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Comminution and Classification for the Circular Economy, Special Issue
of the 18th ESCC in Geosciences and Engineering

Editorial

The 18th European Symposium on Comminution and Classification was held in
Miskolc, Hungary, from Monday, June 24th to Wednesday, 26th, 2024 at the
University of Miskolc, Hungary. The symposium was organised on behalf of the
Working Party Comminution and Classification of the European Federation of
Chemical Engineering (EFCE). The organisers were the University of Miskolc,
Faculty of Earth and Environmental Sciences and Engineering, Institute of Raw
Materials Preparation and Environmental Technology and the Hungarian Chemical
Society. This bi-annual conference has a long history of facilitating impactful
discussions and networking and results dissemination among expert professionals
from both academia and industry in the field since 1964. The two most recent
successful events were the 16th in Leeds, UK and the 17th in Toulouse, France. This
ESCC is the second one in Hungary and the first one in Miskolc. We think it was the
right place, because our predecessor is the world's first technical higher education
institution the “Bergakademie of Banska Stiavnica” and therefore, this institution
carries within itself the cradle of mineral processing and of course its core
comminution and classification roots.

This event has further broadened the traditional scope of ESCC conferences of
fundamentals of breakage, advanced modelling of fine- and coarse comminution and
classification processes and applications for various industries, i.e. mineral processing,
bio-refinery, food, pharmaceutical, chemical, electronic and materials industries with
waste recycling and with mechanochemical-mechanofusion processes. The foundation
of the circular economy is the recirculation of previously used materials
(anthropogenic materials) of which central elements are the first comminution and
separation mechanical processes, and this is the reason why this special issue is
dedicated to the circular economy. Altogether 80 presentations, including 3 plenary
and 4 keynote speakers, parallel 2 times 7 oral sessions, including 64 oral lectures and
1 poster session, which includes 9 posters, were held according to the Programme of
ESCC 2024. Some selected papers were invited for publication in the dedicated special
issue of Geosciences and Engineering, whose title is “Comminution and Classification
for the Circular Economy, Special Issue of 18th ESCC”.

The editors wish the readers of this special issue a pleasant and, above all, useful
time, which provides an insight into the scientific and professional atmosphere of the
2024 ESCC conference.

With miner’s greetings: Good Luck!

J. Faitli and A. Réacz, organisers and guest editors






Geosciences and Engineering, Vol. 13, No. 1 (2025), pp. 7-17.
https://doi.org/10.33030/geosciences.2025.01.001

INFLUENCE OF FEEDSTOCK COMPOSITION ON THE ADSORPTIVE
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Abstract: This study focuses on converting refuse-derived fuel mixtures (composed of PS,
PP, HDPE, paper, cardboard, cotton, and wood) into activated carbon through pyrolysis at
520 °C. The resulting chars underwent steam gasification at 900 °C for 60 min, with a steam
flow rate of 5 cm? h™!. The physically activated chars were then systematically examined for
their efficacy in removing phenol from 20 mg dm™ solutions. The study demonstrated that
the produced chars exhibited approximately half of the phenol removal efficiency of com-
mercial activated carbon. Furthermore, an increased plastic content in the RDF blend en-
hanced the adsorption performance of the resulting activated carbons.

Keywords: activated carbon, refuse-derived fuel, adsorption, phenol, gasification, pyrolysis

1. INTRODUCTION

Among the various adsorbent materials, activated carbons are widely utilized in water
and gas purification. Approximately 100,000 tonnes of activated carbon are produced
annually (Heidarinejad et al., 2020). One characteristic that stands out compared to
zeolites and polymer-based adsorbents is their resistance to toxic and corrosive envi-
ronments. The most common raw materials for activated carbon production include
wood, bituminous coal, lignite, and coconut. However, there is an increasing demand
for utilizing various wastes as raw materials (Heidarinejad et al., 2020).

Globally, more than 2.2 billion tonnes of municipal solid waste is generated each
year and it is expected to reach 3.9 billion tonnes by 2050 (Liu et al., 2024). Munic-
ipal solid waste is rich in carbonaceous materials; therefore, it could serve as an al-
ternative raw material for activated carbon production. The challenge with this waste
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lies in its heterogeneous and variable nature. However, the fluctuations in its char-
acteristics can be significantly reduced through mechanical processing, such as con-
verting it into refuse-derived fuel (RDF).

The production of activated carbon involves two main steps: carbonization and
activation. Activation can be achieved through physical methods, chemical methods,
or impregnation (Thapar Kapoor et al., 2021). When physical activation is conducted
using steam, an additional product is generated, i.e., synthesis gas (syngas). This gas
primarily comprises hydrogen and carbon-monoxide and may find application in the
chemical industry.

In this study, activated carbons were produced under laboratory conditions using
RDF mixtures with varying compositions, and their phenol adsorption capacities
were investigated. Phenol was selected as the adsorbate due to its prevalence as the
main component of effluents from biomass gasification. Additionally, phenolic
wastewater is commonly generated across various industrial sectors, including pol-
ypropylene production, oil refineries, and the paper, pharmaceutical, and textile in-
dustries (Cunha and Aguiar, 2014; Hernandez-Fernandez et al., 2021; Ke et al., 2022;
Wang et al., 2022).

2. MATERIALS AND METHODS

2.1. Base material

The seven different materials investigated, which are commonly found in municipal
waste, can be grouped into two categories, i.e., cellulosic materials (cardboard, pa-
per, wood, cotton) and plastics (PS, PP, HDPE) (Figure 1).

Figure 1
Base components of RDF mixtures (1. cardboard, 2. office paper, 3. wood,
4. cotton, 5. PP, 6. PS, 7. HDPE)

Using the seven components presented above, model laboratory RDF mixtures with
varying compositions were prepared, as shown in Table 1. The composition of RDF1
is based on an analysis of an RDF sample from a production plant in Hejépapi,
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Hungary (Ladanyi, 2015). A minor adjustment was made by excluding polyethylene
terephthalate (PET), as there is an existing technology capable of effectively remov-
ing this component. This step was deemed necessary for two reasons: firstly, by sep-
arating PET, it becomes available for recycling; secondly, the pyrolysis of PET can
pose challenges, such as the formation of benzoic acid, which can lead to system
blockages and potential organic acid pollution (Xayachak et al., 2022). In the RDF2
and RDF3 samples, the total plastic content was increased by 10% and 20% by
weight, respectively.

Table 1

Composition of RDF mixtures [wt.%]
Component RDF1 RDF2 RDF3
Cardboard 9.00 7.76 6.52
Office paper 49.50 42.67 35.84
PP 5.50 7.50 9.50
HDPE 16.50 22.50 28.50
PS 5.50 7.50 9.50
Wood 10.00 8.62 7.24
Cotton 4.00 3.45 2.90

2.2. Activated carbon preparation

The experimental systems are depicted in Figure 2. The RDF mixture was subjected
to pyrolysis at 520 °C with a heating rate of approximately 3.5 °C min!. The pyrol-
ysis temperature was selected based on prior thermogravimetric analysis. Pyrolysis
was conducted in a laboratory pyrolysis reactor equipped with electric heating. The
material was placed in a 1 dm? beaker inside the reactor. After leaving the reactor,
the pyrolysis gas passed through a heat exchanger, and the condensed liquid was
collected in a glass vessel. The pyrolysis gases were also collected in a multi-layer
gas sampling bag and subsequently analyzed using an Agilent 490 Micro GC gas
chromatograph.

gas
e el S R PSR sampling bag
a infusion pump; datalogger | l— b
1 = [l
' gas ' (5
i " sampling bag = ﬁ
1 1 oo [
H .. heat !
b exchanger :
——.—.—*r—.—
1 ¥
datalogger m H
tube furnace | liquid collecting
liguid collectin e ey vessel
pyrolysis reactor e _ED echag
vessel

Figure 2
Laboratory pyrolysis (a) and gasification (b) systems
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The resulting pyrolysis chars were then subjected to steam gasification at 900 °C for
1 h, with a heating rate of 10 °C min™" and a steam flow rate of 5 cm® h™'. These
parameters were optimized in a prior study (Sebe et al., 2024). The steam activation
of the chars was carried out in a laboratory gasification system, consisting of a tube
furnace, a stainless-steel tube, and an infusion pump.

2.3. Adsorption experiments

The adsorption experiments were conducted using simulated phenol solutions with
an initial concentration of 20 mg dm=. A total of 100 mg of activated carbon was
added to 100 mL of the solution, and the mixtures were agitated on a reciprocal
shaker. After 40 h, the mixtures were filtered, and the residual phenol concentrations
were determined according to the ISO 6439:1990 standard titled, “Water quality —
Determination of phenol index — 4-Aminoantipyrine spectrometric method after dis-
tillation”. Activated carbon from Thermo Fisher Scientific with a particle size of <
2 mm and an iodine number of 969 mg g! was used as a reference point for the
experimental evaluations.

The time required to reach adsorption equilibrium was determined using an in-
itial solution concentration of 20 mg dm>. Pseudo-first-order (1) and pseudo-sec-
ond-order (2) kinetic models were used to fit the data points.

q, = q(1-e%1") (1)
_ Kot @)
qt 1+qe‘K2't

In these equations, g. represents the equilibrium adsorption capacity (mg g'), ¢:
is the adsorption capacity at time # (mg g '), K; is the Lagergren first-order rate con-
stant (1 min™"), and K is the Lagergren second-order rate constant (g min "' mg™).

3. RESULTS AND DISCUSSION
3.1. Pyrolysis behavior of RDF mixtures

The first step in the preparation of activated carbons was the pyrolysis of RDF
mixtures. After each pyrolysis experiment, the weight of the produced chars was
measured. Typically, during the degradation of most plastics, the predominant
product is oil, resulting in less char compared to cellulosic and lignocellulosic ma-
terials. Consequently, increasing the plastic content of the RDF leads to a decrease
in the amount of char produced. In this instance, the reduction occurred from 29.6
+0.1 to 24.6 0.5 wt.%.

The composition of the gases produced during the carbonization process was an-
alyzed by using a gas chromatograph capable of identifying hydrogen, carbon mon-
oxide, methane, carbon dioxide, ethene, and ethane. Figure 3 illustrates the variation
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of gas composition during pyrolysis of the experimental RDF blends as a function
of the total PP, PS and HDPE content (27.5-47.5 wt.%) of the RDF.

With this method, 71.0-76.6 vol.% of the gases was identified, while the remain-
ing portion possibly consisted of other hydrocarbons. Since the polymeric compo-
nents of the RDF, apart from the additives, consist primarily of carbon and hydrogen
atoms, increasing the plastic content in the RDF mixtures predictably resulted in a
higher proportion of hydrocarbons in the produced gas. In contrast, increasing the
proportion of cellulosic and lignocellulosic components in the RDF led to a greater
presence of oxygen-containing gas components, such as COs.

RDF1 RDF2 RDF3
' ' '
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25 ° 3
— o ]
203 Q\o\ .
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= 157 E ’
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Z 3 > | ] o CH,
glo—_ ]
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=
& o [ B

T T T T T T T T i
25 30 35 40 45 50
Plastics in RDF [wt.%]

Figure 3
Composition of pyrolysis gases

Due to a significant portion of the produced gas remaining unidentified, it was not
possible to accurately calculate its heating value. However, the trends shown in Fig-
ure 3 indicate that a higher plastic content in the RDF correlates with an increase in
the heating value of the produced gas.

The results of experiments performed with a fixed PP:PS:HDPE ratio of 1:1:3
showed a linear relationship between the amount of plastic in the RDF and the pro-
portion of each pyrolysis gas component. This linear relationship was strongest for
Hz (R*=0.995) and CO2 (R*= 0.999), and weakest for CHs (R*= 0.952), according
to the coefficients of determination, R? values.
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3.2. Characterization of RDF-based activated carbons

Table 2 presents the ultimate analysis of the RDF1-3 activated carbon samples. The
most notable difference is observed in the carbon content, which increases as the
ratio of plastic components in the initial RDF mixture increases.

Table 2
Ultimate analysis of activated RDF-chars [wt.%]
Sample | RDF1. | RDF2 | RDF3
Ultimate analysis (wt.%)
C 48.4 51.5 53.4
H 1.1 1.1 1.2
N <0.3 <0.3 <0.3
S <0.2 <0.2 <0.2
O (by diff) 0.0 0.0 0.0
Ash 50.5 474 45.4
LHV (kJ kg-1) 16636.0 16814.9 17956.2

Nitrogen physisorption measurements were performed under isothermal conditions,
and the resulting adsorption and desorption isotherms are depicted in Figure 4, re-
vealing distinct hysteresis loops. These loops are common in materials with meso-
pores and indicate capillary condensation (Das et al., 2024). According to the Inter-
national Union of Pure and Applied Chemistry (IUPAC) classification, an H3-type
loop can be seen here, which suggests slit-shaped pores (Bliker et al., 2019).

RDF-1
1401 1

RDF-3

—_

53

(=1
L

-0
|

100 4

3
(=1
L

Volume adsorbed [cm® g']

601 —o— adsorption -| —o— adsorption —o— adsorption
desorption o desorption o desorption
0,0 0,5 1,0 0,0 0,5 1,0 0,0 0,5 1,0

Relative pressure (P/P0)

Figure 4
Adsorption and desorption isotherms of RDF chars

The gas adsorption analysis results are presented in Table 3. The specific surface
area determined by the Brunauer—Emmett—Teller (BET) method, as well as the pore
area and volume, reached their peak values for the RDF2 sample. This observation
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aligns with findings from Adeniyi et al. (Adeniyi et al., 2024), who noted a synergy
in biomass-plastic mixtures leading to the production of biochar with a higher spe-
cific surface area compared to biochar produced solely from biomass. It is possible

that a similar synergy occurred in this study, suggesting that the optimal biomass-
plastic ratio was achieved with RDF2.

Table 3

Gas adsorption analysis of RDF chars
Parameter Unit RDF1 RDF2 RDF3
BET, meas. m? g! 212.8 248.5 233.6
Total pore area m? g! 136.8 153.5 142.25
Total pore vol. m?g! 0.0631 0.0709 | 0.0658
Avr. pore diam. nm 3.313 3.372 3.426

3.3. Phenol adsorption

The time dependence of phenol adsorption on RDF-based activated carbons was
evaluated using an initial phenol concentration of 20 mg dm™. The results of adsorp-
tion experiments are presented in Figure 5. Increasing the initial plastic content of

the RDF led to a corresponding increase in the adsorptive capacity of the resulting
activated carbon.
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Figure 5
Time dependence of phenol adsorption on RDF-based activated carbons
(PFO on the left and PSO on the right)

Table 4 summarizes the key parameters of the fitted pseudo-first order and pseudo-
second order kinetic models. Based on the determination coefficient, the PFO model
provided a better fit. Evaluating the adsorption efficiency of activated carbons de-

rived from individual components, an estimated uptake capacity (qest) was calculated
for the RDF1-3 chars.
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Table 4
Parameters of kinetic models fitted to the measurement points
of RDF-based activated carbons

Pseudo-first order Pseudo-second order
Par. Qe ki R? qe k2 R?
Unit mg/g 1/min - mg/g mg/(g-min) -
RDF1 | 9.39+0.28 0.25 +0.03 0.9903 10.45 +0.76 | 0,03 +0.01 0.9689
RDF2 | 10.60+0.23 | 0.37 +0.03 0.9943 11.42+0.38 | 0,05+0.01 0.9920
RDF3 | 11.23+40.02 | 0.30+0.00 0.9999 12.25+0.48 | 0,04 +£0.01 0.9897

This estimation assumes no synergy between the components. Equation (3) outlines
the calculation, where ey represents the estimated value of phenol uptake capacity
(Wt.%), a; (Wt.%) denotes the ratio of the “i” component in the initial RDF mixture,
1; (Wt.%) stands for the weight ratio of the remaining char during the pyrolysis of the
“1” component, q; (wt.%) indicates the uptake capacity of the activated carbon de-
rived from component “i”, and rrpr (Wt.%) represents the remaining char ratio of the

RDF mixture.
a;°Ti°q;
== — 3
Qest trpr° 100 ®)
11,5 T T T T 56
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Figure 6
Estimated and real adsorption efficiency

This uptake capacity value specifically applies to the investigated conditions: a
20 mg dm™ initial phenol concentrationand a 1 : 1 (mg : mL) adsorbent-solution ratio.
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Figure 6 compares the estimated and actual adsorptivity values, along with the car-
bon content, as a function of the total plastic content in the initial RDF blend. Con-
trary to expectations, an inverse trend was observed.

In other words, increasing the plastic content of the RDF resulted in improved
adsorption efficiency. This could be due to a synergistic effect offered by the in-
creasing presence of plastic in the RDF (Adeniyi et al., 2024). In the same conditions,
the efficiency of RDF-based activated carbons is approximately 50—59% when com-
pared to a commercial (Thermo Fisher) activated carbon. Unlike the specific surface
area, the carbon content of the chars exhibited a stronger correlation with the uptake
capacity. The surface area, pore size and carbon content all play crucial roles in the
overall adsorptive capacity of activated carbons. Thus, the increasing adsorption ef-
ficiency trend from RDF1-3 could be attributed to factors such as the carbon content
and average pore diameter rather than the surface area.

3.4. Examination of the by-product syngas

During the physical activation of the RDF-chars, an additional value-added product
was generated, the synthesis gas. This gas was collected, and the composition ana-
lyzed using gas chromatography. The results of the gas analysis, along with the spe-
cific gas production, are presented in Figure 7. As the initial plastic content in the
RDF blend increased, the overall gas production gradually decreased.
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Figure 7
Quantity and composition of synthesis gas as a function of RDF composition

Approximately 89.4-94.0 vol% of the gases were identified. The effect of the initial
RDF composition on gas production was less significant compared to its influence
on the gas composition during pyrolysis. The analyzed syngas contained 47.1—
48.7 vol.% Ha, 30.6-34.6 vol.% CO, 1.5-2.1 vol.% CHa, and 9.1-10.2 vol.% CO..
The total CO and H; contents, which are crucial components for further utilization
in the chemical industry, varied between 77.8 and 83.3 vol%.
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4. CONCLUSION

The utilization of municipal solid waste through thermochemical methods often en-
counters challenges due to its highly heterogeneous composition, influenced by var-
ious factors such as location, climate, and living standards. However, the conversion
of this waste into refuse-derived fuel (RDF) offers a more manageable and uniform
form for processing. Through appropriate high-treatment methods, the inherent un-
predictability of RDF can be significantly reduced. Steam gasification presents a
versatile approach, offering two potential directions depending on the desired end
product: activated carbon or synthesis gas. This study focused on investigating the
feasibility of preparing activated carbon from RDF and assessing the influence of
RDF composition on product properties. The findings indicate that, within the ex-
amined compositional range, the produced chars exhibited approximately half the
efficiency in phenol removal compared to high-quality commercial activated carbon.
An increasing plastic content in the RDF mixture correlated with higher carbon con-
tent and adsorptivity of the activated carbons. Analysis of by-product gases produced
after the pyrolysis process revealed minor fluctuations in syngas composition, with
at least 77.8 vol.% total H» and CO content. These results are promising, considering
that even if double the amount of these activated carbons is required, it can still be
cost-efficient, given that the raw material is waste requiring treatment regardless.
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Abstract: Structural concrete is designed to last for decades, and when a concrete structure
reaches the end of its life cycle, it must be recycled according to the principle of the circular
economic approach. The presented results expand the knowledge required for the re-use of
recycled concrete aggregates produced from crushed concrete in concrete and the re-use of
recycled concrete fines as cement additive. They represent the importance of selective prep-
aration technology and the role played by the material characteristics of crushed concrete in
the development of certain properties of concrete. Knowledge of these relationships is essen-
tial, in order for crushed concrete to become a valuable product, instead of ending up as waste.

Keywords: concrete recycling, recycled concrete aggregate, concrete durability, concrete
fines, grindability of concrete

1. INTRODUCTION

Concrete is actually an artificial stone. A composite material that traditionally con-
sists of three components: aggregate (most often sanded gravel or crushed stone),
cement and water. However, modern concrete can consist of up to five or six com-
ponents. With admixtures, concrete additives (active or inert fine powders), fibers,
etc. the properties of the concrete can be significantly influenced.

Due to its plasticity, versatile usability and durability, concrete has become the
most used construction material in the world today, and after water, concrete is the
second most used material. Commonly used concrete is designed to last at least 50
years, but the lifetime of more serious structures (bridges, tunnels, valley closing
dams, marine structures, etc.) is more than hundred years.

When a building made of concrete reaches the end of its lifetime, it can be com-
pletely recycled with modern technologies available today. The processing of de-
molished concrete is very similar to that of natural aggregates: it is extracted, crushed
and graded according to size (Figure 1). That’s why concrete recycling is a perfect
example of ‘urban mining’. Based on its carefully examined characteristics, the field
of use where these processed concrete wastes can be used as raw materials can be
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determined. By recycling, the accumulation of concrete waste can be avoided and
natural raw material sources can be protected.
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for new concrete
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Figure 1
Recycling process of demolished concrete (CEN/TC 51 Document N 1500, 2021)

This approach, the idea of circular economy, waste reduction and more efficient use
of resources have become basic requirements also in the construction industry, es-
pecially in the building materials industry (Marsh et al., 2022). Nowadays, there are
no technical obstacles to the recycling of crushed concrete as aggregate and/or ce-
ment additive (Likes at al., 2022), we have sufficient experience (Rocha and Filho,
2023) and appropriate technical regulations (see the References: European standards
signed EN, Hungarian national standard signed MSZ, Hungarian road technical
specifications signed e-UT).

For decades, the construction industry has been striving for the largest possible
proportion recycling of construction, demolition and construction material produc-
tion waste, but this was not really successful for a long time because of the lack of
guidance for concrete technologists that would have helped them to design the com-
position without a large number of mixes trialed.

Nowadays there are several technical guidelines and standards which prescribe
the technical requirements of recycled concrete to use as concrete aggregate. Euro-
pean product standards for concrete aggregates (EN 12620+A1, EN 13139/AC, EN
13242+A1) also cover recycled aggregates from demolition waste and the Hungarian
concrete standard (MSZ 4798) also contains limitations concerning the maximal pro-
portion of recycled aggregate used in ready-mixed concrete but the technical speci-
fications cannot give exact composition of these concrete mixtures because of the
differences of original properties of concrete and because of the long-term environ-
mental effects.
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Despite detailed technical specifications, the rate of high-quality recycling of de-
molished concrete is still quite low (Rocha and Filho, 2023). In Hungary the majority
of demolished concrete is placed in road sub-bases and landfills (OECD, 2023).
However, with the increase in construction industry output, the amount of concrete
waste increases, which, in contrast to gravel quarries, is mostly generated in densely
populated areas where the greatest need for concrete use occurs. One of the reasons
for the low rate of high-quality recycling is the misconception that concrete made
from recycled aggregates has worse characteristics than concrete with conventional
aggregates. The experiments presented here prove that with proper care, regular raw
material tests and precise composition planning, concrete made with recycled aggre-
gate can have the same or even better properties than concrete made with conven-
tional additives. Moreover, if the natural sand and gravel additive with high transport
costs can be replaced at least in part, then the cost of concrete production can be
reduced in addition to protecting the environment.

However, there is another problem, the recycling of the fine (< 4 mm) part of
crushed concrete. Coincidentally, to this, the EN 197-6 non-harmonized cement
product standard offers an option. This standard allows the use of the fine fraction
of crushed recycled concrete as a cement additive. Initial experiments aimed at de-
termining the composition and technical parameters of cements containing concrete
fines with appropriate quality and application properties are also in progress.

2. MATERIALS AND METHODS

The test materials were recycled aggregates from road concrete made with basalt
aggregate, concrete paving stones and formwork elements produced with a labora-
tory jaw crusher and natural aggregates from eight Hungarian gravel quarries, as well
as the concretes made with them (Figure 2).

road concrete/paving

stone/formwork
1
| crushing with jaw crusher l

sieving

0/4 fraction: discarded
yield ratio for
*  formwork ~35%,
* for road concrete ~20%
Figure 2
Production of experimental recycled aggregates

4/8 and 8/16 fractions:
recycled aggregate

According to the technical specifications, only the part of the crushed concrete waste
over 4 mm was used for concrete mixes as aggregate, classified into 4/8 and 8/16
fractions and 50 m/m% replacing the natural gravel fraction.
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The following tests were performed on the crushed concrete and natural gravel fractions:
o particle density and water absorption according to EN 1097-6 standard,
o resistance to wear (micro-Deval test) according to EN 1097-1 standard,
¢ resistance to fragmentation (Los Angeles test) according to EN 1097-2 standard;
o resistance to freezing and thawing according to EN 1367-1 standard.

The test results of crushed concrete aggregates were compared with the average of
the test results of natural gravel aggregates from eight different Hungarian quarries.
Experimental concrete mixtures were prepared with crushed concrete aggregates
from different types of concrete elements, which consisted of 50 m/m% natural
gravel and 50 m/m% crushed concrete per fraction of aggregate over 4 mm. Concrete
with recycled aggregate is commonly called re-concrete. The experimental concrete
mixes were designed to have almost the same consistency (flow class F2), which
was achieved by changing the amount of plasticizing admixture while maintaining
the water/cement ratio of v/c = 0.55.

The composition of the experimental concrete mixtures was as follows:

o 325 kg of CEM II/A-S 42.5 N type Portland-slag cement
179 kg of water
896 kg of 0/4 aggregate fraction
573 kg of 4/8 aggregate fraction
386 kg of 8/16 aggregate fraction
50-100-110-120 g of plasticizing concrete admixture

Cube test specimens with an edge length of 150 mm were prepared from the ex-
perimental concrete mixes for compressive strength and freeze-thaw resistance tests
according to the requirements of the relevant standards. The compressive strength
test specimens were stored under water at 20 £2 °C until they were 28 days old, and
the freeze-thaw resistance test specimens were also stored under water at 20 +2 °C
for 7 days, then in a climate chamber (at 20 +2 °C and relative humidity > 95%) until
the beginning of the test.

The compressive strength was tested according to the EN 12390-3 standard. The
freeze-thaw with de-icing salts resistance test was carried out according to the refer-
ence method of CEN/TS 12390-9 technical specification, which is called scaling.
The structure of hardened re-concretes, namely the interface between the cement
matrix and aggregate particles was also examined by optical microscopy (Keyence
VHX-7000 digital microscope).

The fine fraction (< 4 mm) of recycled concrete made from natural gravel was
aimed to be tested as cement additive. However, the 1-4 mm fraction was discarded
because of its high content of quartz. It was 70.5% according to the XRD measure-
ment and didn’t meet the requirements of carbonate content in accordance with the
EN 197-6 standard (see below). The experimental concrete fine was made of the
original < 0.090 mm fraction and of the ground 0.090-1 mm fraction of crushed con-
crete (Figure 3).
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Figure 3
Production of concrete fines as cement additive

The yield ratio of concrete fines as cement additive was ~4.5 m/m%. Recycled con-
crete fine used for the experiments met the quality requirements in the relevant EN
197-6 standard:

e Rcuoo > 90 m/m% concrete;

o total organic content (TOC) < 0.8 m/m%;

o sulfate content (SO3) < 0.8 m/m%;

o clay content (methylene blue value) < 1.20 g/ 100 g;

o calcium carbonate (CaCO3) > 40 m/m%;

¢ sum of calcium carbonate and magnesium carbonate

(CaCO3+MgCO0s3) > 75 m/m%.

The grindability of the 0.090-1 mm fraction of crushed concrete was tested according
to the Zeisel-method (Zeisel, 1953). Both (ground and non-ground) < 0.090 mm
fractions of concrete fine were ground together to three different finenesses in labor-
atory ball mill without grinding aid and with TEA (triethanolamine). Experimental
cements were made with ground concrete fines, 20 m/m% of them added to ordinary
Portland cement (CEM 1 42.5 N) and their standard strength on cement mortar was
tested according to the EN 196-1 standard.

3. RESULTS

The differences between the three different types of concrete (road concrete, paving
stones and formwork elements) were already evident during crushing and classifica-
tion. The yield of fractions produced in the same way depends significantly on the
composition, strength, and porosity of the original concrete. The profitability of re-
cycling mostly depends on the energy spent on crushing and the yield ratio of the 0/4
fraction to be further treated, which in this case was the highest for the formwork
stone (~35 m/m%) and the lowest for the road concrete (~20 m/m%) (Figure 2).
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Of course, in the case of concrete with a heterogeneous composition, such as road
concrete with crushed basalt aggregate, the crushed concrete fraction above 4 mm
contained a much higher proportion of basalt fraction 11/22 than in the original con-
crete aggregate, and in addition, the different crushing technologies result different
grain shapes, which affect the properties of both fresh and hardened concrete.

3.1. Results of aggregates

As expected, crushed concrete aggregates have lower particle density than natural
gravel (Figure 4), which mostly consists of low-porosity quartz grains and fragments
of volcanic rocks. It is also reflected in the results of water absorption of aggregates

(Figure 5).
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Particle density of different recycled concrete and
natural gravel aggregate fractions
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The resistance to wear and fragmentation of the crushed, recycled concrete aggregate
was worse than that of the harder natural quartz gravel (Figure 6).
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Mechanical properties of different recycled concrete aggregates and
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As aresult, the recycled aggregates are not suitable for use as the wear layer of roads
and paving and their use is also not recommended for making high-strength concrete.
Concerning freeze-thaw, only the recycled aggregate made of formwork elements
had extremely bad results (Figure 7), that’s why, it is not recommended for making
concrete with requirement of freeze-thaw resisting.
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3.2. Results of concretes

The properties of both fresh and hardened concretes were examined, from which
only the most important ones are presented here.

In the case of using crushed, recycled concrete as an aggregate, due to its signif-
icantly higher water absorption, in order to achieve the planned consistency of the
fresh concrete, it is necessary to use a higher w/c ratio or to use a larger amount of
plasticizing admixture (Figure 8).

1,4

1,2

0,8

0,6

Dosage of plasticizer
[m/m% of cement]

0,4

0,2

reference road concrete  paving stone formwork
Figure 8

Demand of plasticizing admixture to the same consistency of re-concretes and
reference concrete

Figure 9 shows the average compressive strength at the age of 28 days of experi-

mental concretes made with a gravel fraction and different types of crushed concrete
aggregates (50-50 m/m%), and the reference concrete made with only natural gravel

aggregates.
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Figure 9
Compressive strength of the re-concretes made with 50 m/m% recycled concrete
aggregate and the reference concrete without recycled concrete aggregate
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The compressive strength of all experimental concretes was higher than that of the
reference concrete, which, by the way, contained only natural gravel aggregate with
higher particle strength based on its resistance to wear and fragmentation. In the case
of the test specimens made with crushed concrete containing basalt, we measured a
significant strength increase of almost 30% compared to the reference concrete.

Figure 10 shows the structure of re-concretes with different recycled concrete
aggregates.

Figure 10
Microscopic images of concretes made with different recycled concrete aggregates
a) road concrete, b) paving stone, c) formwork element

Compared to natural gravel, crushed concrete particles come into contact with the
cement paste on a larger surface area. It must be considered when calculating the
necessary paste content of concrete. During crushing, the concrete waste broke along
the cracks and weak joints, cracks inside the grains were not typical.

These results indicate that the size of the surface of the aggregate binding to the
cement paste plays an important role in the development of the compressive strength
of concrete.

Figure 11 shows the results of the freeze-thaw test (the specific amount of mate-
rial scaled from the surface exposed to the salt solution during freezing) of the re-
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concretes made using different types of crushed concrete aggregates (50 m/m% in
the gravel fraction) and the reference concrete after 7, 14, 21 and 28 freeze-thaw
cycles (days).

7 days

14 days
B 21 days
m 28 days

Scaled amount of concrete [kg/m?2]
S

reference  road conc. pavingstone formwork

Figure 11
Freeze-thaw resistance of the re-concretes made with 50 m/m% recycled concrete
aggregate and the reference concrete without recycled concrete aggregate

Air entraining admixture, which is required for freeze-thaw resistant concrete, was
not added to the concrete mixtures, so it was expected that none of the concretes
would meet the requirements of the standards. However, it is clear from the test re-
sults that the crushed road concrete and paving stones (which were originally de-
signed to be freeze-thaw resistant) significantly improved the freeze-thaw resistance
of the experimental concretes made with them compared to the reference.

3.3. Results of concrete fines as cement additive

As it was already mentioned, according to the currently valid technical specifications,
the use of fine (< 4 mm) recycled concrete as aggregate is not allowed in Hungary.
But fortunately, there is another possibility, thanks to a new European cement stand-
ard issued 2023: the non-harmonized product standard of cements with recycled
building materials (EN 197-6:2023). The quality requirements of recycled concrete
fines are quite similar to that of limestone cement additive.

However, there is an important difference between concrete fines and limestone,
namely their grindability. Based on the results of grindability tests according to the
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the Zeisel-method, concrete fines need three times more energy to reach a common
cement fineness than does limestone (Figure 12).
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Figure 12
Grindability of recycled concrete fines and different raw materials
of cement/concrete

For further experiments, the concrete fine was ground to three different finenesses

in a laboratory ball mill without grinding aid (FO1 and F02) and with TEA (F03).

According to the grinding experiments, with the use of grinding aid (TEA) the

agglomeration of concrete fines can be reduced and its fineness can be increased
(Table 1).

Table 1

Finenesses of ground recycled concrete fines as cement additive

Mark G o (il el Spg’gigfl:;lgﬁf/g]rea
FO1 to a common cement fineness ~4200
F02 until agglomeration ~5700
FO03 added grinding aid ~7700

Laboratory cements (K01, K02, K03) were made with of the ground concrete fines
at 20 m/m% being added to ordinary Portland cement (K00) and their standard
strength on cement mortar at the age of 28 days was tested. The test results show that
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the concrete fines decreased the compressive strength compared to that of the refer-

ence cement, yet all cements still met the requirements of standard strength accord-
ing to the relevant standard (Table 2).

Table 2

Standard compressive strength of cements with ground recycled concrete fines as

cement additive (separate grinding)

Mark Composition ComIpisRe 7 S sI;;)eSI? (‘ilfl
P (28 days) [MPa] [(ﬁ
0
K00 100% CEM 1425 N 61.10 —
KO1 80% K00 + 20% F01 54.56 10.7
K02 80% K00 + 20% F02 55.40 9.3
K03 80% K00 + 20% F03 59.16 32

The negative effect of concrete fines additive on compressive strength of cement can
be moderated by increasing the grinding fineness of the recycled concrete fines.

For emphasizing the importance of separate grinding of concrete fines Table 3

shows our earlier results of laboratory cements made with 20 m/m% of limestone by

co-grinding to different fineness (Gavel, 2024).

Table 3

Standard compressive strength of laboratory cements without limestone and with

20 m/m% of limestone (co-grinding)

Specific sur- Compressive strength Loss of
face area (28 days) [MPa] : —
(Bla;ne) 100% clinker 80% (fllnker +20% [%]
[cm*/g] limestone

3000 50.6 37.3 26.28
3500 53.8 40.0 25.65
4000 57.6 44.8 22.22

It is clear that not only the grinding fineness of the cement but rather the fineness of
cement components, i.e. the fraction composition and the particle size distribution of
the cement are decisive for its compressive strength. Separate grinding is more suit-
able for adjusting the proper grinding fineness of cement components that has also a
significant effect on the applicable properties of cement and on the durability of con-
crete. Further tests of recycled concrete fines as cement additives, that concern es-
pecially long-term durability tests, are also the focus of our research. Those results
are the subject of a future article.

4. DISCUSSION AND CONCLUSIONS

Our test results indicate that, in addition to the physical characteristics of aggregates
laid down in the technical specifications, it is advisable to carry out additional raw
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material tests before using recycled concrete as aggregate. These characteristics fun-
damentally influence the properties of fresh and hardened concrete, and by knowing
them, it is possible to design a concrete mixture composition that can have more
favorable properties than concrete that does not contain recycled concrete.

These results also draw attention to the importance of knowledge of the types of
recycled concrete aggregate (crushed concrete) and of original concrete waste con-
stituents and their limitations before use. In general, demolished concrete structures
or manufacturing scrap can be used as recycled concrete aggregates, especially if
they have been selectively demolished and stored.

Satisfying these technical requirements is the task of the producers of recycled
concrete aggregates, who, when choosing the required crushing machine, must pay
attention to the fact that different crushing technologies result in different grain
shapes, which significantly affects the properties of both fresh and hardened concrete.
In addition, efforts must currently be made to minimize the amount of the 0/4 fraction
that cannot be used as a concrete filler. In this regard, it should be noted that the new
EN 197-6 European cement product standard published in August 2023 offers the
opportunity to use the fine part of recycled concrete waste (0/4 fraction) as a cement
additive. Cement with recycled concrete fines can have a similar compressive
strength as an ordinary Portland cement, but in this case grindability of crushed con-
crete has to be taken into consideration! Despite of these promising results, we can-
not expect the mass appearance of these new types of cements in the near future,
because as far as we know, suitable concrete fines are not yet widely available in
industrial quantities, and the experiments establishing the bases for the production
of these cements and the concrete technology tests that facilitate their practical use
are still in their initial stages.
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Abstract: Nowadays, carbon dioxide (CO,) emissions are one of the main factors of global
warming and climate change. Controlling CO, levels in the atmosphere and limiting global
warming requires urgent action. Some minerals can be used to capture and store CO; from
the air or other sources. Mechanochemically modified K-feldspar (with KOH, Ca(OH),, and
Ca0) was used for ex situ and in situ CO; capture. In the ex situ experiment (in a thermoanaly-
tical apparatus at 150 °C, 5 h), infrared spectroscopy indicated that mechanochemically mo-
dified K-feldspar was capable of CO, sequestration via carbonate formation. The in situ CO,
capture experiment consists of two steps. The first step involved the mechanochemical mo-
dification of K-feldspar using Ca(OH), and CaO as additives during milling. The second step
consisted of direct in situ CO, sequestration in the milling chamber. X-ray diffraction patterns
demonstrated the formation of the calcite phase, and thermal analysis confirmed the decom-
position of such created calcite. Elemental analysis has found the binding of approximately
1.6% of carbon, and 5.23 % carbonation ratio of modified feldspar was achieved. In addition,
the use of the mineral vermiculite as a natural additive for in sifu sequestration of K-feldspar
was investigated using the above-mentioned analytical techniques.

Keywords: K-feldspar, vermiculite, mechanochemical modification, milling, CO; sequestra-
tion, mechanochemical carbonation

1. INTRODUCTION

It is well-known that CO; is the most abundant of the greenhouse gases and is, there-
fore, the largest contributor to the greenhouse effect. In the last decade, the need and
various activities to reduce CO, emissions to pre-industrial levels have greatly inten-
sified (What is carbon neutrality and how can it be achieved by 20507, [Online]).


https://doi.org/10.33030/geosciences.2025.01.003
mailto:achimovic@saske.sk
mailto:etothova@saske.sk
mailto:balazm@saske.sk
mailto:murat.erdemoglu@inonu.edu.tr
mailto:mustafa.birinci@inonu.edu.tr
mailto:sema.erdemoglu@inonu.edu.tr
mailto:hikmet.sis@inonu.edu.tr

Investigations of the suitability of K-feldspar modified by milling ... 33

Mineral carbonation is a natural weathering process in which alkaline earth metals,
mainly Ca and Mg react with CO, to form stable carbonates. These reactions are exot-
hermic, but in nature, they take place slowly during the weathering of silicate minerals
(Pachauri and Reisinger, 2007; Seifritz, 1990). O’Connor and coworkers (2002) deve-
loped an aqueous process of direct carbonation of silicate minerals (olivine, serpentine,
enstatite) using pressure and temperature above 150 °C as a method for CO; storage
in solid form. Wang et al. (2014) studied carbonation using natural K-feldspar calcined
with phosphogypsum. The first attempts to use mechanical activation (high-energy
milling) of various silicate minerals for CO, sequestration were performed already 20
years ago (Kalinkin et al., 2003, 2004; Kalinkina et al., 2001a, b). Later, Turianicova
and coworkers (2013a, 2014) investigated the carbonation of olivine and vermiculite
using mechanical activation. It is known from the literature that mechanical activation
causes particle comminution, increases the specific surface area of the minerals and
even breaks their crystal structure by the formation of lattice defects, which increases
their overall reactivity in subsequent reactions (Balaz, 2008).

K-feldspar, a mineral with the specific composition KAISi3Os, is a member of the
aluminosilicate group. It is widely distributed and abundant in various regions world-
wide, including China and Tiirkiye. Its unique properties make it a significant reso-
urce for various industries such as ceramic. Additionally, K-feldspar minerals are
emerging as potential candidates for carbon dioxide (CO-) capture (Guo et al., 2015).
For intensification of its carbonation process various additives such as gypsum -
CaS04.2 H,O or CaCl, slag were used (Wang et al., 2014; Ye et al., 2014). In order
to initiate the chemical reaction of refractory K-feldspar and to introduce alkaline
earth metal K or Ca into its crystal structure by mechanochemical modification, it
could be used as a milling additive KOH, Ca(OH); or CaO respectively in the process
of studying CO; capture. Vermiculite, a natural silicate mineral with the chemical
formula (Mg,Fe,Al);(Al,Si)4010(OH)..4H>0, is another material used in carbon
capture studies. It is inherently harmless and has a large specific surface area, high
cation exchange capacity, and excellent chemical and mechanical stability. Due to
the presence of exchangeable cations (K*, Ca**, and Mg?") inherent to vermiculite, it
has demonstrated utility in studies related to the adsorptions (Ma et al., 2024).

The aim of our study was to demonstrate the potential CO, sequestration strate-
gies within mineral carbonation of abundant aluminosilicate K-feldspar. Ex situ and
in situ capture of CO, on mechanochemically additive-modified K-feldspar during
high-energy milling was elaborated, characterized and quantified.

2. MATERIALS AND METHODS

2.1. Materials

K-feldspar or microcline ore used as input material for the experiments was provided by
Kale Seramik Company, Tiirkiye with the following chemical analysis: 70.87% SiOa,
16.33% Al,O3, 10.6% K20, 1.99% Na,0, 0.34% CaO, 0.15% Fe,03, 0.14% BaO, 0.06%
P»0s,0.05% TiO», 0.04% MgO, 0.01% SrO. In Figure 1 the X-ray diffraction analysis
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(XRD) showed in addition to K-feldspar or microcline (KAISi30s), quartz (SiO,) and
albite (NaAlISi30s) as well.

Il microcline, KAISi,O, 00-019-0932
albite, NaAISi,0, 00-019-0932
B quartz, SiO, 01-079-1910

T

Intensity (a.u.)

‘I sty s dg 3 | A
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Figure 1

XRD pattern of as-received K-feldspar ore. Reprinted with permission from ref.
(Balaz et al., 2024). Copyright 2024 Elsevier

The particle size doo, dso, and dio values were 518, 293, and 121 pm, respectively.
For mechanochemical modification of feldspar pure chemicals p.a. KOH (Centralc-
hem, Slovakia), Ca(OH),, (Centralchem, Slovakia) and CaO (Sigma-Aldrich, USA)
were used. Natural vermiculite (Mg, Fe, Al)3(Al, S1)4010(OH)2.4H,0O from Kuluncak
(Malatya, Tiirkiye) has also been used as an additive to prepare K-feldspar/ ver-
miculite (F:V) composites.

2.1.1. Mechanochemical modification of K-feldspar

Mechanochemical modification of K-feldspar ore was performed in the laboratory
planetary ball mill Pulverisette 6 (Fritsch, Germany) with the addition of 1 M of
KOH, Ca(OH); or CaO (Table 1) under the following conditions: volume of milling
chamber-250 mL, loading of the mill-50 balls (10 mm in diameter), the material of
milling chamber and balls- tungsten carbide, WC, the total mass of the milling
charge-20.18 g, ball-to-powder ratio-20:1, milling atmosphere-air, rotation speed
600 rpm, and milling time 90 min (each cycle of milling lasting 30 min was followed
by a cooling break of 15 min).

Table 1
The amounts of added materials for mechanochemical modification
of K-feldspar by milling
Sample Mass of feldspar [g] Mass of added material + H20 [g]
Feldspar 20.18 —
Feldspar/KOH 16.79 3.39
Feldspar/Ca(OH): 15.94 4.24
Feldspar/Ca(OH): wet 16.85 2.24+ 1.1
Feldspar/CaQO wet 16.40 1.65+2.1
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2.2. CO; sequestration of K-feldspar
2.2.1. Ex situ CO; sequestration

Mechanically activated K-feldspar and mechanochemically modified samples of K-
feldspar with hydroxides KOH, and Ca(OH), were subjected to ex sifu sequestration
using thermoanalytical apparatus STA 449 F3 Jupiter (Netzsch, Germany) under
dynamic conditions in CO, (50 cm®.min") by heating up to 150 °C for 5 h.

2.2.2. In situ CO; sequestration

The mechanochemically modified samples of K-feldspar with Ca(OH), and CaO ac-
cording to the conditions in 2. /.1 were in situ sequestrated using laboratory planetary
ball mill Pulverisette 6 (Fritsch, Germany) according to the following conditions:
volume of milling chamber-250 ml, loading of the mill-50 balls (10 mm in diameter),
the material of milling chamber and balls-tungsten carbide, WC, the total mass of
the milling charge-20.18 g, the addition of 10.1 mL H-O, ball-to-powder ratio-20:1,
milling atmosphere-CO; (5 L.min"!, 3 min flushing), rotation speed 450 rpm, and
milling time 30 min.

For testing the sequestration potential of K-feldspar:vermiculite (F:V) compo-
sites, the same mill and milling balls (both number and diameter) as specified above
were used. The overall sample mass was 18 g and the weight ratio between V and F
was modified (namely as-received F and V, and their combinations in 80:20, and
60:40 ratios were used). Before milling, 9 mL H,O was added and a milling atmos-
phere of CO; (5 L.min"', 3 min flushing) was used. The rotation speed was set to 450
rpm and the milling time was 30 min according to our previous experiments (Turia-
nicova, 2009).

2.3. Characterization techniques

X-ray diffraction measurements (XRD) were carried out in the Bragg-Brentano geo-
metry using a D8 Advance diffractometer (Bruker, Germany), working with CuK,
radiation. ICDD-PDF2 was used for phase matching.

Fourier-transform infrared (FT-IR) spectra were measured using the Tensor 29
(Bruker, Germany) in the frequency range of 4000—400 cm™' with the KBr pellet
method. KBr was dried before the analysis at 100 °C for 1 h.

Thermogravimetric measurements were carried out using STA 449 Jupiter thermal
analyzer (Netzsch, Germany) coupled with a QMS 430C Aéolos mass spectrometer
(Netzsch, Germany). The measurements were performed at steady airflow from 45 °C
up to 1000 °C with a heating rate of 10 °C/min. Changes in the sample weight and m/z
signals [m/z = 18 (H>0O) and m/z = 44 (CO,)] were constantly monitored.

The elemental analysis (CHNS) was performed by elementary analyser Vario
MACRO cube (Elementar Analysensysteme GmbH, Germany) using a thermal con-
ductivity detector. Helium (purity 99.995%, intake pressure 2 bar) was chosen as the
carrier gas in all analyses. The purity of oxygen for combustion was 99.995% with
an intake pressure of 2 bar A combustion tube was set up at 1150 °C and a reduction
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tube at 850 °C. Sulphanilamide (C =41.81%, N =16.26%, H=4.65%, S = 18.62%)
was used as the CHNS standard.

CO; mineralization ratio or mechanochemical carbonation ratio was calculated
according to literature (Shangguan et al. 2016) based on the weight loss of the in situ
sequestered mechanochemically modified feldspar samples with Ca(OH), and CaO
after calcination in a muffle furnace. The calculation was performed according to the
formula:

2—M3

CO, carbonation ratio (%) = MM— x 100 D
1

where M> and M3 are masses of 1 h calcinated samples at 400 °C and 800 °C res-
pectively, and M, is the mass of the sample before calcination.

3. RESULTS

3.1. Ex situ sequestration of mechanochemically modified K-feldspar with
hydroxides

The first ex situ CO, capture tests using mechanically activated K-feldspar without
modification were unsuccessful. Therefore, the K-feldspar was subjected to
mechanochemical modification with the addition of KOH and Ca(OH); in order to
break the K-feldspar crystal structure and/or create new phases e.g. Al(OH)s,
CaAlSi30, that would be able to capture CO; gas. By evaluating the XRD pat-
terns (see Figure 2) of such modified K-feldspar was found, that during 90 min of
milling, only the amorphization of K-feldspar/microcline and albite phases was
detected and no new phases were formed when performing milling under neat con-
ditions with both KOH and Ca(OH),. In the case of milling with KOH, and
Ca(OH); with H,O (wet), a WC phase appeared originating from the wear of the
milling chamber and balls.
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Figure 2
XRD patterns of mechanically activated K-feldspar and mechanochemically
modified K-feldspar with KOH and Ca(OH),. F - KAISi3Os, A- NaAlSi;Os,
0 - SiO;, WC — tungsten carbide
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The experimental process of ex situ CO; sequestration of mechanically activated K-
feldspar and mechanochemically modified samples has been carried out according
to the conditions in part 2.2.1. The course of the process is visualized in Figure 3
where TG and DTA curves can be seen. The curves revealed that at the beginning of
the experiment, a slight weight increase was observed in the case of K-feldspar/
KOH and K-feldspar/Ca(OH), mixtures. This increase in weight might be due to the
carbonation process; however, no other effects were detected.
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Figure 3

TG and DTA curves of mechanically activated K-feldspar (black line) and
mechanochemically modified K-feldspar with KOH and Ca(OH), during ex
situ CO; sequestration

FTIR spectroscopy as another sensitive method for demonstrating CO, capture was used.
The FT-IR spectra of the samples modified with KOH, Ca(OH), under dry and wet con-
ditions after CO» exposure in Figure 4 showed evidence of CO, binding and carbonate
phase formation in all three cases which can be determined by the peak in the waven-
umber region of 1600-1300 cm™', characteristic for COs>" vibrations (Nakamoto 2008).
The bands attributed to the carbonate group can be observed as a single or double peak
in the range of 1350—1565 cm™. It was found that peak splitting or merging is related to
the alkaline metal with which CO, is combined (Turianicova et al. 2013b).
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Figure 4
FT-IR spectra of mechanically activated K-feldspar (black line) and
mechanochemically modified K-feldspar with KOH and Ca(OH); after ex
situ CO; sequestration
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The same behaviour was not detected in the case of unmodified K-feldspar. It means,
that probably CaCOs and K,CO; were formed during mentioned conditions in the
case of K-feldspar modified with KOH and Ca(OH),. However, we assume that the
binding of CO> proceeds only due to the presence of KOH and Ca(OH), and K-
feldspar is inactive.

3.2. In situ sequestration of mechanochemically modified K-feldspar with
Ca(OH); and CaO

To intensify CO, capture by modified K-feldspar, another investigation strategy was
chosen- two-step milling. In the first step, K-feldspar was milled with the addition
of Ca(OH),, or CaO, resulting in a mechanochemically altered K-feldspar, and
subsequently in the following second step in situ CO, sequestration was realized.
XRD analysis performed after sequestration confirmed the formation of the calcite
phase, CaCO;s in all three cases (Figure 5). This is the evidence that there is a che-
mical bond between CO, and Ca*" during in situ sequestration, i.e. 30 min of milling
in a CO, atmosphere and the so-called mechanochemical carbonation took place.
Moreover, the inactivity of as-received K-feldspar was also detected in this case.
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Figure 5
XRD patterns of K-feldspar after two-step milling: mechanochemical modification
with Ca(OH); and CaO and subsequent in situ CO; sequestration

With the aim to confirm CaCOj; formation during milling in a CO; atmosphere, the
thermal decomposition accompanied by the evolution of gases from the calcium
carbonate-containing samples was monitored. Figure 6 compares the thermal be-
haviour of K-feldspar modified with Ca(OH), and CaO after in situ mechanoc-
hemical carbonation.

As can be seen, in both cases, the TG/DTG-DTA curves are similar. As expec-
ted, the evolution of H,O and CO; gases has been observed in both cases. While
dehydration occurred in the range of 25400 °C, decarbonation occurred in the
range of 500—-850 °C, which confirmed the decomposition of the mechanochemi-
cally formed calcite phase.
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Figure 6
TG/DTG-DTA curves with mass spectrometry analysis of K-feldspar after two-step
milling: mechanochemical modification with Ca(OH); and CaO and subsequent in
situ CO; sequestration

The results of CHNS elemental analysis and the values of CO, carbonation (minera-
lization) ratios of the samples after in situ CO, sequestration are summarised in Table
2. According to the analysis of the amount of carbon, about 1.2—1.36% C was actu-
ally bound in the modified samples after deducting the amount of C of 0.27% cor-
responding to the unmodified K-feldspar. The contents of N and S were under the
detection limit. The mineralization ratio increased up to 7 times compared to un-
modified K-feldspar and reached a value of 5.23% comparable to the result achieved
by milled K-feldspar (up to 20 h) with the addition of CaCl,-slag, while the CO,
sequestration was carried out in an autoclave at a temperature of 150 °C and a
pressure of 4 MPa (Shangguan et al. 2016).
Table 2
CHNS elemental analysis of K-feldspar after two-step milling: mechanochemical
modification with Ca(OH): and CaO and subsequent in situ CO; sequestration and
calculated CO; carbonation ratio

Serrple C [%] H [%] CO: carbi)ozzitlon ratio
Feldspar 0.27 1.59 0.74
Feldspar/ CaO wet 1.50 0.71 3.49
Feldspar/ Ca(OH): 1.63 0.82 4.66
wet
Feldspar/ Ca(OH)2 1.47 0.76 5.23
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3.3. In situ sequestration of K-feldspar and vermiculite mixtures

In addition to introducing pure artificial chemicals to the K-feldspar, also natural
material can be used in this way. It is known that vermiculite mineral is capable of
sequestrating CO,. In order to find a potential synergy and thus the improvement of
the CO, sequestration ability of K-feldspar, the mixtures of K-feldspar and ver-
miculite were prepared and subsequently subjected to sequestration. The XRD pat-
terns are provided in Figure 7.
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Figure 7
XRD patterns of as-received K-feldspar(F), K-feldspar(F): vermiculite(V) mixtu-
res, and as-received vermiculite(V) after in situ CO; sequestration. Specific peaks
are marked with an asterisk- see the explanation in the text below)

The XRD pattern of the K-feldspar after CO, sequestration is almost completely
identical to the starting one described in (Baldz et al. 2024). All diffractions corres-
ponding to microcline or K-feldspar (F), albite (A) and quartz (Q) are visible. Thus,
the effect of neither mechanochemical modification nor sequestration is visible. Inc-
reasing the content of vermiculite leads to a gradual decrease in K-feldspar diffrac-
tions, whereas those corresponding to vermiculite become more pronounced. In-
terestingly, the four main vermiculite diffractions are still less pronounced than those
corresponding to K-feldspar in the F:V 40:60 sample. The diffractions of as-received
vermiculite are much more intensive (the counts detected for the most intensive diff-
raction peak detected for this sample are more than 17 times higher than that of the
most intensive one belonging to K-feldspar, and that of other samples are even less
intensive) and point to potentially different mechanism involved in CO; sequestra-
tion. This is further supported by the fact that there are few diffraction peaks (e.g.,
at 2 ® =24.7°, 57.6 ° and 60.7°) that increase in intensity until F:V 20:80 mixture
(marked with an asterisk in Figure 7), but they remain in the same intensity when as-
received vermiculite was applied. However, no clear diffractions corresponding to
carbonate species in either of the samples could be clearly identified via XRD.

However, due to the detection limit of the XRD technique being around 5%, the
potential presence of carbon as a result of mechanochemical carbonation was in-
vestigated via elemental analysis. The results are provided in Table 3.
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Table 3
CHNS elemental analysis of as-received K-feldspar, vermiculite and the mixtures
K-feldspar:vermiculite after in situ CO; sequestration

Sample [wt.%] C [%] H [%] N [%] S [%]
Vermiculite 100 0.30 2.21 0.07 0.11
F:V 20:80 0.89 0.55 0.15 0.09
F:V 40:60 0.65 1.15 0.13 0.06
F:V 60:40 0.54 0.55 0.13 0.06
F:V 80:20 031 1.57 0.12 0.06
Feldspar 100 0.18 1.24 0.15 0.02

K-feldspar is capable of binding only 0.18% C, whereas, in the case of vermiculite,
this value is 0.30%. Interestingly, the composites seem to be more favourable for C
binding than as-received vermiculite. Namely, the mixture containing only 20% ver-
miculite shows the same result and a gradual increase of C content with further inc-
reasing vermiculite content can be observed in Table 3. It turns out that K-feldspar
can serve the role of the beneficial support to vermiculite being an efficient CO»
adsorbent, thus a synergy between the two minerals was confirmed in the end. Figure
8 shows the FT-IR spectra of F:V mixtures in four different ratios (20:80 wt.%, 40:60
wt.%, 60:40 wt.%, 80:20 wt.%) after in situ CO, sequestration, in the range of 4000—
600 cm™.
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Figure 8
FT-IR spectra of K-feldspar: vermiculite mixtures, F:V after
in situ CO; sequestration

In the case of K-feldspar mixtures, the intensity of a single carbonate peak with a
maximum at approximately 1450 cm™ is present and decreases with an increasing
proportion of K-feldspar. Clearly, CO, was sequestered by vermiculite. However, it
should be noted that the presence of K-feldspar is not negligible. When comparing
the CHNS analysis results for as-received vermiculite (100 wt.%) with the F:V mix-
ture (20:80 wt.%), almost 3 times higher amount of carbon was found in the mixture,
indicating a greater amount of sequestered CO,. The interaction of natural and ther-
mally processed vermiculite with CO, during milling was also confirmed by Turia-
nicova et al. (2014).
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4. DISCUSSION AND CONCLUSIONS

In this paper, three hitherto unused strategies for the potential use of common but
refractory K-feldspar mineral for CO2 sequestration were presented and tested. Be-
fore sequestration itself, which took place during the thermal process in a CO2 at-
mosphere (ex situ) or during milling in a planetary mill (in situ), the K-feldspar was
mechanochemically modified by milling. KOH, Ca(OH)2, and CaO with and wit-
hout H20O were used for its mechanochemical modification. In the ex situ strategy,
it was found that binding of CO2 to K-feldspar modified with KOH and Ca(OH)2
occurred and depended only on the added additive. During the second in situ strategy
of mechanochemically modified K-feldspar with Ca(OH)2, and CaO mechanoc-
hemical carbonation and subsequent calcite formation occurred, while a maximum
CO2 carbonation/mineralization ratio of 5% was achieved by 30 min milling. The
third in situ strategy consisted of adding the mineral vermiculite capable of sequ-
estering CO2 to the K-feldspar in different weight ratios. The highest content of
captured carbon 0.89% was achieved for the K-feldspar:vermiculite 20:80 composite
during 30 minutes of milling in a CO2 atmosphere.

A variety of techniques with new experimental approaches were applied in this
case. Both applied strategies (ex situ and in situ) manifested new possibilities to ex-
pand the portfolio of usable materials for mineral decarbonation. Except for artificial
chemicals, calcium-based additives also natural material — vermiculite were applied
for the modification of K-feldspar. This expanded portfolio of objects under study
revealed different mechanisms of CO, sequestration. However, despite the particular
success caused by the modification of K-feldspar, the application of K-feldspar alone
has no beneficial effect on CO, sequestration.
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Abstract: In this paper, the simple mechanochemical synthesis of CulnSe,/TiO» nanocompo-
site is described. CulnSe,»/TiO> nanocomposite was characterized from the crystal structure,
microstructural, morphology, surface, optical, and optoelectrical properties viewpoints. X-ray
diffraction has confirmed the nanocrystalline character of all components of the nanocomposite,
the crystallite size for CulnSe; (18 nm) being larger than in the case of both TiO, phases (5 and
8 nm for rutile and anatase, respectively). Raman spectroscopy confirmed the presence of both
components in the synthesized nanocomposite. SEM has shown that the nanoparticles are ag-
glomerated into larger grains. High-resolution XPS analysis confirmed the presence of all ele-
ments with their expected oxidation states. The measured optical properties using UV-Vis spec-
troscopy exhibit stronger absorption from the ultraviolet to visible region with the determined
optical bandgap 1.3 eV for mechanochemically synthesized CulnSe,/TiO, nanocomposite. The
photocurrent increased by 57% in CulnSe,/TiO> nanocomposite compared to CulnSe; under
illumination in comparison with that in the dark state.

Keywords: mechanochemistry, CulnSe»/TiO;, nanocomposite, optical properties, optoelectrical
properties

1. INTRODUCTION

Ternary chalcogenide semiconductors of I-1II-VI group with promising applica-
tions in electronics, optics, and catalysis have been intensively studied in recent
years (Klenk et al., 2011). However, the majority of the best investigated sulphide-
based semiconductors contain toxic heavy metals, which seriously limit their po-
tential application.
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CulnSe; is also one of the promising semiconductive ternary materials applicable
in high-efficiency solar cells and photocatalysis due to its large absorption coeffi-
cient, suitably small bandgap, large conversion efficiency and radiation stability
(Guo et al., 2008; Kang et al., 2009). It is beneficial to couple CulnSe,, a small
bandgap semiconductor (its bulk bandgap is 1.05 eV) with the material with a larger
bandgap, like TiO: (its bulk bandgap is 3.2 eV). Coupling these two components can
improve optical properties due to the elimination of surface non-radiative recombi-
nation defects. CulnSe,/TiO; nanocomposite can be an excellent alternative for solar
cell applications (Yu et al., 2011; Das et al., 2017), as well as for the photocatalytic
degradation of dyes in the visible light region.

There are several synthetic procedures for the preparation of CulnSe,»/TiO; nano-
material, including thermal and microwave assisted hybridization (Kshirsagar et al.,
2017), oxidative chemical polymerization method (Yu et al., 2011), electrodeposi-
tion technique (Valdes et al., 2011; Das et al., 2017), colloidal synthesis (Wu et al.,
2015), electrophoretic deposition technique (Liao et al., 2013), simple successive
ionic layer adsorption and reaction (SILAR) method (Wang et al., 2015), spin coat-
ing method (Zhang et al., 2020), electrochemical anodic oxidation and solvothermal
synthesis (Yang et al., 2022).

Mechanochemistry as an environmentally friendly alternative to the traditional
preparation methods is well-applicable in the field of materials science. The high-
energy milling process is used either as a synthesis step to prepare inorganic nano-
materials applicable in advanced applications or to introduce defects into the crys-
talline structure, which can dramatically improve the application potential (Balaz et
al., 2017).

To the best of our knowledge, the CulnSe,/TiO, nanocomposite has not been pre-
pared by mechanochemical synthesis so far. The novelty of this work is the simple
and environmentally friendly mechanochemical method of CulnSe»/TiO, nanocom-
posite preparation for a very short time, at ambient pressure and temperature as a
suitable material for solar cell applications.

2. MATERIALS AND METHODS
2.1. Materials

For the synthesis of CulnSe,/TiO, nanocomposite were used: elemental copper
(99.7%, Merck, Darmstadt, Germany), indium (99.99%, Aldrich, Taufkirchen, Ger-
many), selenium (99.5% Aldrich, Taufkirchen, Germany) and commercially availa-
ble TiO, Degussa P25 (Degussa, Netherland) (75% anatase and 25% rutile).

2.2. Methods

CulnSe,/Ti02 nanocomposite was synthesized by a two-step process. In the first step
(Equation 1), CulnSe, was prepared by milling 0.94 g of copper, 1.71 g of indium
and 2.35 g of selenium. The milling was carried out in a planetary mill Pulverisette
6 (Fritsch, Idar-Oberstein, Germany) at 550 rpm using a tungsten carbide milling
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chamber (250 mL in volume) and 50 balls (360 g) with 10 mm in diameter, com-
posed of the same material, during 60 min in an argon atmosphere according the
procedure described in (Dutkova et al., 2016). The ball-to-powder ratio was 72:1. In
the second step, 2.5 g of TiO, was introduced into milling with 2.5 g of previously
synthesized CulnSe,. Co-milling (Equation 2) was also performed in a planetary mill
Pulverisette 6 (Fritsch, Idar-Oberstein, Germany) in an argon atmosphere
(>99.998%, Linde Gas group, Bratislava, Slovakia) for 30 min without break cooling
due to shorter milling times. The milling chamber was vented with Ar gas for 3 min
providing an inert atmosphere. The 250 mL tungsten carbide milling chamber with
50 tungsten carbide balls with 10 mm in diameter was used. The rotational speed of
the planet carrier was 500 rpm. The ball-to-powder ratio was 72:1.
The synthesis of CulnSe»/TiO, nanocomposite can be described by the following
Equations 1-2:
Cu + In + 2Se - CulnSe, (D)

CulnSe, + Ti0O, — CulnSe, /Ti0, 2)

2.3. Characterization techniques

X-ray diffraction (XRD) measurements were performed using a D8 Advance dif-
fractometer (Bruker, Bremen, Germany) equipped with a -0 goniometer, CuK, ra-
diation (40 kV, 40 mA), a secondary graphite monochromator, and a scintillation
detector. All samples were scanned from 15° to 70° with the step 0.03° and 12 s
counting time. Diffracplus Eva software was used for phase analysis according to
the ICDD - PDF2 database. The Rietveld refinement was performed using a TOPAS
Academic software (Evans, 2010; Coelho, 2018).

The micro-Raman and micro-PL measurements were performed in air at room
temperature, with the focus of the beam of an Ar laser (514 nm) via a confocal Ra-
man Microscope (Spectroscopy & Imaging, Warstein, Germany) in backscattering
geometry. The frequency of the Raman line of crystalline Si at 520 cm™! was used to
calibrate the system in the present study.

Morphology was investigated using a field emission-scanning electron micro-
scope (FE-SEM, Mira 3, Tescan, Czech Republic) coupled with an EDX analyzer
(Oxford Instruments).

The values of the specific surface area were received by using a NOVA 1200e
Surface Area & Pore Size Analyzer (Quantachrome Instruments, Boynton Beach,
FL, USA).

The X-ray photoelectron spectroscopy (XPS) measurements were performed in
the XPS Kratos Axis Supra apparatus (Manchester, UK) with a monochromatic
AlKa X-ray radiation, an emission current of 15 mA, and a hybrid lens model. XPS
survey and high-resolution (HR) spectra were recorded using scanning steps of 1.0
and 0.1 eV, respectively. The obtained data were calibrated by setting the Cls emis-
sion at 284.8 eV. The deconvolution and fitting of the interesting elements were car-
ried out using the CasaXPS software (version 2.3.17) by applying a Spine Shirley
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background in the high-resolution spectra and a Gaussian/Lorentzian line shape for
fitting the XPS peaks.

Absorption spectra were recorded using a UV-Vis spectrophotometer Helios
Gamma (Thermo Electron Corporation, Warwickshire, UK) in a quartz cell by dis-
persing the synthesized particles in absolute ethanol by ultrasonic stirring. The band
gap energy (Eg) was determined by utilization of Tauc equation (3):

(ahv)™ = A(hv — E,) 3)

where a is the absorption coefficient, A is a constant, h = Planck’s constant, v =
frequency and n is a constant associated with different kinds of electronic transitions
(0.5 for a direct allowed, 2 for an indirect allowed, 1.5 for a direct forbidden and 3
for an indirect forbidden). The optical band gap, Eg was estimated by plotting (chv)?
as a function of the photon energy hv. Extrapolating the straight line portion of the
Tauc plot for zero absorption coefficient (o = 0) gives optical bandgap energy.

The current-voltage (I-V) characteristics were measured using semiconductor pa-
rameter analyzer Agilent 4155C under dark and focused halogen white light illumi-
nation (illumination intensity of ~ 600 mW/cm?). The measured sample was sepa-
rated from crushing pellets to small pieces (thin stripe with dimensions ~ 200-500
um) and transferred onto insulating pad. The sample contacts were made by small
droplet of silver paste and then annealed together with wiring to the socket.

3. RESULTS AND DISCUSSION
3.1. Structural characterization

The X-ray diffraction (XRD) patterns of previously mechanochemically prepared
CulnSe;, commercial TiO, and mechanochemically synthesized CulnSe,/TiO; nano-
composite are shown in Fig. 1. The Rietveld refinement was carried out to study the
phase composition and crystallite size of the produced nanocomposite (Figure 2). The
diffractions of both components of the nanocomposite can be well-seen in the figure.
Surprisingly, the reflections corresponding to tetragonal CulnSe,, the content of which
is same with content of TiO,, are more intensive that of TiO,. This means that the crys-
tallite size of selenide seems to be larger than in the case of titanium dioxide. With re-
gards to TiO,, commercial Degussa P25 with the 75% content of anatase and 25% of
rutile has been used. However, the reflections corresponding to the latter are more pro-
nounced, so it seems that the anatase-to-rutile phase transformation took place during
milling, which has been previously observed (Kostova and Dutkova, 2016). According
to Rietveld refinement, the estimated crystallite size of CulnSe; is 18 £5 nm and the
detected microstrain is 2.1 £0.4%. CulnSe; crystallized in 1-42d space group with the
following refined lattice parameters a = 5.753 £0.014 A and ¢ = 11.595 £0.017 A. For
titanium dioxide phases, the estimated crystallite size is 5 +1 and 8 +1 nm for rutile and
anatase, respectively, which confirms the presence of very fine crystallites and broad
diffractions with low intensity detected for TiO; in the XRD pattern. TiO»-anatase crys-
tallized in 141/amd space group with the refined lattice parameters a = 3.764 +£0.007 A
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and ¢ = 9.47 £0.023 A. Another one TiO;- rutile phase crystallized in P42/mnm space
group with the refined lattice parameters a = 4.590 £0.017 A and ¢ =2.973 £0.013 A.
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Figure 1

XRD patterns of CulnSe; TiO>, and CulnSe»/TiO: nanocomposite
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Figure 2
XRD pattern and the results of Rietveld refinement of CulnSe»/TiO, nanocomposite

The micro-Raman spectra of the synthesized CulnSe,, CulnSe»/TiO> nanocomposite
and commercially available TiO, under laser excitation at 514 nm are shown in Fig-
ure 3. The results of Raman spectrum of synthesized CulnSe; are in good agreement
with previously published CulnSe, measurements (Rincon and Ramirez, 1992; Za-
retskaya et al., 2003). The CulnSe»/TiO, nanocomposite is a mixture of both com-
ponents which are broadened upon interaction. The measured spectrum shows that
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the dominant feature of Raman spectrum of CulnSe,/TiO, nanocomposite are the
peaks of TiO, showing the formation of a compound in various crystallographic
forms — polymorphism (Tuschel, 2019). The intense peak at 146 cm™! and a broad
less intense peak at 250 cm™! and near 395-440 cm™! correspond to anatase form TiO»
with symmetries E; and Big and rutile form with symmetry E; and E (Tuschel, 2019).
The deflection near 173 cm™! and peak at 208 cm™! can be assigned to CulnSe; phase
with symmetries A; and E. Raman spectroscopy confirmed the crystalline nanoparti-
cles formation being in a good agreement with the results measured by XRD.
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Figure 3
Micro-Raman spectrum of CulnSes TiO;, and CulnSey/TiO> nanocomposite

3.2. Surface and morphological characterization

The specific surface area (Sa) values belong to some of the most important characteris-
tics of milled samples (Balaz et al., 2013). The S of pure CulnSe;, from which the stud-
ied nanocomposite was prepared, is 2.9 m?g ! as was reported in (Dutkova et al., 2016).
In the present study, the co-milling with TiO, led to a considerable increase of the spe-
cific surface area of the sample CulnSe»/TiO> (13 m?g™") in comparison with CulnSe2
alone. However, the obtained value is significantly lower than that acquired after the
introduction of ZnS to CulnSe; reported in (Dutkova et al., 2021). Further, the Sa value
of ZnS (108 m’g ) is much higher than that of pure TiO, P25 (28.7 m?g!). The achieved
value of Sa for CulnSe»/TiO: is far lower than in the other reports on similar systems
applying different synthetic approaches (Kshirsagar et al., 2017).

The morphology of synthesized nanocomposite was studied by the means of scan-
ning electron microscopy (SEM). SEM micrograph of the prepared CulnSe»/TiO»
nanocomposite is shown in Figure 4a. SEM image displays polydispersed particles,
where the agglomerates exhibit the size in micrometers, however, smaller units with
the sizes in the nanometer range can be clearly distinguished. The results of a repre-
sentative EDX analysis are presented in Figure 4b. Several EDX analyses performed
at different parts of the sample revealed a relatively homogeneous distribution of the
elements present in CulnSe,/TiO, nanocomposite.
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Figure 4
a) SEM image and (b) EDX spectrum recorded in characteristic parts of
CulnSe»/TiO, nanocomposite

(c)

Figure 5
EDX mapping of CulnSe»/TiO: nanocomposite. (a) EDX layered image; (b) EDX
image of Cu distribution, (c¢) EDX image of In distribution, (d) EDX image of Se
distribution; (e¢) EDX image of Ti distribution, and (f) EDX image of O distribution

The uniform distribution of all elements in the produced CulnSe»/TiO> nanocompo-
site is well-documented utilizing the EDX mapping method. The results are shown
in Figure 5. The EDX layered images of all the elements are illustrated in Figure Sa
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and the individual EDX imaging for Cu, In, Se, Ti and O, respectively are shown in

Figure 5b—f.
The surface composition of synthesized CulnSe,/TiO> nanocomposite was ana-
lyzed by X-ray photoelectron spectroscopy (XPS). XPS survey and high-resolution

spectra of CulnSe»/Ti0, nanocomposite are shown in Figure 6.
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Figure 6
XPS survey spectrum (a) and high-resolution XPS spectra of CulnSe»/TiO; nano-
composite: (b) — Cu 2p core level, (c) — In 3d core level, (d) — Se 3d core level, (e)
Ti — 2p core level, (f) — O Is core level

Cu, In, Se, Ti, O, and C as elements of interest, appear on XPS survey spectrum of
the CulnSe»/TiO, nanocomposite (Figure 6a). Regarding the high-resolution spec-
trum of Cu2p region (Figure 6b), there are two pairs of the spin-orbit components.
Two components with higher intensity at 952.28 (Cu2pi2) and 932.36 eV (Cu2psp),
with a charge separation AE of 19.92 eV confirmed the monovalent nature of copper.
The observed values are in accordance with the ones for CulnSe; reported in the
paper (Chen et al., 2010; Kshirsagar et al., 2017). The other two components with
lower intensity at 955.03 eV and 933.62 eV might be related to CuO. The doublet



Mechanochemically synthesized ternary chalcogenide CulnSe2/TiO2 nanocomposite 53

components of the In3d core-level region appear at 444.96 eV (In3ds;) and at 452.46
eV (In3ds), with a charge separation of 7.5 eV, which confirms the trivalent nature
of indium (Figure 6c¢). As displayed in Figure 6d, the peak at 54.76 eV was indexed
to Se3dsp, indicating the presence of Se* and proving the absence of oxide for-
mation. Ti2ps» and Ti2pi. splitting components of Ti2p core-level region are found
at 458.46 eV and 464.36 eV, which corresponds to the presence of TiO, compound.
Thus, they are separated by 5.90 eV, which confirms the tetravalent nature of tita-
nium (Figure 6e). Ols spectrum (Figure 6f) exhibits two components with binding
energy positions of 529.76 eV and 531.06 eV. The results also indicate the presence
of titanium dioxide. Binding energies showed that all the signals detected for indi-
vidual elements Cu, In, Se, Ti and O confirmed their anticipated oxidation states. All
the observed values for different elements match well with the reported ones in the
paper (Kshirsagar et al., 2017).

3.3. Optical properties

The optical properties of CulnSe,;, TiO, and mechanochemically synthesized
CulnSe»/Ti0; nanocomposite were investigated using UV-Vis (Figure 7) and micro-
photoluminescence spectroscopy at room temperature (Figure 8).
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The optical band gaps were determined by plotting (ahv)? against (hv) and extrapo-
lating the slope in the band edge region to zero (Equation 3) as shown in insets of
Figure 7. The calculated band gap of CulnSe», TiO; and CulnSe»/TiO> nanocompo-
site was determined to be 1.17, 3.34 and 1.30 eV, respectively. The optical band gap
of TiO; was lightly blue-shifted in comparison with the previous reports (Kostova et
al., 2015; Kostova and Dutkova, 2016). The optical band gap of CulnSe, was also
blue-shifted compared to the bulk CulnSe; with band gap of 1.05 eV (Eisener et al.,
1999). The observed band gap value of the nanocomposite is between those of pure
CulnSe; and TiO; and mixing of both semiconducting materials are expected to show
absorption patterns bearing the signature of both components. In comparison with
pure CulnSe;, the obtained CulnSe»/TiO, nanocomposite exhibits lightly enhanced
absorption in the visible light region.

Figure 8 shows the micro-photoluminescence (PL) spectrum of the mechano-
chemically synthesized CulnSe, and CulnSe,/TiO, nanocomposite under laser exci-
tation at 514 nm. In the spectrum of CulnSe; the peaks at 780 nm (1.59 eV) and 905
nm (1.37 eV) are in agreement with the peaks of nanoparticles published in the paper
(Ghali et al., 2016). The interaction of CulnSe; with TiO> in the CulnSe,/TiO, nano-
composite causes an increase and broadening of the emission spectrum in the 630
nm (1.96 eV) region which indicates the emission of CulnSe; nanoparticles, as de-
scribed in the literature (Ghali et al., 2016). Clusters with CulnSe, quantum dots
emanate a wide range of luminescence in the visible region depending upon their
size and surface defects. The PL spectrum shows a gradual decrease up to the region
of 1100 nm corresponding to the CulnSe; band gap (~1.12 eV).
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Figure 8
PL spectrum of CulnSe> and CulnSe»/TiO> nanocomposite

3.4. Optoelectrical properties

To verify the optoelectrical properties of the mechanochemically synthesized
CulnSe; and CulnSe»/TiO, nanocomposite, the current-voltage (I-V) characteristics
were measured in the dark and under illumination. The measured [-V characteristics
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in the dark in Figure 9 show sufficient conductivity and are almost linear, which confirms
the formation of an ohmic contact on the CulnSe; and prepared CulnSe»/TiO, nanocom-
posite. After illuminating the sample, the number of generated charge carriers in the
CulnSe,/TiO, nanocomposite increases, causing an increase in the photocurrent. The re-
sults showed a photosensitivity of 5% for CulnSe; and 4.8% for CulnSe»/TiO; at an ap-
plied voltage of 2 V compared to the current in the dark. Overall, in the nanocomposite
CulnSe»/TiO; compared to CulnSe;, there was an increase in the current by 57%.

This suggests that the structure formed between CulnSe, and TiO; can increase
the photoelectron transfer rate and promote the separation of photogenerated carriers
as reported in the literature (Yu et al., 2011; Yang et al., 2022). The above-mentioned
measurements of optoelectrical properties confirm the suitability of using this mate-
rial for the absorber layer in solar cells.
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Current vs. Voltage (I-V) characteristics of (a) CulnSe; and (b) CulnSey/TiO:
nanocomposite in the dark and under light illumination

4. CONCLUSIONS

In this work, CulnSe,/TiO; nanocomposite was prepared by a simple, low-cost mech-
anochemical route. X-ray diffraction confirmed the nanocrystalline character of all the
components of the nanocomposite, the crystallite size for CulnSe; (18 nm) being larger
than in the case of both TiO; phases (5 and 8 nm for rutile and anatase, respectively).
Raman spectroscopy confirmed the presence of both components in the nanocompo-
site. The morphology characterization using SEM demonstrated the homogeneity of
the prepared nanocomposite. The surface properties investigated by the low-tempera-
ture nitrogen adsorption showed that the nanocrystallites are agglomerated into mi-
cron-scale particles and co-milling CulnSe; with TiO; led to a considerable increase
of the specific surface area of the sample CulnSe»/TiO (13 m?g ") in comparison with
alone CulnSe,. XPS analysis validated the presence of all elements in their expected
oxidation states. Optical characterization indicated that the CulnSe, could extend the
visible-light response range. CulnSe,/TiO, nanocomposite exhibits strong absorption
from the ultraviolet to visible region with the determined optical bandgap 1.3 eV. The
current increased by 57% in CulnSe»/TiO, nanocomposite compared to CulnSe:.
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This investigation has shown the possibility to prepare nanocomposite material with
potential applications in optoelectronics by an environmentally friendly manner.
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Abstract: The grindability of raw materials is a key parameter of mineral processing. It is
also very important for some kinds of secondary raw materials, such as demolition and con-
struction wastes. The rheological behavior of the ground slurry or suspension evidently af-
fects grinding because of the well-known viscous dampening effect. However, the grindabil-
ity of materials as a function of the moisture content and rheology has not been studied on-
line. Therefore, the grindability of a soft adhesive (limestone) and a hard non-adhesive
(quartz) material was examined in the Universal Hardgrove Mill during room temperature
dry and wet (in tap water) grinding. The powder flow behavior of the dry ground samples
was measured in an FT4 powder rheometer, while the rheological properties of the wet
ground suspensions were measured in a rotational rheometer.

Keywords: grindability, Universal Hardgrove Mill, moisture content, grinding, quartz

1. INTRODUCTION

The issue of the high energy demand of comminution is widely known in the litera-
ture and continuous research is ongoing in this field. On the other hand, the process
engineering design of crushing and grinding units is typically carried out by using
different kinds of grindability indices characterizing the given raw material. This is the
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reason why the fundamental research of grindability test methodology development
and the development of the auxiliary complementary test methodology is so important.
At the Institute of Raw Materials Preparation and Environmental Technology of the
University of Miskolc, it has a long tradition, the Universal Hardgove Mill and the
Universal Bond Mill had been developed by with grindability can be measured at so
called universal circumstances, namely at high temperature and in any kind of (neutral,
acidic, alkali) media (Csoke et al., 2003; Mucsi et al., 2006).

Deniz (Deniz, 2022a and 2022b) determined the effects of kinetic breakage
parameters on calcites in a Hardgrove mill. Yang et al. (Yang et al., 2020) studied
experimentally the effect of moisture on Shengli lignite breakage behavior and energy
efficiency. They concluded that the energy-size reduction process for grinding lignite
is markedly influenced by moisture occurrence and content. Removing surface mois-
ture from 37.90% to 16.61% (the air-dried condition) resulted in a slight increase of
input energy by 0.04 kWh.t—1 per 10 s. However, with further drying to inherent mois-
ture to 0%, the consumed energy significantly increased by 0.16 kWh.t—1 per 10 s.
Meanwhile, the mass fraction of the top size decreased from 42.29% to 24.73% and
then to 13.00%, while the pulverized coal production increased sharply from 6.28% to
10.68% and to 23.64%, both at a grinding time of 6 min. The energy efficiency was
also significantly improved as the moisture content of lignite was reduced to below the
air-dried level. The air-dried moisture content was the inflecting point for lignite grind-
ing in the Hardgrove mill. A two-stage pre-drying system was proposed accordingly.
The experimental results of Vuthaluru et al. (Vuthaluru et al., 2003) suggest that no
relationship exists between the coarse fraction moisture and Hardgrove index in the
case of coal. Beyond these, lack of knowledge about the effect of the moisture content
on grindability can be found in the literature in the case of quartz or limestone. The
effect of the moisture content of coal (Vuthaluru et al., 2003; Yang et al., 2020) was
measured.

Another current issue is the question of viscous dampening in comminution ma-
chines. Therefore, two model materials, — a soft and adhesive material: the limestone
and a hard and non-adhesive material: the quartz — were selected. After the preparation
of the taken samples the so-called dry (< 20 m/m% moisture content) and wet (> 50
m/m%) grindability tests were carried out in the Universal Hardgrove Mill. At this
time auxiliary tests had also been carried out. Powder flow features were measured in
a powder rheometer and suspension rheology was measured in a rotational rheometer.

2. MATERIALS AND METHODS

The limestone samples — with a particle density of 2680 kg/m* (measured by liquid
pycnometer in water) were taken in Tornanadaska, Hungary. The quartz samples —
with a particle density of 2631 kg/m® (measured by a liquid pycnometer in water)
were taken in Alsézsolca, Hungary. The Hardgrove grindability index was measured
by the earlier developed — but a newly built and improved — Universal Hardgrove
Mill (Figure 1 and 2). Parts of the Universal Hardgrove Mill are: 1. Grinding balls,
2. Shaped closing assembly for pushing down the balls, 3. Grinding crucible, 4. Cru-
cible furnace: heat-insulating enclosure with three 230 V/500 W heating wires and
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three PT100 platinum thermal resistors, 5. Electric connection field for connecting
the heating wires and thermal resistors, 6. Electric connection field for connecting
the heating wire and thermal resistor, 7. Cover of crucible furnace: heat-insulating
enclosure with one 230 V/500 W heating wire and one PT100 platinum thermal re-
sistor, 8. Axially moving shaft with bearing, 9. Bearing, 10. Worm-gear drive, 11.
Weight, 12. Asynchronous motor, 13. Lever, 14. Measurement electronics, 15.
Measurement data acquisition and A/D card, measuring and controlling computer,
measuring and controlling software, 16, Axial bearing, 17. Force measuring trans-
ducer.

. Figure 1
Schematics of the Universal Hardgrove mill

According to the standard Hardgrove protocol 50 g prepared sample, namely only
the x =590... 1190 pum particle size fraction is fed into the grinding chamber. There
are eight 25.4 mm diameter balls in there. The vertical force on the grinding balls is
set constant to be 290 N. The constant revolution number of the rotor is 20 1/min
and a grinding lasts until 60 full revolutions. After grinding, the ground solids are
removed and sieved in a Retsch sieving machine for 20 minutes using a 0.075 mm
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aperture size screen. The mass of the fine fraction (m7s) is measured in gram unit and
the Hardgrove index is calculated by Equation 1. However, the Hardgrove index (H)
is widely used in the industry, this index characterises the specific energy need only
indirectly. Csdke et.al. (2013) suggested a simple conversion equation (Equation 2)
by with the Bond index (Wg ) can be calculated from the Hardgrove index.

H=16+6.93 mg (1)
468
Wgn = g0.82 ()

Figure 2
Photo of the upgraded newly built Universal Hardgrove mill

Powder flow properties were measured in a FreemanTech FT4 powder rheometer
according to the so-called Specific Energy (SE) protocol. SE is a measure of how
powder flows in an unconfined or low-stress environment. It is calculated from the
energy required to establish a particular flow pattern in a conditioned, precise volume
of powder. This flow pattern is an upward clockwise motion of the blade, generating
gentle lifting and low-stress flow of the powder. The powder samples were placed
into the 25 mm diameter and 60 mm height sample holder. The shape of the blade is
shown in Figure 3.
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Figure 3
Shape of blade of SE tests

During each SE tests 8 test cycles were done, and the tip speed of the blade was
always constant 100 mm/s. One test cycle contained first a total down and an upward
moving of the blade into the powder bed for conditioning purposes without meas-
urements. Afterward, the blade moved down again, and measurement started when
the blade started to move up again. Since the revolution number and torque were
measured, the total energy that the blade needed for the total upward movement was
calculated by the data acquisition software by numerical integration. The measured
SE values as a function of the 8 consecutive test cycles can be considered as the
function of powder flow and cohesion and the friction angle can be determined as
the energy axis intersect and slope of the fitted straight line.

The rheological properties of the suspensions were measured in an Anton-Paar
Physica MCRS51 rotational rheometer using a cylinder — cylinder measuring system
with a 40 mm diameter bob and 0.5 mm Couette gap when the necessary sample
quantity for one test was 50 cm®. The revolution number of the bob was set when the
shear rate was gradually decreased from 1000 1/s down to 100 1/s. The data acqui-
sition system of the rotational rheometer records the measured torque and set revo-
lution values and calculates the pseudo shear rate and pseudo shear stress values,
namely the points of the pseudo shear curve. Afterwards, the rheological model and
the parameters can be determined by curve fitting.

3. RESULTS AND DISCUSSION

During the systematic tests two different materials, limestone (LS) and quartz (QA)
and five initial moisture contents were tested. Moisture contents of 0, 10 and 20
m/m% can be considered as dry grindability tests and the ones of 50 and 70 m/m%
can be considered as wet tests. The exact moisture contents were set by drying and
wetting before the Hardgrove tests. After the Hardgrove tests the ground samples
were dried at 105 °C until mass equilibrium, because without this, sieving with the
0.075 mm opening size screen was not feasible. This simple operation just shows
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why the moisture content is not considered during regular Hardgrove testing. The
results of the Hardgrove tests are shown in Table 1.

After the Hardgrove testing the entire fine (<0.075 mm) and coarse fractions were
mixed again and the Specific Energy (SE) tests were performed. Figure 4 shows the
sample holder of the FT4 powder rheometer with a quartz sample when the blade
was rotated in it.

Figure 4

Sample holder of SE testing
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Figure 4 illustrates what the problem was with the SE tests of quartz. The particulate
system was a little too coarse for the device and the powder was gradually dug up by
the blade. The carrying out of quartz SE tests was not feasible, but with limestone it
was without problems. Figure 5 shows the measured powder flow points and fitted
flow curves of the limestone SE tests. The results of linear curve fitting and the meas-
ured Hardgrove indices, cohesions and friction angle values — based on Figure 5 — are
shown in Table 1.

According to Table 1, grindability is strongly influenced by the initial moisture
content. It is well known in the literature that sieving at 15 m/m% moisture content
is critical because the capillary force between the adjacent particles is the highest in
such cases, practically materials with such moisture content cannot be sieved. Above
20 m/m% moisture content, wet sieving has occurred. At the so-called dry grinding
range (0 and 10 m/m%) of quartz the measured Bond grindability indices are con-
siderably higher because the particles with themselves and with the balls are bonded
by the capillary forces. At wet quartz grinding (20, 50 and 70 m/m%) the required
energy is lower, because the inter-particle bond decreases but the particles still can
be bonded to the surface of the balls.

Table 1
Results of the Hardgrove and SE tests
Mark of | H index Wen Spec. work Coh. Frict.
sample - Ws/50g angle
Wh/t mJ mJ/step
LS00 58.48 16.7 26.8 1264 72.8
LS10 57.93 16.8 26.8 698 175.6
LS20 70.26 14.3 26.8 2131 25.4
LS50 71.51 14.1 26.7 209 184.6
LS70 70.75 14.2 26.8 1193 57.7
QA00 47.05 19.9 26.7 - -
QAI10 42.47 21.6 26.7 - -
QA20 51.07 18.6 26.7 - —
QAS0 54.05 17.7 26.8 - -
QA70 53.70 17.9 26.8 - -

Probably, grinding also deteriorates at extremely high moisture contents because
particles cannot be bonded to the balls anymore. From these observations the con-
clusion must be drawn that the Hardgrove grindability testing should be carried out
at the actual moisture content of industrial grinding, especially when the measured
values are used for on-line grinding regulation. Regarding the limestone grindability
tests similar conclusions can be drawn except that the adhesive limestone can be
efficiently ground at 70 m/m% moisture content too, because limestone can still be
bonded to the balls.
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After the powder flow tests the same material was used for the rotational rheom-
eter tests. Because of the Couette gap width (0.5 mm) between the cylinders and
according to our earlier experiences, particles typically coarser than 0.16 mm should
not be measured in the MCR51 rotational rheometer with this measurement system.
This is a general rule of sampling and test methodology, that the smallest size of the
equipment should be at least three times the typical particle size (Lnin=>3-X).

Table 2
Results of rheological tests of limestone samples
. . Volumetric Absolute Absolute viscosity
Original . . .
samole concentration | viscosity (repeated)
P % mPas mPas
finer than 0.16 mm
2.2 4.0 3.9
LS10
4.4 4.0 4.1
2.2 4.0 4.0
LS20 4.4 4.2 4.1
6.7 4.4 4.4
2.2 3.9 4.0
LS70 4.4 4.0 4.0
6.7 43 43
finer than 0.5 mm
LS70 16.3 4.6 4.4

Therefore, the solids were sieved again, but now with a 0.16 mm aperture size screen.
Unfortunately, this method decreased the quantity of fine solids; therefore only low
solids concentrations could be measured. There is one exception, in the case of the
LS70 solids a higher concentration and the <0.5 mm fraction were measured suc-
cessfully, but this result has to be handled with care (the simple sampling rule of
Lmin>3-X was not satisfied in this single case). Table 2 shows the results of rheolog-
ical tests of limestone samples; these low concentration suspensions were Newtonian
fluids with low absolute viscosity values. Table 3 shows the results of rheological
tests of quartz samples.

It is well seen that the many sample operations with the ground solids (drying,
sieving, SE testing, sieving, mixing) probably destroyed the original effect of
Hardgrove testing or there is no such effect in this case. The measured absolute vis-
cosity values follow the well-known Einstein concentration-viscosity relation for di-
lute fine suspensions.
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Table 3
Results of rheological tests of quartz samples
. . Volumetric A.b SOh.lte Absolute viscosity
Original . viscosity
concentration (repeated)
sample o
Yo mPas
mPas
finer than 0.16 mm

2.2 4.0 4.0
QAO00

4.4 4.0 4.0

2.2 4.1 4.1
QA10

3.0 4.1 4.1

2.2 4.1 4.1
QA20

4.4 4.1 4.1
QA50 2.2 4.0 4.0
QA70 2.2 4.0 4.0

4. CONCLUSION

The carried out wet mode grindability testing has proved that the moisture content is
also a very important technological parameter. At the so-called dry grinding range
(0 and 10 m/m%) the measured necessary grinding energy was typically higher, at
wet grinding (20, 50 and 70 m/m%) the required energy was lower. 50 m/m% mois-
ture content resulted in the lowest grinding energy need. The same trends were ob-
served for both model materials, namely for the limestone (soft adhesive) and the
quartz (hard non-adhesive).

Two important phenomena were revealed, namely that the places of capillary
force acting among the particles and among the particles and the balls are also im-
portant and opposite effects can be observed in the two places. The particle-particle
bonds are typically not advantageous because they deteriorate grinding; however,
particle-ball bonds are advantageous because in ball and ring mills it helps for the
formation of more stressing events.

It was also concluded that on-line grindability testing for technological regulation
should be done at a moisture value equal to the actual moisture content of the mate-
rial in the industrial equipment.

This study also has revealed that further measurement methodology development
is also necessary. Just think about the problem when Hardgrove grindability is meas-
ured in the 10-20 m/m% moisture content range, but sieving at this range is impos-
sible, because of the high capillary forces. Measurement technique difficulties were
also found at the powder flow and the rotational rheometer testing, but it is thought
that this initial work can pave the way for later developments.
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Abstract: Mankind needs materials for civilisation. The earth sciences & engineering (ex-
ploration, extraction and processing of natural and anthropogenic resources) has been sup-
plied raw- and commodity materials for production. Recently, it is evident that a better man-
agement with natural resources is necessary and therefore the concept of circular economy
was born. Its first leg is the system level optimization of the production — consumption cycle
by optimal energy usage, circular-minded design, and circular-minded behaviour of the so-
ciety, optimised and elongated use of products, re-use, re-manufacture and so on. However,
as the name circular economy implies the second leg, namely the circulation of the materials
is the most important element. The concept of urban mining means the mining and pro-
cessing, therefore reclaiming compounds and elements from any kind of anthropogenic
origin stocks, including buildings, infrastructure, industries and products (in and out of use).
This review paper compiles examples from the literature showcasing industrial applications
of urban mining waste-to-material recycling, focusing on cases where mechanical processing
of man-made raw materials is essential, thus necessitating comminution and classification
processes. Flow types of anthropogenic raw materials are reported to EU authorities regu-
larly, therefore subcategorization of waste types follows the EU nomenclature. Characteristic
comminution machines and main types of stressing and in some cases characterising separa-
tion units are presented which are illustrated by a few selected application examples.

Keywords: circular economy, urban mining, stock and flow types of anthropogenic raw ma-
terials, waste crushing and grinding

1. INTRODUCTION AND AIM

The challenges to the sustainability of human life on earth have intensified in recent
times, as it has now become generally evident that it is under threat. As an answer
for sparing and managing natural resources, the concept of the circular economy and
urban mining was born. The scientific vocabulary of these relatively new areas was
clarified probably by Cossu and Williams (2015). According to Cossu and Williams
(2015) the terminology Landfill Mining represents the activities involved in
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extracting and processing wastes which have been previously stocked in particular
kinds of deposits (municipal landfills, mine tailings, etc.). Urban Mining extends
landfill mining to the process of reclaiming compounds and elements from any kind
of anthropogenic stocks, including buildings, infrastructure, industries, products (in
and out of use), and environmental media receiving anthropogenic emissions. Cir-
cular economy is even a much wider term, because it covers all the economic and
social impacts too, including how to design fully recyclable products and so on,
meaning everything that facilitates the real material circular flow. Figure 1 illustrates
a material balance on Earth. The two legs of the circular economy and the scientific
vocabulary are clearly visible on this figure. For human civilisation materials are
needed, and the earth sciences & engineering - meaning the exploration and extrac-
tion of natural- and anthropogenic resources and the processing of the mined virgin-
and secondary raw materials - supplies all the necessary geogenic origin materials
for mankind.

Earth Sciences & Engineering

Explo- | | 5y Ext- Pro-
&?Q ration ‘raction 4 .‘,%.cessing

Production - Consumption Cycle

PRODUCTION CONSUMPTION

Commodi(/Ma(erials
Product: *

Virgin Raw Materials

Wastes & residues Wastes & residues
of production of consumption
End of Life

NATURAL ANTHROPOGENIC (stock and flow types) RAW MATERIALS
SESEIREES ANTHROPOGENIC RESOURCES A

:

Pro- A Ext- Explo-
| k@g’.cessing ‘raction “ID ration

Earth Sciences & Engineering

Secondary

Raw Materials

?

Urban Mining
CIRCULAR ECONOMY

Figure 1
Urban mining as the most important part of the circular economy

In the English-speaking world, the terms “raw materials” and “commodity materi-
als” are generally not distinguished; however, the role of mineral- and waste pro-
cessing cannot be well explained without this. Mineral processing upgrades the
mined virgin raw materials and produces commodity materials for production. Sim-
ilarly waste processing upgrades the mined secondary raw materials and produces
commodity materials also. The first leg of the circular economy falls into the system
level optimization of the production — consumption cycle and this is a really wide
area. It necessitates optimal energy usage, circular-minded design, and circular-
minded behaviour of the society, optimised and elongated use of products, re-use,
re-manufacture and so on. However, we still think that the most important part of the
circular economy is the second leg, namely how we can gain raw materials from
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anthropogenic resources by urban mining and inside this the real challenge is not the
waste mining but rather how the waste is processed. Unfortunately, wastes are typi-
cally multi-material systems and this is where the challenge lies. The stocked mate-
rials may represent a significant source of resources, with concentrations of elements
often comparable to or exceeding natural stocks. A definition distinguishing between
“stock” and “flow” resources, either anthropogenic or natural is necessary. The
origin of natural stocks can be either geogenic or biogenic and many times geogenic
natural stocks are called “virgin” (Winterstetter et. al. 2016). Annual stocks of ma-
terials held in geological deposits, groundwater reservoirs, household and industrial
buildings, infrastructure and scrap products may not vary much over time. However,
annual flows of materials may change considerably from year to year, depending
upon the prevailing economic situation, fashion, technical innovations, etc. Nev-
ertheless, from both anthropogenic stock and flow resources, secondary raw mate-
rials are produced. Resource Recovery includes materials recycling as well as the
energy that can be generated by treating and managing wastes (waste-to-energy
recovery). Materials Recycling (or waste-to-material recycling) aims to transform
selected wastes into materials that can be used again in the manufacture of new
products. The mining and processing of virgin geogenic raw materials have always
been with us for as long as humans have lived, since without materials there can
be no civilized life on earth.

Therefore, the current task is to transfer the known technologies of mining and
mineral processing to the field of urban mining including waste processing. The first
comprehensive paper applying this concept was probably written by Ambros (2023).
Ambros (2023) reviewed the typical gravity concentration units and their applica-
tions in mineral processing and then investigated the possible applications of that
mechanical process for waste upgrading. Another new scientific term we have to
learn is the Distinct Urban Mine (DUM). The materials and resources recoverable
from individual urban spaces differ. The uniqueness of an urban mine is due to fac-
tors such as the composition and concentration of post-production and post-con-
sumption materials of interest as well as the demographic profile of the urban space.
This delimited space, unique in its material composition and concentration is called
a Distinct Urban Mine (DUM) (Ongondo et. al. 2015). As with a traditional mine, a
DUM requires prospection to determine its viability. Information such as size, con-
centration of materials and grade of resources of interest and its location within the
wider anthroposphere is necessary. According to Ambros (2023) the miners of the
present will gradually become recyclers in the future since there will be more copper,
iron, and zinc (and other metals) in the cities than in the earth’s crust after 2050
(considering current known reserves).

Taking this introduction into account it was concluded that a review of techno-
logical applications of comminution and classification in the field of urban mining
could be useful for the scientific community. Data on the continuously generating
wastes, by-products and other residues, namely the flow types of anthropogenic raw
materials are reported to the national and EU authorities regularly, therefore it is
aimed first to give a summary of these statistical waste categories and sub-categories
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according to the EU nomenclature. Then focusing only on the waste-to-material re-
cycling the characteristic comminution machines and main types of stressing and in
some cases characterising separation units are presented which are illustrated by a
few selected application examples. The typical upgrading concept is well-known in
mineral processing. Every time mechanical pre-processing is needed, namely com-
minution and classification are necessary to release the valuable components and
generate narrowly distributed particle size or shape fractions, as they enable effective
upgrading. Then if there is a difference in any intrinsic feature of the component
materials, the materials can be upgraded by physical separation when different par-
ticles go into products because of forces, namely concentrates — rich in the useful
components — and tailings — hopefully poor in the useful components — can be pro-
duced. If the particles of the feed of different materials are sorted by manual- or
sensor-based sorting (SBS), this kind of upgrading requires mechanical pre-treat-
ment also. After the mechanical pre-upgrading — when the big mass of non-useful
components has been discarded — mechanical-, chemical-, thermal- or biological pro-
cesses can be used for the extraction of the useful components. Without mechanical
pre-concentration, it is certain that no subsequent non-mechanical waste recycling
process can be economically viable. Therefore, the role of comminution is very im-
portant for urban mining.

Before going further, let’s review the conclusions of Ambros (2023) about the
three competing upgrading processes (upgrading at density, SBS and froth flotation),
because similar conclusions are expected for the comminution. Most plastics, due to
their low density and hydrophobic properties, may be considered as the urban mining
equivalent of coal in mineral processing. Therefore, methods like jigging, counter-
current flow separation and dense media separation can effectively separate poly-
mers when the material feed is adequately liberated. Centrifuge gravity separation
also shows potential for isolating microplastics from soil and sediments (Ambros,
2023). Gravity concentration is promising for producing recycled aggregates from
construction and demolition waste (CDW), especially for coarse aggregates (>4.75
mm). However, processing fine CDW (<4.75 mm) remains underexplored, possibly
due to direct applications in backfilling and geotechnical fields (Ambros, 2023). And
most importantly, gravity separation is increasingly challenged by two fronts: sen-
sor-based sorting (SBS) in the processing of coarse materials and froth flotation in
the treatment of fine-sized materials. However, there is an intermediate size range
(about 0.75-5 mm) where these techniques face technical difficulties and in which
gravity separation typically excels, particularly for treating construction and demo-
lition waste (CDW) and microplastics. Also, SBS (sensor-based sorting) typically
can effectively sort particles within a limited range of sizes, with a recommended
maximum size ratio of about 3 between the smallest and largest particles (Ambros,
2023). This is why classification is important.

As the last element of the introduction, a short summary of comminution machine
names is necessary, however this is widely applied and generally known. If commi-
nution happens on the size range of coarser than about 0.5-1 mm, the process is called
crushing and the machines are called crushers, for a smaller size range the process is
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called grinding and the machines are called mills. The minerals are typically brittle
materials and therefore jaw, gyratory, cone, roll, impact, hammer and other crushers
can be applied for crushing and ring, ball, planetary, vibrated, stirred media and other
mills can be applied for milling in mineral processing. Generally speaking, wastes
are typically non-brittle materials, therefore rotary shears, rotary cutters, rotary
shredders and translatory shears can be applied for waste processing.

2. FLOW TYPES OF SECONDARY RAW MATERIAL STOCKS

According to EU statistics, 776.3 million tons of waste was generated, excluding
major mineral waste in the EU in 2020 (Eurostat online data code: env_wasgen).
At the time of generation, this whole mass of waste can be considered as a flow
type of anthropogenic secondary resource. It consists of solid wastes as 25.2%
household wastes; 21.5% manufacturing wastes; 11.5% other sectors' wastes; 5.9%
energy wastes; 5% construction wastes; 2.7% agriculture, forestry and fishing
wastes; 1% mining and quarrying wastes and non-solid 27.4% wastewater. Some
of this waste mass will be charged in deposits and landfills and later that will be-
come a stock type of resource. Table 1 shows comminution and classification
waste-to-material recycling application examples according to the subcategoriza-
tion of the generated solid wastes.

2.1. Agriculture, forestry and fishing wastes

Total waste generation by entities of Section A — Agriculture, forestry and fishing —
in EU countries in 2016 was about 2.6-10° tonnes, meaning an average 40 kg/capita
waste generation (Komor and Bujanowitz-Haras, 2019). Agriculture waste com-
prises Crop waste (rice husk, wheat straws, sugarcane bagasse), Animal waste (ani-
mal excreta, dead animals), Processing waste (packaging material, fertilizer cans)
and Hazardous waste (pesticides, insecticides). Typical agricultural waste recycling
processes are composting (producing nutrient-rich compost), biogas generation (di-
gesters convert waste into biogas and that is an energy source), mulching (solid waste
can be used as mulch to protect the soil), biomass conversion (thermo- and biochem-
ical conversion of the waste into valuable products) and the recycling of packaging
materials (Yang et. al. 2021). A variety of comminution machines of brittle and non-
brittle materials are used for recycling agricultural wastes but only on a small scale,
mainly as auxiliary pre-processes. For crop waste comminution hammer crushers or
mills can be applied because the beating, impacting and shearing types of stressing
are beneficial in this case. For animal waste comminution, axial gap rotary shears
are beneficial because of the shearing and tearing stress.
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Table 1

Summary of waste sub-categories and examples

for their recycling options and applied comminution equipment
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Regarding Forestry wastes, the conventional treatment of agroforestry waste in-
cludes landfilling, thermal management, and decomposition which is accompanied
by their own share of disadvantages (Gupta et. al., 2022). To date, mills used for
comminuting lignocellulose have been developed for materials with brittle material
properties, whereas biogenic materials show almost brittle to viscoelastic properties.
It has not yet been clarified whether the principles applicable to brittle materials can
be utilized for the comminution of renewable raw materials. Developing new com-
minution machines for this purpose and enhancing energy efficiency to achieve nec-
essary particulate sizes and properties for subsequent processes is of the utmost im-
portance (Eisenlauer and Teipel, 2020). For wood comminution cutting mills with
the main stress type cutting and shear stress and swing hammer mills with mainly
impact stress can be used (Eisenlauer and Teipel, 2020). Sometimes, the peripheral
speed of hammer mills' tip point applied for wood comminution can reach 100 m/s.

Fishing (fish) waste is not only a major environmental problem, but also a huge
economic loss. For this reason, a better fish-waste management is needed to over-
come these important issues. The use of fish by-products could contribute to the de-
velopment of products with high commercial value, and consequently, to economic
growth. Fishing wastes could become an enormous resource for the production of
value-added products e.g., peptides, proteins, collagen, chitin, oil and enzymes with
several potential applications. The extraction and purification techniques are mainly
based on procedures as acid extraction, enzymatic hydrolysis and fermentation (Cop-
pola et.al., 2021). The role of mechanical pre-processing by comminution and clas-
sification is not so important for this waste stream.

2.2. Mining and quarrying wastes and metallurgical slags

Mining and quarrying wastes are typically produced during ferrous metals -, non-
ferrous metals — industrial minerals —, and coal mining and processing. Millions of
tons of waste rock (materials overlying the area to be mined and which are moved in
order to gain access to the orebody), overburden (low-grade minerals) and benefi-
ciation wastes (residues of mineral processing) are produced by the global mining
industry (Matinde et. al. 2018). The mining sector produces commodity raw materi-
als for the production and the liberation of the useful minerals requires comminution
(crushing and grinding). Comminution is more effective by the application of open
and closed comminution and classification cycles and it is really important because
of the high energy demand of this process. The comminution — only in the mining
sector — requires about 1% of the world’s total generated energy (Jeswiet and Sze-
keres, 2016). As it is widely recognised the energetic efficiency of comminution
plays a crucial role, because a slight efficiency increase represents considerable en-
ergy saving. The full spectrum of brittle materials comminution machines from
coarse crushing, from the jaw crusher towards grinding to fine- and ultrafine grind-
ing with stirred media mills is used for mineral processing and these units can be
mainly applied for the recycling too of these waste streams. This topic is really
widely covered in the literature (Jeswiet and Szekeres, 2016; Matinde et. al. 2018).
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Metallurgical dusts and slags, in 2020, world iron slag production was estimated
to be between 310 million and 380 million tons, and steel slag production was esti-
mated to be between 180 million and 270 million tons. The yield of copper slag reaches
nearly 70 million tons each year worldwide. The residues and by-products of metal-
lurgy still typically contain some valuable metals and some hazardous elements. It
means that the freshly generated wastes and the stocked ones in deposits represent an
environmental hazard and a potential secondary raw material at the same time. The
primary aim of metallurgical dusts and slags recycling is the recovery of the valuable
metals by hydro-, pyro- or bio-metallurgical processes (Tian et. al. 2021). That is also
typical that only the valuable metal content recycling is not economical the higher mass
ratio of other components utilisation has to be also implemented. This is the well-
known complex utilisation. As an example copper slag can be used for construction of
the top layer, base course and substructure of roads where it can be used as soil or
aggregate, unbound, bituminous or hydraulically bound. Other target utilisation of
metallurgical residues is a kind of construction industry or geotechnical usage, such as
cement or concrete additive or other forms (Klaffenbach et. al. 2023). The applied most
important comminution application of metallurgical residues recycling is the grinding;
media mills, namely ball mills, autogenous mills (AG) and pebble mills are generally
used (Metin Can and Mercan, 2023). The most important direct utilisation of granu-
lated blast furnace slag is the cement additive application. Ring mills with stress-type
of material bed compression are typically applied on-site for the residue’s processing.

2.3. Manufacturing wastes

Manufacturing waste refers to the materials left over during the production process
of new products. Other names for this type of waste include factory waste, industrial
waste, construction waste, and production waste. Wastes of producers and service
providers can be subdivided as production-specific wastes (QA — quality assurance
— discarded or bad products, technological e.g. red mud of alumina production or
slag of iron production and the amortization — worn out production machines). Non-
production-specific wastes (e.g. packing materials, office paper and office computer)
are also generated during production, but these wastes are characterised into other
waste streams in this paper. More than two-thirds of manufacturing waste originates
from biological sources, such as sludge from wastewater and inedible food waste.
There are various reasons behind QA defects in mid-production products in different
industries. Some examples are: pharmaceutical industry (failed stability testing, con-
tamination, incorrect labelling), food production (microbiological contamination,
chemical contamination and allergen cross-contamination), technology production
(functionality testing, quality control defects and safety testing), automotive (dura-
bility testing, quality control checks, safety standards). The primary aim of produc-
tion-specific waste utilisation is to bring these materials back into their own produc-
tion system. If it is not possible their materials should be used as raw materials for
other products production. Since the entire production scale is very extensive, so is
the scale of waste materials generated; therefore all the different brittle (mineral like)
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and non-brittle types of waste materials occur. Typical recycling technologies for
typical waste materials are described for the other waste streams in the paper.

2.4. Wastes of energy production

Energy production is essential for humanity and right now that results huge mass of
waste and residues generation. According to a recent study (Mirletz et.al., 2023) the
specific waste generation ratio of the main energy-producing sectors will be as fol-
lows up to 2050. The percentage of each sector is determined as mass percentage.
Fossil fuels incineration and waste-to-energy residues (97.95%), EoL solar panels -
PV (1.84%), wind energy residues, mainly EoL turbine blades (0.18%) and nuclear
energy generation residues, mainly spent or unprocessed fuel (0.03%).

Residues of fuels incineration: Coal and lignite-fired power plants residues are
called “coal combustion residues” (CCR) and these typically include the fly ash sepa-
rated in different stages of the flue gas cleaning system, bottom ash and boiler slag. It
is generated in an enormous high quantity worldwide, almost 800 million tons/year.
The major utilisation of CCR is in cement, concrete, bricks, wood substitute products,
soil stabilisation, road base/embankment, and consolidation of ground, land reclama-
tion and for agriculture. CCRs is being used as a raw material in cement, cellular con-
crete, fly ash lime bricks, fly ash lime gypsum block, building tiles; as admixture in
cement concrete, timber substitute products; as aggregate in concrete, road and build-
ing block; as pozzolana in lime pozzolana (Asokan et. al., 2005; Mucsi, 2016). The
mechanical activation of CCR is a promising technology and that significantly in-
creases the waste-to-material recyclability of this waste stream. The combined utilisa-
tion of mineral processing wastes with CCR is also a promising new area. Equipment
of mechanical activation might be the traditional tumbling ball mill or high energy
density mills (HEM) like the planetary ball mill, vibratory mill or stirred media mill
(Mucsi, 2016; Mucsi et. al., 2019). It is an interesting situation that the residues of the
waste-to-energy utilisation of many waste streams, such as the municipal solid wastes
(MSW), other combustible wastes, hazardous wastes are also potential secondary raw
materials and represent hazard to the environment too. The processing and the appli-
cation of waste incineration residues might be similar to CCR. As an example, MSW
fly ash and slag can be utilised as precursors in low-range alkaline cements after me-
chanical activation by grinding (Cristelo et. al., 2020).

Residues of solar energy generation: at the end of 2016, the cumulative global
PV waste reached 250,000 metric tons, while it is expected that by 2050 that figure
will increase to 5.5-6 million tons. Much PV waste currently ends up in landfills.
Given the heavy metals present in PV modules, e.g. lead and tin, this can result in
significant environmental pollution issues. However, because of the valuable com-
ponents like silver and copper, methods for recycling solar modules are being devel-
oped worldwide. The recycling process of ¢c-Si PV modules (crystalline silicon) be-
gins with the removal of the cables, junction box and frame from the PV module.
Then, the module is shredded and the liberated structural components are upgraded
by sensor-based sorting. For PV panels shredding specialised hammer crushers are
used, when the basic machine is optimised for this waste stream. The separated waste
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materials are then sent to specific recycling processes associated with each material.
According to the FirstSolar and the ANTEC Solar GmbH developed technologies
the recycling of the CdTe PV modules process starts with the shredding of the mod-
ules into large pieces and subsequently in to small fragments (5 mm or less) by a
hammer mill. During the next 4—6 h the semiconductor films are removed in a slow
leaching drum. The remaining glass is exposed to a mixture of sulfuric acid and hy-
drogen peroxide aiming, to reach an optimal solid-liquid ratio. After that process,
the glass is separated again. The next step is to separate the glass from the larger
ethylene vinyl acetate (EVA) pieces, via a vibrating screen. The glass is cleaned and
sent to recycling. Sodium hydroxide is used to precipitate the metal compounds. This
process recovers 90% of the glass for use in new products and 95% of the semicon-
ductor materials for use in new solar modules (Lunardi et. al. 2017).

Residues of wind energy generation: the main EoL wind energy generation ma-
terials are ferrous and non-ferrous metals, polymers, glass and concrete (Tazi et. al.,
2019). Recently, some wind turbine producers (Vestas, Siemens Gamesa) announced
the production of 100% recyclable turbine blades. Carbon Rivers’ recycling technol-
ogy (carbonrivers.com) uses pyrolysis to break down the resins and polymers with
intense heat in the absence of oxygen and separates from the inorganic fiberglass rein-
forcement. The process converts organic products back into raw hydrocarbon products
called syngas and pyrolysis oil, which can be used for energy production. This gives
the process a net positive energy output. The separated recycled glass fibre can then
be cleaned and collected for direct reuse in the manufacturing of new products.

Residues of nuclear energy generation: about 440 nuclear reactors operate glob-
ally, providing approximately 10 percent of the world’s electricity. Nuclear power
plants (NPPs) produce negligible quantities of waste compared to other energy
sources. Based on the calculations provided by the International Atomic Energy
Agency (IAEA), if spent nuclear fuel (SNF) is not reprocessed, a 1000 MW(e) nuclear
reactor produces around 30 tons of high-level solid packed waste annually (HLW).
HLW represents high risk, therefore, proper management and safe decommissioning
of HLW and SNF are the major aspects of energy production by NPPs. SNF may be
considered either as waste, which will eventually be packaged and disposed of, or re-
processed to recover uranium and plutonium followed by the conditioning of residue
in the form of HLW containing mainly fission and activation products, and so-called
minor actinides. Several countries, instead of reprocessing the SNF, plan to dispose of
it in deep geological formations. The increasing bulk of the SNF stream will be prob-
lematic as the use of nuclear power increases. Nuclear recycling is the most effective
method to solve this problem. Efficient recycling of HLW from SNF decreases ~4—
6% of the waste repository volume and decreases the amount of time required (by a
factor of 100) during the isolation of residual waste (Alwaeli and Mannheim, 2022).

2.5. Construction & Demolition wastes

The management of construction and demolition waste (CDW) and its correct final
destination has become a global problem due to the growth of urbanization. At the
same time, there is a need to recover soils degraded by mining, a source of raw
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material for the production of inputs and materials necessary for urbanization itself.
Published in 2008, the EU decree-law 46/2008 establishes the legal framework of
CDW management, including prevention, reuse, and the operations of collection,
transport, storage, treatment, recovery and disposal. Some key points are: the respon-
sibility to manage CDW belongs to the producer; uncontaminated soils and rocks must
be used at the construction site or another site; CDW which cannot be reused has to be
sorted at the construction site (for reuse or recycle) or delivered to a licensed waste
operator; CDW landfilling is only possible after sorting and it is subject to taxation
(Kamino et.al. 2019). If CDW is watched through the glasses of processing the char-
acterising material parts are the “contaminants”, namely metals, plastics, soil and
woods; the remaining “useful”, the brittle components (concrete aggregate, brick, ce-
ramic, tile, etc.) and the finer particulate binding materials. It is logical to separate the
“contaminants” first and process them separately using the technology according to
the material. The mentioned full-scale comminution arsenal for brittle materials used
primarily in mineral processing can be used for the brittle part of CDW.

Excavated soil: CDW can be used for the improvement of degraded areas by
open-pit mining. According to Santos and Tubino (2021), processed CDW and com-
posted eucalyptus bark (CEB) were used at a lab scale to make new soil for the de-
graded areas.

Concrete aggregate: the most important recycling option of separated concrete
aggregate CDW is the production of the so-called recycled concrete aggregate
(RCA) by suitable comminution and classification unit operations. The comminution
typically happens in multiple stages, for coarse crushing horizontal axis jaw crushers
and beater rolls can be used. Major stress of the first unit is compressing and some
bending; ones of the second unit are mainly beating and some compressing. For the
second comminution stage cone crushers (compressing) and impact crushers (im-
pact) are applied. The challenge is whether the quality of the concrete made from
RCA is satisfactory or not. According to McNeil and Kang (2013) the aggregate
properties are most affected by the residual adhered mortar on RCA. Because of this,
RCA is less dense, more porous, and has a higher water absorption capacity than
natural aggregate (NA). While RCA and NA have similar gradation, RCA particles
are more rounded in shape and have more fines broken off in Los Angeles abrasion
and crushing tests. The other recycling target of RCA is the production of new binder
or the production of concrete without cement. Fine and coarse recycled concrete ag-
gregate (RCA) with slag or fly ash was used to produce Controlled Low-Strength
Materials (CLSM) using only recycled and by-product materials without the need to
add Portland cement. In addition to the hydraulic activity of slag and high-calcium
fly ash (HCFA), their pozzolanic reaction was activated by the alkalis and calcium
hydroxide present in the residual paste of the RCA (Achtemichuk et.al. 2009). When
cement substituting materials are produced from CDW, fine grinding is necessary
and lately intensive research is going on for the application of the so-called HPGR
(high pressure grinding rolls) technology.

Asphalt aggregate: asphalt pavement consists of aggregates resulting in a waste
material at end of its life. The aggregates can be reused as basic material for asphalt



82 J. Faitli et al.

or cementitious binding agents. In both scenarios, the recycled aggregates should
provide a good bond with the binder to achieve strength. Setiadji et. al. (2022) report
on the — so-called — pyrolysis method. Three types of aggregate were used: virgin
aggregate (VA), recycled asphalt aggregate (RAA), and RAA after removing the thin
asphalt film using the pyrolysis method, designated as pyrolysis recycled asphalt
aggregate (PRAA). The Pyrolysis method is a unique new surface treatment method
to remove and stabilize the residual asphalt film by heating and is expected to con-
tribute to increasing the mechanical properties of the mortar due to an aggregate-to-
mortar bond improvement. The pyrolysis method applied on RAA had a number of
advantages: the compression strength increased, and the absorption decreased, re-
ducing the formation of a water film surrounding the aggregate during the cement
hydration process. The pyrolysis procedure did not have any impact on the tensile
strength for both the RAA and PRAA; however, the overall tensile strength decrease
was relatively low. For the comminution of waste asphalt aggregates toothed rolls
and hammer crushers can be used.

Mixed C&D is now identified that some sources of mixed CDW contain a vari-
ety of potentially harmful compounds. Various building materials contain heavy
metals including lead (pipe solder, paint, batteries, flashing), arsenic (treated wood),
cadmium (paints, batteries), and mercury (electrical switches, lights, thermostats).
Asbestos is a component of some building materials such as cement siding, roofing
mastic, pipe insulation, and floor tiles. Therefore suitable recycling technologies are
important (Khandani et. al., 2023). Tehran mixed CDW after the demolition of EoL.
infrastructure typically contains sand and cement, concrete, brick, soil, mosaic, ce-
ramic tile, plaster, stone and other materials. After the coarse crushing with a jaw
crusher of the recycled aggregate and adding 8% Portland cement as binder good
quality underground mine backfilling material was made of up to 5 MPa compressive
strength (Khandani et. al., 2023).

2.6. Post-consumer wastes:

Municipal solid wastes (MSW). Main types depend on the collection system, these
are the one and multi-component selectively collected MSW (SMSW), such as plas-
tic-paper-metal, plastic-paper, glass and so on, selectively collected green MSW and
the residual one (RMSW). The concept of a typical mechanical RMSW processing
technology starts with pre-comminution, then sieving. The so-called “bio-fraction”
is the fine product of sieving, the course product goes into a multi-stage physical
separation (magnetic, eddy current, flow separator, sensor-based sorting, etc.) tech-
nology. As it was pointed out earlier the comminution of brittle particles is really
widely investigated and applied in mineral processing. There are standard methods,
such as investigating single particle breakage events for the characterisation of the
process and later designing the machine. However, the comminution of non-brittle
materials — such as most of the regular post-consumer wastes — represents a new
challenge. Racz and Csdke (2021) made a pioneering work in this field carrying out
repeated single particles breakage tests with real waste particles. Shear and complex
tearing stresses were applied on the particles in axial gap rotary shear and swing type
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hammer shredder. The results proved that the developed single-particle comminu-
tion test method is appropriate to investigate the breakage behaviour of real waste
particles. Measuring the breakage probability by this method, the effect of different
machine and stress types, and the operating parameters on the particles’ breakage
behaviour can be investigated. The obtained results can also be used both in shred-
ders’ operation and design. For RMSW processing low-speed rotary shredders are
typically used for pre-shredding and radial gap shears are used for the comminution
of the separated RDF (refuse derived fuel).

EoL Rubber tyres: the EoL (End of Life) tyres can be comminuted in multiple
stages. Sometimes the two main steel cords are removed first with a machine, where
a hook tears them out through a hole of an armour. Axial gap shears, then radial gap
shears and finally cutting mills can be applied when metals are removed. The com-
minution itself of EoL batteries is not problematic, hammer shredders are generally
applied. However, the other circumstances, namely the fire and explosion hazard and
the hazardous dust emission of dry technologies are the challenge. EoL refrigera-
tors can be comminuted by hammer shredders. Many times, one or more considera-
ble mass chains serve as hammers. The first some units, including the first commi-
nution stage of EoL refrigerator recycling plants are working in neutral nitrogen at-
mosphere which collects the released gases, typically the Freon. The working gas
then cleaned and regenerated. EoL. Vehicles, not only cars, but buses, trains, trucks
and ships represent a huge material source after their normal life cycle. The typical
first comminution stage of EoL vehicles processing is the pre-shredding with high
mass swinging hammer shredders. Waste electrical and electronic equipment
(WEEE), EoL TV devices, EoL. Computers represent source for precious metals and
structural materials. Main comminution machines used for WEEE shredding are the
hammer shredders and hammer crushers. Recycling of used printed circuit boards
(PCB) is a widely investigated area; many technological options are available (Abbadi
et. al. 2024). For waste PCB comminution — among others — high-speed hammer mills,
swing-hammer mills, impact crushers and cutting mills can be applied.

3. STOCK TYPES OF SECONDARY RAW MATERIALS

In a recent paper Mirletz et.al. (2023) projected the cumulative mass of different
waste streams, namely many of the stock types of anthropogenic secondary raw ma-
terials are listed. According to this projection 70350 mill. tons of municipal solid
wastes, 45500 mill. tons of coal ash, 12355 mill. tons of plastic waste, 1876 mill.
tons of E-waste, 249 mill. tons of oily sludge and about 120 mill. tons of solar panels
will be deposited somewhere by 2050. If we take into account the mineral deposits,
namely gangue and tailing stockpiles and tailing ponds and the entire built infra-
structure (buildings, roads) we can feel the huge amount of stocked anthropogenic
materials. According to our vision there is no waste, just secondary raw materials;
so the possibilities of urban mining are really promising.
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4. CONCLUSION

This review paper gives only a brief glimpse into the findings of our literature survey.
However, we believe that our systematic approach enhances comprehension, clarifies
scientific vocabulary and provides insight into the potential urban mining applications
of mineral processing. Additionally, a comprehensive overview and categorization of
flow and stock types of anthropogenic secondary raw material sources are provided.
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Abstract: The mineral-based sequestration of CO: offers a permanent and safe method to store
CO: captured from flue gas. In this process, CO: reacts with calcium and/or magnesium-bearing
materials to form stable, environmentally benign carbonate minerals. In a recent research pro-
ject, CO: sequestration was performed on deposited fly ash from Visonta, Northern Hungary,
coupled with mechanical activation. The resultant carbonate phases were analyzed for their
suitability as geopolymer-based construction materials. CO: sequestration and mechanical ac-
tivation occurred in a Fritsch Pulverisette 5 planetary ball mill under wet conditions. The sam-
ples were dried post-sequestration, and 20 x 20 x 20 mm geopolymer specimens were prepared
and tested for compressive strength after seven days. It was found that bassanite, the primary
calcium source in fly ash, reacts with CO: only in the presence of NaOH. Additionally, low
NaOH concentrations (0.5 M) during grinding positively impacted the compressive strength of
the geopolymer, while higher concentrations reduced it. At 2 M NaOH, the specimen failed to
set fully, deforming plastically under pressure. The experiment yielded a maximum compres-
sive strength of 16.1 MPa for the geopolymer using 0.5 M NaOH.

Keywords: CO: sequestration, fly ash, mechanical activation, geopolymer

1. INTRODUCTION

Global warming is a critical challenge we face today, primarily driven by the rise in
Earth's atmospheric temperature due to increased greenhouse gases. While these
gases naturally exist in the atmosphere, anthropogenic greenhouse gases, such as
CO», have surged, particularly since the Second Industrial Revolution.

One promising approach to mitigate atmospheric CO: is mineral sequestration.
This process involves reacting CO: with non-carbonate minerals that contain alkali
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metals (e.g., sodium or potassium) and alkaline earth metals (e.g., calcium or mag-
nesium). The reaction leads to the formation of various carbonate minerals, which
can be either anhydrous or contain hydroxide (OH") or water (H20), such as calcite
(CaCO:s), magnesite (MgCQOs), or siderite (Fe2COs) (Turvey et al., 2018).

For effective CO: sequestration, the host material should be rich in non-carbonate
calcium and/or magnesium minerals. Based on this requirement, natural silicate min-
erals with high levels of serpentinite, forsterite, or olivine (Romao, 2014), as well as
industrial by-products with similar mineralogical properties, such as construction
and demolition waste (Ghacham et al., 2017), red mud (Mucsi et al., 2021), steel slag
(Bonenfant et al., 2008), and fly ash (Montes-Hernandez et al., 2009), can be utilized
for CO: sequestration.

This study focuses on fly ash-based CO: sequestration enhanced by mechanical
activation. The aim is to capture and permanently sequester CO2 through mineral
carbonation, forming stable compounds. Additionally, we explore the potential of
using fly ash with newly formed mineral phases as a geopolymer material for con-
struction. We apply a direct carbonation approach to increase the reactivity of the
ash through high-energy milling in a wet medium.

2. MATERIAL AND METHODS
2.1. Material

The experiments were carried out on lignite fly ash from MVM Matra Energia Ltd.,
Visonta, Northern Hungary. The analysis of the particle size distribution of the sample
reveals that the sample primarily comprises particles below 400 um, with a 66 pm
median particle size. The initial moisture content was found to be 24.1 wt%. The fly
ash particle density was 1.92 g/cm?, and the bulk density was 0.58 g/cm?®. Biogon-C
CO; gas (95.5% purity) was used for carbonate reactions without further purification.

2.2. Methods
2.2.1. Mechanical activation and CCS

The experiment conducted CO, sequestration and mechanical activation simultane-
ously in a Fritch Pulverisette 5 planetary ball mill under wet conditions, using NaOH
solution of varying concentrations (0.1, 0.25, 0.5, 1, and 2 M) as the grinding fluid.
The milling was carried out using 500 ml steel jars with a gas valve and steel grinding
media. The jars were filled with 54.3 g of dry sample, 162,9 g NaOH solution and
543 g of 20 mm diameter grinding balls. The grinding was carried out at 200 rpm for
180 min, and the free grinding chamber was filled with CO, gas at up to 5.5 bar
pressure and refilled every 15 min to the initial CO, pressure.

2.2.2. Measurement of mineral characteristics

The WD-XRF measurement was performed using RIGAKU Supermini 200 type
WDXREF. The radiation source was an air-cooled 200 W palladium (Pd) X-ray tube
with an excitation voltage of 50 kV and 4.0 mA. Quantitative analysis requires the
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calibration of the standards for the identified elements. Calibration is performed el-
ement-by-element, with 8—12 pcs for main elements and 6—10 pcs for trace elements
(the number of standards used is not constant, but is determined by the concentration
of each component in the standards). Each element is measured seven times (two
background points 10-10, peak position 40 sec), thus the errors can be reduced sta-
tistically, and the measurement also gives a better average value.

The mineralogy of the fly ash was determined by X-ray powder diffraction (XRD)
with a Bruker D8 Advance diffractometer using Cu K-alpha radiation (40 kV, 40 mA)
in parallel beam geometry obtained with Gobel mirror, in the 2°-70° (26) range with
a 0.007° (20) step interval and a 24 s step counting time. The crystalline phases were
identified by Bruker DiffracPlus software package in its EVA module ICDD PDF-2
(2005) database for search/matching of phases. The quantitative evaluation was car-
ried out by Rietveld refinement in the TOPAS4 software, where the amorphous con-
tent was determined by the amorphous hump method.

The stretching and bending vibrations of the chemical bonds in the samples be-
fore and after CO; sequestration were detected by a JASCO FT-IR 4200 type Fourier
Transformed Infrared Spectrometer in reflection mode with a diamond ATR. The
infrared transmission spectra of the samples were recorded between 400 and 4000
cm! with a resolution of 4 cm™!. The observed spectra are plotted as a function of
wavenumber and transmittance. Observed FTIR bands were interpreted based on the
handbook by Chukanov and Chervonny (2014).

The Controls C250Kn uniaxial compression machine was used to measure the
compressive strength of the prepared specimens. The test involved placing the spec-
imens between parallel steel plates and subjecting them to axial compression up to
the breaking load, with a load increment of 300 N/min.

3. RESULTS
3.1. Chemical and mineral properties of fly ash

According to the XRF measurement (Table 1) the major component of the fly ash is

CaO, proving it a suitable material for CCS. The sample contains a total of

15.51 wt% of CaO and MgO, which is relatively low for CO, sequestration. The
utilization of CO»-treated fly ash will play an important role.

Table 1

Oxidic components of fly ash (weight percent, error +/— 0.01 relative percent,

LOI 0,05 wt%

AlOs | Fe203 | SiO2 | TiO2 | Na2O | MgO | CaO | P20s | K2O | MnO | S F

14 11.2 39.8 | 0.50 0.54 341 12.1 | 035 | 1.61 | 0.18 | 6.5 | <0.3

Table 2 shows the mineral composition of fly ash. Among the minerals present in
the sample, bassanite, bytownite, and magnesioferrite can react with CO,. Consider-
ing the amount of crystalline calcium and magnesium phases, the amorphous phase
also contains 3-3 wt% of calcium and magnesium. Portlandite, lime, brucite, and
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periclase are the mineral phases typically found in typical fly ashes (Monasterio et al.,
2020), and they possess good CO, sequestration capacity. However, these minerals

are not present in the Visonta lignite fly ash.

Table 2
Mineral components of fly ash (weight percent, error +/— 0.01 relative percent)
Mineral phase Formula Weight percent

Calcite CaCOs 6.2
Quartz Si0s 17.6
Bassanite Ca[SO4]-0,5 H2.0 9.5
Hematite Fe’h0s 4.1
Maghemite Fe’h0s3 4.9
Bytownite Nao2Cao.sAl18Si2.20s 6.7
Galenite PbS 3.9
Albite NaAlSizOs 7.6
Mg-Ferrite MgFe204 1.9
Amorf - 38

3.2. Change of dispersity

Figure 1 shows the changes in dispersion occurring during grinding. After the grind-
ing in NaOH solution, the samples have almost the same geometric surface area (2,5—
3 m%g), with a slight increase in coarsening from 3.43 um to 4.79 um for the dso
particle size with increasing NaOH concentration. A significant difference is ob-
served in the measurement in deionized water, where an increase in the proportion
of fine grains is observed, resulting in a decrease in the median grain size from ~3-4
pm to ~0.57 um compared to the other measurements.
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Fly ash treated with CO, was used to create geopolymer specimens in the size of
20 x 20 x 20 mm. To achieve the ideal Al,O3/Na,O ratio of 1, various concentrations
of NaOH were used as an activating solution. The mixtures were prepared with a
liquid-to-solid ratio of 1, with half of the liquid being Betol93 sodium silicate. The
oxide composition and mixing ratios of grounded fly ash are shown in Table 3.

The geopolymer poured into the mold was stored at ambient temperature in an
isolated from air for 24 hours, followed by heat treatment at 60 °C for 6 hours.

Table 3
Oxide components of grounded fly ash and their mixing ratios

Oxidic components [w%] Raw 0.1 0.25 5 1 2
ALO3 15.14 16.07 16.24 15.62 14.27 13.11
Fe203 10.32 11.7 11.5 11.2 10.7 10.0
Si02 459 50.0 50.3 49.3 45.1 423
TiO2 0.564 | 0.556 | 0.549 | 0.534 | 0.507 | 0.492
Na;O 0.51 1.02 1.48 2.64 4.99 7.42
MgO 2.81 2.78 2.78 2.78 2.52 2.23
CaO 11.42 8.98 9.11 9.00 8.52 8.10
P20s 0.282 | 0.250 | 0.257 | 0.248 | 0.233 0.217
K20 1.64 1.56 1.56 1.55 1.48 1.39
MnO 0.139 | 0.157 | 0.156 | 0.150 | 0.145 | 0.139
SO3 11.0 1.95 1.24 1.29 1.31 1.07

Mixture data

Concentration of NaOH solution [M] 10 10 10 8 5 3
Total Na20 [g] 4.60 4.76 4.89 4.57 4.09 3.89
AlOs [g] 4.54 4.82 4.87 4.69 4.28 3.93
SiO2 [g] 13.77 15.00 15.09 14.79 13.53 12.69
ALO3/NaxO 0.99 1.01 1.00 1.03 1.05 1.01
Si02/Na2O 2.99 3.15 3.08 3.24 3.31 3.26
1[g] 30.0 30.0 30.0 30.0 30.0 30.0
s [g] 30.0 30.0 30.0 30.0 30.0 30.0

I/s ratio 1 1 1 1 1 1

3.3. Structural changes during carbonation and geopolymerization

In Figure 2, the spectral images of FTIR measurements on CO2-treated samples can
be seen. Measurements on dried samples were carried out one day after milling. After
CO; sequestration, significant differences can be observed in the -C = O peaks at
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1460 cm™! and the C-O peaks at 880 cm™! for calcite. Both peaks increase with NaOH
concentration up to a concentration of 1 M and then remain constant. A slight change
is observed in the Al-O-Si peak at 1010 cm™!, which decreases slightly in intensity
and shifts towards 980 cm™!, indicating that geopolymerization has already started
during grinding.
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FTIR spectrum of the CO2-treated sample

The mineral composition after milling and CO, sequestration is shown in Table 4.
Among the three crystalline phases in the fly ash capable of binding carbonates, bas-
sanite and magnesioferrite fully reacted during the process, while the mass fraction
of bytownite was reduced by half. From the reacted phases, two types of carbonate
minerals were formed: calcite and thermonatrite. However, only calcite is suitable
for long-term COs storage. By the end of the process, the sample contained 14.2 wt%
calcite, representing an increase of 8.3 wt% compared to the initial state. The re-
maining bytownite in the sample, if fully reacted, could result in an additional ~1%
improvement. Therefore, the amorphous material in the fly ash must still contain a
significant Ca source.

Table 4
Mineral components of CO; treated (2M) fly ash
Mineral phase Formula Volume percent

Calcite CaCOs 14.23
Quartz SiO2 8.47
Bassanite Ca[S04]-0,5 H20 0.00
Hematite Fe’"0;3 7.98
Maghemite Fe¥* 203 6.00
Bytownite Nao.2Cao.sAl1.8Si220s 4.26
Galenite PbS 1.24




94 T. Kurusta et al.

Mineral phase Formula Volume percent
Albite NaAlSizOs 5.65
Mg-Ferrite MgFex04 0.00
Thermonatritis Naz(CO3)+(H20) 1.27
Anhydrite CaSO4 0.16
Amorf - 50.20

The FTIR spectra show the changes in band intensities that reflect the effects of with
NaOH concentration on the geopolymerization process (Figure 3). The FTIR data
reveals that up to 0.5 M NaOH, there is a slight decrease in peak intensities, while at
1 M and 2 M NaOH, a significant decrease is observed. The most prominent changes
are in the OH-HOH bond (3300 cm™) and the bound water peak (1645 cm™), as well
as in the silicate band around 980 cm™, which is a critical indicator of geopolymer-
ization. The relative increase in the silicate band intensity suggests a higher degree
of polymerization (Rattanasak and Chindaprasirt, 2009), although this observation
does not align with the strength study results. This inconsistency indicates the possible
formation of clay-like hydrosilicates in a non-bonded state. Furthermore, the -C =0
peak at 1390 cm™! and the C-O peak at 880 cm™ show relative decreases, pointing to
carbonate reactions occurring in parallel with polymerization.
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FTIR spectrum of the geopolymer samples

3.4. Result of the axial load test

The compressive strength of the geopolymer specimens (Figure 4) improved as the
concentration of the added NaOH solution during grinding increased up to 0.5 M. The
compressive strength of the specimens increased from 9.5 MPa to 16.1 MPa. However,
a significant loss of strength was observed when the NaOH concentration was further
increased to 1 and 2 M. At a concentration of 1 M, the strength of the specimens was
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only 5.68 MPa, which is approx. 60% of the reference sample. At 2 M, the specimen
did not fully solidify, leading to plastic deformation during measurement.
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Figure 4
Compressive strength of the test specimens

4. CONCLUSIONS

By increasing the concentration of added NaOH, we can enhance the CO, absorption
capacity of the sample material. This can be explained by the fact that the primary
source of Ca in the fly ash, bassanite, decomposes into sodium sulphate, calcium
hydroxide, and water after reacting with NaOH. Only then it can react with CO; in
the system. Furthermore, adding low concentrations of NaOH (up to 0.5 M) during
grinding positively affects the compressive strength of the specimens. Geopolymers
prepared this way achieve 40.1% higher strength than specimens subjected only to
mechanical activation. This is presumably due to the strength-increasing effect of
the resulting microcrystalline calcite (Kamal et al., 2020). However, it is observed
that high NaOH concentration (1, 2 M) added during grinding already causes
strength loss. At 2 M solution, the specimens still need to be fully solidified. The
sample prepared in 0.5 M NaOH meets the 7-day strength requirement for 32.5
strength class standard batch cements. In the next phase of the research, we will ex-
tend the strength testing to 2 and 28 days and investigate the role of different bonds
(carbonate and geopolymeric bonds) in the setting process.
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Abstract: This study addresses the challenges of acid mine drainages (AMDs) treatment by
exploring food waste-derived activated carbons (ACs). The study involves a synthesis of ACs
from fruit peels and evaluation for removing heavy metals in AMDs. The AMD solutions
were simulated and experiments were conducted via batch adsorption. All the ACs exhibited
high adsorption affinities for Pb(I) in the order of KOH-AC > NaOH-AC > H3PO4-AC >
H,S04-AC > ZnCl,-AC, however, the overall best adsorption capacities were recorded by
KOH-AC, NaOH-AC and ZnCl,-AC, with estimated equilibrium uptakes of 526.31 £50.52,
26.14 £0.23, 426.62 £20.68, 164.24 £11.54, 129.95 £6.31 and 141.75 £26.01 mg/g, for
Hg(I), As(IV), Pb(I), Cd(Il), Cu(Il) and Co(Il), respectively. The adsorption kinetics was
faster for the smaller size metals than the larger ones. The study highlights the potential of
these ACs as sustainable and effective adsorbents for mitigating the impact of mining
activities on water quality. The findings may contribute valuably to the field of environmental
remediation and sustainable mining.

Keywords: acid mine drainage, activated carbon, adsorption, heavy metal, wastewater treatment

1. INTRODUCTION

Toxic heavy metal pollution from the mining and hi-tech industries is among several
environmental problems facing the world today (Akcil and Koldas, 2006; Acheampong,
2013; Bediako et al., 2017). Mining contributes immensely to the economy of many
countries across the globe; however, mining activities also lead to the generation of acid
mine drainage (AMD), which is always laden with numerous toxic heavy metals, such
as As, Hg, Pb, Cd, Cu, Co, Ni, Cr, Al, Fe, etc. (Akcil and Koldas, 2006; Oyewo et al.,
2018). Having been recognized as one of the most severe environmental problems in the
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mining industry, the causes, predictions, and treatments of AMD have become the focus
of many research initiatives commissioned by governments, the mining industry,
universities, and research establishments, with additional input from the general public
and environmental groups (Akcil and Koldas, 2006).

In many mineral-rich developing countries, the mining activities, most of which are
illegally operated, have contaminated the surrounding environments and water bodies.
A typical example is the case of “galamsey”, also known as “gather and sell” in Ghana,
which is currently causing an existential threat to human lives, as well as the fauna and
flora, due to the mass pollution of major water bodies and agricultural farmlands. These
issues are seen to emanate from either outright neglect of safety and mine wastewater
treatment protocols or direct ejection of the toxic metal-bearing wastewaters into the
surrounding environments without prior proper treatments (Acheampong, 2013; Bansah
et al., 2016). The mining activities of both artisanal and legal miners are reported to
endanger the environment through land degradation, deforestation, biodiversity loss, and
contamination of surface and groundwater resources. The use of chemicals, commonly
heavy metals and cyanide is of major concern. For example, the mercury amalgamation
technique of gold extraction, which is largely practiced by small-scale miners in some
parts of Africa, is harmful to a wide range of ecological entities (Bansah et al., 2016).

Heavy metal toxicity can cause serious carcinogenic and other adverse health
problems even at low concentrations (Bediako et al., 2017). This is because they are
easily accumulated by aquatic organisms, which can be passed on to human beings via
the food chain; hence they must be properly treated (Li et al., 2015; Oyewo et al., 2018).
Due to their severe toxicities and evolving health threats, international and domestic
regulatory bodies have been revising and tightening regulations on their handling and
treatments before discharge into the aquatic environment (Bediako et al., 2015; Khalil et
al., 2013). Despite the strict regulations, some mining entities and illegal operators still
manage to flout these directives. For instance, several surveys conducted by the
Environmental Protection Agency (EPA) of Ghana showed that not even the major
companies adhered to the permissible discharge levels of heavy metal-bearing AMD
wastewaters into water bodies (Acheampong, 2013; Ghana EPA, 2010). Lack of
adequate human resource capacities to manage wastewater or the absence of low-cost
wastewater treatment options are identified as the two main reasons for the non-
compliance by the companies (Acheampong, 2013).

The conventional methods of AMD wastewater treatment such as cementation and
chemical precipitation techniques are expensive and pose a tendency of secondary
pollution through sludge formation. Conversely, adsorption has been identified as one
of the best alternative treatment methods owing to its simplicity, low-cost,
environmental sustainability, and efficiency for low concentrations up to parts per
billion (Bediako et al., 2016; Li et al., 2013). Moreover, there are several classes of
adsorbents to choose from, and adsorption using activated carbon (AC) is one of the
most widely known options. However, a major issue confronting the patronage of AC
is the high costs of commercial products, which are usually sourced from coal, coir,
and petroleum residues (Yagsi, 2004; Bediako et al., 2018). Recent studies have
suggested the use of food waste-derived ACs as alternatives, which have received
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considerable acceptance owing to the ready availability and abundance of food waste
precursors, such as fruit peels, shells, nuts, and seeds. Therefore, in this study, fruit
peels were used as precursors to synthesize low-cost ACs and to subsequently evaluate
their efficiency in heavy metal removal from potential AMDs. The study offers
important perspectives for advancing environmental remediation and fostering
sustainable mining practices through effective treatment of mining wastewater.

2. MATERIALS AND METHODS
2.1. Chemicals used

Metal complexes including HNa,AsO4.7H,O, Pb(NOs3),, Cd(NOs3)..4H,0,
Cu(NO3)2.3H,0, Co(NO3),.6H,0, and HgCl,, and chemical reagents such as H,SOs,
KOH, NaOH, H3POs, ZnCl, and HCI, were procured from Daejung Chemicals and
Metals Co., Ltd. and Sigma-Aldrich Ltd. All the chemicals used in this study are of
analytical grade and were used as received, without further treatment. Stock
solutions (~1000 mg/L) were prepared from the metal complexes and diluted into
working solutions of 0—1000 mg/L for the adsorption experiments.

2.2. Activated carbon synthesis method

Dry pulverized orange peels were first pre-carbonized at 400 °C for 1 h. After that,
they were soaked in the activation agents, i.e., KOH, NaOH, H>SO4, H;POs, and ZnCl,
in 3 : 1 weight ratio for 24 h, followed by activation at 800 °C for 1 h under continuous
Nz purging. In all, five types of activation agent-based ACs were produced. These ACs
were washed with distilled water (DW) and dried in an oven kept at 70 °C for 24 h,
pending adsorption evaluation. The synthesized ACs were characterized as previously
reported and as discussed later (Bediako et al., 2018; Bediako et al., 2020).

2.3. Adsorption studies

The adsorption studies were performed in batch modes using the prepared metal
solutions of As(V), Hg(II), Pb(II), Cd(II), Cu(II), and Co(II) as representatives of the
heavy metals that usually accompany AMDs. First, each of the five ACs was
evaluated against each of the six heavy metal ions. After that, the best AC for each
of the metal species was selected to run adsorption isotherm studies at pH 6 with
initial concentrations ranging from 0—1000 mg/L. Approximately 10 mg of each AC
sample was weighed into a 50 mL falcon tube and 20 mL of each metal solution was
added. The mixtures were placed in a multi-shaking incubator whirling at 120 rpm
and 25 £2 °C for 24 h. After equilibrium, the solutions were centrifuged at 12000
rpm for 5 min and diluted for analysis of the residual concentrations of metal ions.
Next, adsorption kinetics were carried out with multi-metal mixtures of all the
metal ions. About 300 mL of 100 mg/L metal solutions were filled into glass beakers
covered with aluminum foils and placed on multi-purpose magnetic stirrers with
stirring bars. AC dozes of 0.1 g were then added to the solutions and timers were set
to start counting. Small portions (~ 1 mL) were drawn from the bulk of each solution
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at various time intervals for 24 h and then analyzed for residual concentrations. An
inductively coupled plasma-atomic emission spectrometer (Thermo Scientific, iICAP
7000 series, ICP Spectrometer, USA) was used for the analyses, and the uptakes
were calculated according to the expression:

— (CiVi—CeVe)

- (1)

where C; and C, are the initial and equilibrium metal ion concentrations in mg/L, V; and
V. are the initial and equilibrium volumes in L, and M is the dry weight of ACs in grams.

3. RESULTS AND DISCUSSION
3.1. Characterization of the synthesized ACs

The synthesized ACs were examined physically by means of digital camera, as well as
using a field emission scanning electron microscope (FE-SEM, SUPRA 40VP),
manufactured in Germany by Carl Zeiss. This equipment was integrated with an energy
dispersive X-ray spectroscope (EDX) and could provide information on both the surface
morphologies and elemental constitution of the ACs. Using the KOH-AC as a
representative, Figure 1a presents a digital image of the synthesized ACs, showing clear
formation of black granulated substances that are symbolic of typical ACs. The FE-SEM
image captured at 20000 magnification portrays varying porosities of the ACs at an
average size of 1 pm (Figure 1b). Consequently, evidence of elements including C, O,
Mg, K, and Ca is present in the ACs, according to the EDX spectrum in Figure 1c. As
expected, the carbon content is the highest at ~78 wt% and ~87 At% (Figure 1d).

Element Wit%
CK 77.77 86.79
OK 10.99 09.21
MgK 00.96 00.53
KK 04.34 01.49
s CaK 05.95 01.99
. ™ Matrix Correction | ZAF
100 200 300 mizwv:m"v‘m 700 880 800 mu]
Figure 1

KOH-AC showing formation of black granules typical of traditional ACs in (a) a
digital camera, (b) FE-SEM image showing surface morphology, (c) and (d) EDX
results showing elemental spectra and table of element composition, respectively
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3.2. Evaluation of heavy metal removal capacities

Initial adsorption tests were conducted to evaluate the adsorption affinity of each of
the synthesized ACs towards the heavy metal ions, and to select the best adsorbent for
each metal ion. The metal uptakes by the ACs using 100 mg/L initial concentrations
of each metal in a multicomponent system are plotted in Figure 2. As can be seen, the
adsorption capacities differed according to the types of activation agents used. The
As(V) and Co(II) uptakes had been relatively low for all the ACs; however, the ZnCl,-
AC and NaOH-AC showed differences by recording significantly high uptakes of
15.30 and 38.58 mg/g, respectively for the aforementioned metals. The best adsorbents
for Pb(Il) and Hg(II) were identified to be the KOH-AC and ZnCl,-AC, which
exhibited uptakes reaching 210.17 and 194.32 mg/g, respectively. The Cd(II) and
Cu(Il) appeared to be best adsorbed by the H3;POs-AC, which recorded uptakes of
151.37 and 161.96 mg/g, respectively; however, careful observations of the
supernatants revealed that large amounts of precipitations had occurred. For this
reason, the next best adsorbent, i.e., NaOH-AC was considered for the subsequent
adsorption tests for these two metals. Overall, all the ACs showed high adsorption
capacities of Pb(II) due to its large size since the uptake was calculated on a milligram
per gram basis. A summary of the selected best ACs and their respective heavy metal
uptakes are given in Table 1.
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Figure 2
Activation agent-based carbons and their heavy metal uptakes. Experimental
conditions: 10 mg AC in 20 mL of 100 mg/L multi-metal solution at pH 6, 120 rpm,

and 2512 °C for 24 h
Table 1
Summary of best AC adsorbents for the representative heavy metals
Adsorbent Metal specie Uptake (mg/g)
ZnCl-AC As(V) 15.30
NaOH-AC Co(1l) 38.58
NaOH-AC Cu(l) 75.49
NaOH-AC Cd(1) 78.65
KOH-AC Pb(1l) 210.17
ZnCl-AC Hg(ID) 194.32
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3.3. Adsorption isotherm evaluation

Following Table 1, adsorption isotherm studies were performed using the selected
best ACs for each of the respective target heavy metals. The isotherm experiments
were carried out to obtain the maximum equilibrium uptake of each metal by the
ACs. It could be observed from Figure 3 that all the uptakes followed the usual
adsorption phenomenon where the adsorption capacity increases but removal
efficiency decreases comparatively with increasing initial concentrations (Abudaia
et al., 2013; Bediako et al., 2016). In other words, the isotherm data points rose
steadily and reached near plateau-like shapes at equilibrium. Each data was fitted
with the two most utilized isotherm models; the Langmuir and Freundlich models,
to estimate the maximum equilibrium uptakes and intensities of interactions. These
models are presented in the following equations:
I) Langmuir model:

bCe
Qe = Am e 2

II) Freundlich model:

ge = KC,'/n 3)

where ¢, is the maximum equilibrium uptake given in mg/g, b is the coefficient
concerning the affinity between the ACs and heavy metal ions, g.is the equilibrium
uptake (mg/g) at any time, C, is the equilibrium metal ion concentration (mg/L), K
and n are the Freundlich constants depicting the relative adsorption capacity and
adsorption intensity, respectively.
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Figure 3
Isotherms of heavy metal adsorption based on the best suitable AC for each target
metal. Experimental conditions: 10 mg AC in 20 mL of 0 — 1000 mg/L metal
solutions at pH 6, 120 rpm, and 2542 °C for 24 h
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The Langmuir model provided better fits to the isotherm data with high values of
determination coefficient (R?) than the Freundlich model (Tables 2 and 3). Moreover,
the Langmuir model’s predicted order of maximum equilibrium uptakes was
consistent with that from the experiments. The order was ZnCl,-AC-Hg > KOH-AC-
Pb > NaOH-AC-Cd > NaOH-AC-Co > NaOH-AC-Cu > ZnCl,-AC-As. Although
the ZnCl,-AC recorded the highest adsorption capacity of 526.31+50.52 mg/g for
Hg(II), the KOH-AC showed the strongest affinity of 1.029£0.39 L/mg for Pb(II).
This means that the KOH-AC could be very efficient for Pb(Il) removal from very
dilute AMD solutions (Oyewo et al., 2018).

Table 2
Estimated parameters of the Langmuir isotherm model
AdkirThEe Langmuir Model
metal qm (mg/g) b (L/mg) R?

ZnCl:-Hg 526.31 £50.52 0.017 £0.002 0.976
ZnClz-As 26.14 £0.23 0.013 £0.0005 0.999
KOH-Pb 426.62 £20.68 1.029 £0.39 0.993
NaOH-Cd 164.24 £11.54 0.063 £0.03 0.990
NaOH-Cu 129.95 £6.31 0.028 £0.008 0.986
NaOH-Co 141.75 £26.01 0.002 £0.0001 0.989

Table 3

Estimated parameters of the Freundlich isotherm model

Adsorbent- Freundlich Model
metal k (L/g)Vn n R

ZnCl-Hg 204.12 £22.47 4.74 £1.12 0.977
ZnClx-As 4.64 £1.20 4.06 £0.69 0.971
KOH-Pb 198.92 £39.54 8.15+2.29 0.918
NaOH-Cd 39.16 £6.42 5.47 £0.83 0.979
NaOH-Cu 28.95 £5.06 5.02 £0.73 0.981
NaOH-Co 2.72 £1.28 1.86 £0.25 0.973

To provide information on the tendency of the adsorption process by the ACs, the
dimensionless constant, Ry in Eq. (4) was derived from the Langmuir model and
applied (Bediako et al., 2016; Yan et al., 2012).

1

= 4)

1+ bCy

Ry

where Cy is the initial metal ion concentration (mg/L). The adsorption process can
be described as either favorable (0 < Ry < 1), unfavorable (R. > 1), linear (Ry = 1),
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or irreversible (R. = 0) (Bediako et al., 2016; Yan et al., 2012). Generally, smaller
values of Ry ranging between 0 and 1 signify favorable adsorption with good binding
affinity. The values obtained in this study were 0.1 < Ry < 0.9 for the isotherm
concentration range evaluated, i.e., 0-1000 mg/L, indicating that the adsorption
process was favorable for the entire range of concentrations. The Freundlich model’s
n values further affirmed that the binding affinities were good and favorable,
especially at higher initial concentrations (Yan et al., 2012).

3.4. Kinetics of competitive adsorption in multi-metal mixtures

Kinetics of competitive adsorptions in multi-metal solutions were conducted to
estimate the rates of adsorption and identify any likely displacement mechanisms
among the competing metal ions (Liu et al., 2008). A multi-metal mixture
concentration of 100 mg/L excluding As was prepared. Here, the As (arsenic
complex) was omitted due to its inducement of precipitation of other metal ions in
the mixture. Similar to the isotherm results, the uptakes of Hg(II) and Pb(Il) were
significantly more compared to Cd(II), Cu(Il) and Co(II). However, the adsorption
rates were much faster in the case of the latter set, reaching equilibria within an
average of ~1 h, whereas the equilibria of Hg(Il) and Pb(Il) were achieved between
5-10 h (Figure 4). This adsorption kinetics phenomenon could be understood to be
probably due to the smaller atomic sizes of the latter set than the former set.

In a previous study using diethylenetriamine (DETA)-functionalized polymeric
adsorbent, it was observed that initially adsorbed Pb(II) was displaced by
subsequently adsorbed copper ions, likely because of the greater electronegativity of
Cu(Il) than Pb(Il) (Liu et al., 2008). It was speculated that the displacement
mechanism was possibly through the repulsion of Pb(Il) and the adjacent attachment
of Cu(Il). However, this phenomenon was not observed in the present study. All the
ACs were observed to show rising data points of uniform and increasing metal ion
uptakes until equilibria were reached.

The kinetics data for each metal adsorption were fitted through the pseudo-first-
order and pseudo-second-order models given by the following equations:

I Pseudo-first-order:

qc = q1(1 — exp (k1 1)) (5)
II) Pseudo-second-order:
_ _GGkat
e = T3 qokot (6)

where ¢; and g are the uptakes at equilibrium given in mg/g; g:is the adsorption
capacity at time, 7 (mg/g); k; is the first-order equilibrium rate constant (min'), and
k; is the second-order equilibrium rate constant (g/mg-min).

The two kinetic models closely fitted the data with relatively similar R’ values in
most cases; however, the pseudo-second-order provided fairly better fit. The ranges
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of R’ values are summarized in Table 4. The similarities in the model fits depicted a
combination of physisorption and chemisorption mechanisms by the ACs (Bediako
et al.,, 2016). Furthermore, the estimated equilibrium uptakes were comparable,
especially for the lowly adsorbed metals; however, in some cases, the predictions
were underestimations of the actual uptake values, probably due to the rising trends

of the data points.
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Figure 4

Kinetics of heavy metal adsorption in competitive metal mixtures. Experimental
conditions: 0.1 mg ACs in 300 mL of 100 mg/L multi-metal solutions at 120 rpm
and 2542 °C for 24 h
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Table 4
Ranges of R’ values for fitted kinetics data from competitive adsorption
Metal R? pseudo-first-order R? pseudo-second-order
Hg(II) 0.895-0.996 0.925-0.998
Pb(II) 0.964-0.995 0.969-0.998
Cddn 0.833-0.953 0.922-0.968
Cu(Il) 0.783-0.975 0.846-0.976
Co(I) 0.763-0.962 0.829-0.965

4. CONCLUSION

The adsorptive treatment of heavy metal ions contained in acid mine drainage
(AMD) using fruit peel-derived ACs was studied. ZnCl,-AC, KOH-AC, NaOH-AC,
H3PO4-AC, and H,SO4-AC were effective for the removal of Hg(II), As(IV), Pb(Il),
Cd(II), Cu(Il) and Co(II). The order of best adsorption capacity was ZnCl,-AC for
Hg(Il) > KOH-AC for Pb(Il) > NaOH-AC for Cd(II) > NaOH-AC for Co(Il) >
NaOH-AC for Cu(Il) > ZnCl,-AC for As(V), according to the isotherm studies. The
kinetics of Cd(II), Cu(Il), and Co(Il) adsorption were faster than Hg(II) and Pb(II),
likely because of the larger atomic sizes of the latter pair. The pseudo-second-order
model provided a reasonably better fit to the kinetic data than the pseudo-first-order
model. This study could be helpful for promoting sustainable mining practices
through the adoption of effective AMD treatment strategies.
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Abstract: Lithium-ion batteries (LiBs) are essential to modern life, their uses range from
small button cells to large-scale energy storage systems. While some used cells can be
repurposed in energy storage applications, all lithium-ion batteries must undergo processing
at the end of their life (EoL). The variety in shape, structure, and chemical composition of
Li-ion batteries poses challenges for recycling. The first step in battery processing is
mechanical preparation. This involves evaluating the structure of EoL lithium-ion batteries
and designing an effective mechanical process. The process includes multiple comminution
steps to liberate materials, separate parts, remove hazardous substances, and classify
materials for Black Mass extraction.

Keywords: lithium-ion batteries, mechanical processing, recycling, black mass

1. INTRODUCTION

Recycling and processing lithium-ion batteries (LiBs) face several technical
challenges and obstacles, including:

e Variety of Battery Types: The wide range of LiB types (such as LCO, LFP,
LMO, NMC, and NCA) necessitates careful pre-classification and sorting to
handle each type appropriately,

e Size of Battery Packs: The large size of battery packs and cells makes
disassembly labor-intensive and challenging,

o Flammability Risks: LiBs are flammable and can ignite or explode due to
mechanical stress or even improper storage,
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o Harmful Substances: These batteries contain materials that are hazardous
to human health and the environment, requiring careful separation, disposal,
and recycling as part of a closed-loop or circular economy approach during
mechanical preparation. Many types of Li-ion batteries (e.g., LCO, LFP,
LMO, NMC, and NCA), require appropriate pre-classification and sorting
of batteries.

The European Union currently has technologies for processing EoL LiBs, with
capacities ranging from several hundred tons to 20,000 tons per year. Various
methods, including pyrometallurgical, hydrometallurgical, and metallurgical
techniques, have been suggested for recovering metals from LiBs (Roy et al., 2021).
LiB processing technologies involving mechanical pretreatment are considered
environmentally friendly, as they reduce the need for downstream operations to
separate pure metals at later stages. Mechanical processes are generally cost-
effective and do not typically require specialized equipment (Javorsky da Costa et
al., 2015). In hydrometallurgical processes, mechanical processing serves as the first
step, involving battery comminution, separation of structural materials, and
extraction of the black mass (Briickner et al., 2020).

Implementing specialized processes can address several technical issues. For
example, discharging batteries is often necessary before shredding to prevent short
circuits and fire hazards (Madainé et al., 2020). However, discharging may not be
required with wet shredding or freezing methods. Shredding can also be performed
in inert atmospheres (e.g., CO2 or nitrogen) or under vacuum, and wet technologies
are available for electrolyte removal, which can be achieved through thermal
treatment or vacuum application (Greenwood et al., 2020).

The primary objective of this research is to extract the black mass from battery
cells. A comprehensive material balance of the entire hybrid system and battery
cell processing was conducted to use the results as a foundation for practical
applications.

2. MATERIAL AND METHODS
2.1. Material

The experiments were carried out on Ford Transit mild hybrid car battery pack
(Figure 1), from Auto Mandy Car Ltd., Budapest (Hungary). The battery package
weighed 16.02 kg and included the battery cells, inverter, battery management
system (BMS), connection circuits, and cooling system. The pack also included
safety fuses and protective housing to prevent overheating and ensure operational
safety. These components illustrate the intricate design of modern hybrid battery
systems, emphasizing the challenges involved in disassembling, and processing
these units.
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Figure 1
Unassembled Ford Transit battery pack

2.2. Methods

The battery pack was manually dismantled using hand tools, which involved
removing of the releasable connection. After this, the battery cells were discharged
by connecting them directly to a resistance (Kwade and Diekman, 2018), followed
by manual and mechanical processing.

The battery cell was opened using a two-axis rotary shear shredder. Once opened,
the electrolyte solvent was removed by heat treatment (Colledani et al., 2023) using
the Memmert UFE 400 type drying oven at 60 °C for 24 hours.

After the electrolyte was removed, the battery cell was mechanically crushed
using a hammer crusher with a 20 mm sieve. The crushed battery cell material was
sorted using an airflow separator with an air speed of 2.54 m/s. Separation was
carried out into the following particle size fractions: >16; 16—12; 12—-8; 84 mm.
Particles smaller than 1 mm are referred to as black mass.

The qualitative analysis of materials and their identification was carried out on

the FT/IR-4200 type A Fourier Transformed Infrared Spectrometer (JASCO) with a
diamond ATR accessory. The spectra were obtained in a reflection mode.
The leached metals were analyzed using Varian Inc.’s 720-ES inductively coupled
plasma (ICP) spectrometry. For the calibration of the device, a series of solutions
were prepared from the certified multielement standard solutions, Certipur
(distributed by Merck Ltd). and the Spectrascan (distributed by Teknolab).
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3. RESULTS
3.1. The manual dismantling of the hybrid system

The material balance after dismantling is shown in Table 1. The system could be split
into 5 units without destruction. The largest part was the battery pack (40.60 wt%).
The battery pack was treated separately and is, therefore, not included in the table.
This is followed by the system case, which consists of an iron base plate (2.64 kg)
to which the hybrid system is attached, and a plastic cover (2.06 kg) held together
by screws and weighs 5.29 kg. The air cooling fans, and the aluminium-copper heat
exchanger of the inverter are integrated into the plastic cover. Next to it is the
inverter, which consists of a large aluminium heat exchanger, an AC/DC converter,
and control electronics. During disassembly, the removed screws, cables,
connectors, and sensors were collected; together these weighed approx. 1.2 kg.

Table 1
Hybrid system units and their component materials (unit: wt%)

Units name (wt%)
Material Cooling Other parts
System case Inverter (screws, plugs,
system
Sensors)

Plastic 39.06 5.00 63.46 4.10
Iron 49.83 0.00 0.00 47.39
Aluminum 6.44 46.29 23.27 1.46
Glass 4.68 9.08 0.00 0.00
PCB 0.00 38.41 0.00 0.00
Rubber 0.00 0.00 3.24 7.23
Copper 0.00 1.21 10.04 24.04
Zinc 0.00 0.00 0.00 15.78
Unit/Battery system 33.38 17.13 1.22 7.67

3.2. Processing of the battery cells

During the research, not only was the mechanical processing of the battery cell
carried out, but also the manual disassembly of a cell.

3.2.1. Results of manual dismantling

Manual disassembly of the battery cell structure and its quantitative and qualitative
composition were investigated. In terms of construction, the battery is coated with a
cellular composite casing, in which the anode, separator foil and cathode are layered.

According to the FT-IR measurements, the cell coating is a composite material
consisting of polyethylene terephthalate-aluminium-polypropylene, PET-AI-PP.
The cell casing provides 16.19 wt% of the total mass, with an aluminum content of
19-25 wt% based on volume concentration. The cathode foil consists of 28
aluminium plates, each 0.005 mm thick. It accounts for 2.51 wt% of the total cell
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mass. The anode foil consists of 29 copper plates, each 0.004 mm thick, making up
6.48 wt% of the cell. The separator foil between the anode and cathode plates
provided 4.49 wt% of the total mass. Since the anode and cathode active materials
could not be separated by the used technology, their mass fraction was determined
as one, which amounted to 54.1 wt% of black mass.

During disassembly, the electrolyte content was determined by measuring the
mass loss of the cells. The electrolyte content is 16.3 wt%, with a significant portion
(10 wt%) removed shortly after opening the cell. The gas that is initially released
contains mainly organic solvents (ethyl methyl carbonate [EMC]; dimethyl
carbonate [DMC]) and CO; (Vetter et al., 2005; Aurbach et al., 2002).

3.2.2. Results of mechanical processing

Mechanical processing was carried out on electrically discharged batteries. The first
stage of the process was to open the batteries and remove the electrolyte solvent with
heat treatment. The 15.8 wt% electrolyte solvent left the cell, which is almost the
same value as measured during manual dismantling. Since with this technology the
electrolyte cannot be recovered, 100 wt% of the solid sample was used.

The particle size distribution and fractional composition of the battery cell after
crushing in the hammer crusher are shown in Figure 2. According to the analysis,
particles above 4 mm make up 60% of the sample’s composition. Of these, 3/4 are
metals with a partial black mass coating and 1/3 is separator foil. The fraction
between 1 and 4 mm was composed of anode and cathode particles that were almost
completely free of separator foil, with a significant coating of black mass. No further
processing was done for particles between 1 and 4 mm.

(a) (b)
Figure 2
Main units of the hybrid system, (a) inverter and (b) battery pack.

The fraction below 1 mm, considered as a black mass, represented ~40 wt% of the
sample. The composition of the extracted black mass, analyzed by ICP, is shown in
Table 2. According to the results of the analysis, it has been determined that the battery
that was processed is of NMC type. Upon analyzing the extracted black mass, it has
been observed that it contains some amount of aluminum and copper foil fragments.
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Table 2

Chemical composition of black mass

| Chemical components Ni Mn Cu Ti Al Co Fe Li
wt% 17.3 | 349 | 395 | 098 | 091 | 4.53 | 0.07 | 3.39

3.2.3. Extraction of copper and aluminium

Valuable metals (aluminum and copper foil) with minor black mass coating were
enriched in particle size fraction 4-16 mm. However, this fraction consisted of 70%
separator foil by volume. The separation of metal and plastic was carried out in an
airflow separator, with particle size fractions of 12—16- and 8—12-mm. Results of the
separation are shown in Figure 3. Based on the measurement results, the optimal
airflow velocity is 2.68 m/s. At this velocity, the metal content loss is at its minimum,
but 95 wt% of the separator film will be transferred to the product with low settling
velocity.
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Figure 3

Material recovery in the high settling velocity products in air separator by airspeed
(a) Particles between 4-8 mm,; (b) Particles between 8—12 mm

4. DISCUSSION AND CONCLUSIONS

The cells can be well opened with a rotary shear crusher, after which the electrolyte
can be completely removed by heat treatment at 60 °C for 48 hours. It was found that
the technology used can recover approximately 74% of the black mass. Results show
that more than 90% pure black mass can be obtained by mechanical processes. Further
black mass is also found in the coating moulds of the product with a high settling
velocity and on the surface of the 1 to 4 mm particles from the hammer crusher.

As the research progresses, we plan to classify the anode and cathode grains, and
to remove and recover the black mass adhered to the surface of the particles.
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Abstract: Various waste materials have been repurposed as secondary raw materials for
producing environmentally friendly building products. One type is glass foam which is a
thermal insulation material. To produce glass foams, glass powder is mixed with a foaming
agent and treated at temperatures higher than 600 °C to inflict gas formation. An essential step
in preparing the raw materials is grinding them to an optimal particle size range. Eggshells, due
to their high calcium carbonate content, can serve as a foaming agent. However, their plate-like
structure makes it challenging to accurately determine size parameters. This study presents a
comparison of two different analytical methods—Ilaser diffraction (LD) and dynamic image
analysis (DIA). The results show that as grinding time increases, particle size decreases and
sphericity improves. Particle breakage begins after 16 minutes, achieving optimal size at 30
minutes. Consistency is observed between the measurement methods at 60 minutes of grinding
as particles become more compact and spherical.

Keywords: eggshell, grinding, recycling as foaming agent, ball milling, glass foam

1. INTRODUCTION

With increasing urbanization, the consumption of non-renewable raw materials
continues to rise, leading to significant environmental issues if not disposed of
properly (Cheng et al., 2016; Liu et al., 2019; Shelby, 2017). Effective waste
management is essential for promoting sustainable development.

Glass foams are environmentally friendly materials if made from secondary raw
materials (Foris and Mucsi, 2023a; Scarinci et al., 2005; Souza et al. 2017; Assefi et
al., 2021; Cengizler et al., 2021). They can be used as aggregate, heat insulation, or
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filler because of their many positive features like being lightweight, highly porous,
chemically neutral, non-flammable, and frost-resistant. With relatively low thermal
conductivity, glass foams effectively prevent heat transfer (Goltsman and Yatsenko,
2023). Those foams open new opportunities for waste materials such as glass and
eggshell powder to make a high-value product that easily fits into the circular
economy concept. A key disadvantage of glass foams is the production cost, which
is attributed to high raw material expenses (using SiC as a foaming agent) and
energy-intensive processes, like milling and thermal treatment.

To produce glass foams, foaming agents are necessary to create pores (Da Costa
et al., 2020). The foaming agents release gas in the molten glass during
decomposition. Carbonates are cost-effective types of foaming agents (Thulasikanth
and Padmanabhan, 2023). One example of this is eggshell (Foris and Mucsi, 2023b)
due to its high calcium carbonate content. Eggshells (ES) are one of the most
abundant food wastes through everyday egg consumption. 50,000 tons of ES waste
are generated approximately every year worldwide (Das et al., 2022). Eggshells’
main constituent is calcium carbonate (94-96%) or more specifically calcite in
crystalline form (Balaz, 2018). It is suitable for forming a porous structure in glass
foams because CO, is generated during the thermal decomposition of calcium
carbonate at high temperatures (700900 °C) (Souza et al., 2017; Osfouri and
Simon., 2022).

An essential step in glass foam production is grinding the raw materials to the
optimal size. Generally, raw materials need to be ground to less than 100 pm for
effective foaming (Guo et al., 2023; Bueno et al., 2020). The particle size of the
foaming agent directly influences the pore size and foaming behavior. If the particle
size of the foaming agent is uniform, the resulting glass foam structure is
homogeneous, which is advantageous regarding its material specification (Spence
and Kultermann, 2016).

The primary challenge with eggshells lies in their plate-like particle shape,
making it difficult to accurately determine the particle size distribution. To
accurately characterize the particle size and morphology of raw materials such as
eggshell powder, advanced measurement techniques are required. Conventional
sieving often fails to capture fine fractions and irregular particle geometries. Among
the widely used techniques, laser diffraction and dynamic image analysis provide
complementary information. In the following, LD will be used to refer to laser
diffraction, and DIA to dynamic image analysis.

LD is based on the principle that particles scatter light at angles inversely
proportional to their size, allowing rapid determination of particle size distribution
over a wide range. LD is advantageous due to its speed, reproducibility, and ability
to measure large sample volumes, but it assumes spherical particle geometry. This
limitation can lead to inaccuracies when analyzing materials such as eggshells,
which often have irregular, plate-like morphologies.

DIA, on the other hand, directly captures two dimensional images of particles in
motion, enabling simultaneous evaluation of both size and shape descriptors (e.g.,
aspect ratio, sphericity, convexity). Although DIA provides detailed morphological
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information, it generally requires longer measurement times, careful sample
dispersion, and larger datasets for statistical reliability.

This study aimed to examine the effects of grinding on the particle size
distribution and shape parameters of eggshells using two different methods: laser
diffraction and dynamic image analysis.

2. MATERIALS AND METHODS

The raw material consisted of chicken eggshell waste, which was subjected to ball
milling for varying durations ranging from 1 to 60 minutes (Figure 1). A general
overview of the physical characteristics of the chicken eggshell is presented in Figure
2. This figure illustrates the layered structure of an ES, showcasing its unique
hierarchical architecture. Starting from the outermost layer, the eggshell consists of
a cuticle colloid layer and a surface layer, which provide a protective coating. Below
this lies the palisade layer, composed of tightly packed materials that add strength
and support. The mammillary layer follows, featuring structures that connect to the
underlying fiber membrane. Notably, the structure contains gas pores and bubble
pores that enable gas exchange, which are essential for biological processes.
Additionally, sub-layers like the sub-micro-sphere layer and nano-line layer
contribute to the eggshell's strength and rigidity, while the outer and inner
membranes form a barrier that further reinforces the structure (Hincke et al., 2012).

Before milling, ES waste was heat-treated in boiling water for 30 minutes to re-
move the organic content. Then the material was dried at 105 °C for 2 hours until
mass consistency. Before milling, the ES was kept in a desiccator at room temperture
(25 °C). The eggshell’s thickness was measured with a digital gauge. The average
thickness was 401 £28.29 um.

The grinding process utilized a planetary mill with stainless steel balls of 10 and
20 mm diameter as the grinding media. Throughout the experiment, eggshell is
referred to as ES.

Figure 1
ES powder after 60 minutes grinding
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Description of ES (chicken ES) (Zhou et al., 2011)

2.1. Methods for raw material characterization

The chemical compositions of eggshells were measured by a Rigaku Supermini 200-
type wave-length X-ray fluorescence spectroscope (XRF). The loss of ignition (LOI)
was measured at 950 °C with 90 min heating rate, and 60 min holding time in a static
furnace. The XRF and LOI experiments were carried out from the original sample
(before ES was heat-treated in boiling water). Table 1 shows the results of XRF and
LOI measurements. The primary component of the eggshell is CaO, comprising
54.5% of the total mass, reflecting the high calcium carbonate content of the
eggshells. The LOI content is relatively high at 45.7%, indicating a significant
amount of volatile material during thermal treatment. These values highlight the
suitability of eggshells as a potential source of calcium carbonate for applications
such as foaming agents in glass foam production.

Table 1
Chemical composition and
loss of ignition of ES
/%)
SiO; 0.3
ALO; 0
MgO 0.62
CaO 54.4
Na,O 0.13
K;O 0.13
F6203 0.03
MnO 0.001
TiO, 0.002
P,0s 0.499
S 0.21
F <0.3
LOI 45.71
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2.2. Methods for ES powder characterization

The ground powders were analyzed with two different methods. For the first method
LD, a Horiba LA-950 V2 laser diffraction particle size analyzer was used in wet
conditions using distilled water as dispersing media, applying the Fraunhofer theory.
For the second method DIA, Retsch Camsizer XT dynamic image analyzer was used
in dry conditions. To evaluate the influence of milling on the shape properties, the
parameter sphericity (surface rounding of grains) SPHT was selected

SPHT= 4 & (particle area) / (particle perimeter)? (D)

For the sphericity, the mean value, and the confidence interval of a 95 % level of
confidence were calculated as

*

S S
Apottom = X — 0,05 * \/% (2)
— S*
Apop = X + Lo o5 * \/_% 3)
Atop — Apottom 4)

where X is the mean, toos is the t-distribution value at 95 % confidence level, S, is
standard deviation, n is the number of values, dbottom 1S the lower limit of the 95%
confidence interval, ouop is the upper limit of the 95% confidence interval.

3. RESULTS AND DISCUSSION

Particle size distributions are provided in Figures 3 and 4 in volume distribution (Q3)
with the two different devices (Horiba LA-950 V2 and Retsch Camsizer X2).
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Particle size distribution curves at different grinding times (laser diffraction
analyzer Horiba LA-950 V2)
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In Figure 3 the LD results showed no major size reduction before 4 min of grinding.
At 8 minutes, the particle size starts to decrease significantly. At 30 minutes, the
particle size distribution is much finer with the majority (97.88%) of the particles
falling below 100 pum, indicating sufficient grinding. The curve suggests that
grinding at this stage reaches an optimal balance for producing finer particles. By 60
minutes, the particle size distribution shifts even further, with a 55% of particles
being less than 10 um in size. This demonstrates that with prolonged grinding, the
particle sizes become even smaller and more homogeneous, as the curve becomes
steeper, suggesting more uniform particle sizes. The 30-minute grinding represents
a good trade-off between size reduction and energy input, as particles below 100 um
are achieved, which is typically suitable for applications in glass foam production.
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Figure 4
Particle size distribution curves at different grinding times
(dynamic image analyzer Retsch Camsizer X2)

During the DIA method with Retsch Camsizer X2 the diameter of circumference
was used to evaluate the particle size distribution. Similar to the previous graph,
short grinding times (1-8 minutes) show no significant size reduction. By 16
minutes, approximately 85% of the particles fall within the 1-100 pm range,
although the distribution is still relatively broad. After 30 minutes of grinding, 85%
of the particles have shifted to a smaller size range, with most particles below 100 pm.
The distribution becomes narrower, indicating more uniform particle sizes.
Comparing the two methods, the major size reduction starts after 8 minutes of
processing. With the increasing grinding time, the particle size reduces respectively,
this trend can be seen in the case of both methods. However, slight fluctuations
between the methods can be observed at shorter grinding times, as shown in Figure 5.
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Figure 5
Key parameters measured by Camsizer (DIA) and
Horiba LA-950 V2 laser diffraction analyzer (LD)

In Figure 5, it can be noticed that the key parameters of the PSD (median and x99)
decrease with increasing grinding time. An increase of the upper particle size x99 can
be observed from 1 to 4 minutes of grinding, which can be an artefact due to particle
shape. This artefact in particle size distribution is due to the anisotropic shape of the
particles, which causes inconsistent measurements depending on their orientation
during analysis. Both LD and DIA show a clear trend of particle size reduction with
increasing grinding time. The particle size distribution stabilizes after around 30
minutes of grinding, where the differences between the two methods become
minimal. For early grinding times, DIA may be more sensitive to larger, irregularly
shaped particles like the plate-like structure of eggshells, whereas LD seems to show
slightly smaller particle sizes initially. The reason for this is DIA measures the
longest axis of irregular particles, it records larger sizes for plate-like eggshell

fragments, while LD assumes spherical equivalents and therefore reports slightly

smaller particle sizes at early grinding times. Both methods are effective in tracking
particle size reduction over time, and after 30 minutes, both converge to show a

similar particle size distribution, indicating more homogeneous particles.

In Figure 6, the SPHT values indicate that the sphericity of the particles
increases with prolonged grinding time. As grinding progresses, the particles
become more compact, gradually losing the plate-like structure of ES. A steady
rise in sphericity is observed as grinding time extends with minimal changes
detected before 8 minutes. This observation aligns with the particle size
distribution measured by DIA, which also shows little variation in the early stages

of grinding. However, by 60 minutes, a substantial improvement in sphericity is
evident compared to the 1-minute grinding.
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Figure 6
Sphericity results measured by Camsizer (DIA) analyzer
at different grinding times

This tendency correlates with the two different methods. Laser diffraction makes the
convenient assumption that every particle is a sphere, so where the SPHT values are
close to 1, the LD and DIA methods show similar results. This similarity in results
is apparent after 30 and 60 minutes of grinding. However, at shorter grinding times
(1-8 minutes), notable discrepancies are observed. Laser diffraction indicates a
significantly larger fraction of particles below 100 um compared to image analysis,
which still records most particles in the coarser size range. During the initial grinding
phase (up to 8 minutes), the particles retain much of their original size and shape.
Only after 16 minutes do the particles begin to break down at the plate edges and
decrease in size. Concurrently, a major increase in sphericity is observed, reflecting
the loss of their plate-like structure and a shift toward a more spherical shape.

The experimental results highlight the significant influence of grinding time on
eggshell particle size and morphology, as well as the suitability of different analytical
methods for particle characterization. Particle breakage was observed to occur
mainly after 16 minutes of grinding, with an optimal fraction of particles smaller
than 100 pm being achieved after 30 minutes. These findings are consistent with the
observations of Balaz (2018), who reviewed ball milling of eggshells and reported
that extended grinding enhances fineness and reactivity, although the efficiency of
the process is strongly influenced by the original morphology of the material (Balaz,
2018). Similarly, Guo et al. (2023) demonstrated that the fineness of glass-based
aggregates has a direct effect on the performance of lightweight concretes,
reinforcing the need to optimize grinding conditions to obtain desirable particle
properties (Guo et al., 2023).

The results also showed that longer grinding time increases particle sphericity, as
particles gradually become more compact and rounded. This is in line with the
descriptions by Zhou et al. (2011) and Hincke et al. (2012), who reported that the
hierarchical, plate-like structure of eggshells presents challenges for comminution
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(Zhou et al., 2011, Hincke et al., 2012). These structural characteristics explain why
short grinding times do not yield strong correlations between particle size and shape.

The results indicate that DIA provides more reliable measurements at shorter
grinding times, when particles retain their plate-like geometry, since it records particle
dimensions directly from images. However, with extended grinding (60 minutes), the
results from DIA and LD converge due to the particles’ increasing sphericity, leading
to a high level of agreement between the two methods. This dual applicability of LD
and DIA highlights the importance of combining complementary techniques for
accurate characterization. While Spence and Kultermann (2016) noted that uniform
particle size enhances the homogeneity of construction materials, studies have not
explicitly compared LD and DIA in the context of waste-derived powders.

In summary, this study confirms that systematic grinding is essential to overcome
the plate-like morphology of eggshells, with particle size reduction and sphericity
improvement directly influencing the effectiveness of eggshells as a foaming agent.
Furthermore, the complementary use of LD and DIA provides a more complete
characterization of particle properties, offering methodological guidance for future
investigations.

4. CONCLUSIONS

During the experiments, systematic grinding tests were carried out and particle size
distribution and particle shape distribution were investigated. The following
conclusions were observed from the measurements:

e The breakage of the particles occurs at 16 minutes. Before that, the size and
shape parameters do not change a lot (1-8 minutes),

e As the grinding time increases, a gradual decrease in particle size can be seen
with an optimal size fraction of <100 um being achieved after 30 minutes of
grinding,

e With increasing grinding time, the particle size decreases and the particles’
sphericity value increases because of more compact particles,

e At shorter grinding times, the two results do not correlate because of the plate-
like shape of the particles. More energy and longer grinding are required to
break these particles down. DIA measures an average of the longest, medium,
and shortest physical dimensions of the plate-like particles, therefore bigger
particles are measured compared to LD method,

e At the 60-minute grinding interval, the particle size distributions obtained by
the two evaluation methods exhibit a high degree of agreement, primarily due
to the particles’ sphericity values approaching unity. Due to the plate-like
nature of eggshells at shorter grinding times, DIA method is suggested to
investigate particle size distribution, but at longer grinding times (60 minutes
of grinding) LD analyses can give reliable results because the particles
become more compact and spherical the effect of grinding.
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Abstract: There is a need to develop appropriate techniques and technologies that will
upcycle construction and demolition waste as a secondary material. This study aims at
improving construction and demolition waste from concrete. Three (3) fractions of materials
were processed, jaw crusher and impact crusher were employed. Based on this study, the
concrete construction and demolition waste fraction with raw material sizes between 45 to
80 mm, and 22 to 45 mm, could be explored for size range 4 mm to 25 mm (4/25) aggregates
production, while the raw sizes 0 to 22 mm, could be investigated for 4 mm to 14 (4/14)
aggregates after crushing and some selective sizing. Flakiness indexes were < 7% for the 2
larger size fractions. Further studies are recommended, on other properties.

Keywords: construction and demolition waste, jaw crusher, impact crusher, aggregates

1. INTRODUCTION

There has been an increased interest at a global level regarding the reuse and
recycling of construction and demolition wastes (CDWs) (Contreras-Llanes et al.,
2021). According to the European Environmental Agency (2023, last updated),
CDW had a high recovery rate and stable amounts in the EU; however, management
practices indicated that CDW recovery was largely based on backfilling operations
and low-grade recoveries such as aggregates for road sub-base. Thus, there is a big
potential for making CDW management truly circular. To increase the value and
feasibility for CDW application, there is a need to develop proper up-cycling
techniques. Extensive work has shown that plain and reinforced concrete debris can
be crushed by primary or secondary crushers to produce recycled concrete
aggregates within acceptable quality to BS 882 requirements (Limbachiya, 2010).
The “equiaxed” nature for impact breaker is advantageous in concrete aggregates
(Tarjan, 1981). The advantage of vertical shaft impact (VSI) crusher is the ability to
produce cubicle shapes, however this shape results in significant quantities of fines
(Bengtsson and Evertsson, 2006). In the study of Bengtsson and Evertsson (2006),
the flakiness index (FI) from VSI crushed particles was around Y5, those from the
cone crusher and VSI speed have an influence on the FI, with higher speed producing
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lower FI. Besides, a higher velocity VSI increases the proportions of finer particles
produced as compared to a lower velocity VSI. Hubert et al. (2023) conducted a
study on recycled concrete aggregates and observed that the jaw crusher produced
fewer fine particles as compared with the impact crusher. In addition, the impact
crusher produced recycled concrete aggregates with less flakiness and shape index
as compared with the jaw crusher. However, according to Ulsen et al. (2019), the
recycled concrete aggregates end products for jaw and crusher processes were not
significantly different with respect to adhered cement paste, density, porosity and
particle size distribution. In other words, the differences did not justify the belief that
the impact crusher has superior release ratios of recycled concrete aggregates.
According to a study by Wang et al. (2024), impact crushing using a water jet for
recycled concrete aggregates can result in deterioration of the interfacial transition
zone (ITZ), and effectively remove the residual adhered mortar, which could further
lead to residual adhered mortar and water absorption values being almost similar to
natural aggregates. To improve the quality of recycled aggregates, further treatment
could be explored. The study by Qiu et al. (2014), which involved microbial
carbonate precipitate treatment, and that of Li et al. (2019) using carbonation
treatment, both resulted in reduced water absorption of the treated coarse aggregates.

According to the Advancing Standards Transforming Markets (ASTM)
International, ASTM D1883-21, the CBR test can be applied to several engineering
applications, such as evaluating the potential strengths of subgrade, subbases, and
base course materials, including recycled materials, for flexible roads and airfield
pavement designs. Zhang et al. (2021) evaluated recycled aggregates having blended
components, and noticed that the aggregate crushing value varied with the amounts
of gravel, brick, and mortar. Furthermore, Martinez-Echevarria et al. (2020)
observed that California Bearing Ratio (CBR) values for recycled aggregates
increased after being submerged, an indication of anhydrous particles that reacted
with water. They further noticed that crushing resulted in an increased hydration
activity, which could imply that cement particles in the recycled aggregates come to
the surface after crushing, and hence increased the hydration activity as well as
support capacity increase.

Consequently, this paper systematically examined the impact of crushing on three
fractions of concrete CDW in Hungary. Preparations and analysis were conducted at
the University of Miskolc. Crushing was done by jaw and impact crushing. The aim
of this research is to systematically process and classify CDW for concrete recycled
aggregates and geopolymer precursor materials.

2. MATERIALS AND METHOD

Three CDW waste size fractions were classified based on raw particle size (feed
sizes) and denoted as CDW 1 for the 45-80 mm, CDW II for the 22—45 mm and
CDW III for the 0—22 mm size ranges. This CDW from concrete waste with very
minor impurities observed including wood/twigs. X-ray fluorescence (XRF) was
used to determine the chemical composition and loss of ignition (LOI), and the result
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is presented in Table 1. Based on the results, the SiO, amounts arguably mainly from
aggregates, CaO could be attributed to previous binders while LOI from carbonation.

Table 1
Chemical composition and LOI for the CDW materials by XRF.
CDW III cCbw 1l CDWI <4mm, jaw crusher
SiO: 53.94 52.77 52.79 52.97
AlLOs 5.21 5.18 4.48 5.79
MgO 1.20 1.36 1.29 1.25
CaO 20.67 22.00 22.97 20.73
Na.O 0.56 0.55 0.50 0.61
K:0 1.28 1.21 1.00 1.43
Fe.0s 1.51 1.41 1.24 1.61
MnO 0.09 0.10 0.10 0.10
TiO: 0.16 0.16 0.15 0.19
P.0s 0.08 0.08 0.08 0.09
S 0.75 0.91 0.91 0.81
LOI 14.47 14.2 14.41 14.34

2.1. CDW Sampling Preparation

To make the homogenized samples, quartering and/or mechanical splitting
techniques were employed based on size to obtain representative samples for both
short- and long-term use. Quartering was initially conducted for the 3 categories of
concrete CDWs, then mechanical splitting was performed for the CDW III sample,
using a 50 mm width splitter based on the largest size as per AASHTO R 76
(Washington State Department of Transportation 2023). Other fractions generally
followed ASTM C702 and AASTHO R 76, as described in Gilson Company Inc.

2.2. Crushing and particle size distribution

The raw CDW II & CDW III particle size distributions were done by dry sieving.
Sieves of up to 125 mm were used for CDW 1, due to their larger sizes. Figure 1
illustrates the raw material particle cumulative undersize graph. A semi-industrial
jaw crusher (PE 02 type) was used for CDW I (2 passes) and II (1 pass), then <4mm
was sieved off before the CDW I, II and III were crushed using a RTE 24/18 type
horizontal shaft impact crusher, with a rotor circumferential speed of 30 m/s in all
cases. Before the CDW material fractions were fed into the impact crusher, the
<4 mm sizes were sieved off. The CDW I and CDW II were crushed by the jaw
crusher and impact crusher, whilst CDW III was crushed only by the impact crusher.
The type and level of crushing were chosen based on the size-dependent
classification. In other words, the CDW III was crushed only by the impact crusher
due to its relatively small average particle size. CDW I was subjected to 2 passes jaw
crushing with approximate spacings of 30 mm and 20 mm (peak to peak). The jaw
crushing of CDW II fraction was passed through approx. 20 mm spacing (peak to
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peak). The cumulative undersize for >4 mm of jaw crushed and raw CDW III
material before impact crushing is illustrated in Figure 2.
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Figure 1
Particle size distribution for the CDW raw materials, sieve sizes of 125 to 16 mm,
6 fractions for CDW I, 63 to 4 mm for CDW Il and 31.5 to 1 mm, 4 fractions
for COW III
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Figure 2
Farticle size distribution for the CDW > 4mm for CDW Il and
Jjaw-crushed CDW I & 11, sieve sizes of 40 to 4 mm.

General crushing and classification steps are illustrated in Figure 3. The particle size
distribution for materials with dry seiving, was conducted, with up to 125 mm sieve
size, CDW I and CDW II raw materials, for CDW III raw materials dry sieving was
up to 31.5 mm. The primary sieve sizes were based on ISO-3310.2 and ISO-3310.1.
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4 Stages 3 Stages 2 Stages
Technology Technology Technology
CDW I CDW 111
EreciFiX) (x = 45 - 80 mm) (0-22 mm

Comminution 1 (R = 30 mm)
Jaw Crusher

v v
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Jaw Crusher
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CDW I1
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Fa(X) CDW I

Classification by 4mm sieving
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Comminution 3
Impact Crusher [30 m/s]
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Figure 1: Flow sheet of CDW with different feed sizes

Figure 3
Flow sheet for crushing the CDW I (45-80 mm size), CDW Il (22—45 mm size) &
CDW I (0-22 mm size)

2.3. Flakiness Index

The flakiness index (FI) was conducted for aggregates CDW I and CDW 11 for sizes
>4 mm in this study. Based on the slot widths and particle size fractions according
to European standards EN 933-3: 2012, whereby the slot widths are Y4 the size of the
particle size sieve passing the respective fraction. All the aggregates were assumed
to be in a dry condition, within an enclosed laboratory.
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_Mp
FI = e (D

where Mp and M are the mass passing the slots, and the total mass of the respective
fraction.

3. RESULTS

Particle cumulative undersize for the impact crushing products are illustrated in
Figure 4 and 5, for CDW I, CDW II, and CDW I1I after impact crushing, also curved
developed based European standards limits SIST EN 12620: 2013, for categories G
80/20 and sizes 4 mm (d) to 25 mm (D) i.e. (4/25) in Figure 4 and G, 80/20 and sizes
4 mm to 14 mm (4/14) in Figure 5. G.represent 80% passing lower limit size D and
20% passing upper limit size d.

In addition, Figure 6 presents the cumulative undersize of CDW IV, which is a
mixture of CDW [, II & III for sizes < 4 mm and sieved from the impact crusher
feed. The Figure 4 curves for CDW I and II against the 4/25 sizes had higher finer
particles, the coarser proportions were within the limits. After removal of % material
of < 4 mm, the adjusted curves [denoted: ADIJ] fitted the limit-based curves. The
removed material represents 20.7% and 18.9% of the initial impacted crushed
material for CDW I and CDW 11, respectively. The Figure 5 curves for CDW II1, the
4/14 sizes had higher finer particles, with coarser proportions generally within the
limits, after removal of <20 mm (2.18% of total crushed) and % for <4 mm portion
(23.2% of total crushed), the ADJ curve fitted. Figure 6, the <4 mm sieved from the
3 fractions, after jaw crushing CDW I and Il and raw CDW I1I, the passing 50% and
80% i.e. Dsp and Dgo were 1.6 mm and 3 mm, showing an almost constant steepness
from > 60% undersize and relatively steeper at < 20% undersize.
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Particle size distribution for CDW I and 1l impact crushing products, sieve sizes
of 40 to 4 mm, and 8 size fractions for CDW I and 10 for CDW II
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Figure 6
Particle size distribution for CDW IV with sizes <4mm from impact feed,
sieve sizes of 8 to 0.063 mm, and 8 size fractions

Reduction ratios for 50% passing (rso) and 80% passing (r5o), for the jaw crusher and
impact crusher (30 m/s) are as illustrated in Table 2. Moreover, Figure 7 shows the
jaw-crushed sample and Figure 8 illustrates the samples after impact crushing, with
a visible size reduction. Based on those Figures, size reduction occurred for CDW I
and CDW II after impact crushing and an increase in finer particles.

Figure 7
Jaw crushed concrete waste sample a) COW Il and b) CDW L.
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Figure 8
Impact crushed concrete waste at 30 m/s sample a) COW I, b) CDW 11, and
¢) CDW III.

Table 2
Reduction ratios at passing 50% (rsg) and 80% (rse) for the jaw and impact
crushers at 30 m/s

CDW I CDW 11 CDW II1
I'so I'so I'so I'so I'so I'so
Jaw Crushed 2.5% 2.6* 1.4 1.7
Impact
Crushed 2.6 1.4 2.1 1.4 1.5 1.4
**Total 6.1 3.8 2.8 2.3 1.2 1.3

*2 passes; ** 4 mm classifier before feeding into the impact crusher, hence the feed >4 mm.

The FI, for > 4 mm is presented in Table 3 for CDW I & 11, the maximum at 6.11%,
based on the results, CDW I improved, from 6.11% to 3.23% after impact crushing
but CDW II had just a marginal change/decline from 3.14% and 3.62%.

Table 3
Flakiness index (FI) for jaw crushed and impact crushed COW [ & CDW 11
CDWI CDhW II
Jaw crushed Impact crushed Jaw crushed Impact crushed

FI

6.11%

3.23%

3.14%

3.62%

4. DISCUSSION AND CONCLUSIONS

The sampling preparation undertaken in this study proved very important as it ensured
consistency in the CDW material. Furthermore, the size reductions achieved after
crushing the CDW samples helped in the categorization of the samples into various
aggregate categories suitable for different applications. The CDW I and CDW 11
reduction ratios (rs0) were 6.1 and 2.8 for the jaw crushing, 4 mm classifier, and impact
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crushing, respectively and rg of 3.8 and 2.3, respectively. Hence, almost a similar
reduction ratio, with CDW 1 being marginally higher, could be due to the slightly
higher raw material sizes for the larger particles (> 80 mm) and 2 passes for CDW L.
There was not much difference between the CDW I and CDW II product sizes, the
closeness of the reduction ratio value could indicate the similarity of properties for
both factions. The CDW I and II lower and higher fractions were not within the 20 mm
maximum limit curve ranges, however, the Dsy were within the range. The CDW 111
was marginally not within the 10 mm maximum limit curve range.

Visibly, the aggregates produced by the impact crusher had regular shapes with
reduced sharp edges. The FI for CDW I and II were below 4% after impact crushing
and below 6.11% after jaw crushing, showing that the jaw and impact crushing
aggregate shape could be suitable for concrete application. According to a study by
Ulsen et al. (2013), impact crushing affected the sphericity of CDW-sand and rock-
to-rock crushing, resulting in improved morphology.

According to Moreno-Juez (2021), higher LOI for CDW in comparison to cement
was attributed to calcite content in the CDW. The Federal Highway Administration
Research and Technology (USA) described the maximum LOI at 6% for fly ash or
natural pozzolans as a Portland cement admixture. Moreover, according to ASTM
C618-92a requirement, high carbon content (high LOI) results in a negative impact
on air entrainment. In this study, the LOI values are in the range of 14—15%, in Table
1 which are significantly higher than the allowable limits of ordinary Portland
cement (OPC). Based on the LOI, utilization of CDW binder from this study should
be a consideration, particularly for the longer-term or durability concrete properties.
Also, the study recommends further CDW binder’s LOI control studies.

In a nutshell, this study underscores the significance of initial systematic
preparation and characterization of recycled aggregates, however, there is a need to
pursue further studies such as surface treatment and other properties. Further
treatment is required to clean up the adhering mortar. This further treatment, coupled
with selective material sizing can be considered for the CDW 4/14 and 4/25 mm
coarse aggregate production. Besides, the CDW fines (> 4 mm) from the classifier
can be further processed for utilization as a concrete binder in future research. This
study recommends additional property tests and further research to improve the
quality of recycled aggregates including chemical or mechanical treatment.
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