [12]. This means
that adhesion mortar can be less weight compared to an aggregate of the same volume and causes a

decrease in RCA density.

Porosity and water absorption are also associated with the residual mortar on the aggregate. RCA
adhered mortar has a higher porosity and allows the aggregate to retain more water in its pores than NA
which has low water absorption due to low porosity [7]. The water absorption value for NA it was from
0,5-1,0 %, and for RCA it was 4-4,7 % in saturated surface dry conditions reported from Shayan and
Xu [13]. Other studies [11; 12], showed values for porosity and permeability of 5,6 % and 4,9-5,2% for
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RCA and 1,0 and 2,5% for NA. These characteristics are of great importance when it is necessary to
determine the appropriate concrete mixtures. McNeil et al. [7] limited the ability of absorbing

aggregates to a maximum of 5 % for structural concrete.

2.1.1.2. Shape and gradation

The shape of the aggregate pieces is a property that affects the workability of concrete. The shape of
the aggregate pieces is greatly influenced by the method of production, i.e. type of used crusher [14].
When it comes to RCA, the mortar that envelops the aggregate can smooth the hard edges of the original
aggregate. Angular aggregates have a larger contact surface than rounded aggregates, so they can absorb
more water. In order to achieve the same workability as with NA concrete, it is necessary to increase
the wi/c ratio. Matias, Brito et a.[15] confirmed this by increasing the proportion of RCA, resulting in
a decrease in the workability of concrete. Which means that in order to successfully replace NA with

RCA, RCA must have similar geometrical characteristics.

Gradation of concrete aggregate is prescribed according to the standards for concrete aggregates.
Concrete aggregate must be within prescribed range to be acceptable as an aggregate for structural
concrete. RCA falls into that range [12; 13].

2.1.1.3. Crushing and L.A. abrasion

The crushing test and L.A. abrasion are measures in order to verify the hardness and therefore the
durability of the aggregate [7]. Aggregate crushing value test on coarse aggregates gives a relative
measure of the resistance of an aggregate crushing under gradually applied compressive load. Coarse
aggregate crushing value is the percentage by weight of the crushed material obtained when test
aggregates are subjected to a specified load under standardized conditions [16]. The LA abrasion test is
widely used as an indicator of the relative quality of aggregates. It measures the degradation of standard
gradings of aggregates when subjected to abrasion and impact in a rotating steel drum with an abrasive
charge of steel balls [5]. Predictions are that the RCA shows higher values in both crushing tests and
L.A. abrasion tests. Therefore, crushing tests showed values for crushing resistance of 23,1% for RCA
and 15,7% for NA [12; 13]. This means that by crushing coarse RCA, a higher measure of crushing
resistance is given by RCA than NA. L.A. abrasion tests showed values of 32% and 26,4-42,7% for
RCA versus 11 % and 22,9 % for NA [13; 17]. Which means when crushed or hit with steel balls in
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L.A. test, RCA have more fine particles. The answer for such a result is given by residual plaster that

can be easily broken in the intermediate transition zone®.

_—— New mortar

— CCA

= Adhered old mortar

A: CCA - Old Mortar Contact

B: CCA — CCA Contact

C: Old Mortar - Old Mortar Contact
D: New Mortar - Old Mortar Contact
E: CCA — New Mortar Contact

Fig. 3. Load transfer mechanism in RCA concrete [14]

In RCA there are five types of interphase transition zones: between aggregates and old cement mortar
between aggregates and new cement mortar, between old cement mortar and new cement mortar,
between aggregate and old adhered mortar, between aggregate and aggregate, between old mortar and
old mortar (see Fig. 3). The transition zone between the aggregate and the old adhered mortar is
generally the weakest amongst the various interfaces [18]. It confirms the predictions and indicates the
weakness of the adhered mortar. There is a high probability that the mortar will break off the aggregate
itself. However, there are also assumptions that a layer of adhered mortar creates a weak connection

inside the concrete [7].

L Intermediate transition zone (ITZ) - region of the cement paste around the aggregate particles, which is perturbed by the

presence of the aggregate. Typically, weak area of concrete through which the load transfer is most often carried out.
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2.1.2. RCA concrete material properties

As already described in the previous chapter, RCA has different properties than NA. Therefore, RCA

also behaves differently in a concrete mixture. In this section, material properties of RCA concretes are

discussed and compared to conventional NA concretes for the purpose of reviewing the application

possibilities of RCA concrete mixtures.

2.1.2.1. Compressive strength of RCA concrete

The compressive strength of RCA concrete may depend on the properties and quantity of recycled

concrete aggregate. The factors that affect the compressive strength are the water cement ratio (w/c),

the amount of RCA adhesion mortar and the percentage of replaced RCA. It is recommended that 25 to

30% of

NA can be replaced with RCA without changing the w/c ratio and without compromising

compressive strength [7]. This is confirmed by Thomas et al. [19] who tested concrete mixtures with

different w/c ratios of 0.40, 0.45 and 0.50 and different proportions of replaced RCA were tested.
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Fig. 4. Effect of aggregate replacement on compressive strength of concrete. Data from [19].
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As shown on Fig. 4, when only 25 % of natural aggregate is replaced with RCA, the reduction in
compressive strength is minimal (1.5-5%). With a further increase in the ratio of aggregate replacement,
there can be a significant decrease in compressive strength. When 100% of aggregates have been
replaced with RCA, the strength reduction was around 11-19%. In addition, Limbachiya et al. [11] also
obtained similar results. Reason for these results is the previously mentioned mortar and intermediate

transition zone.

The water cement ratio (w/c) is reverse reciprocal with an increase in the RCA content. As shown in
Fig. 4, with an increase in w/c ratio, there is a decrease in strength. Which means that a higher proportion
of RCA requires bigger amount of cement (lower w/c ratio) to achieve the same strength as in a mixture
without RCA. This is confirmed by the fact that the highest compressive strength was recorded for RCA
concrete with the lowest wic ratio, and the largest decrease in compressive strength (19%) was recorded
for concrete with 100% RCA content and the highest w/c ratio. With the increase in the water content,
a transition zone of inferior quality develops in the RCA and the strength decreases. While the strength
growth by increasing the proportion of cement may be attributed to a stronger interfacial transition zone
and an improvement in the properties of the hydrated cement paste as a result of the increase in cement
content [19].

2.1.2.2. Splitting tensile strength

Splitting tensile strength is generally also reduced by increasing the percentage of replaced aggregate.
As shown on Fig. 5 concrete mixtures with 25% replaced RCA can have a reduction in tensile strength
by splitting about 2-8%, and those with a 100% cut have about 7-19% [19]. The largest decrease was
recorded in the mix with the highest RCA content (100%) and the highest wi/c ratio (0.5). The highest
compressive splitting strength was recorded in the reverse case (25% RCA and w/c=0.40). The reason
is the same as for compressive strength because the influence of water and cement on the transition

zone with the existing mortar is the same.

= w/c =0.40 = w/c =0.45
a 8 a 8
2 2
e e
> 6 > 6
L o
'§ 4 T —— '§ 4 —
[72] [72]
3 3
2 2 g 2
8 0,00 025 045 065 085 1,00 8 0,00 025 045 065 085 1,00
Replacement of CA Replacement of CA
300 kg/m3  ==t=350 kg/m3 450 kg/m3 300 kg/m3 ==t=350 kg/m3 450 kg/m3




Recycled concrete aggregate

—_ w/c =0.50
[
a 8
2
e
S 6
c
L
>
2 4 e
2 ——
(]
S 2
8 000 025 045 065 085 1,00
Replacement of CA
300 kg/m3  e=t==350 kg/m3 450 kg/m3

Fig. 5. Effect of aggregate replacement on splitting tensile strength of concrete. Data from [19].

2.1.3. Practical application of RCA concrete on a large scale

As already described in previous chapters, RCA due to adhered mortar has inferior properties than NA.
Hence concrete made of RCA has if not additionally improved poorer properties, specifically, described
compressive and tensile strength. It is a barrier to the practical application on a large scale of RCA
concrete by only replacing NA with RCA. To overcome this barrier, there are several potential

solutions.

The first possible solution is to adjust the w/c or water/binder (w/b) ratio. By reducing the w/c ratio for
the same proportions of RCA, increase in the strength of concrete occurs. However, a reduced w/c ratio
would mean the need for large amounts of cement. This solution is not sustainable and thus unacceptable
on a large scale because it would mean a renewed increase in environmental pollution due to cement
production. If factors such as processing methods and transport distances were added to this, the use of
RCA for concrete production could initially be more expensive than the use of natural aggregate. Initial

costs could deter some projects from considering the RCA concrete.

Second solution is the addition of mineral additives. Mineral additives such as fly ash or silica have
smaller particle size than cement. Due to the large specific surface, they increase the volume around the
cement particles and improve therefore the adhesion in the transition zone By hydration, they create
hydrates that bridge the space between hydration products of cement and aggregate grains. This
increases strength and reduces permeability by thickening the matrix [20]. However, for large-scale
applications, the use of mineral supplements has some negative effects and challenges that need to be
carefully considered.

While the use of mineral admixtures like fly ash and slag can reduce the carbon footprint of concrete

production, there can be concerns related to the sourcing and production of these materials. For
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example, the mining and processing of some mineral admixtures can have their own environmental

impacts. Also, some mineral admixtures can be expensive to procure.

Research and experience have shown that well-designed mixes with recycled materials and mineral
admixtures can perform well [21], the long-term performance of such concrete might still have
uncertainties, especially if the materials are not well-characterized or if the specific conditions are

unique.

The third solution is carbonation. Carbonation of concrete is the chemical reaction between CO; in the
air and calcium hydroxide and hydrated calcium silicate in the concrete to give mainly carbonates. After
carbonation concrete achieves better strength due to the formation of limestone. This means that RCA
that has already been carbonated has better properties and its application in the production of concrete
could potentially improve the properties of RC concrete. However, this is a process that is slow in nature
and it is not possible to achieve large quantities of already carbonated RCA. To overcome this problem,

the use of forced carbonation technology of recycled concrete aggregate is necessary.

This option has the most favorable impact on the environment not only through the use of RCA but also
through the sequestration of carbon dioxide. In this way, a realistic balance would be achieved between
the pollution of the atmosphere in the production of cement and the permanent installation of carbon
dioxide accelerated by the carbonization of RCA. The use of this technology is still new and requires a
multitude of tests. However, the favorable effects on the environment it offers justify it. The following
chapter describes possible forced carbonization methods that can improve the properties of RCA and
thus the properties of RCA concrete.
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2.2. Forced carbonation of RCA

Forced carbonation has provided a unique solution for reusing demolished concrete material. The idea
is after recycling this concrete material, the resulting RCA is cured with CO,. In this way, forced
carbonation of concrete would take place and improve the parameters of RCA, and consequently of RC
concrete. Additionally, sequestration of CO, and permanent installation in the newly formed concrete

would reduce spread of this gas in the atmosphere.

In order to make the principle of forced carbonation and its technology completely clear the chemical
carbonation processes known so far, the positive and negative effects of carbonation on concrete and
the identification of the carbonation depth into concrete are first described.

2.2.1. Chemism

To explain the chemism of carbonation at all, it is necessary to explain where the compounds that enter
the chemical reactions of carbonation come from. Carbonation begins to take place in the initial phase
of concrete hardening and continues for years until it completely permeates the concrete body [5]. Given

that, it is a process that follows on from cement hydration .

There are four types of mineral compounds in cement, namely: alite (CsA), belite (C.S), aluminate
(CsA) and ferrite phase or celite (C4AF). When these minerals encounter water, hydration occurs, which
results in the hardening of cement or concrete. As products of hydration calcium silicate hydrates (C-
S-H or silica gel), calcium hydroxide (Ca(OH),), calcium aluminate hydrate and etringit occurs. C-S-H

and Ca(OH), further enter the carbonation process by reacting with carbon dioxide, CO; [5].

Global average atmospheric carbon dioxide was 417.06 parts per million in 2022, setting a new record
high [22]. Hence, CO- is not only found in the air, but also in other forms in nature. Almost all rainwater
contains dissolved CO; and becomes mild carbonic acid, as shown in Eq. (1). When such rainwater or

air wets the concrete, CO; enters the pores of the concrete.

H2 O+C02 — H2C03 (1)

The main mechanism for water and chloride absorption in the outer part of concrete is capillary
diffusion, and deeper in the concrete the dominant transport mechanism becomes diffusion. Diffusion
is the movement of water molecules from a place of greater thickness of the adsorbed layer to a place
of less thickness [5]. Adsorbed water is a layer up to about 5 water molecules thick. The first layer is
the most tightly bound by surface forces, and the other layers are weakly, which affects the rate of

diffusion. The rate of diffusion is also affected by the difference in the concentration of some other
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substance in the solution, the chemical potential. In this case, the chemical potential is represented by
CO..

After the CO; diffuses into the pores of the concrete, carbonation occurs. In the first case, a reaction
occurs with calcium hydroxide, Ca(OH),. Calcium hydroxide dissolves according to Eq. (2) and creates
calcium (Ca?*) and hydroxide ions (OH") [23].

Ca(OH), — Ca?* +20H~ 2

At the same time, the protolysis of carbonic acid takes place in two steps, Eg. (3) and Eqg. (4), thereby
creating bicarbonate H,CO;(HCOs-) and carbonate (COs?-) ions [24].

H,CO, + OH™ & HCO3 + H,0 (3)

HCO3 + OH © C03™ + H,O (at high pH, in uncarbonated concrete) 4

In this case, Ca?* and CO3? are formed and can react and precipitate as limestone (CaCQs) in concrete,

Eq. (5) [5].
Ca%* + CO3~— CaCO4 (5)

From these chemical reactions, the general chemical carbonation reactions result, as shown by Eq. (6)
and (7) [5].

Ca(OH), + H,CO,— CaCO; +2H,0 (6)
Ca(OH)z + C02 — CaCO 3t H20 (7)

In the second case, carbonic acid reacts with silica gel, C-S-H, and causes its decomposition into

calcium carbonate (CaCOs) and hydrated silicon dioxide (SiOy), as shown in Eq. (8).
C—S—H + H,C0;—CaC03 + Si0,(gel) + H,0 (8)

Additionally, unhydrated cement clinkers from cementitious materials, such as tricalcium silicate or

alite (CsS) and dicalcium silicate or belite (C.S), can also react with CO; gas, as shown in Eq. (9) and
(10) [5].

3Ca0-Si0, + 3CO, + pH,0 — Si0,-uH,0 + 3CaCO; 9)

2Ca0-Si0, + 2C0O, + uH,0 — SiO,uH, O + 2CaCO; (10)

Due to the removal of a certain amount of dissolved alkali metal hydroxides from the pore solution and
incorporation of their cations into hydrated SiO, the pH value of the exposed concrete surface
decreases. In this step, the negative influence of carbonation, which is described in the following

chapter, becomes apparent.
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In all these cases the result is the same, solid calcium carbonate (CaCOs). It is a thermodynamically
stable mineral called limestone. The obtained CaCOs has a different crystal structure, smaller volume
than the original [5]. Hence the volume concentration of capillary pores in concrete increases and causes
water loss. With the loss of water, the capillary forces increase and the concrete shrinks. In addition,
CO, is permanently incorporated by these chemical processes. All mentioned chemical processes,
whether with calcium hydroxide, silica gel or un-hydrated cement clinkers of cementitious materials,

in which carbonates are produced, represent carbonation.

2.2.2. Effects of carbonation on hardened concrete

Carbonation creates a domino effect of negative effects on hardened concrete (see Fig. 6). First, the
natural alkalinity of concrete is reduced from pH 13 to pH 8. Lowering the pH results in the destruction
of the passivation layer around the steel. In this way, reinforcement is exposed to water and air and
towards to corrosion, i.e., the steel rust. The steel that succumbs to rust expands and thereby puts
pressure on the surrounding concrete. The internal pressure in the concrete element eventually results
in the cracking of the concrete surface [25]. An example of such a rupture is shown in Fig. 7. Cracking
concrete leads to weakening of the structure and a decrease of stiffness and finally also of the durability
of the structure on an exponential rate. The negative impact of carbonation on steel corrosion can be
further enhanced if chloride ions (salts) are penetrated by diffusion to reinforcement [25]. Due to the
already mentioned different crystal structure of CaCOs, the volume concentration of pores in concrete
increases and causes water loss and increase in capillary forces in cement paste, and then shrinkage of

concrete.

CONCRETE RUST

—
) CARBONATION

’
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ﬂ
STRESS IN ,/’
L <— < STEEL
) N1 CONCRETE ’/[/
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RN P

INCREASE IN VOLUME DUE
APPEARANCE OF TONEWLY FORMED RUST
CRACKS ON THE

SURFACE OF CONCRETE

Fig. 6. Scheme of the negative effect of carbonation on concrete (own figure)

13



Forced carbonation

Slowing down or preventing this effect is possible with an anti-carbonation coating. The procedure goes
by first cleaning the surface of the concrete and then applying a coating. In this way, CO; is prevented
from entering the concrete. Depending on type of anti-carbonation coating this method ensures the
prevention of carbonation for up to about 5 years [26]. However, this method is not always possible
because sometimes some places of structures are hard to reach.

Positive side of the existence of carbonation is increasing the compressive and tensile strength of
concrete. Increase in strength occurs because CaCOj has a higher hardness and solid-phase volume than
Ca(OH). [6]. That is why carbonation products increase the strength of the cement paste rapidly in the
initial phase of carbonation, and a slight increase in strength occurs in the later period of carbonation
reaction. This advantage of carbonation is one of the main reasons for the application of forced

carbonation technology of RC concrete materials.

Fig. 7. Cracks on the concrete surface [27]

Likewise, carbonation makes ordinary concrete more durable because it reduces its overall porosity (see
chapter 2.2.5.8.). By the progression of carbonation an increase in density is caused. With greater
deposition of CaCOs in concrete, the permeability of concrete can be reduced, thus reducing the access
of CO- to the interior of the concrete. This leads to a decrease in the rate of carbonation [28]. In general,
it can be said that carbonation prolongs the durability of unreinforced concrete. However, it is not the
same case with reinforced concrete precisely because of the previously described process of pH drop,
cracks in concrete and consequently declining structural stability. Which means that natural carbonation
of concrete structures has the safest and most effective positive effect when it comes to concrete
elements without reinforcement. The same goes for RCA. Given that it is free from reinforcement, all
the positive properties achieved by carbonation on non-reinforced concrete will also be achieved on
RCA.
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2.2.3. The depth of carbonation

The CO; volume is approximately 0,04% of the air, and the CO; diffusion coefficient of concrete is
approximately 1078 cm?s™1 [29]. Thus, the natural carbonation reaction is quite slow. On Fig. 8 is shown
an identification of concrete carbonation using pH indicator (phenolphthalein). The structure of
phenolphthalein id dynamic. It changes color depending on the pH of the environment. Specifically,

there are 3 states of phenolphthalein:

(1) Increasing the Ph and becoming slightly basic, the solution becomes colorless.
(2) Inanionic form, after the loss of the second proton, a dislocation occurs in the solution
from colorless to purple re, which is due to an increase in pH between 8,0 and 9,9.

(3) Inastrongly basic medium (pH > 13), colorless appearance [30].

This behavior allows the use of phenolphthalein as an indicator of concrete carbonation, which changes
pH to a value between 8.5 and 9. Purple part is an uncarbonated part of concrete and a part without a
change of color represents carbonated layer of concrete. Due to Fig. 8, it can be concluded that
carbonation in concrete takes place from the surface to the inside and forms carbonated layer of
concrete. This coincides with the already described method of carbonization and the fact that
carbonization takes place in the presence of CO2, which enters the concrete through pores on the surface
of the concrete.

Carbonated layer
of concrete

Not carbonated
part of concrete

Fig. 8. Identification of concrete carbonation using pH indicator.

Identification of concrete carbonation using the pH indicator, as shown on Fig. 9, is called the
phenolphthalein test. That is the easiest way to identify carbonation. The test is performed by the
solution of phenolphthalein indicator. This testing metho according to the Austrian Standard ONORM
EN 14630:2006 [31], works usually with 1 g of phenolphthalein in 70 ml of ethyl alcohol and diluted
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in 100 ml ofml of distilled or deionized water. Other alcohols such as isopropylene can also be used.
Samples should be prepared according to ENV 1504-9 [32]. Tests should be done as soon as possible
after splitting the concrete. The solution applies to a freshly seceded concrete surface. Results are

recorded within 30 seconds of solution application on the surface.

Fig. 9. Recycled concrete aggregate before carbonation (left) and after carbonation (right).

Measuring the depth of carbonation is done using a caliper or ruler. The depth of carbonation at any
given point is the distance (measured in mm) from the external surface of the concrete to the edge of
the red-purple colored region [31]. Carbonation depth is determined by carbonation front. It is irregular

so both values mean dymean (A) and maximum dy max (B) should be measured to the nearest mm (Fig.

10).

EXTERNAL SURFACE

w

no colour change

red-purple colour

Fig. 10. Carbonation front [31]
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In the case of isolated pockets of deeper carbonation, dkmax Should not be included in the calculation of

dx,mean, (See Flg 11)
A
B

Fig. 11. Isolated pockets of deeper carbonation [31]

The depth of the carbonated layer as well as the rate of spread of carbonation depends on environmental
conditions and quality of concrete, primarily pore structure (porosity and permeability) as described in
chapter 2.2.5.8. It was found that the neutralization depth exists in the partly - carbonated zone of
concrete where both CaCO; and Ca(OH); are observed, and that carbonation front depth from which
CaCO0; is not detected, exists much deeper in concrete. Further, it was confirmed that the neutralization
depth is about half of the carbonation front depth [33].

Except visually, spreading of carbonation is most easily described by the degree of carbonation, DoC.
It is a value that is defined as the ratio of the amount of introduced CO- and the maximum intake of

CO; into the carbonated volume of concrete [34], as shown in Eg. (11).

CO, in the carbonated zone
DoC = —= (11)

Maximum CO,uptake

The maximum CO; intake can often be equated with the CO emissions from calcination extracted from
the material. Blunt carbonation is defined only within an area that is considered carbonated and this

area is defined as an area that shows a discoloration with a phenolphthalein test [34].

According to a conducted study by [35] carbonation can move at rate from 1-5 mm per year due to the
different conditions and durability of concrete. Another study [29] showed that the natural carbonation
depth of concrete after 20 years and 80 years were only 10 mm and 20 mm. These values may vary

depending on the composition and properties of concrete as well as the exposure class of the structure.
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2.2.4. Forced carbonation technology

Since there is a good correlation between natural and accelerated carbonation of concrete, accelerated
or forced carbonation technology has developed in recent years [36]. Developed forced carbonation
technology can ensure that RA is rapidly carbonated within several hours [37]. There are four main

methods of RA carbonation curing:

= standard carbonation method,
= pressurized carbonation method,
= flow-through CO- curing method,

= water-CO; cooperative curing method.

All these methods are developed by increasing the CO, concentration, temperature, relative humidity,
etc. [6]. They differ from each other according to carbonation efficiency and energy consumption. In
practice, the standard carbonation method and the pressurized carbonation method are most used due
to the simplicity of the required equipment compared to other methods.

In the following, all methods are described according to the studies that conducted their research in this
way, and the methods are compared with each other according to efficiency.

2.2.4.1. Standard carbonation method

Digital
display
screen

CO, concentration
sensor and dispay

—

Sensor in controlling relative
humidity and temperature

Regulator

CcO,
tank

Exhaust valve

Fig. 12. Schematic view of standard carbonation equipment [6]
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The equipment required for this method is shown on Fig. 12. RA samples are placed in a chamber which
must be completely airtight. Then the gas is released until the desired CO, concentration is reached.
Inside the tank are installed sensors connected with displays to monitor CO, concentration, relative

humidity and temperature.

This standard carbonation test was used on the RA in accordance with Chinese standard GB/T 50082-
2009 [38]. Shi et al.[39] as well as Zhang et al. [40] placed RA samples in a carbonation chamber under
certain conditions. The temperature in the chamber was 20+2°C, RH was 60+5% and concentration of
CO; was 20+2%. The CO2 was maintained at ambient pressure. In both studies, CO; penetration into
RA was low. This resulted in poor carbonation efficiency and the necessity for an time extension of

CO2 curing [6].

2.2.4.2. Pressurized carbonation method

Regulaor
CO, injecting pipe Chamber regulator

:
w2
7]
Samples @
CO, ‘ =

cylinder t
Vacuum pump
T F &

Vacuum pipe  Exhaust valve

Fig. 13. Schematic view of pressurized carbonation equipment [6]

The pressurized carbonation method has emerged as a solution to improve the efficiency of RA
carbonation compared to the standard carbonation method. The technology is based on increasing the
pressure of CO; gas inside the chamber. The equipment required for testing this method is shown on
Fig. 13. Kou et al. [41] conducted pressurized carbonation method in their study. An airtight steel
cylindrical vessel was used as a curing chamber. RA was first dried and then placed in a chamber where
the RH was 50+5% and temperature 25+3 °C. Before injecting CO; gas, a vacuum pump was used to

reduce the pressure in the chamber to -0.5 bar, and CO- pressure in the chamber was controlled by a
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gas regulator and maintained at a constant level. A sufficient amount of silica gel was placed at the
bottom of the chamber to prevent unfavorable influence of high humidity. Silica gel can absorb
evaporated water inside the chamber. As a result, this method has shown better efficiency than the
standard carbonation method [41].

2.2.4.3. Flow-through CO; curing method

RA Samples in a
mesh container

Jopulj4d ses ¢
TOPUI[AD SBS Iy

—

Mg(NO;), solution

Fig. 14. Schematic view of flow-through CO; curing equipment [42]

The flow-through CO, curing method has also been developed to improve the efficiency of carbonation
of RA. The equipment required for testing this method is shown on Fig. 14. Fang et al. [42] conducted
flow-through CO; curing method in their study. Mixtures of air and CO; gas were first injected on one
side into the chamber made of steel. The gas flow rate (a mixture of pure CO; and air) is controlled
from 1.0 to 10 L/min. The RH in the chamber was controlled at 50+5% using a saturated solution of

Mg(NOs),, and the temperature was at room temperature (~25 °C).

This flow-through method is designed to test the effects of relative humidity, CO; concentration and
gas flow rate. The results showed that the flow-through CO; curing method has lower energy

consumption and higher carbonation efficiency than the standard carbonation method [6].

2.2.4.4. Water-CO; cooperative curing method

On the basis that the carbonation reaction between CO, and Ca?* gas in the water-CO, mixture is more
complete than that of a single CO- gas, this method uses water and CO-, treatment [43]. It is suitable for

fine aggregate and powder. On Fig. 15 is shown a schematic diagram of set-up for water-CO-
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cooperative curing method. Pasquier et al. [44] conducted water-CO; cooperative curing method in their

study.

All reactions of this test take place in a reactor with a stirrer. First, the required amount of solid is
weighed and added to the reactor. Then distilled water is added and the pH is measured. Then the reactor
is closed and mixing is started. A gas mixture composed of O,and CO; balanced with N is also injected

rapidly. When the desired pressure inside the reactor is reached, all valves are closed.

Q Cco,
i<l Analysis Gas
Water ) | Filtration Precipitation {{ Liquid >

Heat
treament
‘ 1 carbonates >

Crushing
and grinding

Unreacted
@7 residue :
Control
@© @

Fig. 15. Schematic diagram of set-up for water-CO; cooperative curing method [44]

Temperature, pressure and mixing speed were controlled during the experiment. The temperature was
maintained at 22+3°C to maximize the solubility of CO; in the aqueous phase. The total pressure was
maintained at 10.5 bar to maintain enough gas in the reactor. Upon completion, the gas was released.
This gas was passed through the cold trap to condense the water and fill the sampling bag. Shaking was
maintained during gas sampling. CO; concentration was measured using an infrared CO, analyzer. The
rest of the reactor content went through filtration where the unreacted and reacted part was separated.
The reacted part was separated into carbonates and the remaining liquid by precipitation.

In this method carbonation efficiency has increased compared to standard carbonation method. The
reason for such a result is nano-bubbles of CO; that can be mixed with water and thus increase the

efficiency of CO; curing [6].
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2.2.5. Impact factors of forced carbonation

2.2.5.1. Effect of properties of the source material

The source material, in this case concrete used to prepare RCA, has a significant impact on the
properties of RCA and carbonated RCA. In general, better properties of the source material result in
better properties of carbonated RCA [14]. Thus, concrete of higher strength used for the preparation of
RCA has a greater amount of hydration products that can be carbonated. This results in improvement
of the RCA and RAC properties. Likewise, the high strength of the source material can lead to an
increased density of adhered mortar on RCA and reduce the rate of CO; penetration and the carbonation
efficiency of RCA. That assumption would not be useful for carbonation. That is why studies were
conducted and the properties of RA and carbonated RA (CRA), which were prepared from concrete of

different strengths, were compared.

Table 1. Properties of RA and CRA obtained from various strengths of concrete. Data from [45].

. Aggregate Apparent density Water absorption

Parent material type (kg/ma3) (%)
. RA 2639 6,58

Concrete with C30 strength
CRA 2619 5,25
] RA 2623 5,98

Concrete with C45 strength
CRA 2606 4,71
RA 2620 5,95

Concrete with C60 strength
CRA 2670 4,61
. RA 2602 5,81

Concrete with C80 strength
CRA 2661 4,41

Table 1 shows the properties of RA and CRA obtained from different strengths of concrete. RA prepared
from parent materials (concrete) with higher strengths show better properties after carbonation than
those with lower strengths. In addition to the study shown in Table 2 [45], two other studies have

confirmed these results with various strengths of mortar [41; 46].

2.2.5.2. Effect of pretreatment methods

To achieve more thorough carbonation, the idea for the pretreatment of RA developed. It was found
that pre-soaking in different solutions can improve CRA properties. The goal is to create an additional
source of Ca?* with these solutions that would result in an increase in carbonation percentage. Table 2
shows research results with Ca(OH)2, Ca(NOs), and CaCl, pre-soaking. It is found that the CRA with
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Ca(OH), pre-soaking had the lowest powder content, and the CRA with Ca(NOs), pre-soaking had the
lowest crushing value and water absorption, and the CRA with CaCl, pre-soaking had the highest
compressive strength [47].

Table 2. Properties of CRA with various pre-treatment methods. Data from [47]

Crushing value Water absorption Compressive strength
Pretreatment method )
(%) (%) ratio
Without pretreatment 18 4,35 0,95
Presoak by CaCl, 11 1,77 1,10
Presoak by Ca(OH), 13 1,65 1,04
Presoak by Ca(NOs), 10 1,53 1,02

Another study [48] also showed that the properties of CRA with Ca(OH), pre-soaking were better than
those of the control group without Ca(OH), pre-soaking. Also, a higher concentration of Ca(OH).
results in higher water absorption of CRA (see Table 3). There are two reasons that would explain this

phenomenon:

(1) an insufficient amount of CO2 penetrated the RAs to react with all the free Ca2+ ions in the
pore solution;

(2) the RAs became denser after carbonation, which hindered the further infiltration of CO into
them.

Regardless of the increase in water absorption, the increase in other factors was beneficial for increasing
the compressive strength of concrete made of CRA. Therefore, a moderate CH concentration is

desirable to improve CRA properties [48].

Table 3. Properties of CRA with various concentrations of Ca(OH). in pre-treatment method. Data
from [48].

Crushing value Water absorption
Pretreatment method
(%) (%0)
Without pretreatment 19 3,75
0.01 mol/kg Ca(OH): 13 1,65
0.05 mol/kg Ca(OH): 14 2,00
0.25 mol/kg Ca(OH): 16 2,35

23




Forced carbonation

CRA properties were also tested by increasing the presoaking cycles with Ca(OH). solution (see Table

4). As a result, an improvement in properties was obtained with each soaking cycle.

Table 4. Properties of CRA with increasing cycles of Ca(OH). pretreatment. Data from

45].
= Pretreatment method Water absorption (%)
Without pretreatment 8,35
Presoak by Ca(OH).- 1 cycle 6,52
Presoak by Ca(OH).- 2 cycle 5,06
Presoak by Ca(OH).- 3 cycle 4,29

2.2.5.3. Effect of particle size of RCA

Particle size plays a major role in the absorption of CO.. The reduction of the particle size of RCA
increases the specific surface area that is exposed to the absorption of CO,. This results in an increase
in CO- absorption and thus an increase in the rate of carbonation [49]. Which means when carbonated
in the same conditions, smaller particles will absorb more CO; and the carbonation rate will be higher.
Also, with the reduction of particles, there is an increase in the proportion of glued mortar, but also a
decrease in its thickness, which allows easier CO, penetration, but also increases the amount of

hydration products from mortar that can be easily carbonated.

Table 5. Water absorption of RA and CRA with various particle sizes. Data from [50-52].

Aggregate types Reference
Particle size (mm) RA CRA
0,63-1,25 9,37 6,27
1,25-2,5 7,79 5,57 [51]
2,5-5,0 7,12 5,25
5,0-10,0 7,20 6,10 [50]
10,0-20,0 6,78 4,52 [52]

These results from Table 5 were confirmed by various studies [49; 50; 53] that have come up with
similar results. In all studies, it was confirmed that reducing the particle size increased the carbonation

effect by showing better properties such as density and water absorption with smaller particle sizes [6].
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For example, Xuan et al. [50] for RA with particle size of 5 mm got a value of 2,15% of CO; absorption,

and with particle size of 5 to 10 mm only 0.81%.

2.2.5.4. Effect of CO; concentration

CO: concentration is also a key factor for concrete carbonation. Global average atmospheric carbon
dioxide was 417.06 parts per million (“ppm” for short) in 2022, setting a new record high [54]. By
increasing the concentration of CO, in the atmosphere the concentration of CO; in carbon rainwater
increases. With the entry of such rainwater into concrete, the concentration of carbon dioxide in the
pores of concrete increases. Consequently, the carbonation process is enhanced. Which means, by
simply increasing the concentration of carbon dioxide in concrete, the desired efficiency of carbonation
can be achieved. When it comes to carbonation of recycled concrete, there is an optimal value of CO;
concentration [6]. When the CO, concentration is below the optimal value, the carbonation efficiency
can be increased by further increasing the CO. concentration. Although, when the concentration exceeds
this value, no further acceleration of carbonation will occur. Different studies [55; 56] showed that
increased CO, concentration has a lower impact on concrete carbonation percentages when the CO;
concentration is greater than 20%. Fang et al. [57] have shown that the percentage of carbonation RA
with a concentration of CO, of 100% was only 9.1% higher than that with a CO, concentration of 10%
after 24 hours of carbonation.

15 ¢

CO, uptake (g) per kg CRA

0 1 1 1 1 1
0 20 40 60 80 100

CO, concentration [%]

Fig. 16. Effect of CO, concentration on the carbonation efficiency of CRA. Data from [6].

The reason for these results may lie in the fact that the percentage of carbonation is controlled by the
rate of dissolution of hydration products. Produced CaCO3 can prevent the penetration of CO; into the
recycled concrete aggregate [56]. This means that excessive concentration of CO, gas will not achieve

an increase in the percentage of carbonation of RCA. A high concentration of CO; results in a dense
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microstructure of cement materials and thus reduces CO; diffusion, a CO, concentration of up to
approximately 50% often leads to a relatively high carbonization efficiency [58]. Fig. 16 shows the
effect of CO, concentration on RA carbonization efficiency, and the results emphasize that the optimal
concentration of CO; used in CO- curing RA is 40-60% [6].

2.2.5.5. Effect of relative humidity and water content

Carbonation is a process that progresses more rapidly when concrete is exposed to alternating wetting
and drying. The more concrete is soaked, the more water or rainwater enters the pores of the concrete.
Drying is most pronounced on the concrete surface because these surfaces are exposed to the sun. Due
to this connection between drying and carbonation, the greatest damage to the structures is always on
the southwest side of the structures, and the smallest on the north side of the structures [5]. According
to this knowledge of natural exposure, generally water and humidity are important factors that affect

the carbonation of concrete.

Although expected the increase in relative humidity (RH) is not linearly related to the increase in
carbonation rate. In the case of high RH, CO; diffusion into the concrete slows down. The reason is in
the capillary condensation of water in the pores. In contrast, low RH slows down the dissolution of CO»
and the dissolution of hydrates due to the drying of the capillary pores. There is a certain interval for
optimal carbonation. Liang et al. [6] have shown that the interval is from 40% to 70%. Kabashi et al.
[59] have shown in their study an interval from 50% to 90% (see Fig. 17). Which means, if:

=  RH <50 %, CO, cannot be dissolved,
=  RH > 90%, CO, cannot enter the concrete because the diffusion of carbon dioxide is

inhibited by the water that fills the pores of the concrete.

Carbonation rate

0 20 40 60 80 100
Relative humidity [%6]
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Fig. 17. Schematic representation of the rate of carbonation of concrete depending on the relative

humidity of the environment Data from [59].

This is the range where the necessary water for carbonation is present, but the pores are not filled to
inhibit the diffusion of CO,. Also, optimal RH has led to rapid carbonation along with the production
of amorphous calcium carbonate and monohydrocalcyte, while relatively low RH has led to slower
carbonation with the production of portlandite and vaterite in cement materials [60].

The water content of RA plays a leading role in its carbonation efficiency because water dissolves the
CO; and Ca?* gas contained in RA and promotes the carbonation reaction [6]. Water content is closely
related to RH, so there is an optimal water content in RA. When the water content of RA falls below
the optimum moisture content, insufficient water participates in the carbonation reaction, while excess
water content also hinders the penetration of CO, and reduces the carbonation efficiency of RA. Pan et
al. [48] found that carbonated RA water absorption decreases when RA water content increases from
2.5% to 5.0%, while carbonated RA water absorption increases when RA water content reaches 7.5%.

Zhan et al. [61] suggested that the optimal water content of RA is in the range of 4% to 6.5%.

2.2.5.6. Effect of temperature

Temperature has a complicated effect on carbonation. It can result in positive and negative effects on
physical properties. Increased temperature generally leads to an improvement in physical properties.
With a higher temperature, the leaching of Ca?* ions from the silicates improves. So with an increase in
the curing temperature from 25°C to 75°C, a decrease in w/b factor from 0.95 to 0.93 was observed, as
well as an increase in compressive strength [62]. A similar result was obtained Zhan et al. [61], rates of

carbonation of RA increased from 52.6 % to 55.0 % when temperatures ranged from 20°C to 80°C.

However, relatively high temperatures can have a counter effect. There may be an increase in the ratio
of loss of consistency and thus a shortening of the hardening time. Chen et al. [63] reported that the
strength at 28 d declined from 11.9 MPa to 11.4 MPa as the temperature increased from 25°C to 50°C,
then increased to 12.1 MPa when the temperature further increased to 75°C. The reason is the reduction
of solubility of CO2, leading to a high pH of water and a lower dissolution rate of Ca?* [47]. From all
the above, it can be concluded that the influence of the positive in relation to the negative effect is

unpredictable and leads to unpredictable results.
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Fig. 18. Relation curve between the carbonation depth of concrete and temperature. Data from [63].

On Fig. 18 are shown relation curves for different concrete mixtures between concrete carbonation
depth and temperature [63]. Relative humidity was maintained at 70% and CO, concentration at 20%.
It is clearly visible that with the increase in temperature there is an increase in the carbonation depth of
concrete at temperatures up to 30 °C. Which means that carbonation reaction should be maintained at
relative low temperature to form the more stable calcite [6].

2.2.5.7. Effect of time

The carbonation percentage increases with the increase of CO; curing time until the moment when RA
is completely carbonated [6]. The greatest growth is achieved within the first two hours of carbonation,
and then it decreases. Zhan et al. [53] reported that carbonation percentage on samples with a particle
size of 10 to 14 mm after first 2 hours was 25.06%, and in the next two there was an increase of only
3.41%.

Fig. 19 shows the influence of CO; curing on the improvement in percentage of carbonation. In addition
to the carbonation percentage, the apparent density increases and the water absorption and crushing
value of carbonated RCA decreases [64]. These physical properties, as well as the carbonation
percentage, achieve the greatest improvement within the first 2 hours. It is important to note that RA of
different particle sizes will not have the same effect of carbonation cycles. With smaller particle sizes,

the effect will be more obvious [41].
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Fig. 19. Effects of CO; curing time on the improvement in carbonation percentage. Data from [64].

2.2.5.8. Effect of porosity and permeability

Porosity is the amount of space in the material concrete, and permeability is material's ability to pass
liquids or gasses [5]. That are factors related to the structure of concrete. These two related properties
have a close relationship with the water-binder ratio (w/b). The water binding factor is the volume ratio

and can be expressed as the weight ratio of the components, as shown in Eq. (12).
w/b =, /vy - 2 (12)
Pb

The members of vy and oy represent the volume concentrations of water and binders, and pw and p
densities. W/b directly determines the pore system of concrete and the degree of hydration. The higher
wi/b ratio, the higher permeability of the concrete. Consequently, a considerable amount of free water
remains in the concrete after hydration is complete and increases the carbonation. Conversely, after the
end of carbonation, the porosity of the hardened paste decreases [5]. The cause is the deposition of
limestone in the concrete, which occupies a place in the pores of concrete. It reduces the permeability
and at the same time reduces the access of CO; to the interior of the concrete, as described in chapter
2.2.1. The result is a decrease in the dissolution of Ca(OH).. In this case, higher density of concretes is
preferred [5]. Higher concrete density reduces permeability and porosity, which delays the effect of
carbonation. Also, various studies have shown that concrete made from RA that has undergone the
carbonization process has higher water resistance and lower gas permeability [28]. The reason for this
observation was that the RA carbonization treatment eliminated larger pores larger than 200 nm in size
and reduced the amounts of medium pores in size 50-200 nm, which led to a decrease in the porosity
of RA [6].
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2.2.6. CO2 uptake

During the entire lifetime of a concrete structure, only a certain amount of CO; gas can be absorbed by

the carbonization reaction of the structural concrete. In general, the CO, uptake rate and amount increase

with decreasing RCA particle size. As such, the amount of CO, uptake of RCA with a particle size of

5-10 mm is approximately 50% greater than that with a particle size of 14-20 mm [58]; moreover, the

amount of absorbed CO; in RCA with an average particle size of 1.18 mm is about 100% higher than

that with an average particle size of 7.5 mm [57], as shown on Fig. 20

This observation is attributed to the fact that RCA with a smaller particle size results in more cement

participating in the carbonation reaction [68]. In addition, pressurized CO- curing and presoak treatment
can further increase CO- uptake in RCA [45; 56].
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Fig. 20. Effect of particle size of RCAs on CO; uptake rate. Data from [57].

30




Forced carbonation

3. Experimental program

3.1. Preparation of RCA

To obtain RCA, precast concrete slabs from the tramway infrastructure of Vienna were used for research

purpose. The owner of the slabs is the Vienna public transport company Wiener Linien (see Fig. 21).

The slabs with an age between 10 and 20 years were removed (most of them around 15 years). In Table

6. the exposure conditions for the slabs are shown.

Table 6. Properties of recycled concrete during production (according to Wiener Linien)

Type of concrete: C50/60/B7/XM2/GK11
C50/60 | Compressive strength
B7 XC4/XD3/XF4/XA1L/SB
Exposure class (hydraulic structures and dense
XC4 concrete structures exposed to high water pressure,
water pressure > 10 m).
Components that are exposed to increased exposure
XD3 to chloride, e.g. parking decks, road surfaces, salt
storage.
High water saturation with de-icing agent. Vertical
YF4 and horizontal concrete surfaces exposed to spray
water containing de-icing agent (zone up to approx.
3 m above the road) and are exposed to frost.
XA1L Mildly chemically aggressive environment
SB Exposed concrete
Mean centric tensile strength at least 4.1 N/mm?
Equivalent resistance to frost class XF4 according to
ONORM 23303.
Concrete corrosion due to wear and tear according to
XM2 | ONORM B4710-1 (ONORM EN14157 (Bohme dry)
and ONORM B3303 section 7.5)
GK11 |Maximum grain size

The strength at handover must be at least 28N/mm?,

The abrasion loss < = 15 cm3/50 cm2.

The concrete cover should be 4.0 cm for the top and 2.5 cm for the bottom.
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Fig. 21. On the left are panels in the usage phase in the tramway infrastructure, and on the right are
the same panels after deconstruction ready for recycling

All RC is crushed in the jaw crusher for concrete (see Fig. 22).

"‘:_ \ ‘v:';j : ' ’

Fig. 22. Used jaw crusher with the swing jaw fixed at the upper position

For crushing, setting B was used to obtain a grading curve as shown in the Fig. 23.
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Fig. 23. Grading curves

Then, the material was sieved using a vibrating sieve machine (see Fig. 24). The duration of the
vibration was about 15 minutes. Then the material from each drawer of the machine was carefully
separated.

Fig. 24. Vibrating sieve machine
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The following fractions were obtained: 0-0.25 mm, 0.25-0.5 mm, 0.5-1 mm, 1-2 mm, 2-4 mm, 4-8 mm,
8-16 mm, 16-22 mm (see

Fig. 25).

Fig. 25. Fractions of tested RCA

After crushing and sieving, the mass of RCA and the moisture content were measured and the
phenolphthalein test was performed. The same measurements were made after the CO> curing in order
to compare the properties of RCA before and after CO; curing. After the measurement, and before CO-
curing, the RCA was placed in polypropylene boxes adapted to the passage of gas through them. A
filter material was placed on the bottom for coarse RCA and on the edges for aggregates of fine RCA
(see Fig. 26 and Fig. 27). The role of the filter material was to prevent aggregate loss during transfer
from the CO- curing site to the test site. Two experiments were performed for each group.

Fig. 26. Box with filter material
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Filter
material

Box

RCA

Fig. 27. RCA prepared for CO- curing.

The amount of material inside one box was approximately 3 kg to achieve easier penetration of CO;
into all RCA. In each experiment, 4 boxes of RCA (~12 kg) were placed according to the scheme shown
on (see Fig. 28).

L mox4

—— BOX 3

— BOX 2

—— BOX1

Fig. 28. Schematic representation of the order of stacking the boxes
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3.2. CO2 curing process

For CO2 curing process a combination of standard carbonation method and flow-through CO2 curing
method was used at the laboratory of the Institute of Structural Engineering, Vienna (IKl-lab) (see
chapter 2.2.4.1. and 2.2.4.3.). An airtight chamber was made for testing. Inside the chamber were
installed three sensors. Schematic representation of sensor arrangement as well as the equipment used
for CO; curing are shown on Fig. 29 and Fig. 30.

7 Digital display
2 screens
1
i iti Regulator
77 Sensorsystem for conditions
4 outside the chamber
77 Sensor system for conditions Exhaust
A inside the chamber WIE

s T

Fig. 29. Schematic representation of equipment used for CO; curing

Sensor o
/ —

L

Fig. 30. Schematic representation of sensor arrangement inside chamber
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The equipment used for CO- curing as well as the appearance of the sensor in reality is given on Fig.

31 and Fig. 32.

Regulator
Sensor _
system Displays
Place of the
gas outlet from
the chamber
Exhaust
valve
CO2 gas
Chamber
Place of gas
. supply to the
V\sls:agll:t chamber

Fig. 31. Equipment at the IKI- laboratory used for CO> curing

In addition to inside, there were also sensors placed outside the chamber that monitored the flow of
incoming and outgoing gas. Also, the chamber was placed on a weight scale that continuously measured
changes in mass. All sensors, as well as the weight scale, were connected with display to monitor mass,

CO; concentration, gas flow, relative humidity and temperature.

—

STC31/SHTC3 sensors

Fig. 32. Sensors inside chamber
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The experiments began by placing boxes with RCA inside the chamber. Then the tank was closed and
CO; gas was released. At the beginning of the experiment, the gas flow inside the chamber was kept
high, ~7 sIm (standard liter per minute), until a CO> concentration of approximately 100% was reached
on the sensors inside the chamber. After that, the gas flow was reduced to ~ 1 sim to maintain the CO,
concentration at 100% on all sensors until the end of the experiment. At the end of the test, the gas was

immediately released through the exhausting valve and the RCA samples were taken out.

The sampling rate of CO, concentration and gas flow was 1 Hz, for relative humidity was 2 Hz and for
mass 3 Hz. The software used during the test to obtain the values read by the sensors is SEK-Control
Center 1.39.1.Name of the sensor for relative humidity is SHTC3 _RH, for CO2 concentration is
STC31_CO02, for input gas stream is Gasflow_in and for output gas stream is Gasflow_out. All these
sensors also measured the temperature. The duration of the experiments was 4, 8 and 12 hours
depending on the RCA fraction (see Table 7). The temperature in the chamber was 25+3°C. CO; was

maintained at ambient pressure.

Table 7. Duration of the test due to fraction of RCA

Name of experiment Fraction Duration
WL20
8-16 mm 12 hours
WL26
WL13
4-8 mm 12 hours
WL15
WL16
2-4 mm 12 hours
WL17
WL18
1-2 mm 8 hours
WL21
WL24
0,5-1 mm 8 hours
WL27
WL23
0,25-0,5 mm 4 hours
WL25
WL19
0-0,25 mm 4 hours
WL22
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3.3. Testing

3.3.1. Determination of the moisture content of the RCA

Moisture content (MC), along with the porosity, is the main characteristic of an RCA for this type of
RCA testing. MC was measured by a simple test during which RCA was exposed to drying cycles in
the microwave until the mass of RCA became constant (see Fig. 33). The first drying cycle lasted 8
minutes, and each subsequent drying cycle lasted 1.5 minutes. In experiments where multiple RCA
boxes were tested simultaneously, the mass of all boxes was considered together. Therefore, the sample
for MC was prepared in such a way that an approximately equal amount of RCA was taken from each
box and mixed. MC (in %) was determined by Eq. (13):

MC = Twet”Tdried 5 100 [9] (13)

Mdried

where mye is the mass of the RCA before drying and marieq is the mass of the RCA after drying.

/ ( \
(‘ ———————]
gKERN fté_’f'f

arraree

Fig. 33. Mass measurement during moisture content testing

3.3.2. Determination of carbonation

Determination of carbonation was carried out by phenolphthalein test before and after CO- curing in
order to determine the condition of the samples (whether carbonation was performed or not). This test
is for visual assessment only. It is not possible to determine the quantity of the carbonated part and it
only shows the occurrence of carbonation on the surface of the CRA. For the purposes of the test, a
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solution of phenolphthalein indicator according to the Austrian standard ONORM EN 14630:2006 was
used, as described in chapter 2.2.3. The solution was applied by spraying on the sample until uniform
saturation with the phenolphthalein solution was achieved over the entire surface of the sample. The
purple-pink part of the sample was classified as the non-carbonated part, and the colorless part as the
carbonated part of the sample.

Also, the thickness of the carbonated layer was measured on one group of samples. Carbonated RCA is
cut in half and sprayed with phenolphthalein solution. Then the highest value of the depth of the
carbonated layer dxmax Was measured with a digital caliper and the depth of carbonated front dx mean was

determined.

3.3.3. Determination of CO2 uptake by the RCA

To determine the CO, uptake of RCA, mass monitoring was carried out to identify the mass gain
(AMpgiance) inside chamber during the CO; curing. Also, mass gain of RCA (Amgc4) Was measured
and gas change (Am,,;) Was calculated. The gas change was calculated by completely filling
the chamber with CO- gas, and the control was calculated using the volume of the chamber and
the difference in the density of air and CO> gas. In addition, the difference in water content, i.e.
the mass of water in RCA (Am,,), before and after forced carbonation was calculated using MC

values. Based on all the above values, formulas for AM,,, and AM ., are arrived at.

AMcar1 = Mpgiance — Am*gas + Am,, (14)
AMcarz = AmRCA + Amw (15)

AM_qy, and AM,,, represent the maximum experimental uptake of CO; according to which
the increase in carbonization mass is calculated, as shown in Eq. (14) and (15). Next, CO, uptake

is calculated as a ratio of AM_,,,and initial mass of RCA (mg ) as shown in Eq. (16).

AMcqr
COZ =—2
uptake mg

(16)
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3.4. Results

All data obtained during the test is presented in detail in the appendices at the end of this Master thesis,
including the results of mass, relative humidity, phenolphthalein test and diagrams for each experiment
based on the obtained data. Labels inside the graphs _u, _m, o, inand _out refer to the location of the
sensor that recorded the data. Given that the tests were carried out in the laboratory of the Institute of
Structures at BOKU University in Vienna, German names for locations were used, such as “u” means
bottom (ger. unten), “m” means middle (ger. mitten), “o0” means above (ger. oben), as shown on . The

labels “in” and “out” refer to the sensors that recorded data in the input and output gas streams.

3.4.1. Visual evaluation of carbonation using the phenolphthalein test

By conducting a phenolphthalein test after the CO. curing process, it was determined whether and to
what extent carbonation of RCA occurred. Thus, it was observed that in the experiments with the RCA
fraction of 8-16 mm, complete carbonation did not occur, especially in the lowest box in the chamber
(see Appendix ). For this reason, it is necessary to extend the CO; curing time for this RCA fraction. In
fractions 4-8, 2-4 and 1-2 mm, complete carbonation at the surface occurred in all boxes except for the
box at the bottom of the chamber. There, purple color can be seen on individual grains, which indicate

the absence of carbonation as shown on Fig. 34.

A

Wi\ _ablec Jcar- h LoL 1B -acties —cas)

Fig. 34. Phenolphthalein test results for boxes in the bottom of the chamber for experiments WL17
(left) and WL18 (right).
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The purple color, i.e., the non-carbonized part, was more pronounced the higher the fraction. Other
fractions of RCA 0.5-1, 0.25-0.5 and 0-0.25 mm did not show a color change, indicating that complete
carbonation of RCA surface had occurred.

3.4.2. Depth of carbonation layer

RCA which is cured with CO; for 23 hours was used for this test. The depths of the carbonate layers
for 4 grains randomly taken from the sample are shown in Table 8. Thickness of carbonated layers of
RCA. This means that the average thickness of the carbonated layer for RCA that was CO; cured for
23 hours is about 0.6 mm. Grain size of RCA was from 18 to 22 mm. Fig. 35 shows carbonated layers

(colorless parts of RCA) on cut off pieces of RCA.

Table 8. Thickness of carbonated layers of RCA

Thickness of layer (mm)

No. (Mean value)
1 0.87
2 0.46
3 0.93
4 0.12

Fig. 35. Carbonated layers on cut off pieces of RCA
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3.4.3. Impact of forced carbonation on the mass change of RCA

If we consider the average value of the change in the RCA mass in relation to the RCA grain size, this
results in the graph shown on Fig. 36. After the CO, curing process there was an increase in the RCA
mass. Also, by reducing the grain size of the RCA, there was a greater increase in the mass of the RCA.
Therefore, the largest increase was recorded for the fraction of 0-0.25 mm (2.7%), and the smallest for
the fraction of 8-16 mm (0.3%). Likewise, the biggest difference between individual fractions was
recorded between the 0-0.25 mm and 0.25-0.5 mm fractions (1.3%).

0,
3.0% 2,7%
2,5%
8 2,0%
(3¢
e
2 1,1%
> on 0,9%
0,6% 0,6%
0.5% I I 0.3%
00% ]
0-0.25 0.25-05 05-1 1-2 2-4 4-8 8-16

Fraction [mm]

Fig. 36. RCA mass change due to fraction of RCA

3.4.4. Impact of forced carbonation on temperature of RCA

During CO: curing, the temperature on the sensors inside the chamber showed a maximum of 25°C,
except for fractions 0-0.25 and 0.25-0.5 mm. For these fractions, the temperature was between 25 and
30°C. After CO; curing, it was noticed that the RCA was heated. The increase in temperature was
especially pronounced in the central part of the boxes, where the CO, gas flow is greatest. Also, the
greatest heating of the RCA was recorded in the lowest box in the chamber, which corresponds to the
recorded temperature values on the sensors inside the chamber (Temp_u). Fig. 37 shows a diagram of
the temperature change during CO; curing for the fraction of 4-8 mm where RCA heating did not occur,

and on Fig. 38 for the fraction of 0-0.25 mm where RCA heating occurred.
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Fig. 37. Temperature change over time for experiment WL15.
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Fig. 38. Temperature change over time for experiment WL19.

Fine aggregate has a larger specific surface area, so a larger surface reacts with CO.. This is also
confirmed by the higher gas consumption in experiments with smaller RCA grains. More precisely, it

took a longer time to reach a CO; concentration of 100% inside the chamber.

Lekakh et al. [62] claim that an increase in temperature leads to an increase in the melting of Ca?* ions
from silicates. This assumption coincides with the obtained results, because in the experiments where
the increase in temperature inside the chamber was recorded, the highest CO, uptake was recorded at
the same time. Likewise, the increase in temperature inside the chamber for the smallest RCA grains

led to the greatest increase in RCA mass (2.7%).

The reason why the temperature inside the chamber increased in the first place may be hidden behind
the thermoactivated effect caused by the collision of so many small aggregate particles reacting with

CO; and releasing energy as the reactions take place.
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This increase in temperature had no effect on the relative humidity of the RCA. Both in the case of fine
and coarse grain of RCA, the difference in moisture content before and after CO curing was ~0.35%.
At such low temperature values, there was no negative effect of temperature by increasing the pH of
water and decreasing the dissolution rate of Ca*, which confirms the statements of Zhan et al. [61].

3.4.5. Impact of forced carbonation on relative humidity inside chamber

The behavior of the relative humidity inside the chamber was very different for each individual
experiment and it is easiest to compare them if they are divided into 2 cases depending on the part of

the chamber.

In the upper and middle part of the chamber (labels RH_o and RH_m), relative humidity would
generally drop at the very beginning until the CO, concentration inside the chamber stabilized. Then
the RH curve is continuous in a slight increase or decrease until the end of the experiment (see Fig. 39).
The only significant deviation occurred in the WL20 and WL26 (8-16 mm) experiments, where a
relative humidity of approximately 100% was recorded at the beginning of the experiment. After that,
there was a sharp drop below 60%. By the end of the experiments, the value did not reach a value higher
than 60% (see Fig. 40 and Fig. 41). This experiment showed slightly higher values of mass increase
than RCA and CO: uptake (see Appendix 3).
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o
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0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00
Time [h]
Fig. 39. Relative humidity over time for experiment WL18 (1-2 mm).
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Fig. 40. Relative humidity over time for experiment WL20 (8-16 mm).
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Fig. 41. Relative humidity over time for experiment WL26 (8-16 mm).

In the lower part of the chamber (on the RH_u sensor), the relative humidity behavior is unpredictable.
In the case of very large fractions (8-16 mm) and very small fractions (<1 mm), the drop in RH at the
beginning of the experiment is significantly more pronounced compared to the middle and upper part
of the chamber (see Fig. 41 and Fig. 42).
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Fig. 42. Relative humidity over time for experiment WL22 (0-0,25 mm).

Also, after reaching 100% of CO- concentration inside the chamber in the case of larger RCA fractions,
there was no significant increase in the value in the lower part of the chamber and the difference
compared to the other parts of the chamber remained until the end (see Fig. 41). On the contrary, in the
case of fractions of smaller aggregate grains, the value in the lower part of the chamber (after reaching

100% CO-, concentration) reached the same value as in the other parts of the chamber (see Fig. 41).
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Fig. 43. Change of relative humidity due to fractions of RCA on sensors on bottom and top of the

chamber.

Specific RH values for the lower and upper part of the chamber are shown on Fig. 43. For each fraction,
the mean RH value at the end of the experiment was taken. For the largest fraction there is a sharp

decline in RH. Especially in the lower part of the chamber where the difference is ~30%.

It is important to note that for 0-0.25 mm RCA condensation occurred inside the chamber during CO;

curing. At the end of the test, the entire chamber was dewed as shown on Fig. 44.

Fig. 44. Condensation inside the chamber

This phenomenon can be related to the temperature inside the chamber and the heating of the material.
This led to condensation inside the chamber and wetting of the material, which consequently showed a
smaller difference in moisture content before and after CO, curing (Fig. 45). This also affected the
relationship between the RH and MC. A decrease in RH value was achieved in fine RCA with increasing
grain size. At coarse RCA (4-16 mm) the decline has stopped. MC assumed approximately the same
values (Fig. 45).
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3.4.6. Impact of forced carbonation on moisture content of RCA

Fig. 45 shows that after CO; curing there was mostly an increase in the value of MC. In cases where
there was no increase, the decrease was negligible. The only deviation occurred for the fraction of 4 - 8

mm where the average value of MC is significantly lower after CO- curing (~0,25 %).
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Fig. 45. Impact of CO2 curing on moisture content of RCA.

Also, the effect of the initial value of moisture content on CO, uptake is visible (see Table 9).
Experiments in the same fractions showed higher values of CO, uptake when the initial value of
moisture content in RCA was higher. Deviations occurred in fractions 0.5-1 mm and 8-16 mm.
However, given that there are only two experiments for each fraction, this deviation would need to be

proven by a larger number of experiments. Therefore, an increase in the MC value is accompanied by
an increase in CO; uptake (Fig. 46).
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Fig. 46. Relationship between moisture content and CO; uptake
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Table 9. Values of moisture content and CO, uptake

Name of experiment Fraction MC (%) CO; uptake (%)
WL20 3,33% 0,34%
8-16 mm
WL26 3,68% 0,20%
WL13 3,79% 0,94%
4-8 mm
WL15 3,23% 0,70%
WL16 3,26% 0,55%
2-4 mm
WL17 3,69% 0,71%
WL18 4,57% 0,77%
1-2 mm
wL21 4,52% 0,69%
WL24 5,08% 1,05%
0,5-1 mm
wL27 5,25% 0,83%
WL23 5,75% 1,22%
0,25-0,5 mm
WL25 6,25% 1,58%
WL19 6,32% 1,87%
0-0,25 mm
WL22 6,74% 2,07%
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3.4.7. Effect of the RCA grain size on the CO2 uptake

There was a visible increase in the value of CO2 uptake with a decrease in the RCA grain size (see Fig.
47). The increase in values was continued for all fractions except for the 4-8 mm fraction where there
was an unexpected increase in both experiments. The highest CO. uptake value obtained is 2.07% (0-
0.25 mm), and the smallest 0.20% (8-16 mm). The difference between individual fractions is more
pronounced in the case of smaller aggregates (< 1 mm) where it amounts to ~0.5%. Furthermore, with

an increase in grain size, the decrease in CO- uptake is smaller.
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Fig. 47. CO; uptake versus fractions of RCA

Therefore, it is concluded that fine RCA had a greater capacity to store CO, than the coarse RCA. This
confirmed the assumption from the literature according to Kikuchi et al. [49] and Fang et al [57]. First,
this difference can be explained by the physical effect of CO; diffusion in the 1-4 mm RCA, which
depends on the diameter of the RCA particles. The diffusion time of CO; in a fine RCA is lower than
in a coarse RCA. Furthermore, the distribution of the phases able to be carbonated differs in the two
fractions. The formation of calcium carbonates at the surface of a coarse RCA can hinder the diffusion

of CO; more than in a fine RCA, where the total volume is carbonated uniformly.
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2.5. Conclusion

The use of RCA accelerated carbonation technology is still a novelty. The aim of this work was to
investigate the potential of accelerated carbonation of recycled concrete aggregate according to different
aggregate fractions. For these needs, a combination of the standard carbonation method and the
pressurized carbonation method was used at the Laboratory of the Institute for Structural Engineering,
Vienna. The RCA was placed in an airtight chamber and treated with carbon dioxide. The conditions
inside and outside the chamber are monitored by sensors. To detect carbonation, the phenolphthalein
test was applied, with the help of which the depth of carbonation was also measured. The following
results were obtained by constant measurement of CO, concentration, relative humidity, temperature,

gas flow and mass.

By conducting a phenolphthalein test after the CO; curing process, it was observed that in the
experiments with the RCA fraction of 8-16 mm, complete carbonation did not occur, especially in the
lowest box in the chamber. In fractions 1-4 mm, complete carbonation at the surface occurred in all
boxes except for the box at the bottom of the chamber. Other fractions of RCA 0-0.5 mm did not show
a color change, indicating that complete carbonation of RCA surface had occurred. Due to these results
the estimated time of CO- curing was insufficient for larger fractions of the RCA.

The average thickness of the carbonated layer for 16-22 mm RCA that was CO- cured for 23 hours is
about 0,6 mm. Given the age of concrete and grain size, these values indicated the effectiveness of this
process. Due to these results, it was confirmed that not only the surface carbonation of the grain

carbonated, but there was a deeper penetration of carbonation into the grain of RCA.

The results also showed that after the CO; curing process there was an increase in the RCA mass. By
reducing in the grain size of the RCA, there was a greater increase in the mass of the RCA. The largest
increase was recorded for fine RCA (2,7%), and the smallest for coarse RCA (0,3%). These values

indicate an extremely good increase in mass.

Additionally, the greatest increase in RCA mass (2.7%) for fine RCA can relate to temperature. After
CO: curing, it was noticed that the fine RCA was heated. The increase in temperature was especially
pronounced in the central part of the boxes, where the CO; gas flow is greatest. Also, the greatest heating
of the RCA was recorded in the lowest box in the chamber. The reason why the temperature inside the
chamber increased in the first place may be hidden behind the thermoactivated effect caused by the
collision of so many small aggregate particles reacting with CO> and releasing energy as the reactions

take place.

Also, for fine RCA condensation occurred inside the chamber during CO; curing. This phenomenon

further led to observation of relative humidity behavior during CO> curing. In the lower part of the
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chamber, the relative humidity behavior is unpredictable. In the case of coarse RCA (8-16 mm) and
small fractions (<1 mm), the drop in relative humidity at the beginning of the experiment is significantly
more pronounced compared to the middle and upper part of the chamber. In the upper and middle part
of the chamber, relative humidity would generally drop at the very beginning until the CO;
concentration inside the chamber stabilized. Then the RH curve is continuous in a slight increase or
decrease until the end of the experiment. The only significant deviation occurred in the case of coarse
RCA where a relative humidity of approximately 100% was recorded at the beginning of the
experiment. After that, there was a sharp drop below 60%. By the end of the experiments, the value did
not reach a value higher than 60%. This resulted with a sharp decline in RH values between lower and

upper part of chamber (~30%).

All of the above effected moisture content. After CO; curing there was mostly an increase in the value
of MC which confirmed predictions from the theoretical part. In cases where there was no increase, the
decrease was negligible. The only deviation occurred for the fraction of 4-8 mm where the average

value of MC is significantly lower after CO; curing (~0,25 %).

Finally, it is concluded that fine RCA had a greater capacity to store CO, than the coarse RCA. This
confirmed the assumption from the literature. There was a visible increase in the value of CO; uptake
with a decrease in the RCA grain size. The highest CO- uptake value obtained is 2.07% (0-0.25 mm),
and the smallest 0.20% (8-16 mm).

These results confirmed the effectiveness of this method as well as the assumptions of other studies on
the increase of CO; uptake and the mass of carbonized RCA with the reduction of the fraction. Other
conditions that were monitored gave a clearer picture of the possibilities of applying this technology in

further research.

Referring to the 3 research questions at the beginning of this thesis, the following answers have been

elaborated:

= Treating recycled aggregate with accelerated carbonation is still a novel technology, but has a
high potential.
= Combining the standard carbonation method with the pressurized method is a very promising

technology to store CO2 within recycled aggregates.
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Appendices

Appendix 1

Table 1. Results of experiments cured with CO, for 4 hours

4 HOURS
(0,25-0,5 mm) (0-0,25 mm)
No. WL23 WL25 WL19 WL22
Duration 4h 4h 4h 4 h, 30 min
ms [g] 11995,95 10009,15 12000,45 12005,30
mz [g] 12171,45 10150,00 12310,85 12349,70
Am [g] 175,50 140,85 310,40 344,40
Amgas [0] 69,00 69,00 69,00 69,00
Amy [Q] -29,57 17,59 -86,10 -96,08
Ampal [g] 275,00 229,00 448,00 436,00
AMear. 1 [g] 176,43 177,59 292,90 270,92
AMear. 2 [g] 145,93 158,44 224,30 248,32
CO, uptake 1,22% 1,58% 1,87% 2,07%
MC before 5,75% 6,25% 6,32% 6,74%
MC after 5,91% 5,99% 6,86% 7,33%
Mwo [0] 689,77 625,57 758,43 809,16
mw1[g] 719,33 607,99 844,52 905,23
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Appendix 2

Table 2. Results of experiments cured with CO, for 8 hours

8 HOURS
(1-2 mm) (0,5-1 mm)
No. WL18 WL21 WL24 WL27
Duration 8h 8h 8h 8h
ms [] 12011,60 12007,35 11989,56 | 12068,25
mz [g] 12101,20 12134,35 12120,45 12206,55
Am [g] 89,60 127,00 130,89 138,30
Amgss [0] 69,00 69,00 69,00 69,00
Amy [g] 3,17 -44,57 -5,44 -37,78
Amba [g] 144,00 198,00 220,00 226,00
AMcar. 1 [0] 78,17 84,43 145,56 119,22
AMcar. 2 [0] 92,77 82,43 125,45 100,52
CO; uptake 0,77% 0,69% 1,05% 0,83%
MC before 4,57% 4,52% 5,08% 5,25%
MC after 4,51% 4,84% 5,07% 5,50%
Muwo [0] 548,93 542,73 609,07 633,58
Mw1 [0] 545,76 587,30 614,51 671,36
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Appendix 3

Table 3. Results of experiments cured with CO- for 12 hours

12 HOURS
(8-16 mm) (4-8 mm) (2-4 mm)
No. WL20 WL26 WL13 WL15 WL16 WL17
Duration 12 h 12 h 12 h 12 h 12 h 12 h
ms [g] 11978,30 | 12050,40 | 12066,90 | 12024,95 | 12044,20 12025,85
mz [g] 12015,80 | 12075,75 12122,95 12113,20 12132,10 12091,45
Am [g] 37,50 25,35 56,05 88,25 87,90 65,60
Amgss [0] 69,00 69,00 69,00 69,00 69,00 69,00
Amy [g] 3,56 -1,05 57,52 -4,06 -21,06 19,34
Ampal [g] 84,00 80,00 181,00 163,00 127,00 89,00
AMear. 1 [g] 18,56 9,95 169,52 89,94 36,94 39,34
AMear. 2 [0] 41,06 24,30 113,57 84,19 66,84 84,94
CO, uptake 0,34% 0,20% 0,94% 0,70% 0,55% 0,71%
MC before 3,33% 3,68% 3,79% 3,23% 3,26% 3,69%
MC after 3,29% 3,68% 3,30% 3,24% 3,41% 3,51%
Muwo [0] 398,88 443,33 457,34 388,41 392,64 443,75
ma [9] 395,32 444,39 399,81 392,47 413,70 424,41
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Appendix 4

Documentation of experiments:

1) Appendix 4.1 —WL13
2) Appendix 4.2 - WL15
3) Appendix 4.3 -WL16
4) Appendix 4.4 - WL17
5) Appendix 4.5 -WL18
6) Appendix 4.6 —WL19
7) Appendix 4.7 - WL20
8) Appendix 4.8 -WL21
9) Appendix 4.9 - WL22
10) Appendix 4.10 - WL23
11) Appendix 4.11 - WL24
12) Appendix 4.12 — WL25
13) Appendix 4.13 — WL26
14) Appendix 4.14 — WL27
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Appendices

Appendix 4.1

Code: WL13 Fraction: 4-8 mm Duration: 12h

Notes: There was an unexplained jump in the mass between the 4th and 5™ hour, but since the return

jump occurred between 7 and 8 o'clock there was no effect on the result.

Table 4. Properties of the examined RCA before and after CO; curing for experiment WL13.
m, = 12066,90 g

Am=56,05¢g
m; = 1212295 g
MC pefore = 3,79 % — Mw o= 457,34 g
Amy = 57,52 g
MC atter = 3,30 % — Mw 1= 399,81 g
Ampa=181,00 g
Amgss = 69,00 g
AMear. 1=-169,52 g AMear.2=113,57 9 CO; uptake = 0,94 %

Order of stacking boxes

——— BOX4

——+— BOX3

—— BOX2

—+— BOX1

Fig. 1. Phenolphthalein test results before CO, curing for experiment WL13.
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Fig. 2. Phenolphthalein test results for each box of experiment WL13 after CO, curing.
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Fig. 3. The resulting diagrams for experiment WL15.
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Appendix 4.2

Code: WL15 Fraction: 4-8 mm Duration: 12 h

Table 5. Properties of the examined RCA before and after CO, curing for experiment WL15.
mg = 12024,95 g

Am=8825¢g
m; = 12113,20 g
MC before = 3,23 % - Mw o= 388,41 g
Amy =-4,06 g
MC after = 3,24 % — mw 1= 392,64 g
Ampa = 163,00 g
Amgas = 69,00 g
AMcar. 1-89,94 g AMcar. 2=84,19 g CO, uptake =0,70 %

Order of stacking boxes

—+—— BOX4

——+— BOX3

——+—— BOX2

—F— BOX1

Fig. 4. Phenolphthalein test results before CO; curing for experiment WL15.
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Fig. 5. Phenolphthalein test results for each box of experiment WL15 after CO; curing.
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Fig. 6. The resulting diagrams for experiment WL15.
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Appendix 4.3

Code: WL16 Fraction: 2-4 mm Duration: 12h

Table 6. Properties of the examined RCA before and after CO, curing for experiment WL16.
m, = 12044,20 g

Am=87,90g
my = 12132,20 g
MC before = 3,26 % — Mw o= 392,64 g
Amw = -21,06 g
MC atter = 3,41 % - mw 1=413,70 g
Ampy =127,00 g
Amgss = 69,00 g
AMcar. 1=36,94 g AMcar. 2 = 66,849 CO; uptake = 0,55 %

Order of stacking boxes

—+— BOX4

——+— BOX3

—1— BOX2

——— BOX1

Fig. 7. Phenolphthalein test results before CO; curing for experiment WL16.
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Box 1 Box 2

Box 3 Box 4

Fig. 8. Phenolphthalein test results for each box of experiment WL16 after CO; curing.
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Fig. 9. The resulting diagrams for experiment WL16.
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Appendix 4.4

Code: WL17 Fraction: 2-4 mm Duration: 12h

Notes: RCA did not fully carbonized. The phenolphthalein test detected a hon-carbonized part in the
box at the bottom of the chamber.

Table 7. Properties of the examined RCA before and after CO; curing for experiment WL17.
mg = 12025,85 g

Am = 65,60 g
m; =12091,45 g

MC pefore = 3,69 % — Mw 0= 443,75 g

Amy = 19,34 g
MC after = 3,51 % — mW_l = 424’41 g

Amoar-89,00 g

Amgss = 69,00 g
AMcar_ 1= 39,34 g AMcar, 2= 84,94g COZ Uptake = 0,71 %

Order of stacking boxes

6 17 18 1920021 2

i
1% 15

—+— BOX4

—— BOX3

—— BOX2

——— BOX1

WL \oedore, . cot

Fig. 10. Phenolphthalein test results before CO; curing for experiment WL17.
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Fig. 11. Phenolphthalein test results for each box of experiment WL17 after CO; curing.
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Fig. 12. The resulting diagrams for experiment WL17.
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Appendix 4.5

Code: WL18 Fraction: 1-2 mm Duration: 8h

Notes: There was a drop in the relative humidity value on the sensor RH_u (bottom of the chamber).

Table 8. Properties of the examined RCA before and after CO; curing for experiment WL18.
m, = 12011,60 g

Am = 89,60 g
m; =12101,20 g
MC pefore = 4,57 % — Mw o= 548,93 g
Amy =3,17 g
MC after = 4,51 %  Mmwi=54576g
Ampa =144,00 g
Amgas = 69,00 g
AMcar, 1= 78,17 g AMcar, 2= 92,77 g COZ Uptake = 0,77 %

Order of stacking boxes

—+— BOX 4

—— BOX3

—— BOX2

—— BOX1

WL\ Yo fore - cor

Fig. 13. Phenolphthalein test results before CO; curing for experiment WL18.
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Box 1 Box 2

Box 3 Box 4

Fig. 14. Phenolphthalein test results for each box of experiment WL18 after CO; curing.
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Fig. 15. The resulting diagrams for experiment WL18.
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Appendix 4.6

Code: WL19 Fraction: 0-0,25 mm Duration: 4h
Notes: At the end of the CO2 curing, the RCA was heated and moist. Dewing in the chamber was
observed, especially in the lower part.

Table 9. Properties of the examined RCA before and after CO; curing for experiment WL19.
mg = 12000,45 g

Am=310,40 g
m; = 12310,85 g
MC pefore = 6,32 % — Mw 0= 758,43 g
Amy = '86,10 g
MC atter = 6,86 % — mw 1= 844,52 ¢
Ampa = 448,00 g
Amgss = 69,00 ¢
AMear.1=292,90 g AMcar,2=224,30 COy uptake = 1,87 %

Order of stacking boxes

—+—— BOX4

——+— BOX3

———— BOX2

—F— BOX1

oL\ —bedere _ceac

Fig. 16. Phenolphthalein test results before CO; curing for experiment WL19.
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Box 1 Box 2

Box 3 Box 4

Fig. 17. Phenolphthalein test results for each box of experiment WL19 after CO- curing.
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Fig. 18. The resulting diagrams for experiment WL19.
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Appendix 4.7

Code: WL20 Fraction: 8-16 mm Duration; 12h

Notes: Complete carbonation did not occur in all boxes, especially in the one at the bottom of the

chamber. A significant drop in relative humidity was also observed.

Table 10. Properties of the examined RCA before and after CO; curing for experiment WL20.
m, =11978,30 g

Am=3750g
m; = 12015,80 g
MC pefore = 3,33 % d mw 0= 398,88 g
Amy = 3,56 ¢
MC afier = 3,29 % - My 1= 395,32 g
Ampy = 84,00 g
Amgss = 69,00 ¢
AMcar_ 1= 18,56 g AMcar_ 2= 41,06 g COZ Uptake = 0,34 %

Order of stacking boxes

—+— BOX 4

—— BOX3

—— BOX2

—+— BOX1

wLao -oe fore _cac

Fig. 19. Phenolphthalein test results before CO; curing for experiment WL20.
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Box 1 Box 2

Box 3 Box 4

Fig. 20. Phenolphthalein test results for each box of experiment WL20 after CO; curing.
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Fig. 21. The resulting diagrams for experiment WL20.
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Appendix 4.8

Code: WL21 Fraction: 1-2 mm Duration: 8h

Table 11. Properties of the examined RCA before and after CO; curing for experiment WL21.
mg = 12007,35 g

Am = 127,00 g
my =12134,35¢g
MC before = 4,52 % ad mW_O = 542’73 g
Amy, = -44,57 g
MC atter = 4,84 % - Mw 1= 587,30 g
Ampa =198,00 g
Amgas = 69,00 g
AMcar, 1= 84,43 g AMcar, 2= 82,43 g COZ Uptake = 0,69 %

Order of stacking boxes

—+—— BOX4

———— BOX3

———— BOX2

—F—— BOX1

€l
)

|

1y I U
6L 8L £ 91 SL ¥l

WU —boekece ~aes

Fig. 22. Phenolphthalein test results before CO> curing for experiment WL21.

88




Appendices

Box 1 Box 2

Box 3 Box 4

Fig. 23. Phenolphthalein test results for each box of experiment WL21 after CO- curing.
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Fig. 24. The resulting diagrams for experiment WL21.
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Appendix 4.9

Code: WL22 Fraction: 0-0,25 mm Duration: 4h 30min

Table 12. Properties of the examined RCA before and after CO> curing for experiment WL22.
mg = 12005,30 g

Am = 344,00 g
my = 12349,70 g
MC before = 6,74 % — Mw o= 809,16 g
Amy, = -96,07 g
MC after — 7,33 % s mw_l = 905,23 g
Ampa =436,00 g
Amgss = 69,00 g
AMear.1=270,92 ¢ AMcar 2-248,32 ¢ CO; uptake = 2,07 %

Order of stacking boxes

——— BOX4

——+— BOX3

——— BOX2

—— BOX1

Fig. 25. Phenolphthalein test results before CO; curing for experiment WL22.
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Box 3 Box 4

Fig. 26. Phenolphthalein test results for each box of experiment WL22 after CO- curing.
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Fig. 27. The resulting diagrams for experiment WL22.
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Appendix 4.10

Name: WL23 Fraction: 0,25-0,5 mm Duration: 4h

Table 13. Properties of the examined RCA before and after CO; curing for experiment WL23.
mg = 11995,95 g

Am=175,50 g
my = 12171,45 g
MC before = 575% — Mw o= 689,77 g
Amy, = -29,57 g
MC atter = 5,91 % — mw 1=719,33 ¢
Ampa =275,00 g
Amgss = 69,00 g
AMcar. 1=176,43 g AMcar 2-145,93 ¢ CO- uptake = 1,22 %

3 Order of stacking boxes

| BOxX4

—— BOX3

—— BOX2

—+— BOX1

zL

gl

4]
|

(i

9L Sl

Ll
1

81
W

61
|

08z

¥4
)

wWL23 . bedore _cas

Fig. 28. Phenolphthalein test results before CO; curing for experiment WL23.
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Box 1

Box 3 Box 4

Fig. 29. Phenolphthalein test results for each box of experiment WL23 after CO- curing.
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Fig. 30. The resulting diagrams for experiment WL23.
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Appendix 4.11

Code: WL24 Fraction: 0,5-1 mm Duration: 8h

Table 14. Properties of the examined RCA before and after CO; curing for experiment WL24.
m, = 11989,56 g

Am = 130,89 g
m; =12120,45 g
MC before = 5,08 % — Mw o= 609,07 g
Amy = -5,44 g
MC afier = 5,07 % — My 1= 614,51 g
Ampa =220,00 g
Amgss = 69,00 g
AMear.1=145,56 g AMear. 2=125,45 g CO:z uptake = 1,05 %

Order of stacking boxes

—+— BOX4

—— BOX3

———— BOX2

—— BOX1

Fig. 31. Phenolphthalein test results before CO; curing for experiment WL24.
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Box 1 Box 2

Box 3 Box 4

Fig. 32. Phenolphthalein test results for each box of experiment WL24 after CO- curing.
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Fig. 33. The resulting diagrams for experiment WL24.
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Appendix 4.12

Code: WL25 Fraction: 0,25-0,5 mm Duration: 4h

Table 15. Properties of the examined RCA before and after CO; curing for experiment WL25.
m, = 10009,15 g

Am = 140,85 g
m; = 10150,00 g
MC before = 6,25 % — Mw 0= 625,57 g
Amy=17,59 g
MC afier = 5,99% N Mu 1= 607,99 g
Ampa =229,00 g
Amgs = 69,00 g
AMcar.1=177,59 g AMcar. 2=158,44 g CO, uptake = 1,58 %

Order of stacking boxes

| BOxX4

—— BOX3

—— BOX2

_
=2

| BOX1

6 80 L 9 SL vl g2l

Fig. 34. Phenolphthalein test results before CO curing for experiment WL25.
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Box 1 Box 2

Box 3 Box 4

Fig. 35. Phenolphthalein test results for each box of experiment WL25 after CO- curing.
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Fig. 36. The resulting diagrams for experiment WL25.
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Appendix 4.13

Code: WL26 Fraction: 8-16 mm Duration; 12h

Notes: In the box at the bottom of the chamber, complete carbonation did not occur. A significant drop

in relative humidity was observed in the lower part of the chamber.

Table 16. Properties of the examined RCA before and after CO; curing for experiment WL26.
mg = 12050,40 g

Am = 2535 g
ms = 12075,75 g
MC before = 3,68 % — My 0= 443,33 g
Amy = -1,05 g
MC ater = 3,68 % — mw 1= 607,99 g
Ampa =80,00 g
Amgas = 69,00 g
AMcar, 1= 9,95 g AMcar_ 2= 24,30 g COZ Uptake = 0,20 %

Order of stacking boxes

——+— BOX4

——+— BOX3

——+— BOX2

——— BOX1

w26 - beloe —cac

Fig. 37. Phenolphthalein test results before CO; curing for experiment WL26.
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Box 1 Box 2

Box 3 Box 4

Fig. 38. Phenolphthalein test results for each box of experiment WL26 after CO- curing.
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Fig. 39. The resulting diagrams for experiment WL26.
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Appendix 4.14

Code: WL27 Fraction: 0,5-1 mm Duration: 8h

Table 17. Properties of the examined RCA before and after CO; curing for experiment WL27.
mg = 12068,25 g

Am=138,30g
m. = 12206,55 g
MC before = 5,25 % d Mw_ o= 633,58 g
Amw = '37,78 g
MC after — 5,50 % s mW_l= 671,36 g
Ampg = 226,00 g
Amgas = 69,00 g
AMer.1-119,22 g AMar.2-100,52 g CO; uptake = 0,83 %

Order of stacking boxes

——+—— BOX4

——+— BOX3

—— BOX2

—F— BOX1

JoL2d - bekete - eas

Fig. 40. Phenolphthalein test results before CO; curing for experiment WL27.
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Box 1 Box 2

Box 3 Box 4

Fig. 41. Phenolphthalein test results for each box of experiment WL27 after CO- curing.
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Fig. 42. The resulting diagrams for experiment WL27.
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