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Abstract  

 

Marine pollution represents a major challenge for conservation science, as it threatens the 

integrity of marine ecosystems, associated coastal heritage, and biodiversity at both local and 

global scales. The degradation of marine environments is intensified by complex contamination 

sources, including hydrocarbons, plastics, heavy metals, and persistent chemicals originating 

from industrial activities and, increasingly, from armed conflicts. Current remediation 

approaches often lack adaptability, being designed to address isolated categories of pollutants 

rather than the multifactorial nature of marine contamination. This limitation reduces their 

effectiveness in conservation and post-impact restoration strategies. In this context, there is a 

critical need for integrated decontamination solutions capable of supporting ecosystem 

recovery and long-term environmental preservation, particularly in conflict-affected marine 

regions. This study proposes the development of an advanced filtration-based remediation 

approach aimed at the simultaneous reduction of multiple contaminant classes, contributing to 

sustainable conservation practices and supporting evidence-based decision-making for marine 

restoration and protection. 

 

Keywords: marine ecosystem conservation; armed-conflict pollution; remedial solutions; 

intelligent filtration. 
 

 

Introduction  

 

Marine ecosystems represent some of the most dynamic and vulnerable environments 

on Earth, providing vital ecological, economic, and social services [1]. However, over the 

past decades, anthropogenic activities such as industrial discharge, shipping, oil exploration, 

and urban coastal development have intensified the introduction of pollutants into marine 

waters and sediments. Among the most persistent contaminants are heavy metals, petroleum 

hydrocarbons, synthetic dyes, nutrients, and microplastics, all of which can accumulate and 

persist in the marine food chain [2]. These pollutants threaten aquatic biodiversity, disrupt 

biogeochemical cycles, and impair water quality, ultimately posing significant risks to 

human health and socio-economic sectors dependent on clean marine environments, 

including fisheries, aquaculture, and tourism [3,4]. 
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Conventional remediation technologies such as activated carbon adsorption, ion exchange, 

chemical precipitation, and membrane separation have been extensively employed for the 

decontamination of aquatic systems [5]. While effective under controlled conditions, these 

methods are constrained by limitations such as high energy demands, expensive operational costs, 

short service lifetimes, and the generation of toxic secondary wastes that require further treatment 

[6]. For large-scale and long-term applications in marine environments, where salinity, pH, and 

contaminant concentrations are highly variable, such approaches are often unsustainable or 

economically unfeasible [7]. Consequently, research efforts have increasingly focused on 

developing sustainable materials and technologies that can mitigate pollution while minimizing 

environmental impact. 

Geopolymers have emerged as a promising class of materials for environmental 

applications due to their unique combination of sustainability, versatility, and durability. 

Geopolymers are inorganic binders formed through the alkali activation of aluminosilicate 

precursors such as fly ash, metakaolin, or blast furnace slag [8]. Unlike Portland cement, their 

synthesis does not rely on high-temperature calcination, thereby significantly reducing energy 

consumption and carbon dioxide emissions. In fact, geopolymer production is frequently 

associated with the valorization of industrial by-products, offering a circular economy pathway 

that transforms waste streams into high-performance materials [9]. The environmental 

advantages, combined with their excellent chemical resistance, thermal stability, and 

mechanical strength, have established geopolymers as low-carbon alternatives to conventional 

cementitious binders [10]. 

One of the most notable features of geopolymers for pollution mitigation is their porous 

architecture, which can be tailored through techniques such as direct foaming, 3D printing, and 

templating methods [11]. Porous geopolymers provide high surface area and interconnected pore 

networks that facilitate adsorption and immobilization of contaminants, including toxic metal 

ions like Pb²⁺, Cd²⁺, and Cr⁶⁺ [8,12]. Copper (Cu²⁺) is one of the heavy metals most commonly 

found in high concentrations in water environments. The significant levels of contamination are 

largely attributed to its widespread use in algicide processes within agriculture and industrial 

applications. Consequently, when contaminated water reaches the soil, it can spread through 

rivers and torrents, ultimately affecting marine ecosystems as well as drinking water [13,14]. 

Despite the fact that copper is essential for the human body within certain limits, an excess of 

copper can lead to toxicity and subsequently impair the function of various organs [15]. Excessive 

amounts of copper can result in copper poisoning, which may manifest as vomiting, stomach 

pain, rashes, liver and kidney damage, and nausea. The potential for copper to cause oxidative 

damage may be a key factor in its toxicity, as it induces oxidative harm to biological systems, 

affecting the peroxidation of lipids and other macromolecules [16]. To enhance water quality and 

safeguard public health, the copper content in wastewater effluents must be reduced in 

compliance with relevant legislation before any discharge into the environment. Moreover, 

surface modification with metals such as silver further enhances their functionality by introducing 

antimicrobial or catalytic properties, thereby extending their potential applications in water 

purification [17]. These characteristics make porous geopolymers highly suitable for deployment 

in complex and variable marine conditions, where multifunctional materials are essential to 

address multiple classes of pollutants simultaneously. 

The most common and widely used methods for treating Cu2+ ions from aqueous 

environments are filtration, electrochemical processing, and ion exchange [18–20]. However, 

these technologies are impractical due to several drawbacks, including high costs and significant 

sludge generation. In contrast, adsorption offers key advantages: it is cost-effective, easy to 

implement, and highly effective for treating contaminated water. Therefore, it is essential to 

explore alternative technologies or absorbents that are more effective in removing Cu2+ ions from 

wastewater. Consequently, various types of adsorbents, including activated carbon, biochar, 

zeolite, clay minerals, geopolymer, and carbon nanotubes, have been utilized in wastewater 
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treatment [21,22]. Among the various adsorbents, zeolites stand out as exceptional materials for 

removing metallic species from polluted water [23–25]. Zeolite is a crystalline aluminosilicate 

with a three-dimensional framework of [SiO4]
4- and [AlO4]

5- linked by oxygen atoms. Its 

synthesis occurs in a supersaturated aluminosilicate solution, involving dissolution, nucleation, 

and crystallization at high temperatures. A key concern is the energy-intensive thermal 

treatment required for synthesis, which can have a negative impact on the environment and 

production costs. 

Beyond adsorption, geopolymers are also capable of stabilizing and encapsulating 

hazardous elements, thereby preventing their leaching and long-term release into aquatic 

environments [26]. This dual role—combining pollutant removal with permanent 

immobilization—offers an advantage over conventional adsorbents, which often face challenges 

related to desorption and regeneration. Additionally, their intrinsic durability in aggressive saline 

environments ensures that their structural and functional performance remains stable over 

extended periods, a crucial factor for marine applications [27]. 

The application of porous geopolymers to marine decontamination not only addresses 

environmental challenges but also aligns with broader global sustainability and decarbonization 

goals. Life cycle assessments (LCA) have consistently shown that geopolymers contribute to 

lower greenhouse gas emissions compared to traditional cementitious systems [28]. Furthermore, 

advances in processing technologies, such as 3D printing, open the possibility of designing 

geopolymer-based filters and structures with optimized pore architectures for targeted pollutant 

capture [29]. Such innovations enhance the role of geopolymers as a green technology at the 

intersection of materials science, environmental engineering, and marine sustainability. 

Despite these promising attributes, several research gaps remain [2]. Most 

experimental studies on porous geopolymer adsorbents are conducted under laboratory 

conditions with simplified aqueous systems. Marine environments, however, present far 

more complex chemistry, including fluctuating ionic strength, competing species, and 

biological activity, all of which can influence adsorption performance and material stability. 

Therefore, there is a clear need in environmental engineering for the development of 

filtration methods that use these innovative adsorbent materials with low synthesis costs for 

the restoration of polluted aquatic environments. 

This article aims to provide a filtration method that effectively integrates geopolymers as 

filtration materials in order to simultaneously reduce multiple types of contaminants from the 

marine environment.  

 

Designing the Filtration Method 

 

In this research, we designed an innovative filtration method aimed at reducing the 

concentration of pollutants in marine environments. This method involves a two-stage, multi-

layer filtration system (see Fig. 1). 

In the first stage, contaminants are removed from the polluted water using gravel and sand. 

These materials were chosen for their low cost and natural availability. Additionally, they can be 

utilized as aggregates in geopolymer concrete without the need for prior treatment to remove 

impurities, since geopolymers possess excellent encapsulation properties. This means that the 

impurities captured on the surfaces of the gravel or sand will be encapsulated within the 

geopolymeric matrix. Additionally, following the sand layer, a 50-micron multi-use, washable 

polypropylene & nylon mesh sediment filter cartridge was installed to retain any sand particles 

that can be carried by the water to the second stage of filtration. 

In the second stage of filtration, the heavy metal pollutants are removed from the water 

using an intelligent cartridge. The intelligent cartridge uses multiple layers of geopolymers that 

possess tailored porosity and encapsulation capacity. Additionally, a 50-micron multi-use, 

washable sediment filter cartridge, made of polypropylene and nylon mesh, was installed to 
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capture any geopolymer particles that may be carried away by the water during the filtration 

process. Moreover, this filter cartridge is designed to reduce the velocity of the water passing 

through the system, thereby increasing the interaction time between the contaminants in the water 

and the surface of the geopolymers. 

 

Obtaining the Porous Geopolymers 

 

Geopolymers can be created from various aluminosilicate sources, including 

metakaolin, fly ash, slag, rice husk, and red mud. Metakaolin is often favoured due to its high 

reactivity and purity, which lead to strong mechanical properties and low permeability. It is 

also utilized to produce geopolymer-based adsorbents with unique adsorption capabilities. Due 

to the complexity of pollution in marine environments, the design of the filtration method must 

incorporate multiple filtration stages and a multilayered, tailored filter to effectively reduce 

pollution in a sustainable manner.  

 

 
 

Fig. 1. The design of the filtration method that includes geopolymers for water decontamination 

 

The raw materials used in this study were metakaolin (MK), sodium silicate (Na2SiO3), 

sodium hydroxide (NaOH), and hydrogen peroxide (H2O2). MK was obtained by calcining kaolin 

collected from Parva, Romania, at low temperatures (700 °C for 1 h). Sodium silicate (Na2SiO3) 

is obtained by melting sand (SiO2) with sodium carbonate (Na2CO3) at high temperatures, 

followed by condensation of the product from a vapor state into a semi-viscous liquid. A 

commercially available Na2SiO3 solution (Kynita S.R.L., Vâlcea, Romania) with a density of 1.52 

g/cm³ and a pH of about 11.5 will be utilized. This solution contains a minimum of 44.8% sodium 

silicate, 31.10% SiO2, and 13.70% Na2O. The concentration of sodium hydroxide (NaOH) 

significantly affects the properties of geopolymers, with higher concentration leading to increased 

early resistance and enhanced stability in acidic or sulfate environments. The NaOH solution, 

prepared by dissolving 98% pure NaOH flakes in water, was mixed with Na2SiO3 and solid 

components. To create the geopolymers, a 10M NaOH solution was used. Hydrogen peroxide 
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(H2O2), with a concentration of 35%, is used as a foaming agent in geopolymers, decomposing 

into water and oxygen to create pores. 

First, metakaolin (MK) was weighed and mixed with the alkaline activator. The 

alkaline activator was prepared by premixing 10 M sodium hydroxide (NaOH) one day 

before sample molding to allow for heat release. Following that, NaOH and Na2SiO3 were 

combined in a 1:1 mass ratio and homogenized for 1 minute. This mixture was then gradually 

added to the dry component, followed by thorough mixing using a mechanical stirrer at a 

solid-to-liquid (S/L) ratio of 0.58. The low S/L ratio was chosen to enhance the 

geopolymerization process, as the reaction between the alkaline activator and the 

aluminosilicate materials is more significant at this ratio. 

Once a homogeneous mixture of metakaolin and the alkaline activator was achieved, a 

foaming agent was added to the mixture at a concentration of 1% by mass of the metakaolin.  

Subsequently, the resulting geopolymer paste was placed in a high-density polyethylene 

(HDPE) mold and left to cure at room temperature. Curing can also be conducted at slightly 

elevated temperatures, such as 60 °C, for 24 hours. Curing at these higher temperatures 

accelerates both the curing and foaming processes, resulting in improved porosity. 

In addition, literature had previously addressed the leaching of alkalis from geopolymer. 

Accordingly, Novais et al. [30] indicated that the non-washed geopolymer had significant OH- 

leaching. A high pH solution would cause metal hydroxide to precipitate, limiting the adsorption 

performance of the geopolymer adsorbent. The hardened geopolymer paste was crushed into 

small particles and washed with distilled water to reduce its alkalinity. The geopolymer particles 

were then sieved into four distinct size classes: 2-4 mm, 4-8 mm, 8-12 mm, and 12-20 mm. A 

filtration cartridge with tailored porosity was created by layering the geopolymer particles in 

ascending order based on their size. The first layer contained particles in the 2-4 mm range, the 

second layer included particles in the 4-8 mm range, and so on. All layers contained an equal 

mass of material. 

 

Results and discussions 

 

Filtration performances 

To evaluate the filtration performance of the developed technology, water samples were 

collected from four different regions of the Black Sea (see Table 1).  

 
Table 1. Coordinates of water sampling location 

 

Water sampling location Longitude Latitude 

Location 1 - Corbu area N44°22.53391' E28°42.66064' 

Location 2 - Midia Cap area N44°20.51829'   E28°41.40670' 

Location 3 - Pescărie (Cherhana) Constanța N44°12.93307'   E28°38.70671' 

Location 4 - Tuzla area N43°59.76471'   E28°39.85018' 

 

The tests were conducted on-site to minimize any disturbances related to water storage 

and transportation. For each location, samples of both untreated water and filtered water were 

collected, then transported to the laboratory and stored at 4 °C until the testing day.  

The removal efficiency of heavy metals (hm+) by the synthesized geopolymer adsorbents 

varies depending on the initial concentration of these metals in the filtered water. At location 1, 

the concentration of copper (Cu) decreased by 99.91%, while the concentration of zinc (Zn) 

decreased by 54.36%. At location 2, the Cu concentration decreased by 42%, while the Zn 

concentration remained nearly unchanged. In location 3, Cu decreased by 58.31%, and Zn 

decreased by 49%. Finally, at location 4, Cu decreased by 49% and Zn decreased by 13%. These 

results indicate that the removal efficiency is influenced by the characteristics of the filtered 

water. At location 2, a minimum reduction of 42% in Cu concentration was achieved, while 

location 1 had the highest removal efficiency, where Cu was almost completely eliminated. 
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The filtration performance of geopolymers is strongly related to their chemical 

composition and porous morphology. The calcium atom in the raw material dissolves more easily 

than silicon and aluminum atoms and can quickly react with the sodium silicate solution [31]. 

The rapid dissolution of calcium (Ca) leads to a reaction between Ca²⁺ ions in the mixture and the 

Si-O-Al structure of the geopolymer gel. This reaction produces C-(A)-S-H gel. When water 

infiltrates the structure, it prevents water evaporation, which in turn facilitates the formation of 

the C-(A)-S-H phase with a low calcium-to-silicon ratio. This low ratio can result in a shorter 

setting time [32]. The aluminosilicate gel serves as the primary binding phase, enhancing 

interparticle bonding, improving macroscopic strength, and controlling the strength-gain 

behavior of geopolymer paste [33]. The adsorption mechanisms of heavy metal ions (hm+) by the 

porous geopolymer used in this study are illustrated in Fig. 2. The 3D interconnected open pore 

structure of geopolymers serves as an effective adsorbent material, facilitating easy access for 

hm+ ions to the adsorption sites within the material. Additionally, an ion exchange mechanism 

occurs within the geopolymer structure, where hm+ ions are replaced by Na+, Mg2+, and Ca2+ ions. 

This mechanism is also involved in the adsorption process of Cu2+, Zn2+ or any other heavy metals 

that will be present in the filtered solution.  

 

 
 

Fig. 2. Adsorption mechanism of heavy metals in geopolymer filter 

 

Ion exchange interactions are not a single mechanism; rather, other removal mechanisms, 

such as surface complexation, surface precipitation, and electrostatic interactions, occur 

alongside this adsorption process. In addition, in the case of geopolymers, heavy metals are being 

trapped in the three-dimensional [SiO4] or [AlO4] tetrahedron structures. Thus, the developed 

materials can effectively adsorb Cu2+, Zn2+ ions, and other metals that contaminate the marine 

environment through the combined contributions of ion exchange, precipitation, ion 

complexation, pore diffusion, and electrostatic interactions with heavy metals. However, a slight 

increase in iron content was observed in all analyzed samples. To avoid this issue, raw materials 

with low iron content should be used for the manufacture of geopolymers. 

In addition to heavy metals, the filtration method demonstrated promising results in 

reducing nitrogen compounds, such as nitrites, nitrates, and ammonium, as well as chlorides and 
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phosphorus content. However, due to the complexity of pollution in marine environments, 

metakaolin-based geopolymers appear to be insufficient for effective sustainable pollution 

reduction. Therefore, the geopolymer matrix itself does not seem to possess the required stability 

and efficiency in a marine environment to effectively remove these contaminants. To improve 

performance, an innovative composite geopolymer was developed, consisting of the original 

matrix with the addition of 20% zeolite aggregates. This method of including zeolites as 

aggregates, rather than in powder form, offers significant advantages by creating a composite that 

possesses the beneficial properties of both natural zeolites and metakaolin-based geopolymers. 

The combination of geopolymers and zeolites offers both environmental and economic 

advantages [34]. The production of geopolymer is simpler and requires less water and energy 

compared to zeolites. As a result, the combination of zeolite aggregates and the amorphous 

geopolymer gel forms a self-supporting structure. This leads to the development of a more stable 

filtration system. The presence of zeolite crystals in the geopolymeric product contributes to the 

creation of a stable zeolitic structure, enhancing the properties of the geopolymer [35]. Natural 

zeolite and metakaolin geopolymers can effectively adsorb heavy metal ions through ion 

exchange, precipitation, and complexation mechanisms, creating a composite suitable for the 

depollution of marine water.  

Using this innovative composite material, the phosphate content was reduced to non-

detectable levels at Locations 1 and 2. At Location 3, the reduction reached 91.37%, while at 

Location 4, it was decreased by 89.36%. Additionally, at the first three locations, a decrease of 

up to 45.45% in the concentration of total petroleum hydrocarbons was achieved. However, at 

Location 4, the value remained unchanged, likely due to the low initial concentration of just 0.03 

mg/L. The efficiency of the filtration was also tested for the chlorine reduction, where a slight 

decrease was observed at all four locations. Similar results were obtained for other factors such 

as NH4, NO2
−, and NO3

− content. Moreover, the same structure is capable of retaining oil pollution 

[36], as well as microplastic [37] and other types of contaminants from the marine environment. 

Using geopolymers for decontamination in marine environments is both energy-efficient and 

sustainable. This technology can effectively remove multiple pollutants, and the contaminated 

materials, such as filters, can be repurposed as raw materials for building products. 

 

Conclusions 

 

This paper demonstrates that a two-stage filtration method, consisting of mechanical 

filtration with natural aggregates and intelligent filtration using a metakaolin-based geopolymer 

filter, can effectively reduce pollution in marine environments. The chemically active structure 

of geopolymers effectively retains heavy metals and various pollutants from saltwater collected 

around the Black Sea. The filtration efficiency depends on the initial concentration of the 

pollutants, reaching 99% in the case of Cu in some locations. However, in the case of phosphates, 

petroleum products, and N compounds, the geopolymers with zeolite addition showed better 

performances.  

By utilizing a composite material composed of a geopolymer matrix combined with zeolite 

aggregates, it is possible to achieve a reduction in phosphate content of up to 100% under certain 

conditions. Therefore, the developed filtration method demonstrates promising results for 

creating filtration systems that can be applied in coastal areas, as well as in regions affected by 

military or industrial activities. 

The synthesized metacaolin-based geopolymer adsorbent used in this study should be 

further examined through batch adsorption experiments involving microplastics and 

pharmaceutical pollutants. These experiments should be conducted at various pH levels and 

contact times to analyze the adsorption interactions in detail, including adsorption isotherms, 

kinetics, and thermodynamics. 
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