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INTRODUCTION

The increasing global demand for sustainable construction materials and efficient wastewater treatment drives the development of multifunctional and
environmentally friendly technologies. Geopolymers, amorphous aluminosilicate materials produced by alkali activation of natural minerals or industrial by-products,
have attracted significant attention due to their excellent mechanical strength, chemical resistance, and low carbon footprint.

Bentonite, a clay mineral rich in montmorillonite, exhibits high cation exchange capacity and a porous structure, making it an effective adsorbent for heavy metals and
organic pollutants such as phenol. When incorporated into geopolymer matrices, bentonite enhances the adsorption capacity through ion-exchange and complexation
with metal cations, while the porous geopolymeric framework facilitates the physical adsorption of organic molecules. As a result, bentonite-based geopolymers can
efficiently remove contaminants such as Mn?* and phenol from aqueous solutions, often achieving over 90% removal efficiency.

The subsequent use of these contaminant-laden geopolymers in concrete production provides a dual environmental benefit: the safe immobilization of hazardous
substances and the creation of more sustainable construction materials. Pollutants are effectively encapsulated within the geopolymer matrix, preventing their
leaching, while the inclusion of treated geopolymers can even improve the mechanical and durability properties of the resulting concrete. This integrated approach
supports the circular economy by transforming waste materials and captured pollutants into valuable resources for the construction sector.

MATERIALS AND PREPARATION

The bentonite-based geopolymer composite was synthesized by alkali activation of bentonite using a sodium hydroxide solution, followed by curing at 60 °C until
complete solidification. The prepared geopolymers were then exposed to aqueous manganese-containing solutions to enable adsorption of Mn?* ions, simulating
pollutant removal from wastewater. After reaching adsorption equilibrium, the contaminant-laden geopolymers were filtered and dried, and subsequently used as an
active additive in cementitious composites.

For concrete preparation, a mixture of aggregate, cement, and the synthesized geopolymer material containing contaminants was used. The Danube sand (particle size
< 315 pm) served as the aggregate, while the cement was CEM | 42.5 N (Lafarge BFC, BeocCin, Serbia). During manual mixing under laboratory conditions, the
geopolymer material was incorporated in proportions ranging from 5 to 30 wt%, as a partial replacement for cement and Danube sand. Careful control of the
component ratios ensured uniform dispersion of the additive and consistent workability of the concrete mixture.

After mixing, the concrete paste was cast into laboratory molds to form prismatic specimens. The molds were filled, leveled, and left to set for two days at ambient
temperature. The hardened samples were then demolded and subjected to standard curing prior to testing. From the prepared series, selected specimens with
uniform structure and stability were chosen for further characterization and performance evaluation.

The prepared concrete samples were tested to determine their setting time, water capillary absorption, and mechanical strength. The setting time was measured
according to standard cement paste procedures, while capillary absorption tests were used to assess the influence of geopolymer addition on porosity and water
transport. The mechanical strength was determined using the standard three-point bending method, providing quantitative evaluation of the flexural performance and
structural integrity of the geopolymer-modified concrete.
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RESULTS AND DISCUSSION CONCLUSIONS

Table 1. Mechanical properties of concrete samples (three-point bending method) The incorporation of bentonite-based geopolymers as partial
replacements for cement and Danube sand significantly

influenced the physical and mechanical performance of the
Mechanical strength (MPa) 2.308 2.384 2400 3.290 1.500 1.258  1.155 produced concrete.

Mechanical strength increased progressively with the
addition of up to 15 wt% geopolymer, reaching 3.29 MPa,
which represents a notable improvement compared to the
control sample (2.31 MPa). Further increases in the
geopolymer content (above 20 wt%) led to a gradual
Water absorption EN 772-21 (%) 1.391 1.587 0.175 0.240 1.917 2.141 2.491 reduction in Strength’ ||ke|y due to microstructural

heterogeneity and reduced cement hydration efficiency at
Water absorption EN 772-7 (%) 2.083 3.026 1,804  4.173 4,184  7.056 10.473 higher substitution levels.

Water absorption results revealed that samples containing

Table 3. Total water absorption of concrete samples after 7 days 10-15 wt% geopolymer exhibited the lowest capillary
absorption (0.175-0.240%), indicating improved

compactness and reduced pore connectivity. However, total

Table 2. Capillary water absorption of concrete samples EN 772-21 and EN 772-7

Amount of capillary absorbed 2.864 1.110 2.341 3.441 -0.288 -1.910 -2.480 water absorption (EN 772-7) increased for higher
water after 7 days (%) substitution levels, suggesting that excess geopolymer may
introduce additional open porosity when the optimal ratio is
Table 4. Setting time of cement paste in concrete samples (EN 196-3)
exceeded.
The setting time of the cement paste was moderately
Initial setting time (min) 125 130 135 150 180 205 240 prelehzes L) [MEEERGE  FEOpeRTuer @O, e
125/190 min (initial/final) for the control to 150/230 min at
Final setting time (min) 190 197 210 230 250 280 330 15 wt% and up to 240/330 min at 30 wt%, confirming the

mild retardation effect of the geopolymer addition.
Overall, the results demonstrate that moderate
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