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Abstract

Red mud (RM) is a hazardous waste that is generated in large quantities, and its sustainable, rational treatment and recovery is still a 

challenge. The aim of this research is to develop higher added value alkali-activated cements (AACs), which, by using red mud, can help 

to protect limited resources, reduce pollution, and produce alternative, "greener" building materials. During this work, industrial waste 

materials – blast furnace slag, red mud, and glass waste – were used to produce AACs suitable for traditional construction applications 

(e.g., load-bearing structures, foundation blocks, and walkways). Key parameters including the maximum RM content (recommended 

21.7 wt% to maintain sufficient strength), composition of the activating solution, liquid/solid ratio, particle size, and reactivity of the glass 

waste were optimized. Glass waste reactivity was enhanced by high-energy grinding at 200 rpm for 90 minutes, resulting in a maximum 

compressive strength of 66.8 MPa, exceeding the highest strength class defined by relevant standards (EN 197-1). Mechanical properties 

were supported by microstructural analyses (SEM, FT-IR), and heavy metal behavior was assessed through leachate and adsorption 

tests. The AACs effectively immobilized heavy metals such as Cd, Ni, Pb, and Hg, with long-term leaching resistance and improved 

retention capacity compared to Portland cement-based mortars. Additionally, powder-based Pb2+ adsorption tests confirmed that 

RM-containing AACs offer enhanced performance in removing lead from aqueous solutions. Overall, these binders – containing up to 

71.4 wt% combined industrial waste – demonstrate competitive mechanical and environmental properties, contributing to sustainable 

construction practices and potential wastewater treatment applications.
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1 Introduction
The literature often refers to alkali-activated binders 
as the "sustainable cements of the future"  [1–4]. Due to 
their excellent mechanical and chemical properties, they 
could compete with traditional binders in the construc-
tion, energy, chemical, transportation, and infrastructure 
industries  [3,  5–7]. However, due to problems related to 
their production and economic efficiency, alkali-activated 
cements  (AACs) are not expected to replace Portland 
cement-based binders in the full range of applications [8, 9]. 
Nevertheless, it is possible to produce materials that could 
be the future basis for sustainable building materials by 
using locally available raw materials and applying appro-
priate mix design and preparation parameters [1, 2, 4, 10].

One of the great advantages of AACs is the abil-
ity to form products of sufficient strength and desired 
shape using nearly any powdery materials, including 

many polluting industrial wastes (e.g., red mud and glass 
waste) [11–14]. Furthermore, certain industrial byproducts 
(e.g., blast furnace slag, fly ash, and silica fume) can serve 
as the basis for producing AACs [1, 15, 16]. Research is 
increasingly moving in this direction as waste continues 
to accumulate year after year, often without resolution. 
The same is true for red mud (RM), the storage of which 
is a worldwide problem  [17–19]. Storing RM as a slurry 
requires a lot of land and carries a risk of dam failures. 
The  safe disposal of dried red mud with reduced alkali 
content requires covered containers, since even the slight-
est gust of wind can pick up the fine particles  [17,  18]. 
The Hungarian tailings dam failure (Ajka alumina plant) 
caused loss of human life, pollution of the environment, 
and invaluable economic and ecological damage [20, 21]. 
This industrial disaster has drawn attention to the fact that 
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storage only postpones the problem. Instead of continuing 
with disposal practices, it is essential to explore alterna-
tive uses of red mud that allow for the production of higher 
added-value products. The primary problem is that there 
are few economically viable solutions for the use of RM.

The recovery of red mud has been the subject of many 
studies from the very beginning. A significant part of such 
research includes metallurgical and metal recovery exper-
iments, catalysis applications, and ceramics and building 
materials production [11, 12, 22–25]. However, despite all 
these advantages, these uses have not been widely adopted, 
primarily due to the highly alkaline chemistry of red 
mud  [22,  25,  26]. The  high pH corrodes iron-containing 
structural parts quickly, which makes the profitability of 
production questionable. When red mud is used in AACs, 
this problem does not occur; thus, this field offers promis-
ing opportunities [27–29]. While its use is beneficial from a 
sustainability point of view, we should not forget that there 
can be long-term drawbacks. When RM is used in large 
quantities, the high Fe2O3 content can slow down reaction 
kinetics; the excessive alkalinity can lead to gel instability 
and cracking; and the high fineness can increase shrink-
age tendencies, which can ultimately result in a degrada-
tion of strength values [13, 30]. Furthermore, it is import-
ant to investigate whether the matrix can completely bind/
immobilize the heavy metals in RM or if they can leach out 
over time  [28, 31]. Combining red mud with more active 
raw materials (e.g., blast furnace slag) can help to avoid 
these difficulties [13, 30, 32]. Optimized material combina-
tions have been shown to be essential for achieving favor-
able mechanical performance and long-term stability in red 
mud-based alkali-activated systems  [33,  34]. These find-
ings underline the importance of careful mix design and 
highlight the need for further research into long-term per-
formance aspects such as heavy metal immobilization.

The properties of AACs can be influenced not only by 
the starting materials but also by the additives. In these sys-
tems, construction-grade quartz sand, which is becoming 
scarce globally [35, 36], can be replaced by recycled addi-
tives (e.g., construction and demolition waste, glass cul-
let, etc.) [14, 37]. Certain waste materials can serve as both 
recyclable aggregates and active components when finely 
ground [29, 38]. Glass waste (GW), for example, is reactive 
in an alkaline environment when used in a suitable particle 
size (<75 µm) [14, 29, 39, 40]. Due to its high silica content and 
amorphous nature, GW reacts with calcium sources present 
in the system to promote the formation of strength-provid-
ing C–S–H phases. This reactivity significantly improves 

the properties of the binder, such as strength, compactness, 
and chemical and fire resistance [14, 27, 32, 40].

The present study examines the potential production of 
AAC composites containing red mud. The  work includes 
determining the maximum amount of red mud that can be 
incorporated into the matrix, examining the applicability 
of a given particle size fraction of glass waste as aggre-
gate, and exploring ways to enhance the  GW's reactivity 
through high-energy grinding. In  addition to investigat-
ing the mechanical properties of AACs, the paper focuses 
on determining the heavy metal leaching and the adsorp-
tion capacity and on conducting a comparative experiment 
with traditional binders. The  novelty of this research lies 
in the combined use of multiple industrial waste materi-
als  –  red mud, ground glass waste, and granulated blast 
furnace slag – to develop AAC composites with improved 
mechanical and environmental performance. Unlike pre-
vious studies, the present work explores the direct utiliza-
tion of untreated red mud and aims to optimize glass waste 
reactivity through particle size refinement. The  proposed 
approach provides a feasible route to recycle hazardous 
industrial residues without the need for additional pre-treat-
ment, while offering a sustainable alternative to conven-
tional binders. As such, AAC composites based on waste 
materials may offer viable solutions not only for reducing 
the demand for natural raw materials but also for addressing 
waste management challenges, particularly in the produc-
tion of load-bearing structural elements, foundation blocks, 
and walkways. To evaluate the performance and environ-
mental characteristics of the developed AAC composites, 
compressive strength tests, heavy metal leaching measure-
ments, and adsorption experiments were carried out.

2 Materials and methods
2.1. Materials
The raw materials used in the experiments were ground 
granulated blast furnace slag (GGBFS) and red mud powder 
(RM). The former was provided by ISD DUNAFERR Zrt. 
(Dunaújváros, Hungary), and the latter by MAL Magyar 
Alumínium Termelő és Kereskedelmi Zrt. (Ajka, Hungary). 
To enable comparative testing with traditional binders, 
specimens were prepared using CEM I 42.5 N type normal 
Portland cement (Duna-Dráva Cement Kft., Vác, Hungary).

Standard quartz sand (CEN Standard Sand according to 
EN 196-1 [41], Normensand GmbH, Beckum, Germany) 
was used as a filler for the preparation of AAC mor-
tars. For  the alternative aggregate mixtures, soda-lime 
glass waste  (GW) (Guardian Orosháza Kft., Orosháza, 
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Hungary) was used instead. The maximum particle size 
of the standard quartz sand was 2 mm, while that of the 
glass waste was 1 mm. The glass waste was divided into 
fractions (1000–500, 500–250, 250–63, and 63–0  μm) 
with the help of sieve analysis. The fractionation was used 
to determine the reactivity of the GW, i.e., whether it acts 
as an inert material or an active component.

The chemical composition of the raw materials and 
GW (Table 1) was determined by X-ray fluorescence spec-
trometry (XRFS), the mineral composition by X-ray diffrac-
tion (XRD), and the amount of each phase by Rietveld anal-
ysis. Based on the XRD recording of the starting materials 
(Fig. 1), it can be concluded that the slag contains a signifi-
cantly higher proportion of the amorphous phase (90.7 wt%) 
than the red mud (22.8 wt%). The GW is entirely amorphous.

In the case of GGBFS, merwinite (8.4 wt%) and aker-
manite (0.9 wt%) are identified as crystalline phases, 

while in the case of RM, the main crystalline phases are 
hematite (38.0 wt%) and cancrinite (11.8  wt%). The  lat-
ter also contains minor amounts of quartz (5.7  wt%), 
goethite (5.6 wt%), larnite (5.5 wt%), magnetite (5.0 wt%), 
malladrite (3.0 wt%), and calcite (2.6 wt%).

The particle size distribution of the raw materials and 
its median  (D50) were determined by laser granulom-
etry (Fig.  2): GGBFS:  21.3%  <  5  μm, D50  =  19.3  μm, 
RM: 58.5% < 5 μm, D50 = 3.4 μm. The D50 value of the 
63-0 μm GW fraction is 38.7 μm, with 9.8% of particles 
smaller than 5 μm. While D50 is not a direct measure of 
reactivity, it provides an indication of the fineness of the 
material, which is known to influence reactivity by affect-
ing the available surface area for chemical reactions.

The activating solution used to prepare AACs was pro-
duced from a mixture of commercially available sodium 
silicate solution (ANDA  Kft., Barcs, Hungary), ana-
lytical grade granular NaOH (Reanal Laborvegyszer 
Kereskedelmi Kft., Budapest, Hungary), and distilled 
water. The  chemical composition of the sodium sili-
cate solution  (water glass) is as follows: 28.6 wt% SiO2, 
6.8 wt% Na2O, and 64.6 wt% H2O. The activating solution 
contained 9.35 wt% NaOH, 2.81 wt% Na2O (from sodium 
silicate), 11.81  wt%  SiO2, and 76.0 wt% H2O. Based on 
the estimated solution volume, the concentration of NaOH 
was 2.91  mol/L, or 4.05 mol/L when expressed as total 
NaOH equivalents including Na2O.

Powder-based leaching experiments were performed 
using 99.8 wt% acetic acid (Lachner Ltd., Neratovice, Czech 
Republic) and 65 wt% nitric acid (Carlo Erba Reagents, 
Val-de-Reuil, France) solutions at standard concentrations. 
The former was used as the leaching solution (a dilution of 

Table 1 Chemical composition (wt%) of GGBFS, RM, and GW

Chemical composition (wt%) GGBFS RM GW

SiO2 38.96 14.58 71.82

Al2O3 6.70 18.51 2.18

CaO 41.19 12.43 4.84

MgO 8.28 0.49 3.37

Na2O 0.46 13.27 16.76

K2O 0.50 0.31 0.79

TiO2 0.28 3.74 0.04

Fe2O3 0.41 32.89 0.17

SO3 1.56 2.02 0.03

Loss on ignition 1.65 1.76 -

Fig. 1 XRD patterns of GGBFS, RM, GW (m: merwinite PDF 01-074-
0382, a: akermanite PDF 01-087-0046, h: hematite PDF 01-089-0596, 

ca: cancrinite PDF 01-071-0776, q: quartz PDF 33-1161, g: goethite 
PDF 29-0713, l: larnite PDF 01-083-0461, ma: magnetite PDF 19-0629, 

ml: malladrite PDF 33-1280, c: calcite PDF 47-1743) Fig. 2 Particle size distribution of GGBFS, RM, and GW (63-0 μm)
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5.7 ml of acetic acid in 1 liter of distilled water, giving a pH 
of 2.88 ± 0.05), while the latter was used to adjust the pH 
to 1.3 ± 0.1 after the experiment. Nitric acid was also used 
to adjust the optimal pH of the solutions during the adsorp-
tion measurements. The 50 ppm Pb2+ solution used in the 
adsorption experiments was prepared using PbCl2 (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany).

2.2 Sample preparation
During the experiments, the activating solution for the AAC 
mortar test specimens was prepared by dissolving solid 
sodium hydroxide (NaOH) directly in a mixture of sodium 
silicate solution  (Na2SiO3) and distilled water. To  ensure 
reproducibility, all mixtures were prepared using an activat-
ing solution that had been cooled to room temperature.

To prepare the samples, the required amount of 
GGBFS was first measured, followed by the addition of 
the room temperature activating solution. The  mixing 
conditions were identical for all samples: the starting 
material/alkaline solution was homogenized for 45  sec-
onds at 900 rpm, then the red mud, and finally the glass 
waste (or standard quartz sand for the control samples) 
was added. The  resulting mortar was further mixed for 
45-45 seconds at 900 rpm. The aggregate (standard quartz 
sand or glass waste) was added using a starting material 
(GGBFS + RM):aggregate mass ratio of 1:3.

The prepared mixture was cast into 30 × 30 mm cylin-
drical PVC  molds and stored under ambient conditions 
(21-23 °C and RH = 50 ± 10%). Samples were demolded 
at 7 days of age, and qualification tests were performed at 
7 and 28 days of age. Samples for the 28-day tests were 
stored under laboratory conditions at room temperature in 
the same way as before demolding.

In the first stage, GGBFS-based AAC samples were pre-
pared using the following molar ratios: SiO2/Al2O3 = 11.9, 
Na2O/Al2O3 = 1.7, and the mass ratio of sodium silicate and 
sodium hydroxide in the activating solution was 4.4, and that 
of the activating solution and raw material (GGBFS + RM) 
was 0.7. It should be noted that this ratio refers only to the 
binder components. Taking into account the presence of 
inert quartz sand (at a binder-to-aggregate ratio of 1:3), the 
actual liquid-to-solid mass ratio of the complete mixture 
was 0.15. First, control samples were prepared using stan-
dard quartz and no red mud. Subsequently, mixtures with 
increasing red mud content were produced by partially 
replacing GGBFS with RM while maintaining a constant 
starting material-to-aggregate mass ratio (1:3). As the pro-
portion of RM increased, the overall chemical composition 

of the binder changed accordingly. These changes are 
reflected in the calculated molar ratios of SiO2/Al2O3 and 
Na2O/Al2O3, which are summarized in Table  2. These 
ratios are crucial for understanding the chemical reactivity 
and gel formation potential of each mixture.

In the next step, the total amount of the aggregate in 
the mixture with the optimum red mud content (21.7 wt% 
by weight of GGBFS+RM) was replaced with glass waste 
of a given particle size range (1000-500, 500-250, 250-
63, and 63-0 μm). Different liquid/solid (L/S) mass ratios 
(0.150, 0.188, 0.225, 0.263, 0.300, 0.350, 0.375) were used 
to determine the appropriate mixing consistency of the 
mixtures with each fraction. The increase of the liquid 
content of the mixtures was obtained by increasing the 
amount of activating solution. The mole ratios used were 
modified as shown in Table 3.

Further, the aim was to increase the strength of AAC mor-
tars by increasing the reactivity of the glass waste used. For 
this purpose, the GW fraction between 500 and 250 μm was 
exposed to high-energy grinding. Firstly, the rotation speed 
was varied (150, 200, 250 rpm) using a constant grinding 
time (30 min), and then the grinding time was varied (30, 60, 
90, 120 min) using 200 rpm. Samples were prepared from 
the resulting powders using a 0.350 L/S  ratio. The molar 
ratios used were SiO2/Al2O3  =  9.5, Na2O/Al2O3  =  2.8. 
The  composition of the activating solution was the same 
as in the previous sections, and the activating solution/
(GGBFS+RM) mass ratio was 1.6.

In the final stage of the experiments, the relevant 
physical properties (strength, heavy metal leaching, and 

Table 2 Experimental parameters for different red mud contents

RM content by weight of GGBFS+RM, 
(wt%)

0.0 16.6 21.7 26.7 33.3 50.0

SiO2/Al2O3 molar ratio 11.9 8.4 7.6 7.0 6.2 4.7

Na2O/Al2O3 molar ratio 1.7 1.3 1.2 1.1 1.0 0.9

Table 3 Experimental parameters for different L/S ratios

L/S ratio SiO2/Al2O3 
molar ratio

Na2O/Al2O3 
molar ratio

Activating solution / 
(GGBFS+RM) mass ratio

0.150 7.6 1.2 0.7

0.188 8.0 1.5 0.8

0.225 8.4 1.8 1.0

0.263 8.7 2.1 1.2

0.300 9.1 2.4 1.3

0.350 9.5 2.8 1.6

0.375 9.8 3.0 1.7
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adsorption capacity) of the developed waste-based AAC 
were compared with the relevant values of one commer-
cially available classical Portland cement (CEM I 42.5 N, 
in short: CEM  I). The  CEM  I-based mortars were pre-
pared using a cement-to-aggregate mass ratio of 1:3 and 
a water-to-cement ratio of 0.5. The size of the specimens 
was ø 30 × 30 mm. Since conventional binders are stored 
under water (as required by EN 12390-2 [42]), the storage 
conditions of the AAC composite samples were changed 
during the tests: room temperature laboratory atmosphere 
or underwater storage. Fig.  3 shows the relative propor-
tions of the components of the optimal strength mixtures 
used in the experimental work.

2.3 Methods
Qualitative and quantitative phase analyses of 
GGBFS, RM, and GW were performed using a 
Philips PW 3710 X-ray diffractometer with CuKα (50 kV, 
40  mA) radiation. The  velocity was set to 0.02°  2θ/s 
(in the 2θ range of  10–70°), and the instrument was 
equipped with a graphite monochromator. The  instru-
ment was controlled, and the data were collected, using 
X'Pert  Data  Collector software  [43]. To  determine the 
quantities of crystalline phases and the amorphous frac-
tion, the internal standard method (Rietveld refinement) 
was applied. The X'Pert HighScore Plus software and the 
ICDD  PDF-2 reference database were used to evaluate 
the X-ray diffractograms and perform Rietveld analysis.

The chemical compositions of the GGBFS, RM, and GW 
were determined using a Philips Axios PW 4400/24 wave-
length-dispersive X-ray fluorescence analyzer. Melt sam-
ple preparation was used, with a sample-to-solvent mass 
ratio of 1.8 and a solvent of Li2B4O7 + LiBO2. The analysis 
was performed according to EN 196-2:2013 [44].

The particle size distribution and median (D50) of 
GGBFS, RM, and GW (sieved 63-0 µm and high-energy 
ground powders, respectively) were determined using a 
Fritsch Laser Particle Sizer Analysette 22 Next Nano type 
laser granulometer (laser wavelength: 532 nm, measuring 
range: 0.01-3,800  µm; measuring principle: Fraunhofer 
deflection). Before beginning the tests, the equipment 
dispersed and eliminated intergranular aggregation of 
the samples in a water bath with an ultrasonic mixer and 
pump for 30 seconds.

High-energy grinding of soda-lime glass waste was 
carried out using a Fritsch Pulverisette 5/2 planetary mill 
fitted with two 500 cm3 stainless steel jars and 10 mm steel 
grinding balls. The mass ratio of the sample to the grind-
ing balls was fixed at 1:11 during grinding.

The strength properties of the produced AAC  sam-
ples were characterized by their compressive strength. 
CONTROLS Automax5 equipment was used to perform 
the measurements. Before starting the test, the surfaces 
of all specimens were ground flat and parallel. The  tests 
were carried out in accordance with the relevant cement 
standard ‒ EN 196-1 [41] ‒ using a load force of 2400 N/s; 
however, the specimen size differed from the standard 
(ø  30  ×  30  mm cylinders were tested). Due  to the large 
number of varied experimental parameters in the pres-
ent study, strength tests were only performed on most of 
the AAC specimens at 7  days of age. These parameters 
included the variable red mud content, the particle size 

(a)

(b)

Fig. 3 Compositions of AAC mortars obtained by using the optimal: 
(a) red mud content and (b) L/S ratio
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fractions of the glass waste (combined with different liq-
uid-to-solid ratios), and the grinding intensity of the glass 
waste. However, tests were also performed after 28 days 
for the mixtures with the optimum compositions.

The morphology of the glass powders obtained through 
high-energy grinding, as well as that of the AACs produced, 
was investigated using an FEI/ThermoFisher Apreo  S 
scanning electron microscope  –  operating in low vac-
uum mode  –  and a computer-controlled imaging system. 
The accelerating voltage was set to 5 kV for backscattered 
electron imaging and 10 kV for secondary electron imaging.

IR spectra of AAC mortars stored in air and underwa-
ter were obtained using a PerkinElmer Spectrum Two type 
FT-IR spectrometer in ATR (diamond crystal) mode.

Powder leaching tests were performed on GGBFS, 
RM, and CEM I powders, as well as on test specimens 
prepared from mixtures of optimum compositions (AAC 
and traditional binder), according to the TCLP  (Toxicity 
Characteristic Leaching Procedure) standard [45]. The pro-
cedure involved the following steps. 50  g of solids were 
added to 1 l of leaching solution. The mixture was then left 
to stand at room temperature for 18 hours, with constant 
stirring at 100 rpm. After 90 minutes, the mixture was left 
to settle, then filtered, and the pH adjusted (1.3 ± 0.1) and 
stored in a refrigerator. The criterion for the test is a par-
ticle size of less than 1 cm, which was achieved for mor-
tars using a Fritsch Disk Mill PULVERISETTE 13 Classic 
Line. The pH of the solutions was measured using an Orion 
420A  pH meter and electrode. The  leach solutions were 
mixed using an IKA RCT Basic heated magnetic stirrer.

The monolithic (block) phase leaching test of AAC and 
CEM I mortars of optimum compositions was carried out 
in accordance with ANSI/ANS 16.1-2019 [46]. The cylin-
drical specimens were placed in a plastic dish contain-
ing 0.5  liters of distilled water and secured to the dish’s 
airtight lid with thread and adhesive tape. Experiments 
began the day after mixing (i.e., on day 2), with the leach-
ing medium being replaced on day 7. The  complete test 
was then carried out until the samples were 28 days old.

The adsorption capacity of AAC- and CEM I-based 
mortars with optimal compositions was determined using 
2 g of powdered material (with a particle size of <1 mm, 
powdered using a Fritsch Disk  Mill PULVERISETTE 
13 Classic Line) and a solution with a Pb2+ concentration 
of 50 ppm and a volume of 250 ml. The pH of the solu-
tion was adjusted to 4 using concentrated nitric acid (to 
reduce hydrolysis). The  solid was stirred in the solution 
for 5 minutes, after which samples were taken at 5, 10, and 

15 minutes. These experimental parameters were chosen 
based on the work of Chen et al. [27]. Adsorption studies 
were performed at 7 and 28 days of age of the test samples.

The heavy metal ion content of the homogenized leach 
solutions and the samples obtained from the adsorption 
experiments was determined using a SPECTRO FLAME 
MODULA E (Spectro GmbH) ICP-OES instrument with 
a horizontal-position axial plasma torch. Argon gas with a 
purity of 4.6 (99.996 %) was used as the plasma gas, meet-
ing the requirements for spectroscopic-grade gases.

3 Results and discussion
3.1 Experiments to determine the optimal RM content
In the first stage of the experiments, blast furnace slag-
based AAC mortars were prepared without red mud and 
used as controls. Then, GGBFS was partially replaced with 
red mud until the amounts of GGBFS and red mud (RM) 
were equal. Fig. 4 shows the compressive strength values 
of the AAC mortars with different red mud contents.

The compressive strength of the control samples (without 
red mud) is 37.7 MPa and can be maintained with a red mud 
content of 16.6 wt%. However, further increasing the RM 
content leads to a significant decrease in strength. In Fig. 4, 
two steeper parts are observed: one after an RM content of 
21.7 wt% and the other after an RM content of 33.3 wt%. 
Up  to the first breakpoint, a  12% decrease in strength is 
observed, followed by a more drastic decrease of ~30% in 
the middle stage (RM  content  =  26.7–33.3  wt%). Finally, 
at an RM content of 50.0 wt%, only about half of the ini-
tial value (17.0 MPa) is measured. This strength loss is 

Fig. 4 The compressive strength of AAC specimens with different red 
mud content at 7 days of age
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attributed to the reduced reactivity and limited gel-form-
ing capacity of red mud, which is more crystalline and less 
reactive than GGBFS. At high replacement levels, the reac-
tive slag content becomes insufficient to form a continuous 
binding matrix. Furthermore, RM has a significant iron 
content, and the Fe3+ ions in hematite slow down bonding, 
inhibiting gel formation and resulting in a weaker struc-
ture. Bayat et al. [32] obtained similar results when increas-
ing the red mud content of AAC mortars at the expense of 
slag. After seven days, an RM content of 10 wt% does not 
significantly change the strength values. An  RM content 
of 20 wt% results in a slight decrease. However, at higher 
amounts (40 wt%), a more significant difference is observed.

Even if the AAC matrix is capable of binding large 
amounts of red mud and thus significantly reducing the 
amount of waste, it is important to note that the aim of the 
present research is to ensure that the red mud content does 
not cause a drastic deterioration in the compressive strength. 
To achieve this, the use of red mud content at 21.7  wt% 
(GGBFS+RM by weight) is recommended. With this con-
tent, the corresponding samples have a compressive strength 
of 33.4  MPa, which exceeds the minimum strength class 
(32.5  MPa) required by the product standard for classical 
binders  (EN  197-1). This statement is intended only as a 
point of reference, not as a formal claim of conformity.

Considering all the binder's components, the red mud 
content is 4.6  wt% (see  Fig.  3(a)) in the AAC  mortar. 
With the addition of 16.8 wt% blast furnace slag, the total 
waste material content is 21.4  wt%. In the spirit of the 
green economy and zero-waste approaches, the goal was 
to increase the amount of waste bound in the matrix by 
replacing standard quartz sand with an alternative aggre-
gate, fractionated glass waste.

3.2 Experiments with fractionated glass waste
The next step in the experiment was to replace the stan-
dard sand with soda-lime glass waste. While a liquid-to-
solid ratio of 0.15 was sufficient for the workability of the 
sand-containing samples, it proved insufficient when using 

fine-grained fractionated glass waste. Different L/S ratio 
mixtures were prepared to ensure the paste had the proper 
consistency. The L/S ratio choice was based on the consis-
tency of the mixtures (Fig. 5).

If the amount of activating solution was insufficient, 
the mixture would become lumpy (Fig. 5(a)). If too much 
solution was added, the mixture would become runny 
(Fig. 5(c)). In both cases, the mixture was difficult to han-
dle, which resulted in lower strength values. The goal for 
all fractions was to achieve the so-called "earthy wet" con-
sistency (Fig. 5(b)), which has sufficient moisture content 
for workability. It is slightly "runny" and less spreadable. 
Thus, it presumably provides the most compact and solid 
structure. For each GW fraction, the optimum consistency 
between the two endpoints was sought, requiring the addi-
tion of intermediate points. The compressive strength val-
ues obtained using different L/S ratios are given in Table 4.

For each fraction, there is a correlation between the 
experiences obtained during mixing and the compressive 
strength values at 7 days of age. In all cases, the mixture 
marked "best consistency" (*) gave the maximum strength. 
This consistency was selected based on visual assessment 
and practical workability during mixing, corresponding 
to the so-called "earthy wet" state illustrated in Fig. 5(b). 
Although no instrumental measurement was applied, this 
consistency consistently resulted in the highest compres-
sive strength values, thus confirming its suitability as the 
optimal mixture condition. As shown in Table 4, reducing 
the particle size of fractionated glass waste up to a fraction 
above 63 µm leads to a decrease in strength values. In con-
trast, a fraction below 63 µm increases the strength due 
to the filler effect and the pozzolanic activity of the fine 
particles. Nevertheless, the optimal value of 25.3 MPa is 
approximately 25% lower than that of the standard quartz 

Fig. 5 Consistency of mixtures prepared using different L/S ratios
((a) little, (b) optimal amount, and (c) a lot of activating solution)

Table 4 Effect of different particle size fractions of GW and varying 
L/S ratios on the compressive strength of AAC mortars at 7 days of age

L/S 
ratio

Compressive strength for different particle size fractions 
of GW (MPa)

1000-500 μm 500-250 μm 250-63 μm 63-0 μm

0.150 12.1 ± 1.5 12.1 ± 1.5 1.4 ± 0.6 -

0.188 20.4 ± 1.3* - - -

0.225 12.9 ± 4.6 16.8 ± 1.4* - -

0.263 6.2 ± 2.1 12.1 ± 2.3 - -

0.300 - 11.7 ± 0.1 14.9 ± 0.4* 20.0 ± 1.4

0.350 - - 12.5 ± 0.8 25.3 ± 1.3*

0.375 10.5 ± 2.1 21.8 ± 1.00
* mixture with the best consistency
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sand mixture (33.4 MPa). This is because the GW particle 
size distribution is insufficiently wide: it lacks the larger 
particles that would directly increase the mechanical 
strength. In standard sand, however, it is the combination 
of the large particles and fine fractions that has a positive 
effect on the strength of the material. A similar phenom-
enon was observed by Zhang et al. [39], who studied the 
effect of GW  particle size on the strength. Their exper-
iments demonstrated that if the GW particle size  (D50) 
exceeds 300  μm, the material does not exhibit chem-
ical reactivity. However, when the D50 value is smaller 
than 45  μm, the GW can react with the activating solu-
tion, incorporating into the gel structure and improving 
the mechanical properties. The D50 value of the 63-0 μm 
fraction we used is 38.7 μm, meaning it can participate as 

a pozzolanic component in the alkali activation process. 
In the following, our goal was to increase the reactivity of 
GW with the help of high-energy grinding.

3.3 Effect of high-energy grinding of GW on strength
Based on the results and experience of the second series of 
experiments, it is expected that the glass waste particles, 
if sufficiently fine, will react with the activating solution. 
To prove this theory and to increase the strength values, the 
GW was subjected to high-energy grinding. In the process, 
a GW fraction between 500 and 250 μm was used (this frac-
tion was the largest in the original glass waste). First, the 
rotation speed was varied (150, 200, and 250  rpm) using 
a constant grinding time of 30  minutes. Then, consider-
ing the compressive strength values, the grinding time was 
modified (30, 60, 90, and 120 minutes) at a constant speed 
(200 rpm). Preliminary observations showed that the result-
ing grindings were most similar in fineness to the fraction 
below 63 μm, as confirmed by the particle size distribution 
curves presented later (Fig. 6). For this reason, all grindings 
were mixed using an L/S ratio of 0.350, as this ratio gave the 
highest strength for the fraction below 63 μm.

The analysis of the particle size of the grindings showed 
that increasing both the rotation speed and the grind-
ing time caused a decrease in the primary particle size. 
However, beyond certain thresholds (200  rpm for speed 
and 90 minutes for grinding time), the amount of second-
ary particles increases. Thus, aggregates/agglomerates 
formed, and the particle size coarsened (see Fig. 7).

Based on the results in Fig. 6, the compressive strength 
values should theoretically form a maximum curve. 
The maximum value is associated with the best ratio of fine 
primary particles to few secondary particles, as this com-
bination has the strongest potential reactivity. According 
to the obtained values, the optimum is expected at a rota-
tion speed of 200 rpm and a grinding time of 90 minutes. 
Fig. 8 summarizes the compressive strength results for the 
specimens produced from the grindings.

For materials of similar hardness, the optimum rotation 
speed is around 200 rpm. Based on the results in Fig. 8(a), 
this rotation speed was exactly 200 rpm for GW, at which 
point the strength reached its maximum value of 42.0 MPa. 
At lower speeds, the particle size is insufficient to increase 
the pozzolanic activity. At higher speeds, the particle size 
would be sufficient; however, the primary particles may 
stick together, creating secondary particles (the aggre-
gation/agglomeration effect). This is confirmed by the 
particle size distribution curves and SEM images of the Fig. 6 Particle size distribution curves of GW grindings obtained using 

different (a) rotation speed and (b) grinding time
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grindings (Figs. 6(a) and 7(a)–(c)). The maximum strength 
value achieved is 2.5 times higher than the relevant value 
for the unground 500–250  µm fraction (16.8  MPa) and 
approximately 1.7 times higher than the relevant value for 
the 63–0 µm fraction (25.3 MPa).

Fig. 8(b) shows that increasing the grinding time has a 
positive effect on the strength values up to a certain point. 
Up to a grinding time of 90 minutes, the strength values 
increase monotonically. However, a further increase in 
the grinding time has a negative effect on the results. This 

(a) (b)

(c) (d)

(e) (f)

Fig. 7 Effect of grinding parameters on glass powder morphology: (a) 30 min – 150 rpm, (b) 30 min – 200 rpm, (c) 30 min – 250 rpm,
(d) 60 min – 200 rpm, (e) 90 min – 200 rpm, and (f) 120 min – 200 rpm
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decrease is attributed to the agglomeration of fine particles 
caused by excessive mechanical energy input during pro-
longed grinding (see Figs. 7(b) and 7(d)–(f)), which reduces 
the effective reactivity and compromises the compactness 
of the hardened structure. The  maximum strength value 
achieved (60.9 MPa) is 3.6 times higher than the relevant 
value for the unground 500-250 μm fraction (16.8 MPa) and 
2.4  times higher than the relevant value for the 63-0 μm 
fraction (25.3 MPa). It is important to note that the compres-
sive strength values of the developed AAC mortars (53.7 
and 60.9 MPa) exceed the value of the third strength class 
(42.5 MPa) specified in the product standard  (EN 197-1). 
Though the test specimens were not the standard size 
required for cement mortar tests, these results are signif-
icant and encouraging for developing alternative binders.

3.4 Comparative tests of AAC and CEM I mortars
In the final stage of the experiments, the physical prop-
erties of the AAC system (containing GGBFS, RM, and 
high-energy ground GW) were compared with the relevant 

values of CEM  I-based mortars. There are no existing 
standard specifications for the storage of AACs, but there 
are strict instructions (EN  12390-2  [45]) for traditional 
binders. Since one of the comparative studies, the mono-
lithic (block) phase leaching method, is very similar to the 
underwater storage of traditional binders, it was considered 
important to investigate the effect of changing the storage 
method on the strength values for the developed AAC com-
posite. The standard quartz sand-containing AAC system 
was also included in the experiments to obtain a more com-
plete overview (this system was also tested in the leaching 
and adsorption experiments). For  the CEM  I  system, the 
effect of air storage was not tested, as it is not the standard 
for determining the standard properties (e.g., compressive 
strength). The relevant measurements were carried out at 
both 7 and 28 days of age, and the results are summarized 
in Fig.  9. In  the diagram, G indicates AAC mortar with 
glass waste, S indicates AAC mortar with sand, and CEM I 
indicates mortar with normal Portland cement.

Fig. 9 Effect of storage conditions on strength at (a) 7 and (b) 28 days of 
age (G: AAC with glass waste, S: sand-containing AAC,

CEM I: Portland cement-based mortar)

Fig. 8 Effect of high-energy grinding of GW on the compressive 
strength at 7 days using different (a) rotation speeds and

(b) grinding times



Boros et al.
Period. Polytech. Civ. Eng., 69(4), pp. 1393–1408, 2025|1403

Fig. 9 shows that using the underwater storage method 
instead of the air storage method for the sand-contain-
ing AAC mortar did not significantly affect the compres-
sive strength values (a  10% decrease at 7 days and only 
a 2% decrease at 28 days). This minor decrease is likely 
due to physical curing effects, as the inert quartz sand 
does not participate in the geopolymerization process, and 
no substantial change in hydration products is expected. 
Moreover, the observed strength differences are within the 
experimental standard deviation. However, the glass-con-
taining system behaved very differently. A drastic decrease 
in strength was observed at 7 and 28  days, with reduc-
tions of 60% and 45%, respectively. On  the other hand, 
after 28 days, the product stored in air (A) exceeded the 
maximum strength class  (52.5  MPa), as required by 
EN 197-1 (GA: 66.8 MPa). For underwater storage (Uw), 
the products only met the minimum strength class require-
ment of 32.5 MPa (G-Uw: 36.5 MPa and S-Uw: 34.8 MPa). 
The strength values of the CEM I system were as expected.

The difference in strength values between AAC com-
posites containing glass waste stored in air and underwa-
ter is due to the formation of different quality hydration 
products. Fig. 10 shows the results of FT-IR studies per-
formed to interpret these changes.

As shown in Fig. 10, the vibrations are consistent for 
both the air- and underwater-stored samples. However, 
the transmittance values vary, and the spectra exhibit a 
distinct fine structure. The most significant difference is 
observed in the "fingerprint" band characteristic of AACs. 
Underwater storage weakens the band between 950 and 
1000  cm−1 and shifts it towards higher wavenumbers. 
This phenomenon may be indicative of a partial transfor-
mation of the Si–O–Si and Al–Si–O bonds (e.g., due to 
rearrangement or dissolution). Another change observed 

was a decrease in transmittance in the 400–800 cm−1 band 
(bending vibrations of Si–O–Si and Al–Si–O bonds), 
suggesting that the system contains fewer bound phases. 
The  slight increase in the bands characteristic of −OH 
groups (~3400  cm−1 and ~1640  cm−1) indicates the pres-
ence of more bound/adsorbed water.

Underwater storage can lead to the leaching of Na+ ions, 
resulting in a weaker gel structure. This phenomenon was 
observed by Dong et al. [15], who investigated the effect 
of storage conditions on the strength of AACs based on fly 
ash and blast furnace slag. They found that Na+ and OH− 
ions can be released from the pore solution by diffusion. 
As  alkalinity decreases, polycondensation slows down 
or reverses, resulting in a lower degree of cross-linking. 
In  our case, the high glass powder content (53.5  wt%) 
may further worsen the situation. Without the alkaline 
medium necessary for dissolution and polycondensation 
of the high amorphous content, gel formation may stop. In 
this case a part of the glass powder remains in its original, 
unreacted state. To further support this explanation, SEM 
imaging was performed on the fractured surfaces of the 
hardened AAC specimens (see Fig. 11).

The micrographs revealed the presence of angular, 
smooth-surfaced particles embedded in the matrix, which 
can be attributed to unreacted glass powder. These fea-
tures are especially pronounced in the underwater-cured 
samples, indicating insufficient dissolution and gel for-
mation due to reduced alkalinity. No significant reaction 
rims or interface densification were observed around the 
particles, further confirming their largely inert behavior 
under these conditions. Consequently, a stable, well-cross-
linked gel did not form; instead, a weak, disordered matrix 
formed, resulting in a deterioration in strength values.

The leaching of the alkali content indicates that other 
elements, including heavy metals, may also be released 
from the matrix. To establish this assumption, powder and 
monolithic (block) phase leaching studies were performed 
as described in Subsection 2.3, Methods. The results of the 
powder leaching tests on the raw materials (GGBFS, RM, 
and CEM I) and their test specimens (AACs containing 
red mud, sand (S), or high-energy ground glass waste (G), 
and CEM I-based mortar) are summarized in Table  5. 
The table contains the health limit concentrations for the 
analyzed heavy metals in drinking water (according to 
Governmental Decree No. 201/2001 (X. 25.) on "Quality 
Requirements for Drinking Water and the Monitoring 
Procedure" [47]). It also includes the lower measurement 
limits of the ICP device and the measurement error values.Fig. 10 FT-IR spectra of AAC samples stored in different conditions
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From the data in Table 5, it can be seen that no health 
concentration limit is specified for zinc; in this case, the aim 
was to achieve the lowest possible value. Measurements 
showed higher concentrations of Hg in blast furnace slag, 
Ni, Pb, and Hg in red mud, and Cr, Ni, and Pb in Portland 
cement than the allowed limit. The source of the metal 
content is iron ore in blast furnace slag, bauxite in red 
mud, and various contaminants in clay and limestone (in 
summary: raw materials) in Portland cement. AAC com-
posites have a better immobilization capacity for Cr and 
Zn than CEM I-based mortars but perform worse for Pb. 
Ni and Cd concentrations were below the lower limit of 
measurement for all systems, and Cu, Pb, and Hg concen-
trations depended on the type of AAC. S AAC binds Cr 
and Pb better than its glass-based counterpart, but immo-
bilization of Cu, Hg, and Zn is preferable with G AAC.

It is important to note that the amount of raw materials in 
the hardened samples was less than 50 g (this is the amount 
required to perform powder leaching tests). Therefore, the 
weights are not identical, and the heavy metal concentra-
tions obtained and the conclusions drawn are only indic-
ative. However, it has been demonstrated that the leach-
ing of some heavy metals (Cr, Pb, Hg) is significant under 
acidic conditions when subjected to strong fragmentation. 
For this reason, it was considered appropriate to carry out 
more "realistic" monolithic (block) phase leaching tests, 
the results of which are summarized in Table 6.

As shown in Table 6, the leaching of the tested material 
systems is lower up to day 7 than in the following period. 
Although copper has the highest leaching rate, its con-
centration never reaches the health limit. However, this 
is not true for chromium, cadmium, and mercury, all of 
which have concentrations above the health limit. It should 
be highlighted that chromium does not leach from the 
sand-containing AAC in detectable quantities; therefore, 
the total metal concentration in this system is the lowest.

Although the total concentration of heavy metals 
leached from the AAC composite containing red mud and 
glass waste exceeds the relevant value for CEM I mortar, 
the immobilization capacity of Cu, Cd, and Hg is better 
than that of the classical binder. The most significant differ-
ence is due to Zn leaching; however, no concentration limit 
is specified for this heavy metal in the relevant government 
regulation. The performance of G AAC- and CEM I-based 
mortars is similar regarding the total heavy metal content 
released, with a difference of 8.7%. Sun et al. [28] made a 
similar finding when they compared the heavy metal leach-
ing of RM-containing AACs with the relevant values of 

Table 5 Results of powder leaching tests on raw materials and 28-day 
samples; health limits for drinking water; and ICP instrument lower 

limits and error values

Tested Material
Concentrations of tested heavy metals (µg/l)

Cu Cr Ni Pb Cd Hg Zn

GGBFS n.m. 31 11 n.m. 4 29 26

RM n.m. n.m. 34 57 n.m. 532 56

S AAC 16 39 n.m. 111 n.m. 72 57

G AAC n.m. 73 n.m. 133 n.m. 8 33

CEM I 104 637 24 104 n.m. n.m. 51

CEM I mortar n.m. 265 n.m. 67 n.m. 24 112

Health limit 2000 50 20 10 5 1 n.l.

Lower limit of 
measurement 15 19 6 39 4 7 5

Error (%) 2 1 0.5 5 0.1 1.5 0.1
n.l.: no limit values given according to Governmental Decree No. 
201/2001 (X. 25.) on "Quality Requirements for Drinking Water and the 
Monitoring Procedure" [47]
n.m.: not measurable, below the lower limit of the ICP device

(a)

(b)

Fig. 11 SEM images of AAC samples containing glass powder stored 
underwater (a) BSE imaging of the matrix and (b) SE imaging of the 
unreacted glass (the detail circled in the BSE image can be seen in 

larger magnification in the SE image)
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classical binders. All the binder systems we investigated 
could bind the total lead content in the matrix. Therefore, 
we investigated whether AAC- and CEM I-based mortars 
could immobilize additional Pb2+ ions.

Red mud has an extremely high adsorption capacity for 
heavy metals due to its fine particle size and high specific 
surface area [19, 24]. According to some studies, red mud 
promotes the formation of phases in AACs suitable for 
adsorbing heavy metals from industrial wastewater  [27]. 
To  test this hypothesis, powder-based adsorption experi-
ments were performed using Pb2+ ions. Measurements were 
taken at 7 and 28 days on binder systems (S AAC, G AAC, 
and CEM I-based mortars), which were used in previous 
comparative studies. The results are shown in Fig. 12. In the 
diagram, A indicates air storage, Uw indicates underwater 
storage, and 7n and 28n indicate 7 and 28  days, respec-
tively. The adsorption capacity of the samples stored in air 
and underwater was tested for AAC composites, whereas 
only the adsorption capacity of the samples stored under-
water was tested for CEM I-based mortars.

The results of the 7-day-old tests (Fig. 12(a)) show that 
some AACs perform better than CEM I mortar. This find-
ing is promising for the use of alternative cement systems 
in this type of application. The adsorption capacity of the 
glass-based systems (blue curves in Fig. 12(a)) is weaker 
than that of CEM  I-based mortar (black curve). When 
stored underwater, the binding rate is practically negligi-
ble. When stored in air, however, it approaches the rele-
vant values for traditional binders. Using standard sand as 
a filler (brown curves) produced better results than CEM I 
for both storage methods. In this case, the specimens 
stored in water were able to bind more lead.

Examining the 28-day results (Fig. 12(b)) reveals that, 
in this case, all AACs outperformed the CEM  I-based 
mortar. The adsorption rate is completely different from 
that observed after seven days, but it can be concluded 

Fig. 12 The adsorption capacity of AAC and CEM I-based mortars at 
(a) 7 and (b) 28 days of age (A: air storage, Uw: underwater storage, 

7n: 7-day, 28n: 28-day test specimen)

Table 6 Results of monolithic (block) phase leaching tests on AAC and 
CEM I based mortars and health limits for drinking water

Concentrations of tested heavy metals (µg/l)

Cu Cr Ni Pb Cd Hg Zn Total

S AAC  
day 2-7 70 n.m. n.m. n.m. n.m. n.m. 29 99

S AAC  
day 7-28 51 n.m. n.m. n.m. 46 23 32 152

S AAC full 
period 121 n.m. n.m. n.m. 46 23 61 251

G AAC  
day 2-7 111 n.m. n.m. n.m. 10 20 93 234

G AAC  
day 7-28 172 247 n.m. n.m. 26 57 103 605

G AAC full 
period 283 247 n.m. n.m. 36 77 196 839

CEM I 
mortar  
day 2-7

390 n.m. n.m. n.m. 9 10 n.m. 409

CEM I 
mortar 
day 7-28

n.m. 201 n.m. n.m. 35 112 15 363

CEM I 
mortar full 
period 

390 201 n.m. n.m. 44 122 15 772

Health limit 2000 50 20 10 5 1 n.l. -
n.l.: no limit values given according to Governmental Decree No. 
201/2001 (X. 25.) on "Quality Requirements for Drinking Water and the 
Monitoring Procedure" [47]
n.m.: not measurable, below the lower limit of the ICP device
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that almost all of the tested materials were able to absorb 
less lead after 28 days. The exception is the G AAC sam-
ple stored underwater, which had an increased adsorption 
capacity of 7.5% from 7 to 28 days. The Pb2+ adsorption 
capacity decreases in the following order: S AAC A > G 
AAC Uw > G AAC A > S AAC Uw > CEM I Uw.

For both adsorption measurements at 7 and 28 days of 
age, Pb2+ concentrations decreased significantly within the 
first 5 minutes, with a slight decrease at the second sam-
pling point (15  minutes) and reaching equilibrium within 
30 minutes. These results are consistent with those reported 
by Chen et al. [29]. Of the tested binder systems, S AAC Uw 
and S AAC A exhibited the greatest adsorption capacity at 
7 and 28 days of age, with a 21.4% and 13.9% reduction in 
Pb2+ concentration. These results indicate that the adsorption 
capacity of the tested binders depends on the system type, 
additive type and quality, storage conditions, and test age.

4 Conclusions
This study investigated alkali-activated cement (AAC) com-
posites incorporating industrial by-products – blast furnace 
slag (GGBFS), red mud (RM), and soda-lime glass waste 
(GW) – as potential sustainable alternatives for construc-
tion and environmental applications. Based on the experi-
ments performed, the following conclusions can be drawn.

•	 The AACs can incorporate up to 50 wt% RM, but 
with a significant strength reduction. An optimal 
RM content of 21.7 wt% results in 33.4 MPa com-
pressive strength, corresponding to the minimum 
strength class of traditional binders.

•	 GW can act both a reactive and inert component. 
Although glass-containing systems generally showed 

lower strength than sand-based ones, high-energy 
grinding (90 min, 200 rpm) increased reactivity, 
achieving up to 66.8 MPa − surpassing the value of EN 
197-1 standard's maximum strength class (52.5 MPa).

•	 Underwater curing significantly reduced strength in 
GW-based AACs (up to 45%) due to Na⁺ and OH⁻ 
leaching, which hindered gel formation, as con-
firmed by FT-IR and SEM analyses.

•	 Powder-based heavy metal leaching tests showed 
AACs effectively immobilize Cd and Ni. While 
monolithic samples showed higher total heavy metal 
release than CEM I, their immobilization of Cu, Cd, 
and Hg was superior, and Pb retention was complete.

•	 Powder-based adsorption experiments confirmed 
that RM-containing AACs exhibit higher Pb2⁺ 
uptake than CEM I mortars, making them promising 
for wastewater treatment.

In addition to supporting the green economy and zero-
waste approaches, AACs can bind large amounts of waste 
(71.4 wt% combined GGBFS, RM, and GW) and offer a 
way to safely recycle red mud without any pre-treatment. 
These products can serve as an alternative to widely used 
materials in the construction industry and in specific 
applications, such as heavy metal adsorbents.
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