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A B S T R A C T

Concrete production is a major contributor to global CO₂ emissions, responsible for approximately 80% of the 
emissions in the construction sector. This high emission level is primarily due to the use of clinker, an energy- 
intensive component of cement. Reducing the environmental impact of concrete therefore depends on produc
ing and reusing high-quality residual cementitious fines (RCF) derived from End-of-Life (EoL) concrete. The 
process of obtaining high-quality RCF begins before concrete demolition, where identifying the cement type in 
existing concrete is crucial for high-value downstream processing. This study explores the suitability of currently 
available methods for identifying binder types in (destructively obtained) RCF and evaluates which of these 
methods could potentially be suitable for non-destructive identification of binder types in the original concrete. 
The methods investigated include handheld X-ray fluorescence (HXRF), X-ray diffraction (XRD), Fourier trans
form infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), titration and selective dissolution. To 
assess their binder type identification potential, RCF powder samples obtained from concretes of known 
composition were analysed first. Results show that all five methods can distinguish and identify three binder 
types (Portland cement, blast furnace slag cement and fly ash cement) based on variations in the chemical and 
mineralogical properties of the RCFs derived from their respective concretes. HXRF currently shows the greatest 
potential for rapid, non-destructive, in-situ identification of binder types present in EoL concrete, while XRD and 
FTIR also show potential.

1. Introduction

The environmental impact of concrete lies primarily in the cement 
type used for its production and more specifically in its clinker content. 
At least 80% of the carbon dioxide (CO2) emissions from the concrete 
production process is attributed to clinker [1,2]. As a result, binders low 
in clinker content are being increasingly used, such as blast furnace slag- 
and fly ash based binders. However, the availability of these materials is 
decreasing due to increased recycling of steel and closure of coal-fired 
electricity plants resulting in a decreased production of slag and fly 
ash, respectively [3]. The growing demand for low-carbon concrete 
coupled with declining SCM supplies will inevitably increase clinker 
demand. A possible technically viable strategy for enabling net reduc
tion in primary clinker production while at the same time matching 
demands could lie in recovery and reuse of clinker and useful cementi
tious binders from End-of-Life (EoL) concrete [4]. However, recovery 

value depends on the cement type: clinker-rich cements like CEM I yield 
substantial amounts of clinker, whereas blended cements like CEM III/B 
contain considerably less. Therefore, concrete recycling should aim to 
recover a secondary binder that can replace primary cement, thereby 
reducing the consumption of virgin raw materials and at the same time 
the environmental footprint of concrete.

As the cement characteristics of residual cementitious fines (RCF) 
obtained from EoL concrete influences their potential for reuse, it is 
essential to already characterize this fraction before demolition in order 
to determine the best EoL concrete treatment strategies. The EN 197–1 
identifies 27 products within the family of cementitious materials, 
which can be grouped into five main cement types: namely Portland 
cement (CEM I), Portland-composite cement (CEM II), blast furnace 
cement (CEM III), pozzolanic cement (CEM IV) and composite cement 
(CEM V) [5]. In the Netherlands, traditionally the most commonly used 
cement types are Portland cement (CEM I), Portland fly ash cement 
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(CEM II/B-V) and blast furnace cement (CEM III/B). With current scar
city of fly ash, Portland limestone cement (CEM II/A-LL) is gaining 
ground as well. All these cement types have their own specific properties 
and areas of application [6]. Currently, no distinction is made between 
cement types in EoL concrete prior to demolition. As a result, concrete 
waste is mixed regardless of its original cement composition, leading to a 
highly heterogeneous RCF fraction obtained after concrete crushing. 
This heterogeneity significantly reduces its reuse potential (Fig. 1). 
Moreover, mixing different concrete streams dilutes the clinker content 
in the recovered RCF. When clinker-rich streams (e.g. CEM I concrete) 
are combined with low-clinker streams (e.g. CEM III/B concrete), overall 
clinker concentration decreases. This is counterproductive, as clinker is 
the most valuable component in concrete. Selective demolition and 
separate processing by original cement type would therefore reduce 
heterogeneity while enabling recovery of clinker-enriched RCF streams 
with higher binding potential.

To obtain high-quality (more homogenous) residual cementitious 
fines and enhance its reuse potential, source separation strategies 
focused on discriminating the cement type and its quality present in EoL 
concrete are essential. A well established method for this is petrography, 
where EoL core samples are taken and prepared into thin sections for 
microscopic examination [7–9]. Even though this method accurately 
identifies cement types, it is destructive and time consuming [10,11], 
limiting its use for practical field application. As a result, there is 
growing interest in alternative approaches for on-site insight into the 
type and quality of binders present in EoL concrete. Rapid, 
non-destructive and portable identification techniques are particularly 
relevant for industrial application, as they could be integrated directly 
into demolition workflows without disrupting operations or requiring 
extensive sample preparation. During development of such methods, 
microscopic analysis can serve as verification when testing on unknown 
concrete samples. One promising method is the use of handheld X-ray 
fluorescence (HXRF), which is capable of identifying cement types and is 
already available in a portable format [12,13]. Its use in an industrial 
setting could enable demolition contractors and recyclers to rapidly 
screen concrete elements on-site, make informed real-time decisions on 
selective demolition, separate storage and directly assign concrete waste 
streams to the appropriate recycling or upcycling routes, transforming 
concrete recycling into a high value recovery process. Besides HXRF, 
other methods may also be of interest to gain further insight into the 
quality of the residual cementitious fines. Methods such as X-ray 
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 
thermogravimetric analysis (TGA), titration, and selective dissolution 
may provide complementary information that can help to increase cer
tainty of cement type identification and provide insight in other phys
ical, chemical and mineralogical properties (i.e. contamination, 
non-hydrated particles, characteristics influencing upcycling 
approach) that can help to determine the most optimal EoL concrete 

recycling process [14–19]. However, most of these methods currently 
require laboratory conditions due to equipment size, sample preparation 
requirements or environmental constraints and are not yet available for 
application on-site in a practical setting. Understanding their potential 
for reliable cement type identification in laboratory settings is needed to 
evaluate which techniques warrant future development. Such evalua
tion is essential for prioritizing methods that can be translated into 
robust and scalable tools for routine industrial use. With continued 
technological advancements addressing the current limitations, these 
methods may become viable tools for binder identification prior to the 
demolition of End-of-Life concrete structure.

The use of RCF as a cement replacement with or without prior 
treatment has been studied by multiple researchers [20–23]. In un
treated and uncharacterized form, only relatively small replacement 
percentages of cement are possible while maintaining a strength com
parable to that of the reference mixture, as RCF is typically regarded as 
an inert filler [22,24]. However, an activating effect of RCF has been 
observed when combined with blast furnace slag (BFS) [20,23], 
particularly RCF of high alkalinity (due to a large concentration of OHˉ 
ions coming from calcium hydroxide) which can activate pozzolanic 
materials [25]. This underlines that specific RCF origin and composition 
are crucial for maximizing value in new concrete mixtures. CO2 treat
ment methods are gaining attention for both their potential CO2 storage 
in recycled concrete fractions and for their potential to produce reactive 
pozzolanic material. RCF originating from highly alkaline Portland 
cement (CEM I) are potentially effective for CO₂ capture due to elevated 
levels of residual alkalinity, while BFS-rich RCF appear to provide value 
as pozzolanic material as it demonstrates better carbonation perfor
mance than fly ash-rich RCF [3,26]. Thermal treatment is another 
promising upcycling method for RCF as it might restore initial binder 
potential, therefore being most valuable to potentially fully replace 
primary cement in concrete mixtures [21,27]. However, more research 
into RCF characterization is needed to optimize its value for replacing 
primary cement in concrete mixtures, either directly or after upcycling. 
A major obstacle is the heterogenous composition of RCF produced 
through traditional EoL concrete treatment methods as depicted in 
Fig. 1. Implementing source separation strategies could yield more ho
mogeneous RCF from the EoL concrete crushing process, improving its 
value (highest application potential) either directly or indirectly after 
the most appropriate upcycling treatment. While previous RCF charac
terization studies have focused on gaining insight into the added value 
through treatment methods such as CO2 curing or thermal activation 
[20,28], this research employs characterization primarily to identify the 
original cement type, enabling in-situ determination to facilitate tar
geted source separation.

With the introduction of EN 197–6 [29] in 2023, recycled concrete 
fines as a main component can partially replace 6–35% of clinker in new 
concrete mixtures, depending on the cement type and RCF properties. 
This percentage could increase when the binding capacity of the RCF is 
increased through proper selection and tailored upcycling methods, 
making EoL concrete source separation strategies with cement type 
identification an essential step in this process.

This study aims to assess the potential of various methods to rapidly 
identify the cement type present in EoL concrete before crushing. To 
evaluate which identifying methods show promise for this application, 
including those not currently available in portable form, the assessment 
was conducted on RCF powders obtained after crushing. RCF samples 
obtained from three different concrete blocks, differing only in cement 
type (Portland cement-, blast furnace slag cement- and fly ash (FA) 
cement based concrete), were analysed using a set of methods 
comprising: X-ray fluorescence, both stationary (XRF) and handheld 
(HXRF), X-ray diffraction (XRD), titration and selective dissolution, 
thermogravimetric analysis (TGA), differential scanning calorimetry 
(DSC), Fourier transform infrared spectroscopy (FTIR) and polarized 
and fluorescence microscopy. Further insight in the physical properties 
of RCF was obtained through measurement of the particle size 

Fig. 1. Current EoL concrete crushing practice, where concrete waste streams 
with different cement types are mixed together resulting in heterogeneous re
sidual cementitious fines.
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distribution and particle density. While several techniques included in 
this study are currently destructive and laboratory-based, they may 
provide the detailed information required for reliable binder identifi
cation that available non-destructive techniques cannot deliver. 
Furthermore, methods that are able to successfully identify binder types 
in powder samples could potentially be developed into portable, non- 
destructive alternatives for future in-situ application on concrete 
structures.

2. Materials and methods

2.1. Concrete blocks and production of residual cementitious fines

2.1.1. Concrete blocks
Concrete blocks were made to produce the RCF used in this study. 

The blocks were based on three different concrete mixtures (Table 1), 
which varied only in the cement type used. These cement types were 
selected based on the three most used cement types in the Netherlands: 
CEM I, CEM III/B and CEM II/B-V, which also represent some of the most 
dominant cement constituents (clinker, slag, fly ash) used across Europe 
[4]. The concrete blocks were produced by a commercial ready-mix 
concrete plant in Zaandam using their standard mix design practices. 
The cement types comply with EN 197–1 [5], which specifies approxi
mately 70% GGBFS replacement in CEM III/B and 30% fly ash 
replacement in CEM II/B-V. From each mixture, five blocks measuring 
160x80x80 cm were produced and placed in outdoor conditions. The 
blocks were subjected to outdoor weathering conditions for approxi
mately 1.5 years to simulate realistic aging of concrete structures before 
demolition. Outdoor exposure can modify the concrete surface through 
processes such as erosion, moisture, efflorescence effect and surface 
contamination [30–32]. For the produced powder samples, these effects 
are expected to be limited, as the large volume of powder dilutes the 
impact on the overall chemical composition. After approximately 1.5 
year the blocks were crushed to produce besides granulate also residual 
cementitious fines (RCF), i.e. the powder fractions further investigated 
in this study.

2.1.2. Crushing process
For crushing the concrete blocks, an innovative concrete crushing 

process (Fig. 2) was employed. While crushing processes have been 
demonstrated at laboratory scale in previous studies [33,34], this 
research employed the process at an industrial scale. In short, the blocks 
were crushed using a hydraulic excavator to produce a size of rubble 
suitable for further processing in the impact crusher. The impact crusher 
served as a pre-crusher, reducing the rubble to a maximum particle size 
of 55 mm. Since the concrete blocks used in this research were not 
exposed to other materials from a demolition site, the material was fed 
directly into an innovative crusher (the Smart Liberator) provided by 
Urban Mine B.V. This machine mechanically removed adhered cement 
paste from the aggregates by utilizing the difference in hardness be
tween cement stone and aggregates, crushing only the cement while 
preserving the sand and gravel [35,36]. The process again resulted in 
two fractions: 0–4 mm and 4–22 mm. This specific 0–4 mm fraction 
contains the highest concentration of cementitious material. Therefore, 
this fraction was subsequently processed by an air separation technique 
(the Smart Refiner) provided by Urban Mine B.V., which further sepa
rated it into three fractions: a clean secondary sand fraction 

(0.25–4 mm) and two fine powder fractions (0–65 µm and 65–250 µm). 
In this study, the 0–65 µm fraction was selected for further analysis, as it 
is assumed to contain the majority of the original cementitious binder 
based on the applied production process. The analytical approach pre
sented in this study is, however, considered applicable to other 
binder-enriched fractions obtained from different recycling processes. 
This fraction is hereafter referred to as the residual cementitious fine 
(RCF) fraction.

2.1.3. Materials
The RCF fractions obtained from the three types of concrete blocks 

are labeled as follows: Residual cementitious fines 1 (F1) from block 1, 

Table 1 
Mixture design of the concrete blocks with varying binder types.

Concrete mix design [kg]

River gravel 4/32 River sand 0/4 CEM I 52.5 R Ground granulated blast furnace slag Fly ash Masterglenium Sky 648 Water Total

Block 1: CEM I 1010 860 330 0 0 2 162 2364
Block 2: CEM III/B 1010 860 100 230 0 2 162 2364
Block 3: CEM II/B-V 1010 830 230 0 100 2 162 2334

Fig. 2. Innovative concrete crushing an separation process for the production 
of secondary aggregates and RCF.
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residual cementitious fines 2 (F2) from block 2 and residual cementi
tious fines 3 (F3) from block 3. As reference material three hydrated 
cement types were used, namely Portland cement hydrate (CEM I hy
drate), blast furnace slag cement hydrate (CEM III/B hydrate), Portland 
– Fly ash cement hydrate (CEM II/B-V hydrate) and primary (non-hy
drated) Portland cement were used. The hydrate reference specimens 
were made by mixing the cement types with water, using a water-binder 
ratio similar to what was applied for the concrete blocks (w/b = 0.49). 
These paste specimens isolate the characteristics of the studied cement 
types without the presence of aggregates, enabling clear identification of 
cement type-specific signatures in the analytical techniques used. The 
produced specimens were stored in closed trays for approximately 1.5 
years, after which they were crushed to powders through milling and 
grinding using a Retsch mortar grinder RM200. Particles passing 
through a 63 µm sieve were collected and stored in sealed jars until 
further testing. An overview of the 7 powder fractions (RCF 1–3 plus 4 
reference samples) prepared for further characterization are provided in 
Table 2.

2.2. Characterization and methods for identification

2.2.1. Particle size distribution
The particle size distribution of the samples was measured using an 

EyeTech Laser diffractometer. Powder samples were added to 500 ml 
ethanol until sufficient concentration was registered by the diffractom
eter. Ethanol was preferred over water, as the samples contained 
cementitious materials that would undergo hydration upon contact with 
water.

2.2.2. Density
Before determining the density, the powders were dried at 105 ◦C 

until constant mass was achieved. The moisture content was simulta
neously determined following EN-1097–5 [37]. The density of the ma
terials was determined with the Ultrapycnometer 5000. This is a 
pycnometer where helium gas is used to determine the volume of a 
sample. Average weight of the samples was 40 g.

2.2.3. X-ray fluorescence
The chemical composition of the samples was measured both by 

handheld- and desktop x-ray fluorescence (XRF). The handheld XRF 
(HXRF) used for these measurements was a X-MET8000 Expert GEO. It 
features a 25 mm2 high resolution silicon-drift detector and a Rh target 
X-ray tube. The measurement spot size used was 10.7 × 9.4 mm. Mea
surement reliability and repeatability for this instrument can be found in 
[38].

For the desktop measurements, a Bruker S2 PUMA A35X1 ED-XRF 
system, containing a x-ray tube with an Ag anode and a Peltier cooled 

silicon drift detector, was used. Measurements were done on pressed 
pellets. These were made by mixing 4.00 g of the powder samples and 
1.00 g Cereox from Fluxana as a binding agent. After mixing pressed 
pellets were prepared with a Vaneox pressing machine, using a load of 
20 tons. The loss of ignition (LOI) was determined by igniting the 
samples in a BOF 1100 Carbolite Chamber Furnace at 950 ◦C for 1 h 
[39]. After ignition the samples were cooled in a desiccator until room 
temperature. Both the weight before (m1) and after ignition (m2) were 
recorded and used to determine the LOI by using the following formula: 

LOI [%] =
m1 − m2

m1
× 100% (1) 

2.2.4. X-ray diffraction
The crystalline phases in the samples was analysed using a Bruker D8 

Advance Eco X-ray diffractometer with a LynxEye XE-T detector. The x- 
ray source used was a CU-tube with a Cu-Kα wavelength of 1.5418 Å. 
The voltage used was 40 kV and the x-ray beam current was set to 
25 mA. The samples were scanned in the 2θ range, varying the angles 
between 5◦ and 75◦.

2.2.5. Titration and selective dissolution
A titration and selective dissolution approach was developed to 

identify the binder type in the powder samples. For this purpose hy
drochloric acid (HCl) was chosen as fly ash (Class F) does not dissolve in 
HCl, whereas Portland cement, blast furnace slag cement and their hy
dration products do [40]. For this analysis 20 g of each powder type was 
washed with a 4 M HCl solution (90 ml). After 30 min a black layer 
should be observed only for samples containing fly ash as all other 
cementitious materials dissolve. If no black layer is observed, a non-fly 
ash based binder type must have been present.

After determining whether any powder batches contained fly ash, a 
new set of samples from the non-fly ash batches was selected for further 
analysis using a titration setup based on the assumption that binders 
containing CEM I and CEM III/B require respectively high and low 
amounts of HCl to bring the pH of the alkaline material in suspension 
down to 7. A 2 M HCl titrant solution was used for the titration. An 
amount of 160 mg cementitious material was added to a 150 ml glass 
beaker together with 100 ml water. In order to compensate for 
contaminant sand (silicate) present in the RCF samples, the actual 
cementitious binder material fraction within the RCF sample was 
derived first from the HCL dissolution procedure applied in the previous 
fly ash determination test. The solid fraction of the RCF samples F1 and 
F2 (not containing fly ash) remaining after HCL dissolution was assumed 
to be the sand fraction as found in preliminary experiments. The weight 
of the RCF samples used for the HCL titration test was thus corrected for 
the present sand fraction in order to ensure that 160 mg of cementitious 
binder was present in these samples. During subsequent titration, 0.2 ml 
aliquots titrant was added until a pH of 7 was reached. The total volume 
of titrant added at this point was recorded.

2.2.6. Thermogravimetric analysis and differential scanning calorimetry
A Netzsch STA 449 F3 Jupiter was used to simultaneously perform 

thermogravimetric analysis (TGA) and differential scanning calorimetry 
(DSC). Samples were heated in an alumina crucible with cover under 
argon atmosphere. The temperature was increased from 40 to 1050 ◦C at 
a heating rate of 10 ◦C/min. These conditions as well as the same cru
cible with cover were used to determine a baseline, which was sub
tracted from the results. The amount of portlandite (CH; Ca(OH)2) and 
calcite (CC‾; CaCO3) were determined based on their decomposition 
reactions according to the following equations: 

Ca(OH)2→CaO + H2O (2) 

CaCO3→CaO + CO2 (3) 

Table 2 
Overview of the composition of the three RCF and four reference samples.

Residual 
cementitious 
fines

Portland 
cement

Ground 
granulated blast 
furnace slag

Fly 
ash

Residual 
cementitious 
fines 1 (F1)

100% - - -

Residual 
cementitious 
fines 2 (F2)

100% - - -

Residual 
cementitious 
fines 3 (F3)

100% - - -

CEM I - 100% - -
CEM I hydrate - 100% - -
CEM II/B-V 

hydrate - 70% - 30%

CEM III/B hydrate - 30% 70% -
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mCH = mH ×
74

g
mol

18
g

mol

(4) 

mCC = mC ×
100

g
mol

44
g

mol

(5) 

Where mCH is the content of CH, mCC‾ is the content of CC‾ and mH and 
mC‾ are the weight loss of water (H2O) and carbon dioxide (CO2) 
determined by TGA respectively.

2.2.7. Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) was used to gain 

insight into differences in the molecular structure between the various 
samples. FTIR spectra were measured with a Nicolet iS50 FT-IR in the 
range of 400–4000 cm− 1. A total of 24 scans were taken for every 
measurement at a resolution of 4 cm− 1. Powder samples were placed on 
the crystal at the top of machine and pressed down with the pressure 
anvil.

2.2.8. Polarized and fluorescence microscopy
Concrete cores with a diameter of 100 mm were taken from the 

concrete blocks and processed for the production of thin sections. In 
total three thin sections per block were produced. The thin sections were 
examined with an Axioscope 5 microscope in plane-polarized trans
mitted light.

3. Results

3.1. Physical properties

Visual observation of the powders showed differences in color be
tween the three hydrated binder sample types. Fig. 3 shows that CEM I 
hydrate has the lightest color, whereas CEM II/B-V hydrate is the 
darkest. CEM III/B hydrate falls in between and has a more blueish tint. 
For the three RCF samples a comparable trend was observed. F1 (CEM I 
based) has the lightest color, followed by F2 (CEM III/B based) and F3 
(CEM II/B-V based) is the darkest. Although the difference between F2 
and F3 appeared less distinct.

The particle size distribution of the RCF- and the reference samples is 
shown in Fig. 4. The RCF samples showed a slightly increased coarser 
fraction compared to the hydrated reference cements. Additionally, 
unreacted CEM I showed the highest finest particle size fraction. Particle 
size parameters D(10), D(50) and D(90) can be found in Table 3, which 
confirm the observations from Fig. 4. Table 3 also shows the density of 
the powders. The density of the RCF samples was higher than that of the 

hydrated reference cements. F1 and F3 showed comparable densities, 
with the density of F1 being slightly higher. F2 showed the lowest 
density compared to the other residual cementitious fines. For the 
reference hydrates, CEM I hydrate also showed the highest density. CEM 
II/B-V hydrate and CEM III/B hydrate showed a lower but comparable 
density. Unreacted CEM I showed the highest density of all the mate
rials. As the RCF samples can be composed of a combination of hydrated 
binder, non-hydrated binder and river sand, these are expected to show 
a higher variation in density in comparison to the reference specimens.

3.2. Handheld and stationary X-ray fluorescence

Fig. 5 shows the chemical composition of the three RCF samples as 
measured by HXRF. A clear difference was observed between the three 
RCF types. F1 (CEM I based) showed an increase in CaO and a decrease 
in SiO2 and Al2O3 compared to F2 (CEM III/B based) and F3 (CEM II/B-V 
based). Between F2 and F3, a lower CaO concentration and a higher SiO2 
concentration was observed for F2. Additionally, F2 showed the highest 
MgO concentration, whereas F3 showed the higher Fe2O3 concentration. 
These observations generally align with the deviations seen in the cor
responding hydrated reference cement types (Fig. 6). However, the CEM 
III/B hydrate contained a higher amount of CaO and a lower amount of 
SiO2 compared to the CEM II/B-V hydrate.

Based on the normalized average oxide concentrations (values 
normalized to 100%) of the RCF samples and the hydrated reference 
cement types, limits can be identified to distinguish between the cement 
types in the RCF samples. These limits are based on the oxides Fe2O3, 
Al2O3 and MgO. Concentrations of Fe2O3 larger than 3.4 correspond to 
the cement type CEM II/B-V, whereas MgO concentrations larger than 
1.8 corresponds to CEM III/B. Al2O3 concentrations lower than 7.0 
corresponds to CEM I.

Figs. 7 and 8 present normalized ratios between elements that can be 
used to identify the cement type within the RCF samples. A normalized 
value of Fe2O3/Al2O3 smaller than 40.00 is typical for cement type CEM 
III/B. After identifying CEM III/B, the other two cement types can be 
distinguished by using the ratio Fe2O3/CaO or Al2O3/CaO. When the 
normalized value of Fe2O3/CaO is smaller than 9.00 and that of Al2O3/ 
CaO is smaller than 18.00, the cement type within the residual cemen
titious fines corresponds with CEM I.

Table 4 shows the normalized composition of the three RCF- and the 
four reference samples for both the HXRF and desktop XRF. Differences 
generally smaller than ±5.5% can be observed between the handheld 
and desktop XRF, which are therefore seen as comparable. Additionally, 
observed trends in the oxide composition are also similar (Appendix A).

3.3. X-ray diffraction

Observed differences in the mineralogical composition of the hy
drated cement types CEM I, CEM III/B, CEM II/B-V and the unreacted 

Fig. 3. Powder samples of the reference cements (top three) and the residual 
cementitious fines (bottom three). A difference in color can be observed.

Fig. 4. Particle size distribution of residual cementitious fines F1, F2, F3 and 
the hydrated CEM I, CEM III/B, CEM II/B-V cements and non-hydrated CEM 
I cement.
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CEM I as characterized by XRD are illustrated in Fig. 9. For the hydrates 
CEM I has the most distinct portlandite peaks, followed by CEM II/B-V 
and CEM III/B. Other differences that can be observed are the 
apparent presence of mullite and quartz in CEM II/B-V, hydrotalcite in 
both CEM III/B and CEM II/B-V and the more amorphous and less 
distinct peaks of CEM III/B. Unreacted CEM I contains the four major 
phases alite (C3S), belite (C2S), aluminate phase (C3A) and ferrite phase 
(C4AF), but a small number of peaks also show the presence of anhydrite 
and calcite.

In the diffraction patterns of the RCF samples (Fig. 10) quartz peaks 

are visible, which indicate the presence of sand. In the case of F3 (CEM 
II/B-V based), the quartz can be a combination of fine sand particles and 
quartz from the fly ash. Except for the presence of quartz comparable 
trends that were observed in the reference cements, can also be seen in 
the corresponding RCF samples. F1 (CEM I based) has the most distinct 
portlandite peaks, small mullite peaks are present in F3 and hydrotalcite 
is observed for both F2 (CEM III/B based) and F3. Similar crystalline 
phases such as quartz, calcite and portlandite have also been reported in 
XRD analyses of recycled aggregate concrete and modified cement sys
tems in previous studies [41,42]. However, the present results further 

Table 3 
Density, particle size parameters D(10), D(50) and D(90), moisture content and loss of ignition of the residual cementitious fines and the references cement samples.

Material Density [g/cm3] D(10) [µm] D(50) [µm] D(90) [µm] Standard deviation [µm] Moisture content [%] LOI including moisture content [%]

F1 2.332 13.42 48.67 84.78 25.72 11.2 21.0
F2 2.251 9.09 35.35 68.29 22.13 10.8 18.5
F3 2.329 11.70 37.82 70.79 22.83 14.2 23.5
CEM I hydrate 2.211 5.31 29.55 53.66 17.01 11.4 29.3
CEM II/B-V hydrate 2.186 6.52 32.61 57.84 17.86 13.7 28.8
CEM III/B hydrate 2.190 8.75 33.57 55.23 17.31 13.6 26.1
CEM I 3.067 4.57 19.12 36.68 12.78 - 2.7

Fig. 5. Chemical composition measured by HXRF of the residual cementitious λ.

Fig. 6. Chemical composition measured by HXRF of the hydrated primary reference cement types CEM I, CEM III/B and CEM II/B-V.
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highlight differences in phase assemblage related to the specific binder 
compositions used in this study.

3.4. Titration and selective dissolution

The three RCF samples were washed with HCl to determine the 
presence of fly ash (Class F) and to estimate the amount of sand present. 
Fig. 11 shows the occurrence of a black layer for RCF sample F3 (CEM II/ 
B-V based). Upon exposure to a magnet, this black layer is attracted to 
the magnet, demonstrating magnetic properties (Fig. 12). For both RCF 
F1 (CEM I based) and RCF F2 (CEM III/B based) no black layer was 
observed and the remaining material was weighed to estimate the sand 
content within these samples. The sand content was then used to 
calculate the amount of material required for the titration experiments. 
Table 5 shows these results.

After identifying the sample containing fly ash, the other two sam
ples were further analysed through HCl titration. Initial measurements 
revealed that CEM I hydrate required 1.5 ml (±0.1 ml) of 2 M HCl to 
maintain a pH below 7, while CEM III/B hydrate required only 1.0 ml 
(±0.2 ml). This difference in HCl consumption indicates that acid 
titration can differentiate between these two cement types. Fig. 13
shows the change in pH over a certain time period during addition of 
HCl to the solution containing RCF until the pH stabilized below 7. The 
figures show that RCF sample F1 (CEM I based) required more (5 times 
0.2 ml aliquots) HCl to keep the pH below 7 for more than one hour 
compared to F2, for which 4 times 0.2 ml aliquots were sufficient. In 
addition, the pH increased faster after HCl aliquot additions in the RCF 
sample F1 solution. Indicating that the alkaline buffering capacity was 
higher than that of RCF sample F2 (see also Table 6).

3.5. Thermogravimetric analysis and differential scanning calorimetry

Figs. 14 and 15 show the TGA and DTG curves of the reference 
cement- and the RCF samples. In both figures the curves show an abrupt 
weight loss at three temperature ranges. Between 40 and 250 ◦C the first 
large weight loss is the result of the evaporation of free water and the 
dehydration of hydration products such as ettringite, monosulfate and 
calcium silicate hydrate (C-S-H) [43,44]. The second abrupt weight loss 
occurs between 400 and 550 ◦C as a result of the decomposition of 
portlandite (Ca(OH)2; CH) [43,45]. The final transition due to the 
decomposition of calcite (CaCO3) takes place in the range 700–900 ◦C 
[43]. Between 250 and 400 ◦C and 550–700 ◦C a gradual weight loss is 
observed as the C-S-H, calcium aluminate hydrates and other minor 
hydrates continue to dehydrate [46,47].

Differences can be observed between the primary hydrated reference 
cements in Fig. 14, especially for the abrupt weight loss related to CH 
and calcite. The largest weight loss between 400 and 550 ◦C is observed 

Fig. 7. Normalized oxide ratio Fe2O3/Al2O3 to identify the presence of CEM 
III/B as the cement type in the residual cementitious fines.

Fig. 8. Normalized oxide ratio Fe2O3/CaO and Al2O3/CaO to distinguish the presence of CEM I or CEM II/B-V as a cement type in the residual cementitious fines.

Table 4 
Normalized oxide content of residual cementitious fines F1, F2 and F3 and primary cement types.

F1 F2 F3 CEM I hydrate CEM II/B-V hydrate CEM III/B hydrate CEM I unreacted

HXRF XRF HXRF XRF HXRF XRF HXRF XRF HXRF XRF HXRF XRF HXRF XRF

SiO2 44.97 48.17 50.87 54.10 46.01 51.26 20.51 18.58 26.46 27.47 26.54 28.04 21.61 17.04
Al2O3 6.44 7.04 7.99 8.86 7.59 8.50 4.69 5.17 7.59 9.47 7.32 9.05 5.12 4.91
SO3 2.68 2.46 2.04 2.00 2.48 2.32 4.15 4.05 3.80 3.59 2.94 2.95 6.49 5.03
CaO 39.35 35.51 30.93 26.90 35.84 30.60 65.53 66.86 53.46 51.41 55.20 51.53 62.09 67.59
K2O 1.52 1.15 1.59 1.12 1.90 1.41 1.07 0.95 1.55 1.35 0.86 0.72 1.19 0.96
Fe2O3 3.20 3.32 2.88 2.81 3.85 3.69 2.18 2.50 4.12 4.46 1.19 1.10 1.90 2.52
P2O5 0.56 n.d. 0.65 n.d. 0.65 n.d. 0.32 n.d. 0.53 n.d. 0.46 n.d. 0.22 n.d.
MgO 0.43 1.65 1.96 3.32 0.72 1.51 0.79 1.16 1.39 1.29 4.22 5.46 0.66 1.16
TiO2 0.30 0.41 0.52 0.61 0.37 0.46 0.20 0.28 0.41 0.53 0.61 0.73 0.21 0.29
Cl 0.24 0.06 0.28 0.04 0.29 0.04 0.14 0.10 0.23 0.07 0.20 0.04 0.10 0.11
MnO 0.12 0.10 0.16 0.15 0.12 0.09 0.11 0.11 0.12 0.10 0.23 0.23 0.10 0.11
SrO 0.18 0.13 0.12 0.09 0.20 0.13 0.30 0.24 0.34 0.25 0.22 0.15 0.31 0.27
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for CEM I hydrate (4.03%), followed by CEM II/B-V hydrate (1.54%) 
and CEM III/B hydrate (0.78%). In the range 700–900 ◦C a comparable 
trend can be observed. Of the RCF samples (Fig. 15), F1 (CEM I based) 

has the highest weight loss related to portlandite. F2 (CEM III/B based) 
and F3 are more comparable, with F3 (CEM II/B-V) having a slightly 
higher weight loss. Unlike the hydrated reference cement types, a higher 

Fig. 9. X-Ray diffraction pattern of primary hydrated CEM I, CEM III/B, CEM II/B-V and unreacted CEM I. ☐ C3S (Alite; Ca3SiO5), ◯ C2S (Belite; Ca2SiO4), ΔC3A 
(Aluminate phase; Ca3Al2O6), ☆C4AF (Ferrite phase; Ca2AlFeO5), ⌂Anhydrite (CaSO4), ■ Ettringite (Ca6Al2(SO4)3(OH)12⋅26 H2O), ● Portlandite (Ca(OH)2), ▴ 
Calcite (CaCO3), ◆ Quartz (SiO2), ★ Hydrotalcite (Mg6Al2(OH)16CO3⋅4 H2O), ★ Mullite (Al6Si2O13).

Fig. 10. X-Ray diffraction pattern of the residual cementitious fines F1, F2 and F3. ◆Quartz (SiO2), ● Portlandite (Ca(OH)2), ■ Ettringite (Ca6Al2(
SO4)3(OH)12⋅26 H2O), ▴ Calcite (CaCO3), ⌂ Hydrotalcite (Mg6Al2(OH)16CO3⋅4 H2O), ★ Mullite (Al6Si2O13), ☐ C3S (Alite; Ca3SiO5), ◯ C2S (Belite; Ca2SiO4).
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decomposition of calcite was observed for F3, whereas the weight loss of 
F1 and F2 is more comparable.

Table 7 shows an overview of the weight losses due to H2O and CO2 
evaporation and their corresponding portlandite and calcite content. 

Fig. 11. Occurrence of a black layer (left, white arrows) for RCF sample F3 (CEM II/B-V based) indicating the presence of fly ash in the binder, while no black layer 
occurred (right) in RCF samples F1 and F2.

Fig. 12. Material of the black layer on a magnet, showing that the material 
consists of powders with magnetic properties.

Table 5 
Estimated average sand content of the RCF samples F1 and F2, both not con
taining fly ash.

Type Initial 
[g]

After 
washing 
[g]

+ /-
Estimated 
sand 
content [%]

+ /-

Amount 
for 
titration 
[g]

+ /-

F1 20.0 4.8 0.1 24.0 0.5 210.5 1.39
F2 20.0 4.7 0.1 23.5 0.5 209.2 1.37

Fig. 13. Change in pH after adding HCl for Fines 1 (left) and Fines 2 (right). No 2 M HCl was added if the pH did not increase above 7 after 1 h.

Table 6 
The average starting pH and amount of 2 M HCl added to keep the pH below 7 
for more than one hour. F1 showed a higher starting pH and amount of added 
HCl compared to F2.

Type Start pH + /- 2 M HCl [ml] + /-

F1 11.12 0.25 1.07 0.12
F2 10.17 0.12 0.77 0.05

Fig. 14. TGA and DTG curves of primary hydrated CEM I, CEM III/B, CEM II/B- 
V and non-hydrated CEM I.
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The reference cements show a difference in both portlandite and calcite 
content. CEM I hydrate has the highest portlandite content, followed by 
CEM II/B-V hydrate and the lowest content can be observed for CEM III/ 
B hydrate. A comparable trend can be observed for the calcite content. 
For the RCF samples, F1 (CEM I based) has the highest portlandite 
content, which is in agreement with the observations of the hydrates. 
The portlandite content of F2 (CEM III/B based) and F3 (CEM II/B-V 
based) are more comparable, with F3 having a slightly higher amount. 
The calcite content of the RCF samples, however, does not show a 
similar trend as those of the reference cement samples. Here, F3 has the 
highest calcite content, whereas F1 and F2 show a lower and comparable 
amount.

The DSC curves of both the reference cement- and the RCF samples 
are shown in Fig. 16. Comparing these results to Figs. 14 and 15 show 
that the thermal transitions occur at similar temperatures. Endothermic 
peaks can be observed in three temperature ranges, namely 40–250 ◦C, 
400–550 ◦C and 700–900 ◦C, which correspond to the DTG peaks. A 
difference is observed in the DSC curve of the RCF samples. A small 
endothermic peak is present around 570 ◦C as a result of the trans
formation of α-quartz to β-quartz. This is an immediate but reversible 
transformation and does not result in a weight loss, but in a decrease in 
density (2.65 g/cm3 to 2.53 g/cm3) [20].

3.6. Fourier transform infrared spectroscopy

The FTIR spectra of the reference CEM I and hydrated cement CEM I, 
CEM III/B and CEM II/B-V and the RCF sampels are shown in Figs. 17 
and 18. A clear distinction can be made between the non-hydrated CEM I 
and the three hydrated cement types. The main phases present in non- 
hydrated CEM I occur between 400 and 2100 cm− 1 [48]. As a result of 
the hydration the absorbance bands in that region shift, occurring 
around 1100–1150 and 925 cm− 1. In the region 3000–4000 cm− 1 

absorbance bands appear due to water bonding and depending on the 

cement type the formation of portlandite (Fig. 17) [49,50]. For the CEM 
I hydrated samples a sharp peak related to portlandite can be distin
guished around 3640 cm− 1 [49–51]. This peak is not observed for the 
other two cement type hydrates. Other differences can be observed 
around 470–650 and 1100 cm− 1 due to variations in sulfate and alumina 
containing phases [52]. These differences become more clear when 
taking the first derivative of the spectra (Fig. 19).

For the RCF samples (Fig. 18) the FTIR spectra appear comparable. 
Therefore, the first derivative was taken to better show variations within 
the curves (Fig. 20). The first derivative emphasizes rate of change in 
absorbance, effectively highlighting inflection points and resolving 
overlapping bands. This transformation is particularly valuable for 
cementitious materials, where complex mixtures can produce broad, 
overlapping absorbance features. As with the hydrated reference cement 
types, variations in the curves are observed between 470 and 
1100 cm− 1. Especially within 550–650 cm− 1 and around 1000 cm− 1 

differences in the peak appearance can be distinguished. Around 
960 cm− 1 a shift in the peak of the F2 sample (CEM III/B based) occurs.

3.7. Polarized and fluorescence microscopy of thin sections

Fig. 21 shows microscopic images of thin sections taken from the 
three concrete blocks. Based on these images a clear distinction can be 
made regarding present binder types. In the thin sections of block 2 
(CEM III/B based) the presence of ground granulated blast furnace slag 
(GGBS) was observed, whereas block 3 (CEM II/B-V based) contains 
spherical fly ash (FA) particles. Analysis of the thin sections of block 1 
(CEM I based) showed Portland cement as the main binder, but a minor 
amount of fly ash was also observed. This amount was substantially 
lower compared to that of block 3. Besides identification of the binder 
type, non-hydrated cement particles, unreacted GGBS and FA particles 
were also observed.

Visual inspection of freshly drilled cores can also give a starting 
indication regarding the used cement type within the concrete. Espe
cially, concrete containing CEM III/B can be recognized by its darker 
blueish color (Fig. 22). Between CEM I and CEM II/B-V this is more 
difficult, because their color is comparable. However, CEM II/B-V is 
slightly darker compared to CEM I.

4. Discussion

This research examined residual cementitious fines (RCF) derived 
from three different concrete types with known composition, differing 
solely in the cement type used. The investigation assessed the feasibility 
of several available analytical methods for determining the cement types 
in these RCF samples. Furthermore, the application potential of these 
methods for adaptation to non-destructive binder characterization in 
EoL concrete was evaluated.

4.1. Identification characteristics

Based on various properties, a clear distinction can be made between 
the types of cement present in RCF examined in this study. Fig. 6 shows 
that the chemical composition as examined by HXRF differs for several 
elements and that these can be used as tracers. In particular, the contents 
of CaO, Al2O3, Fe2O3 and MgO are discriminative. RCF F2 (CEM III/B 
based) is recognized by a higher amount of Al2O3 in combination with a 
higher MgO content, whereas for the identification of RCF F3 (CEM II/B- 
V based) the higher Al2O3 content is combined with a larger amount of 
Fe2O3. These observations align with values reported in the literature 
[13,53–56]. However, residual sand in the RCF can affect elemental 
concentrations, complicating the establishment of absolute threshold 
values. Reliable thresholds require consistent recycling processes 
yielding fines of homogenous composition, as varying sand content from 
different methods would alter these values. Since river sand mainly 
consists of SiO2 [13,57,58], using ratios based on tracer elements other 

Fig. 15. TGA and DTG curves of the residual cementitious fines F1, F2 and F3.

Table 7 
Amount of H2O and CO2 and their corresponding portlandite (Ca(OH)2) and 
calcite (CaCO3) content.

Content [wt%]
H2O in Ca 
(OH)2

CO2 in 
CaCO3

Ca 
(OH)2

CaCO3 Total

F1 1.41 1.22 5.80 2.77 19.44
F2 0.29 1.20 1.19 2.73 17.03
F3 0.36 2.66 1.48 6.05 20.87
CEM I hydrate 4.03 2.18 16.57 4.95 28.12
CEM III/B 

hydrate 0.78 0.72 3.21 1.64 25.06

CEM II/B-V 
hydrate 1.54 1.55 6.33 3.52 27.00

CEM I 0.20 2.06 0.82 4.68 2.76
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than SiO2 improves distinction between cement types (Table 8). RCF differences also appear in the mineralogical compositions as determined 

Fig. 16. DSC curves of the reference cements (left) and residual cementitious fines (right).

Fig. 17. Normalized FTIR curves of primary hydrated CEM I, CEM III/B, CEM II/B-V and unreacted CEM I.

Fig. 18. Normalized FTIR curves of the residual cementitious fines F1, F2 and F3.
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by XRD, where specific crystalline phases can be used for identification. 
In particular, mullite, hydrotalcite, and portlandite are of interest. Since 
both CEM III/B and CEM II/B-V are a combination of CEM I with blast 
furnace slag and fly ash, respectively, there is a significant overlap in the 
phases that are formed. However, RCF F2 (CEM III/B based) is identi
fiable by hydrotalcite presence, and RCF F3 (CEM II/B-V based) by the 
presence of mullite [54,59]. Additionally, differences can be seen in the 
relative portlandite mineral content [16], which are highest in RCF F1 
(CEM I based), followed by RCF F3 and RCF F2. The reason for this is 
that both GGBS and FA consume portlandite during hydration [60,61]. 
This pattern is also observed in the titration results (shown in Table 6) 
distinguishing RCF F1 from RCF F2: due to portlandite consumption by 
GGBS, RCF F2 requires less HCl to maintain a pH below 7 for over an 
hour. RCF F3 is uniquely identified by a persistent black layer after se
lective dissolution. The material of this black layer has magnetic prop
erties (Fig. 12), suggesting that it contains iron-bearing phases, such as 
magnetite and maghemite [62,63].

The higher amount of portlandite in RCF F1 is also evident from the 
results obtained with TGA and DSC analysis. This amount is approxi
mately 3.9 and 4.9 times greater than that of RCF F3 and RCF F2, 
respectively. The difference between RCF F2 and RCF F3 is smaller, with 
RCF F3 having a slightly higher portlandite content. The calcite content, 
however, is highest for RCF F3. Reason for this can be the higher specific 

surface area, which may influence the carbonation rate during storage. 
Based on the CO2 amount related to calcite, it may be possible to 
determine the initial amount of portlandite present before carbonation 
occurs. If it is assumed that the estimated CO2 content was fully bound as 
calcite by the reaction with portlandite, it can be recalculated using 
formulas 6–8. 

Ca(OH)2 + CO2→CaCO3 + H2O (6) 

mCH = mC ×
74

g
mol

44
g

mol

(7) 

CHtotal = CHCO2 + CHH2O (8) 

The total amount of portlandite based on these calculations is shown 
in Table 8. From the hydrated references cements CEM I hydrate would 
have had the highest total portlandite content, followed by CEM II/B-V 
hydrate and CEM III/B hydrate, which is in agreement with the order 
observed for the measured portlandite content shown in Table 7. For the 
RCF samples a similar trend as for the reference hydrates can be 
observed. The difference between RCF F2 (CEM III/B based) and F3 
(CEM II/B-V based) becomes more distinct with this approach, showing 
a higher total portlandite content for RCF F3 than for RCF F2. These 

Fig. 19. First derivative of the FTIR spectra of the primary hydrated cement types.

Fig. 20. First derivative of the FTIR spectra of the residual cementitious fines.
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portlandite trends also align with the XRD results. However, portlandite 
is not the only component in cement that carbonates. Other components, 
such as C-S-H, ettringite, and unreacted particles, can all react with CO2 
and contribute to the amount of calcite measured [64,65]. Therefore, 
the value shown in Table 8 may be an overestimation of the actual value. 
Nevertheless, this approach may result in an identification of the cement 
type. Portlandite is the component that contributes the most to the 
carbonation reaction, until depletion after which the carbonation reac
tion mainly shifts to other components [26,66,67]. Based on the TGA 
results, a significant amount of portlandite still remains in the samples, 
which leads to the assumption that other components have limited 
contribution to the carbonation and that the measured CO2 could be 

Fig. 21. Microscopic images of (a) Block 1 containing CEM I, (b) Block 2 containing CEM III/B and (c) Block 3 containing CEM II/B-V in plane polarized light. 
Unreacted Portland cement, ground granulated blast furnace slag and fly ash particles can be distinguished.

Fig. 22. Thin sections of concrete cores (non-carbonated) of block 1, block 2 and block 3. Block 2 has a distinct darker blue color compared to the other two blocks, 
indicating the presence of a slag containing cement type such as CEM III/B.

Table 8 
Estimation of the total amount of portlandite present based on the combination 
of the amount of CO2 in calcite and the amount of portlandite from Table 7.

CO2 in CC‾
CH

CH total
Based on CO2 Based on H2O

F1 1.22 2.05 5.80 7.85
F2 1.2 2.02 1.19 3.21
F3 2.66 4.47 1.48 5.95
CEM I hydrate 2.18 3.67 16.57 20.23
CEM III/B hydrate 0.72 1.21 3.21 4.42
CEM II/B-V hydrate 1.55 2.61 6.33 8.94

A.T.M. Alberda van Ekenstein et al.                                                                                                                                                                                                        Construction and Building Materials 525 (2026) 146359 

13 



used to estimate the total portlandite content. Although carbonation 
alters calcium bearing phases, it does not compromise cement type 
identification in this study. The analytical techniques remain capable of 
distinguishing between cement types, as carbonation primarily affects 
surface zones while recycled concrete fines represent mechanically 
diluted and homogenized bulk material. Relative binder differences are 
preserved with representative sampling and proper storage. For on-site 
surface measurements, carbonation and efflorescence may locally 
mask diagnostic signals depending on the technique. This requires 
technique specific correction strategies.

The FTIR results show comparable curves for the three RCF samples. 
However, when taking the first derivative of these curves variations in 
the curves become more apparent, which may help discriminating be
tween cement types. Tang et al. [18] also found that differences between 
concrete mixtures can be clarified by comparing the first derivatives of 
the FTIR spectra curves. Microscopic analysis of thin sections taken from 
concrete core samples clearly reveal the differences between the types of 
cement present. The angular, glassy slag and spherical fly ash particles 
result in the identification of the cement types present in the concrete 
cores [68]. Even though a small amount of fly ash could be observed in 
the thin section of block 1 (CEM I based), this amount was significantly 
lower than that of block 3 (CEM II/B-V based), which pointed towards 
fly ash being used as a minor additional constituent in the Portland 
cement used in block 1. An overview of the characteristics of interest for 
the identification of the cement type is shown in Table 9. It should be 
noted that the potential of the studied binder identification methods are 
specific to the RCF used in this research. In practice, moisture may lead 
to deviation in the measurements results. Nevertheless, this study 
showed that diagnostic chemical, mineralogical and thermal features 
remain sufficiently pronounced to allow reliable distinction between the 
different cement types. For concrete containing different aggregate 
types or mineral additions, the results may differ. For example, RCF 
derived from concrete made with limestone aggregates may exhibit 
different characteristics, and consequently, the determined identifica
tion characteristics may vary. Therefore, for other concrete composi
tions, these methods should be re-evaluated to assess the impact of 
compositional variations.

4.2. Potential of identification methods for practical settings

Various methods have been used to gain insight into the properties of 
the RCF samples studied and the associated identification of the type of 
cement present in these. The question is which of these methods have 
the highest potential for practical, non-destructive use in determining 
the type of cement before the demolition of a structure. Methods 

demonstrating potential require field validation to establish their iden
tification characteristics under on-site conditions and to develop a 
standardized measurement protocol. Polarized and fluorescence mi
croscopy of thin sections provides certainty when it comes to identifying 
the components in the concrete. However, this is a destructive method 
that requires drilling cores to make thin sections for microscopic analysis 
[69]. As a result, it is a time-consuming and expensive process. The 
HXRF, on the other hand, is a portable, non-destructive instrument with 
short measurement times [12]. This allows for rapid on-site determi
nation, which is highly desirable in practice. This method shows great 
potential, which was also found by Nedeljković et al. [13]. Their study 
established that CaO, SiO2, Al2O3, Fe2O3 and MgO can be used for 
identification with short measurement times (30 s minimum). However, 
they mentioned that concrete curing affects the results. Selective 
dissolution and titration of RCF derived from the concrete of interest is 
not preferred on site, because of the use of acid and the preference of a 
fine powder fraction during the titration measurements. A fine powder 
has a larger surface area, resulting in a higher amount of OH- ions being 
leached into the solution [70,71]. Therefore, both selective dissolution 
and titration are of interest in a laboratory setting, but from a practical 
viewpoint not for on-site testing. The same may be true for the TGA and 
DSC. Both methods heat the samples over time to high temperatures (in 
this study 1050 ◦C). Depending on the heating rate, it can take time to 
obtain the measurement results. In this research, the measurement time 
was approximately 2 h without cooling. Additionally, both methods are 
destructive, as the high temperature treatment makes it impossible to 
measure the same area twice. For on-site measurements both the high 
temperatures and the long measurement time are not preferred, but it 
can still give valuable insight in the powder characteristics obtained 
after recycling when analysed in a laboratory setting. Both XRD and 
FTIR are already available as portable methods, but they have never 
been used before for the analysis of concrete prior to demolition. For 
XRD, a portable option is studied and used in for example soil research 
and planetary explorations (Mars missions). Often, it is still necessary to 
use a powder sample, after which the device can provide results within a 
few minutes [72,73]. It is possible to obtain a powder sample on-site, but 
this is less efficient than using a method that can perform measurements 
immediately. Further development of the portable XRD may make this 
possible in the future. In the art industry, for example, research is 
already being conducted on non-destructive portable XRD setups to 
prevent damage to the art [74,75]. These may also be of interest as a 
non-destructive method to analyse the binder type in EoL concrete. 
Portable FTIR is used in different industries, such as pharmaceuticals, 
forensic science, food, chemicals, cosmetics, and more [76]. Within the 
cement industry, FTIR is often used for insight in the formed hydration 
products, using chemical admixtures and cement constituents [77]. It 
has not been used as a method for the identification of the cement type 
within the concrete recycling industry. The ease in which this method is 
portable, is comparable to the HXRF. The question is to what extent 
identification in field applications will be possible. Overlapping peaks as 
a result of comparable chemical components will make this difficult [18, 
48,78]. Setting up a database with reference spectra may be needed for 
the approach of cement type identification [48]. An overview of the 
potential of the various methods is given in Table 10.

5. Conclusions

This study demonstrates that multiple analytical methods can 
effectively characterize residual cementitious fines (RCF) and distin
guish the cement types from which they originate, based on their 
chemical and mineralogical signatures. The results confirm the potential 
of these methods for cement identification and assess their suitability for 
further development into non-destructive identification techniques 
applicable to End-of-Life (EoL) concrete. Accurate identification of the 
cement type is crucial, as it directly influences the quality, processing 
strategy and reuse potential of RCF in new (concrete) applications. The 

Table 9 
Characteristics for the identification of the cement type in residual cementitious 
fines.

Method F1 (CEM I) F2 (CEM III/B) F3 (CEM II/B-V)

HXRF
CaO Al2O3, MgO Al2O3, Fe2O3

Fe2O3/CaO < 9 Fe2O3/Al2O3 < 40 Fe2O3/CaO > 9
Al2O3/CaO < 18 ​ Al2O3/CaO > 18

XRD
High portlandite 
peaks Hydrotalcite

Mullite, 
hydrotalcite

Selective 
dissolution, 
titration

≥ 1.0 ml 2 M HCl < 0.8 ml 2 M HCl Black layer

TGA, DSC High portlandite 
content

Low portlandite 
content

Medium 
portlandite 
content

FTIR
550–650 cm− 1, 
1000 cm− 1

550–650 cm− 1, 
960 cm− 1, 
1000 cm− 1

550–650 cm− 1, 
1000 cm− 1

PFM
Portland cement, 
unhydrated cement 
particles

Angular, glassy 
GGBS particles

Spherical fly ash 
particles
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following key conclusions can be drawn: 

• Distinct cement identification is achievable: The three investigated 
cement types (CEM I, CEM III/B, and CEM II/B-V) were reliably 
differentiated across all tested methods. Consistent variations in 
chemical (e.g., CaO, Al₂O₃, Fe₂O₃, MgO) and mineralogical markers 
(e.g., portlandite, hydrotalcite, mullite) were observed between 
samples. Quantitatively, HXRF results deviated by less than ±5.5% 
from stationary XRF analyses, confirming its reliability for compo
sitional discrimination.

• Handheld X-ray fluorescence (HXRF) holds the highest practical 
potential: HXRF provided rapid, non-destructive and reproducible 
on-site identification of cement types through characteristic oxide 
ratios (e.g. Fe₂O₃/Al₂O₃, Fe₂O₃/CaO and Al₂O₃/CaO). Its ability to 
deliver results within seconds makes it particularly suited for pre- 
demolition screening. In contrast, methods such as XRD, FTIR, 
TGA/DSC, and titration currently require laboratory conditions or 
destructive sampling, which limits their immediate field 
applicability.

• Residual cementitious fines mirror the properties of their corre
sponding reference cements: The main difference lies in the presence 

of quartz derived from siliceous aggregates in the RCF fractions. This 
consistency indicates that the crushing and separation process pre
serves the key cement characteristics necessary for reliable identifi
cation and subsequent reuse potential assessment.

• Broader sustainability impact: Accurate in-situ binder identification 
enables source separation of EoL concrete before crushing, leading to 
more homogeneous and higher-quality RCF fractions. This targeted 
approach enhances opportunities for clinker substitution in new 
concrete mixtures and contributes directly to reducing the carbon 
footprint of concrete production in alignment with circular economy 
goals.

Further work should focus on (i) developing calibration and refer
ence databases for HXRF-based cement identification, (ii) validating the 
proposed method across diverse concrete structures of different ages, 
(iii) expanding the method to include additional cement types, partic
ularly cement types containing limestone, which is gaining market share 
in Europe, and (iv) exploring portable FTIR and emerging non-invasive 
XRD technologies for complementary on-site characterization. Pursuing 
these directions is driven by the sustainability potential and industrial 
relevance, as scalable in-situ cement identification would enable higher- 
quality RCF fractions, increase opportunities for clinker substitution, 
and contribute to reducing the carbon footprint of concrete production 
in alignment with circular economy goals and broader industrial adop
tion. Integration of such techniques could significantly improve circu
larity in the concrete value chain.
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Appendix A – Comparison of trend between the handheld XRF and the desktop XRF

Figure 23. Handheld and desktop XRF measurements of the residual cementitious fines F1 (HXRF-F1; XRF-F1), F2 (HXRF-F2; XRF-F2) and F3 (HXRF-F3; XRF-F3). 
Comparable trends are observed between the handheld and desktop measurements

Table 10 
Potential of the studied methods for practical applications and on-site testing.

Method Potential Remarks

HXRF High Fast, on-site identification.

XRD High Often requires powder samples. However, non- 
invasive options developing in other industries.

Selective 
dissolution, 
titration

Low Destructive. Use of acid not preferred on-site. 
Titration prefers powders for analysis.

TGA, DSC Low Destructive, time consuming. Possibly difficult 
to develop as a portable method.

FTIR Medium Fast, first derivative required. Overlapping 
peaks may make identification difficult.

PFM High
Destructive. Takes time to prepare thin sections. 
Good distinction cement types.
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Figure 24. Handheld and desktop XRF measurements of the reference binders CEM I hydrate, CEM II/B-V hydrate, CEM III/B hydrate and CEM I. Comparable trends 
are observed between the handheld and desktop measurements

Data availability

Data will be made available on request.
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