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ABSTRACT 

 

The quality of wastewater treatment and the discharge of treated effluents remain major 

environmental issues, particularly due to the release of contaminants of emerging concern into 

aquatic environments as a result of insufficient tertiary treatment in wastewater treatment 

plants. Among these contaminants of emerging concern, pharmaceuticals such as 

carbamazepine, are frequently detected in wastewater and poses potential risks to water 

quality. In this context, the present study investigates the development of geopolymer and 

geopolymer-carbon composite subjected to a zeolitization process, produced from waste-

derived materials. Fly ash was used as the primary precursor for geopolymer synthesis, while 

activated carbon was obtained from grape pomace. Comprehensive characterization was 

performed to assess the composition, structure, and surface properties of the synthesized 

materials. X-ray diffraction analysis revealed the presence of major crystalline phases, 

including quartz, hematite, and calcite, as well as the formation of zeolitic phases (Na-

faujasite) in GP_HT2.0, whereas GP_AC_HT2.0 exhibited only calcite and gehlenite phases. 

Fourier Transform Infrared Spectroscopy spectra confirmed the presence of Si–O–T groups in 

the inorganic (FA, GP_M, GP_ HT1.0, GP_ HT1.5, GP _HT2.0, and GP_HT2.5) materials 

and carbon-related (–CH₂ and –CH₃ groups, C–O and C–O–C) bonds in the organic (WGP, 

AC_WGP, GP _AC, and GP _AC_HT2.0) materials. Additionally, acid–base characterization 

demonstrated the high basicity of all samples. BET analysis revealed a specific surface area of 

427 m² g⁻¹ for AC, 30 m² g⁻¹ for GP_M, 181 m² g⁻¹ for GP _HT2.0, 48 m² g⁻¹ for GP_AC, 

and 139 m² g⁻¹ for GP_AC_HT2.0. Equilibrium analysis showed that the Langmuir model 

effectively described the adsorption process, indicating favorable conditions and strong 

affinity between the adsorbents and the adsorbate. Kinetic studies confirmed that all materials 

followed a pseudo-second-order model, the maximum adsorption capacities were determined 

as 4.2, 29.4, 39.7, and 30.6 mg g⁻¹ for GP_M, GP _HT2.0, GP_AC, and GP_AC_HT2.0, 

respectively. 

 

Keywords: Solid waste valorization; Circular economy; Geopolymer; Wastewater treatment; 

Contaminants of emerging concern; Carbamazepine. 
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RESUMO 

 

A qualidade do tratamento de águas residuais e a descarga de efluentes tratados continuam a 

representar importantes desafios ambientais, particularmente devido à liberação de 

contaminantes de preocupação emergente em ambientes aquáticos como resultado da 

insuficiência do tratamento terciário em estações de tratamento de águas residuais. Entre esses 

contaminantes de preocupação emergente, fármacos como a carbamazepina são 

frequentemente detectados em águas residuais e representam potenciais riscos à qualidade da 

água. Nesse contexto, o presente estudo investiga o desenvolvimento de um geopolímero e de 

um compósito geopolímero–carbono submetidos a um processo de zeolitização, produzidos a 

partir de materiais derivados de resíduos. A cinza volante foi utilizada como principal 

precursor para a síntese do geopolímero, enquanto o carvão ativado foi obtido a partir do 

bagaço de uva. Uma caracterização abrangente foi realizada para avaliar a composição, 

estrutura e propriedades superficiais dos materiais sintetizados. A análise por difração de raios 

X revelou a presença de fases cristalinas majoritárias, incluindo quartzo, hematita e calcita, 

bem como a formação de fases zeolíticas (Na-faujasita) em GP_HT2.0, enquanto 

GP_AC_HT2.0 apresentou apenas as fases calcita e gehlenita. Os espectros de Espectroscopia 

no Infravermelho com Transformada de Fourier confirmaram a presença de grupos Si–O–T 

nos materiais inorgânicos (FA, GP_M, GP_HT1.0, GP_HT1.5, GP_HT2.0 e GP_HT2.5) e de 

ligações relacionadas ao carbono (grupos –CH₂ e –CH₃, C–O e C–O–C) nos materiais 

orgânicos (WGP, AC_WGP, GP_AC e GP_AC_HT2.0). Adicionalmente, a caracterização 

ácido–base demonstrou a elevada basicidade de todas as amostras. A análise BET revelou 

áreas superficiais específicas de 427 m² g⁻¹ para AC, 30 m² g⁻¹ para GP_M, 181 m² g⁻¹ para 

GP_HT2.0, 48 m² g⁻¹ para GP_AC e 139 m² g⁻¹ para GP_AC_HT2.0. A análise de equilíbrio 

mostrou que o modelo de Langmuir descreveu adequadamente o processo de adsorção, 

indicando condições favoráveis e forte afinidade entre os adsorventes e o adsorvato. Os 

estudos cinéticos confirmaram que todos os materiais seguiram o modelo de pseudo-segunda 

ordem, e as capacidades máximas de adsorção foram determinadas como 4.2; 29.4; 39.7; e 

30.6 mg g⁻¹ para GP_M, GP_HT2.0, GP_AC e GP_AC_HT2.0, respectivamente. 

 

Palavras-chave: Valorização de resíduos sólidos; Economia circular; Geopolímeros; 

Tratamento de águas residuais; Contaminantes de preocupação emergente; Carbamazepina. 
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1. INTRODUCTION 

Water security has increasingly attracted global attention since the United Nations 

International Conference on Water, held in Mar del Plata, Argentina, in 1977, which formally 

recognized that all people, regardless of development status, have the right to access drinking 

water in quantities and quality sufficient to meet basic needs [1]. This challenge has directed 

societal and scientific efforts toward the development of advanced water treatment 

technologies across all stages [2], including membrane filtration [3], adsorption [4], and 

advanced oxidation [5], as well as the use of materials such as zeolites [6], activated carbons 

(ACs) [7], and ceramic membranes [8]. These approaches target a broad spectrum of 

pollutants, from contaminants commonly addressed in early treatment stages, such as 

suspended solids [9], and organic matter [10], to more persistent and emerging pollutants 

detected in advanced treatment, including heavy metals [11], dyes [12], pharmaceuticals [13], 

and personal care products [14]. 

Among these technologies, adsorption has been recognized as a particularly promising 

alternative due to its versatility for integration with other treatment systems, operational 

simplicity, effectiveness under mild conditions, and high pollutant removal efficiency [15]. 

Common adsorbents include porous inorganic materials and carbon-based solids, which are 

valued for their high surface area, tunable surface chemistry, and strong affinity for a wide 

range of contaminants. However, the production of conventional adsorbents often involves 

costly precursors and energy-intensive processes, highlighting the growing need for 

alternative materials derived from low-cost and abundant resources while maintaining 

comparable adsorption performance [16,17]. 

Within this context, geopolymers (GP), aluminosilicate-based materials [18] 

synthesized through the alkaline activation of industrial by-products [19], have emerged as an 

alternative to the adsorption process due to their cost-effective production [20], 

straightforward synthesis methods [21], low environmental footprint [22], high durability 

[23], excellent thermal and chemical stability [24], and capacity for functional adaptation 

[25]. 

GP are typically produced from silica and alumina-rich materials, such as fly ash (FA) 

[26], blast furnace slag [27], or metakaolin (MK) [28], forming a three-dimensional inorganic 

polymer network under alkaline conditions [29]. Among these precursors, FA stands out for 
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its global availability [30], low cost [31], and high reactivity [32], making it one of the most 

relevant sources for synthesis of GP. These materials exhibit a combination of mechanical 

strength [33], tunable porosity [34], and ion-exchange capacity [35], which have enabled their 

application beyond the construction sector [36], particularly in the waste water treatment 

containing lead [37], cobalt [38], methylene blue (MB) [39], crystal violet dye [40], 

acetaminophen and gallic acid [41], and phenol [42]. 

Recent research efforts have increasingly focused on tailoring the physicochemical 

properties of fly ash-based geopolymers (FA-GP) to enhance their performance as adsorbents 

[43], catalysts [44], or filtration matrices [45]. Parameters such as precursor composition, 

alkaline activator ratio [46], curing conditions [47], and thermal post-treatments [48] play a 

crucial role in defining surface area [49], pore size distribution [50], and active site for 

pollutant interaction [51].  

To improve the performance of GPs in the adsorption process, certain methodologies, 

such as zeolitization, have been gaining increasing attention [52]. For instance, He et al. [53] 

produced a FA-GP zeolite using LiOH and after hydrothermal treatment (HT) achieved a 

surface area of 30.19 m² g-1. Khalid et al. [22] produced GP using FA and sodium silicate and 

NaOH as the alkaline activating solution, and reported a maximum SBET of 90 m² g⁻¹ for a 

zeolitized GP containing the analcime phase after 24 h of HT at 100 °C using 8 M NaOH. De 

Rossi et al. [54] prepared GPs based on biomass FA (75 wt%) and MK (25 wt%). Then, the 

samples were cured in hydrothermal conditions in hermetic glass container for 3, 7 and 28 

days at 60 °C. Such a treatment caused the formation of zeolite Na–P1 and faujasite regardless 

the curing time, however, the higher time of the treatment enhanced their formation. 

Current studies generally report findings related to the composition of geopolymeric 

zeolites following more conventional routes, such as the use of FA, NaOH, and sodium 

silicate precursors for GP production followed by zeolitization, or more distinct approaches, 

such as incorporating natural or synthetic zeolites into the precursor geopolymeric matrix [55] 

and forming zeolites directly within the matrix under curing conditions at elevated 

temperatures [56]. However, to date, no study has investigated the production of these 

geopolymeric zeolites incorporating adsorbent materials, such as AC, nor examined the 

optimal point of zeolite formation through variation of NaOH concentration during HT and 

verified whether it is proportional to the surface area. All studies found in literature have 

focused on the removal of compounds such as heavy metals [57] and dyes [58], e.g. this 

reveals a significant gap regarding the treatment of contaminants of emerging concern [59].  
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Therefore, to address this gap, the present work focuses on the development of 

innovative zeolite–carbon composite GP for removal of emerging contaminants, such as 

carbamazepine (CBZ). The materials were characterized for textural, chemical, and thermal 

properties.  
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2. STATE-OF-THE-ART 

2.1. WATER SECURITY AND EMERGING CONTAMINANTS 

2.2.1  Water Security: Current Challenges 

Access to safe drinking water is an essential necessity and a fundamental human right 

[60]. The availability of freshwater is steadily decreasing, as both its quality and quantity 

decline due to population growth and to the discharge of untreated wastewater into water 

bodies [61]. If urban wastewater is not properly collected and treated, it can become one of 

the main sources of water pollution [62]. Globally, 80% of wastewater is discharged directly 

into the environment, affecting the quality of water resources, leading to clean water scarcity, 

and contributing to the spread of diseases [63]. 

In 2015, the United Nations General Assembly adopted the Sustainable Development 

Goals (SDGs), comprising 17 goals and numerous targets aimed at achieving sustainable 

development by 2030. Since then, sustainability has gained increasing attention worldwide 

[64]. Wastewater management plays a crucial role in achieving universal access to water and 

sanitation, as outlined in SDG 6 [65]. Proper wastewater management can contribute to the 

protection of water resources and reduce competition for already scarce water [66]. 

Wastewater treatment is essential, as it is responsible for degrading pollutants found in water 

and ensuring that it can be safely discharge into the environment [67]. By removing 

undesirable impurities such as bacteria and viruses [68], organic micropollutants [69] and 

excess nutrients [70]. 

Across Portuguese territory, there are 465 urban areas, composed of households and 

industries, which generate approximately 13 million population equivalents (p.e.) of 

wastewater daily, equivalent to 2.61 million cubic meters per day [71]. The country has 492 

wastewater treatment plants (WWTPs), of which 8 only apply primary treatment (in 

Portugal’s Madeira Archipelago), 394 continue to biological treatment, and 90 apply 

biological treatment with nitrogen and phosphorus removal [71]. Currently, 57.5% of 

mainland Portugal suffers from water shortages, and only 10% of treated wastewater is reused 

[72]. 

The Urban Wastewater Treatment Directive (UWWTD) is responsible for monitoring 

the quality of urban wastewater within the European Union by establishing quality parameters 

and requirements [73]. It sets standards for the collection, treatment, and discharge of urban 

wastewater, as well as wastewater from specific industrial sectors, aiming to minimize the 

potential negative environmental impacts associated with wastewater discharge [74]. 
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Wastewater treatment in Portugal is regulated by Directive 91/271/EEC and transposed into 

Portuguese law by Decree-Law 11/2023, which imposes maximum limits on nutrients such as 

nitrogen (10 – 15 mg L-1) and phosphorus (below 2 mg L-1) in effluents and stipulates that 

tertiary treatment must be used, where necessary, by the receiving body or water resources 

[75,76]. The latest UWWTD (3019/2024/UE) mandates that, by 2045, tertiary treatment must 

be implemented in treatment plants with a load equal to or greater than 150 000 p.e., 

alongside quaternary treatment aimed at removing at least 80% of micropollutants including 

pharmaceuticals (antibiotics, antidepressants, hormones, etc.), personal care products (UV 

filters, synthetic fragrances, etc.), per- and polyfluoroalkyl substances (PFAS), industrial 

chemicals, among others [77].  

Water reuse has shown promising results in minimizing water stress, as it increases 

available water resources while closing the loop between water supply and wastewater 

disposal [78]. To validate the quality of treated water and the success of the treatment plant, it 

is necessary to create a tailor-made solution for each case, adapted to local needs, available 

funds, and competent technologies [79]. 

2.2.2  Contaminants of Emerging Concern 

Contaminants of emerging concern (CECs) represent a wide and growing range of 

substances regularly found in water [80], which are referred to as “emerging” due to their 

recent recognition in different natural environments [81]. These compounds represent 

micropollutants with uncertain effects but have the potential to cause harmful reproductive, 

neurological, and immunological impacts in humans and animals [82]. Among them are 

cosmetics [83], pesticides [84], personal care products [85], pharmaceuticals [86], hormones 

[87] and microplastics [81]. Pharmaceutical products have been recognized as environmental 

contaminants in aquatic environments for over 40 years [88]. Therefore, concern about CECs 

is growing, considering that they are widely used by the entire population and there are no 

regulations to control their concentrations in wastewater after treatment [89]. 

Even with the current wastewater treatment processes considered necessary, WWTPs 

are still not equipped to effectively remove contaminants of emerging concern CECs [90]. 

Since these pollutants are resistant to conventional wastewater treatment processes, this leads 

to their bioaccumulation [91]. Therefore, the concern with developing technologies that 

eliminate or reduce the concentration of these contaminants becomes a priority for monitoring 

water quality [88]. CECs reach aquatic systems through various contamination pathways, for 

instance, organic pollutants from agricultural activities enter water bodies via surface and 

subsurface runoff; landfills and dumpsites release leachates that infiltrates the soil and reaches 
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groundwater; and untreated domestic, hospital, and industrial wastewater directly discharges 

contaminants into rivers and lakes [92].  

The removal efficiency of CECs presents a significant challenge for conventional 

wastewater and drinking water treatment facilities, as these systems were never designed to 

address such small concentration and diverse pollutants [93]. Additionally, contamination 

levels may vary depending on seasonal fluctuations and climatic conditions, which must also 

be considered [94].  

Examples of CECs are sulfamethoxazole (SMX) and CBZ, which are reported as 

endocrine-disrupting chemicals (EDCs) and can enter water systems after excretion by 

humans and animals [95]. When present in water, CECs have significant effects on human 

health, potentially disrupting hormonal functions and impacting animal species [96]. These 

effects can be observed at relatively low concentrations, as pharmaceutical products are 

designed to be biologically active at low doses [97]. 

CECs are found in many items used daily by the entire population, and preventing 

their spread is challenging [98]. Silva et al., [99] conducted a study in northern Portugal, 

analyzing river water both upstream and downstream of a WWTP discharge. The study 

revealed that the presence of pharmaceuticals in the watercourse increased after effluent 

release. Upstream and downstream concentrations, respectively, were detected for 

azithromycin (5.49 and 189.77 ng POCIS-1 day-1), CAF (9.21 and 15.33 ng POCIS-1 day-1), 

CBZ (12.75 and 244.76 ng POCIS-1 day-1), fluoxetine (2.61 and 222.49 ng POCIS-1 day-1) and 

SMX (0.43 and 25.33 ng POCIS-1 day-1) (ng POCIS-1 day-1 is a measurement that reflects the 

amount of contaminant retained per day by the passive sampling device POCIS (polar organic 

chemical integrative sampler), allowing for estimation of its presence in the water). As 

observed, the effluent from treatment systems contains a variety of CECs and their 

transformation by-products [100]. Therefore, it is crucial to develop a treatment method that 

prioritizes the effective and safe removal of CECs from wastewater and reduces 

environmental and health problems [101]. 

2.1.2.1. Carbamazepine 

CBZ is an anticonvulsant drug primarily used in the treatment of epilepsy and bipolar 

disorder [102]. It is a molecule with remarkable chemical stability and a highly complex 

organic structure (Figure 1), which makes it difficult to degrade or remove through 

conventional processes  [103]. The removal efficiency of CBZ in conventional biological 

WWTPs is indeed low, typically below 30% [104].  
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Figure 1: Carbamazepine Molecule (adapted [105]). 

CBZ is a pharmaceutical compound systematically detected in various water matrices, 

especially in urban wastewater, where it is found at concentrations ranging from 0.1 to 3 μg    

L-1 [106]. Although the drinking water equivalent level (DWEL) of CBZ is higher (5.7 μg L-1 

in Europe) than the concentrations found in hospital wastewater, prolonged exposure to lower 

levels over time can still have harmful effects [107]. CBZ has been found to be much more 

difficult to degrade using biological systems compared to other antibiotics, such as SMX, and 

endocrine-disrupting compounds, because of its highly complex organic structure [103]. 

2.2. WASTEWATER TREATMENT STRATEGIES  

2.2.1  Conventional Treatment 

Current WWTPs are not designed to remove CECs and microplastics (MPs), so it is 

necessary to understand current removal procedures in order to develop effective technologies 

[108]. In general, wastewater treatment involves three main stages [109], as shown in the 

Figure 2. 
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Figure 2: Steps of Traditional Wastewater Treatment (adapted [95,110]). 

Primary treatment, which can be considered preliminary treatment, is responsible for 

removing 60 to 80% of solid materials from wastewater, such as wood, sand, rags, sludge, 

plastic particles, and wire, leaving only solids in the form of dissolved matter [111]. In 

general, the flow is passed through screening, sand chambers, and primary settling tanks 

[112].  

The secondary treatment degrades the biological content of organic matter present in 

the wastewater using aerobic systems such as microbial biofilms and activated sludge, which 

can be integrated with anaerobic systems through reactors such as UASB (Up-flow Anaerobic 

Sludge Blanket), EGSB (Expanded Granular Sludge Bed), and AFFR (Anaerobic Fluidized 

Film Reactor), responsible for converting organic matter into biogas and sludge [95,113]. 

Tertiary treatment is designed to remove toxic compounds, including phosphorus and 

nitrogen compounds, that are not removed in the previous stages, ensuring that wastewater 

can be discharged into the environment and is of sufficient quality to be reused [114]. The 

removal techniques are selected based on the characteristics of the target contaminants, with 

the most commonly employed methods being ozonation [115], UV radiation [116], 

chlorination [117], and reverse osmosis [117]. The main objective of this stage is to ensure 

that the final product does not contain any toxic compounds that could be harmful to living 

beings [118]. 

Conventional methods focus mainly on eliminating pollutants such as heavy metals 

and organic compounds [119]. Therefore, the traditional three-stage treatment design of 

WWTPs cannot fully guarantee the removal of CECs [120]. A study showed that 

implementing a sequential treatment process can significantly improve CE removal from 50% 

(with conventional treatments) to 80% [121]. 
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2.2.2  Quaternary Treatment 

One of the main goals of the academic community is to develop effective and 

sustainable solutions for wastewater treatment in WWTPs, with a focus on the efficient 

removal of CECs. In this context, sequential treatments, still under development, have been 

referred to as quaternary or advanced treatment, representing an additional stage to 

conventional technologies [122]. Nevertheless, existing technologies for removing 

micropollutants from wastewater that are available include ion exchange [123], supercritical 

fluid extraction [124], adsorption [125], among others. Each process has its own specificities 

regarding efficiency, environmental impact, and economic viability, which in most cases limit 

the practical application of these methods [126]. Wastewater treatment facilities must process 

large volumes of wastewater daily, necessitating treatment technologies that are both efficient 

and high throughput [127]. 

Ion exchange treatment is technically effective and widely studied for specific 

contaminants, but its broader application in wastewater is limited by pre-treatment 

requirements, regeneration brine management, resin durability, and large-scale cost [128]. 

Supercritical fluids, in turn, can effectively remove or destroy contaminants, but the 

combination of extreme operating conditions, high equipment costs, and issues related to 

corrosion and scaling has hindered their widespread adoption in wastewater treatment 

[129,130].  

Another effective alternative for the degradation of micropollutants is the ozonation 

process, which achieves removal in approximately 10 minutes, with the contact time inversely 

related to the ozone dose [131]. The main drawbacks of ozonation lie in the formation of toxic 

by-products during wastewater treatment, such as bromate. To reduce the risk of toxicity in 

the ozonated effluent, post-treatment, such as a biological filter, may be required [132]. In 

addition, implementing ozonation increases energy demand due to the need for ozone 

generation from oxygen. Therefore, beyond the initial capital investment, the selection of 

ozonation as a treatment option must also take into account the rise in operational costs [133]. 

2.2.3  Cost-Effective and Sustainable Alternatives  

Adsorption is one of the most widely used techniques to remove various pollutants 

from wastewater due to its effectiveness, simplified and economical method, and high 

regeneration capacity [134]. The adsorption method has emerged as a strategic approach to 

remove CECs due to its accessibility, rapid applicability, and absence of sludge or harmful 

substance accumulation during and after the process [135,136]. The adsorption technique 
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involves the adsorption of the adsorbate to the surface of the adsorbent and the interaction 

between adsorbate and adsorbent is influenced by the species involved [137], as shown in 

Figure 3.  

 

Figure 3: Graphical representation of the adsorption process (adapted [98]). 

Adsorbents, whether in their native form or after chemical modification, have an 

extensive surface area with functional groups, pore size distribution, and a well-developed 

porous structure, ensuring successful adsorption [137]. With regard to the elimination of 

CECs, the adsorption process can be through chemical or physical interactions, and these 

processes can be distinguished based on Table 1 [138]. 

Table 1: Difference between physical adsorption and chemical adsorption (adapted [138]). 

Physical Adsorption Chemical Adsorption 

Van der Waal force of attraction is involved Chemical bond is involved 

The adsorption is considered a reversible 

process 

The adsorption is considered an irreversible 

process 

It does not require activation energy Activation energy is needed 

The adsorption occurs at lower temperatures The adsorption occurs at higher temperatures 

It produces a multilayer It produces a monolayer 

A wide range of adsorbents — such as GPs [139], zeolites [140], biochars [141], ACs 

[142], resins [143], FA [144], chitosan [145], and others — are employed for the removal, 

mainly of heavy metals [146], dyes [138], and other pollutants, from wastewater [126].  

Among these, chitosan is the second largest natural polymer and has a structure that 

allows strong interactions with heavy metals and enables chemical modifications to improve 

adsorption performance [147]. Chitosan dissolves in acidic solutions [148], does not have 
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good mechanical stability, and can increase the concentration of ammoniacal nitrogen in 

treated effluents [149]. Biochars are generated by pyrolysis of biomass feedstock and has 

unique characteristics, such as specific surface area, cation exchange capacity, and many 

oxygen-containing groups [150]. On the other hand, biochars may contain various toxic 

substances, such as polyaromatic hydrocarbons, dioxins, and heavy metals [151]. 

Natural zeolites are porous hydrated aluminosilicate materials that contain pores 

ranging from macropores to mesopores. They originate from the alteration of volcanic glass 

under varying geochemical conditions and temperatures [152]. They belong to the mineral 

family and are distinguished by their crystalline structure [153]. Synthetic zeolites vary in 

their Si/Al ratio and can be produced from various raw materials rich in silica and aluminum 

[154]. Due to their complex formation conditions, unstable chemical composition, and the 

presence of impurities, natural zeolites exhibit inferior performance compared to synthetic 

ones, which limits their application in industrial processes [155].  

The procedures developed for zeolite production mimic the HT environmental 

conditions under which they would naturally form [156]. In other words, HT techniques 

involve temperatures and pressures above ambient levels [153], along with the need for an 

alkaline medium, a solvent, and a source of alumina and silica [157]. Various solid wastes 

such as coal FA [158], coal gangue [159], rice husk [160] and alum sludge [161] have also 

been explored as sources of silica-aluminum for zeolite synthesis. Given their low cost and 

widespread availability, these solid wastes are considered suitable and sustainable silica–

alumina precursors for the synthesis of zeolites [155]. 

2.2.4  Activated Carbons: Properties and Applications 

 Commercially available ACs are typically derived from fossil-based, non-renewable 

resources, making their use environmentally unsustainable. To align with circular economy 

principles, renewable raw materials can be employed in ACs production, to reduce 

environmental impact [162]. Carbonaceous precursors such as wood [163], almond shells 

[164], fruit pits [165], agricultural residues [166], and winery waste [167], among many 

others, are commonly used for ACs production, providing a sustainable disposal option for 

these residual biomasses as opposed to common practices like open-air burning and waste 

dumping [168,169].   

The conversion of biomass into porous carbon materials is done through a 

carbonization process, which can be HT carbonization [170] or pyrolysis [171]. The most 

common way to convert biomass into porous carbon materials, such as ACs, is through 

pyrolysis followed by activation. The main stage of pyrolysis occurs at 250 – 500 °C, during 
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which the biomass releases condensable volatile fractions such as CO2, CO, CH4, and H2, 

undergoing significant mass loss. The slow decomposition phase of residual material typically 

takes place at temperatures above 500 °C for any biomass not fully pyrolyzed [172]. Pyrolysis 

alone results in low specific surface areas and pore volumes, so activation is necessary to 

enhance these properties. Chemical activation involves agents like potassium hydroxide 

[173], sodium hydroxide [174], phosphoric acid [175], among others, which promote 

corrosion, hydrolysis, oxidation, or dehydration reactions. Due to these chemical treatments, 

thorough washing and drying are required afterward to remove any residual chemicals. 

Physical activation refers to the use of gases such as air, water vapour, CO2 or combustion 

gases to activate the precursor material after pyrolysis at temperatures between 800 and 1000 

°C. In this process, gas oxidation plays a key role by blocking, then reopening and further 

expanding the pores of the carbonized material [172,176]. 

Through careful selection of waste materials, preparation methods, and adsorption 

conditions, these renewable-source ACs have demonstrated superior adsorption performance 

compared to their commercial counterparts [169]. Fine and porous particles offer higher 

adsorption capacity but also increase the risks of pore blockage and particle friction. Practical 

regeneration processes for adsorbents remain lacking; therefore, adsorbents need to be 

replenished after saturation [177].  

AC is the most commonly used adsorbent for removing pollutants from wastewater 

due to its high surface area, stability, and durability. This material contains functional groups 

such as carbonyl, carboxyl, phenolic, and quinone groups, which enhance its adsorption 

capacity for pollutants [178]. Studies show the potential of using wine industry waste to 

obtain AC, whether using grape wood [179], stems [180], seeds [181,182], or pomace [183]. 

AC produced from grape seed waste for the removal of paracetamol, prepared via chemical 

activation with H₃PO₄, exhibited a well-developed porous structure and a specific surface area 

of 543 m² g-1, along with a maximum adsorption capacity of 17.3 mg g-1 [184]. The 

production of AC from grape pomace for the removal of antibiotics from wastewater was also 

studied, with chemical activation using hydrochloric acid. This resulted in a surface area of 

44.23 m² g-1 and in an adsorption capacity of 17.38 mg g-1 [185]. 

2.2.4.1. Geopolymers: Composition, Synthesis and Functionalization 

GPs, also known as alkali-activated ceramics, are novel inorganic polymers that 

exhibits properties comparable to ceramics while being environmentally friendly. It utilizes 

solid waste materials (material rich in silicon and aluminum), producing no CO2 emissions 

during manufacturing, and has a low cost [186]. Are relatively new inorganic materials 
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characterized by suitable mechanical properties and low carbon footprint [187]. Because they 

are synthesized from residual raw materials such as coal FA [188], steel slag [189] and 

mining waste [190], GPs emerge as alternative adsorbents with significant environmental 

relevance [191]. FA is considered coal combustion waste, resulting in water, air, and soil 

pollution if not properly treated. It is deposited in landfills and ash ponds [144,192]. It is 

considered a natural adsorbent with very high carbon content, a hydrophilic surface 

(adsorption capacity), and a porous structure, composed mainly of SiO3 and Al2O3 [193].  

GPs are amorphous inorganic polymers typically composed of a three-dimensional 

network material formed by [SiO4]4- (silicon-oxigen) and [AlO4]5- (aluminium-oxigen) 

tetrahedra sharing bridging oxygens [194]. Their raw materials undergo a depolymerization–

condensation gel network process, during which the negative charge is balanced by alkali 

metal ions supplied by an activator [195]. Typically, the activators consist of sodium (Na) and 

potassium (K), whose ionic radii and charge density significantly influence the degree of 

polymerization, microstructure, and properties [34,196]. 

The GPs formation reaction, attractive because it occurs at room temperature [197], 

typically follow three stages: first, the dissolution of the aluminosilicate raw material in an 

alkaline solution, releasing silicon-aluminum complexes; second, the diffusion of these 

complexes leading to a gel system where polymerization reactions take place; and finally, the 

gradual evaporation of water from the gel phase, resulting in consolidation and hardening 

[34,198].  

GPs are primarily used in environmental and waste management, particularly for the 

immobilization of heavy metals [199], wastewater treatment [21,200], and the recycling of 

industrial waste [201]. As research on GPs advanced, their application gradually shifted 

toward energy-related purposes [23], namely carbon capture and storage [202] and 

geothermal applications [203]. In addition, GPs have been applied in biomedical applications 

[204] and have gained significant attention in civil engineering due to their greater durability 

in corrosive environments compared to cement-based materials [205].  

The use of GPs as adsorbents has been explored in various morphological forms, such 

as powders [206], microspheres [207], porous monoliths [208], membranes [209] and even as 

zeolitic structures [210]. GP monoliths are typically obtained by shaping and cutting cured GP 

blocks into specific geometries and dimensions. They exhibit porous structures with high 

surface area and low water flow resistance, characteristics that provide high adsorption 

efficiency and ensure performance comparable to or even superior to powdered GPs [187]. 
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2.2.4.2. Geopolymer–Carbon Composite: Development and Performance 

Studies have reported the excellent performance of GP in various wastewater 

treatment applications. Yang et al. [211], demonstrated the efficiency of a GP in water 

purification, specifically in the removal of Rhodamine B (RB) and Nickel (II) (Ni(II)). The 

GP achieved removal rates of 99 and 92% for 10 mg L⁻¹ of each compound, respectively, and 

maintained its performance even after five cycles. A GP-based tubular membrane proposed 

by Wang et al. [212], achieved a removal efficiency of 98% in an atmosphere filled with 

smoke haze containing particulate matter (2.5 μm) with concentrations above 1000 μg m-3.  

Their structural characteristics resemble those of zeolitic materials, but GPs exhibit 

lower adsorption capacities due to their amorphous or semi-crystalline nature, which lacks 

uniform micropores [213]. One approach briefly presented in literature to improve the 

adsorptive properties of GPs is their incorporation with AC. Some studies indicate that, given 

the lower adsorption capacity of GPs, combining them with AC leads to improved pollutant 

filtration by increasing surface area and adsorption performance [214]. Nevertheless, the 

adsorption capacity of GPs can be further enhanced through strategies such as incorporation 

of additional adsorptive phases, like zeolites, or chemical modifications that optimize 

interactions between the geopolymeric matrix and target pollutant molecules [215]. GP 

adsorbents should exhibit high porosity due to their pore structure and maintain low resistance 

to water flow [187]. 

The transformation of GPs into zeolites (zeolitization) is more readily achieved when 

HT treatment is applied [216], and this is the main method currently used for zeolite synthesis 

[217]. The conversion of amorphous geopolymeric materials into zeolite composite materials 

has received significant attention, driven by the desire to create sustainable, high-performance 

materials from industrial waste [52]. The application of geopolymeric materials has been 

studied in a wide range of areas, including catalysis [218], CO2 capture [219] and water 

purification involving heavy metals and dyes [220,221]. In a universe of 50 studies found on 

the production of GP, a survey was conducted on those that reported the synthesis of zeolites, 

the results being summarized in Table 2. The table compiles the main parameters, such as the 

GP precursor, variables involved in the HT, surface area, pollutant, and the adsorption 

capacity of the material. 
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Table 2: Summary of various studies on hydrothermal treatment of geopolymers. 

For instance, He et al. [53] produced a GP zeolite using LiOH and after HT treatment 

achieved a surface area of 30.19 m² g-1; Wang et al. [222] incorporated H₂O₂ into the 

synthesis; and Liu et al. [223] produced a geopolymeric zeolite at a lower temperature and 

achieved a surface area of 136.23 m² g-1. However, no study to date has investigated the 

production of these geopolymeric zeolites incorporating adsorptive materials such as ACs. 

 

 

Author 
GP 

Precursor 
Treatment 

Surface Area 

(m² g -1) Pollutant 

Adsorption 

Capacity – 

qt (mg g-1) 

Application 

Pre Post 

He et al. 

[53] 

FA + LiOH HTC 180 

°C, 24 h  

(LiOH 1 M) 

13.36 30.19 Hexavalent 

chromium 

(Cr(VI)) 

- Continuous 

        

Qiu  et al. 

[216] 

FA + 

NaOH + 

sodium 

silicate 

HTC 100 

°C, 24 h  

(NaOH 2 M) 

0.26 50.46 - - - 

        

Manickam  

et al, [52] 

FA + 

NaOH + 

sodium 

silicate  

HTC 100 

°C, 48 h  

(NaOH 1 M) 

9.59 28 Methyl 

orange dye 

5.19 Batch 

        

Khalid et 

al, [22] 

FA + 

NaOH + 

sodium 

silicate   

HTC 100 

°C, 24 h  

(NaOH 5 M) 

- 90.3 Pb2+ 37.9 Batch 

        

Wang  et 

al. [222] 

FA + H2O2 

+ sodium 

silicate 

HTC 180 

°C, 12 h  

(NaOH 1 M) 

186.5 252 CO2 2.06 

mmol/g 

Continuous 

        

Liu  et al. 

[223] 

FA + 

NaOH + 

sodium 

silicate 

HTC 70 °C, 

24 h  

(NaOH 1 M) 

1.07 174.35 - - - 

        

Liu et al. 

[224] 

FA + 

NaOH + 

H2O2 + 

sodium 

silicate + 

oleic acid 

Direct 

curing 80 

°C, 10 h 

 

- 67.62 MB 50.7 Batch 
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3. OBJECTIVES 

The main objective of this work is to valorize industrial (FA) and agricultural (grape 

pomace) residues through their conversion into value-added zeolitic and carbon-based 

materials, including zeolites synthesized by HT, and their application in the production and 

optimization of GP–carbon composite for the removal of contaminants of emerging concern 

(CECs) from wastewater. 

• Synthesize GPs from FA; 

• Produce ACs using pressed and distilled winery grape pomace (WGP); 

• Develop GP-carbon composite; 

• Apply HT treatment to convert GPs into zeolite-based structures; 

• Characterize all materials, including all GPs, ACs and biomasses, to evaluate 

their physicochemical properties and functional performance; 

• Perform batch adsorption experiments to assess the adsorption behavior and 

efficiency of the developed materials. 
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4. MATERIALS AND METHODS 

4.1. REACTANTS  

The reactants employed in this investigation are outlined below and classified 

according to their specific applications. 

a) Production of geopolymers 

• FA provided by SOGAMA (composition presented in Table 9); 

• Sodium Hydroxide pearls (NaOH – 98% purity) provided by Labkem;  

• Sodium Silicate (Na2SiO3 - Na2O = 10.6% purity and SiO2 = 26.5% purity) provided 

by Fisher Chemical; 

• Hydrochloric acid (HCl - 37% purity) provided by VWR Chemicals. 

b) Production of activated carbons 

• WCP provided by winery Casa do Joa; 

• Carbon dioxide (CO2 – 99% purity) provided by AirLiquide; 

• Nitrogen (N2 – 99% purity) provided by AlphagazTM; 

• Silica wool provided by Elemental Microanalysis. 

c) Contaminant utilized in the simulation of wastewater 

• Carbamazepine (C15H12N2O - 98% purity) provided by Thermo Scientific. 

4.2. MATERIALS PRODUCTION  

The production of all materials and the subsequent processes are presented in the 

flowchart shown in Figure 4. The detailed steps of each process are described in the sections 

below. The concentration to be applied to the GP incorporated with AC will be the one with 

the best efficiency for the GP, and its application will take into account the precursor GPs 

(pure and AC-containing) and their respective HT forms. 
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Figure 4: Methodology flowchart. 

4.2.1. Geopolymers Production 

The GP matrix (GP_M) refers to the base geopolymeric material prior to any post-

treatment or modification. The GP_M was prepared by mixing 11.6 g of FA with an alkaline 

activating solution composed of 9.55 g of Na₂SiO₃ and 3 mL of 5 M NaOH, until a 

homogeneous paste was formed. The homogeneous paste was then poured into a silicone 

cubes mold with 2.55 cm edges, as show the Figure 5. The GP_M were then cured for 24 
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hours at room temperature. Finally, the sample were then thoroughly washed multiple times 

using 0.1 M HCl solution and distilled water, until the pH of the solution containing the 

materials was neutral. Following washing, the materials were dried for 24 hours at room 

temperature. 

 

Figure 5: Schematic representation of GP_M synthesis. 

4.2.2. Activated Carbon Production 

10 g of WGP (ground and sieved to a particle size smaller than 250 µm) was placed in 

a tubular furnace with a nitrogen flow of 100 mL min-1 to produce AC. A heating ramp of 5 

°C min-1 was applied, progressing through three temperature stages: 400 °C and 600 °C for 1 

h each, followed by 800 °C for 4 h. At 800 °C, the nitrogen flow was replaced with CO2 

injection for 1 h to activate the carbon, following a procedure adapted from Ferreira et al. 

[41], which provided an optimal balance between surface area development and carbon yield 

for WGP. Nitrogen was then reintroduced and continued until the reactor cooled. The 

resulting material was labeled as AC_WGP, washed with distilled water, and dried overnight 

at 60 °C.  

4.2.3. Geopolymer-Carbon Composite 

A GP–carbon composite was obtained by incorporating 3.2 g of AC_WGP into the 

GP_M mixture prior to molding and curing, as show the Figure 6. The resulting materials was 

labeled as GP_AC and the mixture was cured for 24 h at room temperature. Finally, the 

sample were then thoroughly washed multiple times using 0.1 M HCl solution and distilled 

water, until the pH of the solution containing the materials was neutral. Following washing, 

the materials were dried for 24 hours at room temperature. 
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Figure 6: Schematic representation of GP_AC synthesis. 

4.2.4. Hydrothermal Treatment 

The GP_M precursor was subjected to HT to induce zeolitization the in 30 mL of 

NaOH solution at four different concentrations: 1.0, 1.5, 2.0 and 2.5 M. The resulting 

materials was labeled as GP_HT_1.0, GP_HT_1.5, GP_HT_2.0 and GP_HT_2.5, 

respectively. The HT treatment was be carried out in a Teflon vessel housed in a stainless-

steel reactor (Model 249 M 4744–49, Parr Instrument Co., USA) at 70 °C for 24 h.  

After identifying the NaOH concentration that led to the best performance for the 

GP_HT materials, the same HT procedure was applied only to the AC-incorporated GP using 

this optimized concentration. The resulting material was labeled as GP_AC_HT (NaOH 

concentration). 

4.3. CHARACTERIZATION TECHNIQUES 

4.3.1. Surface chemistry 

4.3.1.1. X-ray diffraction  

This technique involves directing X-rays at the sample and analyzing the resulting 

diffraction patterns, which provide information about the atomic arrangement and the 

crystallographic properties of the material. X-ray diffraction (XRD) measurements were 

conducted at room temperature using a PANalytical X’Pert Pro diffractometer equipped with 

an X’Celerator detector and a secondary monochromator in θ/2θ Bragg-Brentano geometry. 

This analysis was conducted at the Department of Chemical and Environmental Technology 

of Rey Juan Carlos University, Spain. 
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4.3.1.2. Fourier-transform infrared spectroscopy 

The analysis of surface chemistry for the materials was tracked using Fourier 

Transform Infrared Spectroscopy (FT-IR), with a PerkinElmer FT-IR spectrophotometer 

UATR Two. The spectra were recorded from 450 to 4000 cm-1 with a resolution of 4 cm-1. All 

measurements were conducted on solid samples at room temperature. This analysis was 

carried out at the Analytical Chemistry Laboratory of the IPB, Portugal. 

4.3.1.3. Acid-base characterization  

To assess the material's acid-base properties, various solutions were prepared and 

titrated to determine acidic and basic sites. For acidic sites, the samples (0.2 g) were mixed 

with NaOH (0.02 mol L-1) and then titrated with HCl (0.01 mol L-1). For basic sites, the 

samples were mixed with HCl (0.02 mol L-1) and then titrated with NaOH (0.01 mol L-1). 

Acidic site concentration was determined by the moles of NaOH consumed, while basic site 

concentration was determined by the moles of HCl consumed, both normalized to the sample 

mass. Equations (1) and (2) were used for sites calculations. 

𝐶𝑎𝑐𝑖𝑑𝑖𝑐 =  
𝐶𝑁𝑎𝑂𝐻 .  𝑉𝑁𝑎𝑂𝐻 − 𝐶𝐻𝐶𝑙  .  𝑉𝐻𝐶𝑙

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
 (1) 

  

𝐶𝑏𝑎𝑠𝑖𝑐 =  
𝐶𝐻𝐶𝑙 .  𝑉𝐻𝐶𝑙 − 𝐶𝑁𝑎𝑂𝐻 .  𝑉𝑁𝑎𝑂𝐻

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
 (2) 

 

where Cacidic and Cbasic (mmol g-1) represents the concentration of acidic or basic sites on 

samples’s surface, CNaOH and CHCl (mmol L⁻¹) are the initial concentrations of NaOH and 

HCl, respectively, VNaOH (L) is the volume of NaOH added during titration, VHCl (L) is the 

volume of HCl added during titration, and msample (g) is the mass of the solid sample used. 

To determine the point of zero charge (pHPZC), nine dilutions of 50 mL of NaCl (0.01 

mol L⁻¹) were prepared, and their pH was adjusted between 4 and 12 by adding NaOH (0.02 

mol L-1) or HCl (0.02 mol L-1). To study pH effects on the material's adsorption performance, 

0.2 g of the solid sample was added to each solution and stirred at 300 rpm and 25 ºC for 24 

h. After filtration, the pH of the solutions was measured, and the final and initial pH values 

were plotted to determine the pH at which the surface charge of the adsorbent is zero [225]. 

The analysis was conducted at the Mountain Research Center of the IPB, Portugal. 
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4.3.2. Morphological Analysis 

Scanning electron microscopy combined with energy dispersive spectroscopy 

(SEM/EDS) was conducted to investigate the morphological and microstructural features of 

the precursor material and GPs. The samples were analyzed using a FEI Quanta 400 SEM 

with a resolution of 4 nm, equipped with an Everhart-Thornley detector for backscattered and 

secondary electron contrast. This analysis was conducted at the Chemistry Center Vila Real 

of the University of Tras-dos-Montes and Alto Douro, Portugal. 

4.3.3. Textural analysis 

Textural analysis using the BET method is used to quantitatively determine the surface 

area of porous materials [226]. The textural properties were gathered upon analysis of N2 

adsorption-desorption isotherms at 77 K, obtained in a Quantachrome NOVATOUCH LX4 

adsorption analyzer equipped with long cells with a bulb and outer diameter of 9 mm. Before 

the analysis, the samples were degasified for 16 h at 120 °C, following IUPAC 

recommendation. Total pore volume (VT), BET specific surface area (SBET), and Langmuir-

specific surface area (Slangmuir) was be gathered using the Quantachrome TouchWinTM 

software. The external surface area (Sext) and the micropore volume (Vmic) was be obtained by 

the t-method (thickness was calculated by employing the ASTM standard D-6556-01). The 

microporous surface area (Smic) was determined as the subtraction of Sext from SBET and the 

average pore width (Wmic) by approximation (Wmic = 4 Vmic Smic
-1). The total pore volume 

(VTotal) was determined at p/p0 = 0.98. Calculations of those methods were all done using the 

TouchWinTM software v1.21. The analysis was conducted at the Mountain Research Center 

of the Bragança Polytechnic Institute (IPB), Portugal. 

4.3.4. Thermogravimetric Analysis 

Thermogravimetric Analysis (TGA) is a technique that measures the mass variation of 

a material as a function of temperature, aiming to assess its thermal stability and 

decomposition behavior. It determines the decomposition temperature, quantifies mass loss 

due to volatilization or chemical reactions, and analyzes the moisture and volatile content. 

Finally, TGA (TGA-DCS1, Mettler-Toledo, SAE) was performed in air atmosphere from 40 

to 900 °C (heating rate 10 °C min-1) to evaluate the mass loss for the samples during the 

synthesis procedure. This analysis was conducted at Rey Juan Carlos University, Spain. 
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4.3.5. Elemental and Chemical Composition 

4.3.5.1. Elemental analysis CNHS  

The chemical composition of WGP and AC_WGP was assessed by elemental analysis 

CHNS (carbon, hydrogen, nitrogen and sulfur), carried out in a Flash 2000 analyzer (Thermo 

Fisher Scientific, Massachusetts, USA) equipped with a thermal conductivity detector (TCD). 

This analysis was conducted at the Department of Chemical and Environmental Technology 

of the Rey Juan Carlos University, Spain. 

4.3.5.2. X-ray fluorescence  

X-ray fluorescence spectrometry (XRF) is an analytical technique that relies on the 

emission of characteristic fluorescence energies from atomic species when they are excited by 

incident X-rays [227]. The method is based on the interaction between primary X-rays, and 

the atoms present in the sample, leading to the excitation and subsequent emission of 

secondary (fluorescent) X-rays with energies characteristic of each element [228]. This 

process enables the qualitative and quantitative identification of a broad range of chemical 

elements. The chemical composition of samples was determined using a Malvern Panalytical 

Epsilon 4 energy-dispersive XRF spectrometer (Almelo, The Netherlands), equipped with a 

high-power generator operating at 15 W and 15 kV, and X-ray tubes with a silver anode. The 

measurements were carried out at the Department of Chemical and Environmental 

Technology of Rey Juan Carlos University, Spain.  

4.4. ADSORPTIVE OF ADVANCED MATERIALS 

4.4.1. Adsorption Kinetics 

The study of kinetics in adsorption processes is essential to understand the rate at 

which contaminants are removed from solutions by adsorbents. Adsorption kinetics describe 

the time-dependent interaction between the adsorbate and the adsorbent, providing insights 

into the mechanisms of adsorption, the efficiency of the process, and the factors affecting the 

rate of adsorption [229].  

The adsorbents were individually loaded (Cads = 2.5 g L-1) into a CBZ-contaminated 

model wastewater solution with an initial concentration of C0 = 100 mg L-1. The pH values of 

the solutions were measured prior to the experiments. The solutions were undergoing 

agitation on a magnetic stirrer at 300 rpm. At 13 distinct time intervals (0, 15, 30, 60, 120, 

240, 300, 360 and 480 min), 2 mL aliquots were drawn from the solutions. This study was 
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employed three kinetic models: the pseudo-first order (PFO) model, the pseudo-second order 

(PSO), and the intraparticle diffusion (ID) model. The mathematical expressions are given in 

Table 3. 

Table 3: Kinetic models equations. 

Ref. Models Equilibrium Linearized 

Lagergren [230] Pseudo-first order 𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) ln(𝑞𝑡 − qe) = ln𝑞𝑒 − k1t 

Ho et al. [231] Pseudo-second order 𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1 + 𝑞𝑒𝑘2𝑡
 

t

𝑞𝑡
=

1

𝑞𝑒
2𝑘2

+  
𝑡

𝑞𝑒
 

Weber et al. 

[232] 
Intraparticle diffusion 𝑞𝑡 =  𝑘𝑖𝑑𝑡1/2 𝑞𝑡 =  𝑘𝑖𝑑𝑡1/2 + 𝐼 

where qt is the adsorption capacity (mg g-1) at time t (min), qe is the adsorption capacity at 

equilibrium (mg g-1), k1 is the adsorption rate kinetic constant of the PFO model (min-1), k2 is 

the adsorption rate kinetic constant of the PSO model (g mg-1 min-1), kid is the ID rate constant 

(mg g-1 min-0.5), and I is the intercept (mg g-1). 

4.4.2. Equilibrium Isotherms 

Equilibrium isotherms describe the relationship between the concentration of 

adsorbate in solution and its concentration on the surface of the adsorbent at equilibrium. 

These isotherms are essential to understand how adsorbents interact with pollutants in 

environmental and industrial processes, providing insights into adsorption capacity, affinity, 

and the effectiveness of adsorption systems [229]. 

The selected adsorbents (Cads = 2.5 g L-1) were tested with six different concentrations 

for CBZ (5, 10, 20, 30, 40, 50, and 100 mg L-1). The mixtures were agitated on a magnetic 

stirrer at 300 rpm at room temperature for 24 h, after which 2 mL aliquots were collected, 

filtered with 0.45 µm Polytetrafluoroethylene syringe filters, and stored for High Performance 

Liquid Chromatography (HPLC) analysis. Two isotherm fitting models for solid-liquid 

systems were evaluated, shown in the Table 4. The Langmuir isotherm describes monolayer 

adsorption on a homogeneous surface with a finite number of identical sites, while the 

Freundlich isotherm describes adsorption on heterogeneous surfaces with varying affinities 

[233]. 
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Table 4: Equilibrium isotherms models equations. 

Ref. Models Equilibrium Linearized 

Langmuir 

[234] 
Langmuir 𝑞𝑒𝑞 =

𝑞𝑚𝑎𝑥𝐾𝐿𝐶𝑒𝑞

1 + 𝐾𝐿𝐶𝑒𝑞
 

𝐶𝑒𝑞

𝑞𝑒

=  
1

𝑞𝑚𝑎𝑥𝐾𝐿
+

𝐶𝑒𝑞

𝑞𝑚𝑎𝑥

 

Vigdorowitsch 

et al. [235] 
Freundlich 𝑞𝑒𝑞 = 𝐾𝐹𝐶𝑒𝑞

1/𝑛𝐹  log 𝑞𝑒 = log 𝐾𝐹 +
1

𝑛𝐹
log 𝐶𝑒𝑞 

where qeq is the adsorption capacity at equilibrium (mg g-1), qmax is the maximum adsorption 

capacity of the adsorbent (mg g-1), Ceq is the equilibrium concentration (mg L-1), KL is the 

Langmuir adsorption constant (L mg-1), KF is the Freundlich constant (L g-1), and nF is the 

dimensionless Freundlich constant related to adsorption intensity, values in the range 1 to 10 

represent favorable adsorption conditions. 

4.5. ANALYTICAL METHOD 

HPLC measurements involve two distinct analyses equipped with a UV-VIS detector 

(UV-2075 Plus) and a quaternary gradient pump (PU-2089 Plus). HPLC was used to analyze 

the contaminant under investigation (CBZ), and an Ultra BiPh 5 µm column (150 mm × 2.1 

mm) was used for this analysis. The mobile phases were consisted of 60% ultrapure water 

with 0.1% formic acid and 40% acetonitrile, which share a detection wavelength of 285 nm, 

under an isocratic system operating at a flow rate of 0.3 mL min-1 and an acquisition time of 

7.6 min. A calibration curve was constructed for CBZ to convert the integrated peak areas 

from the electrochemical signal into concentration units (APPENDIX). 
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5. RESULTS AND DISCUSSION 

5.1. GEOPOLYMERS PRODUCTION 

The mass balance of GPs production was determined based on mass and volume 

measurements. These variables were measured after the production of each batch and again 

after the washing step applied to the GPs. The corresponding values are presented in Table 5. 

Table 5: The mass and volume throughout the membrane production process. 

 

Initial Post HT* Post Wash 

Mass 

(g) 

Volume  

(cm³) 

Mass 

(g) 

Mass 

loss (%) 

Volume 

(cm³) 

Volume 

loss (%) 

Mass 

(g) 

Mass 

loss (%) 

Volume  

(cm³) 

Volume 

loss (%) 

GP_M 
20.70 ± 

0.20 

25.94 ± 

0.81 

18.08 ± 

0.72 
12.7 

25.55 ± 

0.92 
1.5 

14.08 ± 

0.15 
22.1 

23.40 ± 

0.64 
8.4 

GP_AC 
23.14 ± 

0.06 

28.57 ± 

1.32 

18.13 ± 

0.33 
21.6 

25.53 ± 

0.98 
10.6 

15.87 ± 

0.52 
12.5 

24.33 ± 

0.34 
4.7 

*The values were not separated according to HT concentration; the variation among the different concentrations 

was disregarded. 

The mass and volume results of the GPs reveal significant changes throughout the 

different processing stages for both GP_M and GP_AC. Initially, the difference in mass 

(GP_M 20.70 g and GP_AC 23.14 g) and volume (GP_M 25.94 cm³ and GP_AC 28.57 cm³) 

of the materials is consistent with the incorporation of AC into the geopolymeric matrix.  

After the HT, a more pronounced mass reduction was observed for GP_AC (21.6%) 

compared to GP_M (12.7%). Regarding volume for GP_M, the variations after HT (1.5%) 

were relatively small, suggesting that the treatment primarily promoted internal structural 

rearrangements and material loss, without significant collapse of the macroscopic structure. 

After the washing and neutralization step, both materials exhibited additional mass losses, 

which were more pronounced for GP_M (22.1%), while GP_AC showed a smaller loss 

(12.5%). The volume reduction observed after washing was moderate for both materials, 

reflecting pore emptying and increased surface exposure of the GP matrix due to the removal 

of unreacted material and excess alkaline activating solution [236].  

Overall, these results demonstrate that each processing step distinctly affects the 

materials, highlighting the importance of carefully considering mass and volume balances in 

future studies, particularly for scaling up GP materials production, where material losses and 

dimensional variations can directly impact process feasibility and reproducibility. 

In the literature, GP subjected to HT are rarely analyzed in terms of quantitative 

parameters such as the percentage of mass and volume losses observed in the present work. 

However, these parameters are highly relevant when considering process scale-up and real-

world applications. For instance, in one of the few studies reporting such information, 
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Ramadan et al. [237] investigated the hydrothermal curing of GPs at 165 °C for 6 h and 

reported total mass changes of up to 10.87%.  

5.2. CHARACTERIZATION OF MATERIALS 

5.2.1. Surface Chemistry  

5.2.1.1. X-ray Diffraction 

The XRD patterns obtained for materials are displayed in Figure 7. Several crystalline 

phases are discernible using the software X′ Pert HighScore Plus in the diffractogram. 

 

Figure 7: X-ray diffractogram of FA, GP_M, GP_HT1.0, GP_HT1.5, GP_HT2.0, GP_HT2.5, GP_AC, and 

GP_AC_HT2.0. 

XRD analysis of the FA revealed several crystalline phases, including quartz (SiO₂: 2θ 

= 20.8º and 26.6º), mullite (Al₆Si₂O₁₃: 2θ = 26.4º, 33.2º and 35.3º), and hematite (Fe₂O₃: 2θ = 

24.2º, 33.1, 35.6º and 49.5º). After geopolymerization without HT (GP_M), the diffractogram 

shows the persistence of quartz (2θ = 20.8° and 26.6°) and hematite (2θ = 24.2°, 33.1°, 35.6°, 

49.5°). New crystalline phases appear, including calcite (CaCO₃; 2θ ≈ 29.4°), gehlenite 

(Ca₂Al₂SiO₇; 2θ ≈ 31.1°, 32.6°), and gismondine (CaAl₂Si₂O₈·4H₂O; 2θ ≈ 15.2°, 27.1°). 
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These phases reflect partial dissolution of the FA and subsequent reorganization of 

aluminosilicate species within the GP [238].  

The materials subjected to HT in Figure 7, GP_HT1.0 and GP_HT1.5, display very 

similar crystalline assemblages, with quartz (2θ = 20.8°, 26.6°), hematite (2θ = 24.2°, 33.1°, 

35.6°, 49.5°), calcite (2θ ≈ 29.4°), gehlenite (2θ ≈ 31.1°, 32.6°), and enstatite (MgSiO₃; 2θ ≈ 

30.0°, 35.0°). In GP_HT1.0, mullite (2θ = 26.4°, 33.2°, 35.3°) remains detectable, while 

GP_HT1.5 exhibits gismondine (2θ ≈ 15.2°, 27.1°). For the samples treated under higher 

alkalinity (GP_HT2.0 and GP_HT2.5), all phases observed in the HT conditions are retained: 

quartz (2θ = 20.8°, 26.6°), hematite (2θ = 24.2°, 33.1°, 35.6°, 49.5°), calcite (2θ ≈ 29.4°), 

enstatite (2θ ≈ 30.0°, 35.0°), gehlenite (2θ ≈ 31.1°, 32.6°), mullite (2θ = 26.4°, 33.2°, 35.3°), 

and gismondine (2θ ≈ 15.2°, 27.1°). Additionally, both samples show the formation of 

faujasite-Na (Na–X zeolite; 2θ ≈ 6.1°, 10.1°, 15.7°, 23.0°). The appearance of this zeolitic 

phase indicates intensified dissolution of Si and Al species and enhanced crystal growth under 

more alkaline hydrothermal conditions [239]. Faujasite is a crystalline aluminosilicate 

belonging to the zeolite family, characterized by a cubic FAU-type framework made of 

interconnected SiO₄ and AlO₄ tetrahedra. This structure forms a three-dimensional pore 

system with large supercages and 12-membered-ring windows [240,241]. The only study 

reporting Faujasite formation from FA-GP via in-situ HT is that of Liu et al., [242]. In their 

work, faujasite GPs were synthesized using a SiO₂/Al₂O₃ molar ratio of 4.0, a NaOH solution 

concentration of 1.0 M, and a crystallization period of 24 h at 70 °C. 

For the AC-containing material (GP_AC), XRD analysis indicated the presence of the 

same phases as those identified in the geopolymeric materials, including quartz (2θ = 20.8º 

and 26.6º), calcite (2θ ≈ 29.4°), mullite (2θ = 26.4º, 33.2º and 35.3º), gehlenite (2θ ≈ 31.1°, 

32.6°), gismondine (2θ ≈ 15.2°, 27.1°), and enstatite (2θ ≈ 30.0°, 35.0°). In the diffractogram 

of sample GP_AC_HT2.0, only the calcite (2θ ≈ 29.4°) and gehlenite (2θ ≈ 31.1°, 32.6°) 

phases were observed. In the study by Khan et al. [191], in which AC was incorporated into 

the GP matrix, XRD analysis in the 2θ range of 2–80° indicated that the obtained materials 

are predominantly amorphous, exhibiting a broad diffuse halo between 20–27° (2θ), 

characteristic of the amorphous nature of the geopolymeric matrix. In addition to the 

amorphous phase, residual crystalline phases were identified, with quartz being particularly 

prominent, as evidenced by peaks at approximately 2θ ≈ 20.8°, 26.5°, 50.2°, 60.1°, and 68.3°. 

Brushite and mullite phases were also observed in both samples. The presence of the 

amorphous phase associated with brushite confirms the formation of the incorporated 

material, while the quartz and mullite phases indicate the presence of unreacted FA. 
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5.2.1.2. Fourier Transform Infrared Spectroscopy 

The FT-IR spectra of the inorganic samples are presented in Figure 8, allowing for the 

qualitative identification of the main functional groups present.  

 

Figure 8: FT-IR spectra of the investigated inorganic materials. 

In all analyzed samples, a broad band at approximately 3334 cm-1 was observed, 

indicating the presence of hydroxyl groups (-OH) in the GP matrix, which are attributed to 

weakly bound water molecules trapped in large cavities or adsorbed on the surface of the GPs 

[243,244]. The peak in 2974 cm-1 in samples can be attributed to C-H stretching vibrations 

[181], likely associated with residual organic species originating from the precursor materials, 

particularly considering their higher presence in the FA used as the raw material for the 

samples. In the spectra of both FA and GP samples, a peak at approximately 1450 cm-1 was 

observed, which is attributed to C-O bending vibrations associated with the CO3
2- group 

[245]. It is believed that these bands formed due to the carbonation of the surface by 

atmospheric CO2 [246]. Additionally, the band observed at 1000 cm-1 corresponds to the 

asymmetric stretching vibrations of Si-O-T (where T represents tetrahedral Al or Si), which is 

a characteristic feature of the aluminosilicate network [247]. Liu et al. [223] produced FA-GP 

and, after HT, obtained a faujasite-type GP. In both samples, bands between 3436 and 1640 
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cm⁻¹ were observed, corresponding to O–H stretching and H–O–H bending vibrations. The 

band around 1440 cm⁻¹ was associated with O–C–O stretching vibrations, while the broad 

bands in the 900–1030 cm⁻¹ region were attributed to asymmetric Al–O/Si–O stretching 

vibrations. 

The FT-IR spectra of the organic materials are presented in Figure 9.  The spectrum of 

the WGP sample is characteristic of lignocellulosic materials, showing a peak at 3330 cm⁻¹, 

attributed to the stretching vibrations of O–H bonds present in cellulose, hemicellulose, 

lignin, and adsorbed water [248]. 

 

Figure 9: FT-IR spectra of the investigated organic materials. 

The peaks observed between 2848 and 2972 cm⁻¹ correspond to –CH₂ and –CH₃ 

groups, while the peak around 1045 cm⁻¹ is associated with the vibrations of polysaccharides 

(C–O and C–O–C) [249]. In the AC_WGP sample, the decomposition of cellulose and part of 

the lignin can be observed through the reduction of the O–H and C–H bands, reflecting the 

formation of a more condensed and aromatic carbonaceous structure, which is characteristic 

of ACs. Sağlam et al. [185] produced AC from grape pomace by pyrolysis at 700°C for 120 

min, followed by chemical activation using HCl. Their spectrum showed peaks at 1056 cm⁻¹ 

attributed to C–O vibrations, and a broad band around 3453 cm⁻¹ caused by O–H stretching 

vibrations, indicating the presence of moisture on the AC surface. 
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The spectrum of the GP_AC sample is dominated by the characteristic bands of the 

geopolymeric matrix, as previously observed in Figure 8. The bands around 1045 cm⁻¹ differ 

from those observed in the pure samples, which may indicate difficulties in GP formation due 

to the incorporation of AC, as well as the integration of both materials [191].  

Figure 10 presents the FT-IR spectra of the GP_M, GP_HT2.0, GP_AC, and 

GP_AC_HT2.0 samples after the CBZ adsorption process. 

 

Figure 10: FT-IR spectra of the samples after adsorption (saturated). 

The saturation of the samples with CBZ reveals structural modifications associated 

with the interaction between the pharmaceutical compound and the materials, as observed in 

the FT-IR spectra. An intensification and modification of the band at 1429 cm⁻¹ can be 

observed, attributed to the C=C stretching vibrations of CBZ, as well as changes in the region 

around 1000 cm⁻¹, resulting from the overlap between the asymmetric stretching vibrations of 

the geopolymeric network (Si–O–Al/Si–O–Si) and the adsorbed molecule (C–N stretching 

vibrations). The band at approximately 874 cm⁻¹ becomes more pronounced and is attributed 

to the out-of-plane deformation of aromatic C–H bonds of CBZ, confirming the presence of 

the adsorbed molecule on the surface of the materials [250]. 
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5.2.1.3. Acid-base Characterization 

The pHPZC, acidity, and basicity are crucial parameters for understanding the surface 

properties of the materials. These parameters describe how the surface charges and interacts 

with ions across pH, crucial for adsorption applications [206]; pHPZC shows that the surface 

may be positively charged, negatively charged, or have no charge at specific pH values; the 

acidity and basicity of a material are quantified by the concentration of acidic and basic sites 

on its surface, usually expressed in micromoles per gram (µmol g-1) [229]. These parameters 

are shown in Table 6 for each material studied (pHPZC graphs in APPENDIX). 

Table 6: Values of pHPZC, basicity, and acidity. 

Sample pHPZC 
Basicity 

(µmol g-1) 

Acidity 

(µmol g-1) 

FA 9.96 2500 515 

GP_M 9.67 2387.5 470 

GP_HT1.0 10.28 2434.5 1065 

GP_HT1.5 9.81 2447.5 860 

GP_HT2.0 9.75 2353.5 875 

GP_HT2.5 10.02 2445 610 

WGP 3.83 20 2370 

AC_WGP 9.78 2315 140 

GP_AC 9.86 2457.5 345 

GP_AC_HT2.0 10.64 2425 895 

The pHPZC value for all GPs were in the range of approximately 9 to 10, indicating a 

predominantly basic surface character. This suggests that the GPs will exhibit a positive 

surface charge at pH values below the pHpzc due to an increased hydrogen ion (H+) 

concentration. Conversely, when the solution pH exceeds this value, the GPs carry a negative 

surface charge as hydroxide ions (OH−) concentration increases [251]. The pHPZC is a key 

parameter for describing variable-charge surfaces, as it directly influences electrostatic 

interactions between the adsorbent and ionic species in solution [206]. These results are in 

agreement with Manickam et al. [52], who prepared FA–biomass ash-based GPs activated 

with sodium silicate and NaOH, followed by HT in 1 M NaOH at 100 °C for 48 h, producing 

a zeolitic material with a pHpzc of 10.3. 

Notably, the materials subjected to HT, GP_HT1.0, GP_HT1.5, GP_HT2.0, and, 

GP_HT2.5, did not exhibit significant changes in pHPZC (10.28, 9.81, 9.75, 10.02, 

respectably), indicating that this treatment did not alter the intrinsic basicity comparable to 

that of the pristine material (GP_M, 9.67).  



 

42 

 

The WGP exhibited a low pHPZC value (3.8), attributed to the high content of acidic 

oxygen-containing functional groups, such as organic acids, phenolic compounds, and 

carboxylic functionalities inherent to its lignocellulosic structure [252], which agrees with the 

high concentration of acidic sites (2370 µmol g⁻¹) observed for the WGP, evidencing the 

strong acidic character of the material. After pyrolysis and subsequent physical activation 

with CO₂, the pHPZC increased markedly to approximately 9, indicating a significant 

modification of the surface chemistry due to the thermal removal of acidic groups and 

increased aromaticity of the carbon matrix [185]. Additionally, the presence of inorganic 

mineral species typical of vitivinicultural residues, such as potassium and calcium, retained as 

oxides or carbonates after thermal treatment, further contributes to the enhanced surface 

basicity. This behavior is corroborated by the high density of basic sites measured for 

AC_WGP (2315 µmol g⁻¹), confirming the predominance of basic functionalities on the AC 

surface. 

In contrast, the GP_AC and GP_AC_HT2.0 did not exhibit a significant change in 

basicity compared to their individual precursors, namely the AC and the GP. The basicity of 

the GP_AC was 2457.5 µmol g⁻¹, indicating that the incorporation process did not 

substantially alter the nature or density of basic surface sites. This result suggests that the 

basic functionalities of both precursor materials were largely preserved within the composite 

materials structure, with no evident synergistic or antagonistic effects arising from the 

combination of AC and GP. 

4.2.2. Morphological Analysis 

The morphology of the FA and GP materials (Figure 11a to f) was investigated using 

SEM/EDS microscopy. The microstructure of FA (Figure 11a) revealed an intricate and 

multifaceted morphology, characterized by an amalgamation of discrete and agglomerated 

particles that appear predominantly rounded and spherical, while varying in size and shape. 

These particles are frequently interspersed with interconnected pores, further complicating the 

overall structure [253]. The spherical particles are a typical feature of FA generated during 

high-temperature combustion processes, in which molten mineral droplets rapidly solidify 

upon cooling [206]. The SEM images of FA provide a fundamental basis for understanding 

the transformations occurring during geopolymerization, as the reactivity of the material is 

governed by its morphological heterogeneity. 

In the SEM images, clear morphological differences are observed between the GP 

without HT (Figure 11b, GP_M) and the materials subjected to HT. The untreated sample 

GP_M still contains several spherical particles typical of unreacted FA (highlighted by the red 
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circles in the micrograph). Despite the presence of these residual particles, the GP matrix 

appears relatively dense and cohesive, indicating a degree of geopolymerization. 

 

Figure 11: SEM micrographs of a) FA, b) GP_M, c) GP_HT1.0, d) GP_HT1.5, e) GP_HT2.0, and f) GP_HT2.5. 

In contrast, GP_HT1.0 (Figure 11c) displays pronounced cavities. These voids are 

likely associated with the partial dissolution and subsequent removal of reaction products 

during the HT, which increases the porosity of the matrix. The samples exposed to more 

intense hydrothermal conditions, namely GP_HT2.0 (Figure 11e) and GP_HT2.5 (Figure 

11f), exhibit a markedly different surface morphology. Their microstructures are 

characterized by a more homogeneous surface composed of angular, block-like crystalline 

aggregates. This morphology suggests substantial structural reorganization, driven by 

enhanced dissolution and recrystallization processes under stronger alkaline conditions. These 
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microstructural features are consistent with the XRD results, which identified Na-Faujasite a 

zeolite mineral characterized by its cubic FAU crystalline structure [254], exclusively in 

GP_HT2.0 and GP_HT2.5.  Similarly, Li et al., [242] also reported Faujasite formation in 

their materials, and their SEM images showed cubic crystals with well-defined edges, 

consistent with the morphology observed in the present study. 

In addition, the morphology of AC_WGP and GP–carbon composite was presented in 

Figure 12a to c. The micrograph corresponding to AC_WGP (Figure 12a) reveals a highly 

irregular surface, characterized by the presence of cavities, fissures, and pores of varying 

dimensions, which are typical features of carbonaceous materials [255]. Hassani et al. [181] 

produced AC from grape seed bagasse via chemical activation using potassium hydroxide 

(KOH) and showed that the activation temperature conditions are effective in creating well-

developed pores on the surface.  

 

Figure 12: SEM micrographs of a) AC_WGP, b) GP_AC, and c) GP_AC_HT2.0. 
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After the incorporation of AC into the geopolymeric matrix, as observed in Figure 

12b, a significant modification of the surface morphology compared to AC_WGP is evident. 

The AC particles are partially encapsulated by the GP matrix, resulting in a more compact 

structure with less clearly defined individual particles. The surface exhibits a more irregular 

and fragmented appearance, reflecting the interaction between the AC and the aluminosilicate 

phase of the GP [214]. This incorporation suggests a good dispersion of AC within the matrix, 

which is essential to ensure the accessibility of adsorptive sites as well as the structural 

stability of the material [256]. 

The sample subjected to HT (GP_AC_HT2.0, Figure 12c) exhibits an even more 

refined and homogeneous morphology, characterized by the formation of more uniform 

granular structures and a reduction in large voids or fissures. This behavior indicates that the 

HT promoted reorganization and densification of the geopolymeric matrix, possibly 

associated with the advancement of polycondensation reactions and the partial 

recrystallization of secondary phases. The presence of AC remains evident but is more 

efficiently integrated into the matrix, which not only enhances mechanical stability but also 

increases the accessibility of adsorptive sites and creates additional diffusion pathways, 

resulting in a superior adsorption capacity compared to the other materials. 

Overall, the morphological evolution observed by SEM demonstrates that the 

incorporation of AC and the subsequent HT result in a heterogeneous, rough, and structurally 

integrated surface. These features are widely associated in the literature with enhanced 

adsorption capacity, due to the increased contact area and the greater availability of accessible 

active sites. 

5.2.3. Textural Analysis 

Textural properties analysis for the material was summarized in Table 7. The structure 

and physicochemical properties of GP materials are intrinsically governed by the nature of the 

raw materials used and their role in the geopolymerization reaction [257]. Yan et al. 

demonstrated that GPs derived from FA can exhibit specific surface area ranging from 15.6 

m² g⁻¹ [258] to 63.46 m² g⁻¹ [259].  The pore characteristics of the GP materials indicate that 

the GP_M (30 m2 g-1) developed in the present study are in good agreement with the 

structural and textural features reported in the literature.  

Furthermore, the hydrothermally treated materials (GP_HT1.0, GP_HT1.5, 

GP_HT2.0, and GP_HT2.5) exhibited higher specific surface area (SBET) and total pore 

volume values when compared to the precursor material (GP_M). This behavior highlights 
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the significant role of the HT treatment in promoting surface development and pore formation 

within the GP matrix. 

Table 7: Textural properties analysis for the materials. 

Sample 
SBET 

(m² g-1) 

SLangmuir 

(m² g-1) 

Smic 

(m² g-1) 

Sext 

(m² g-1) 

Vtotal 

(cm³ g-1) 

FA 13 248 - 1 0.010 

GP_M 30 232 - 7 0.074 

GP_HT1.0 57 437 3 54 0.155 

GP_HT1.5 95 539 9 86 0.156 

GP_HT2.0 181 527 68 113 0.195 

GP_HT2.5 49 158 22 26 0.076 

AC_WGP 427 632 254 173 0.225 

GP_AC 48 188 12 36 0.110 

GP_AC_HT2.0 139 138 77 62 0.138 

The results indicate that the increase in surface area follows an approximately 

proportional trend only up to a certain NaOH concentration. The SBET increases from 57 m² 

g⁻¹ (GP_HT1.0) to 95 m² g⁻¹ (GP_HT1.5), reaching a maximum value of 181 m² g⁻¹ at a 

NaOH concentration of 2.0 M (GP_HT2.0). Beyond this point, the trend is not maintained, at 

2.5 M, the surface area decreases markedly, with GP_HT2.5 displaying an SBET of only 49 m² 

g⁻¹. Thus, the samples GP_HT1.0 and GP_HT1.5 show comparable pore volumes (0.155 and 

0.156 cm³ g⁻¹, respectively), reflecting only a modest increase consistent with their moderate 

SBET values. A substantial rise in Vtotal occurs at a NaOH concentration of 2.0 M, where 

GP_HT2.0 reaches 0.195 cm³ g⁻¹, in agreement with its higher surface area and indicating 

extensive pore development. However, as also observed for SBET, this effect does not persist 

at higher alkalinity: GP_HT2.5 exhibits a significant reduction in pore volume (0.076 cm³ 

g⁻¹), suggesting that excessive NaOH concentration may induce structural densification or 

collapse of previously formed pores. 

The faujasite GP produced by Liu et al. [223], reached a SBET of 174 m² g⁻¹ using a 1 

M NaOH solution during the HT. In contrast, the GP thermally treated with 1 M NaOH in the 

present study achieved a significantly lower SBET of 57 m² g⁻¹, which may be attributed to 

differences in the GP formulation. However, when the HT treatment was carried out with 2 M 

NaOH, the resulting material displayed a considerably higher SBET of 181 m² g⁻¹, greater than 

that reported by Liu et al. [223]. Regarding other GP-derived zeolites, Khalid et al. [22], 

reported a maximum SBET of 90 m² g⁻¹ for a zeolitized GP containing the analcime phase after 
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24 h of HT at 100 °C using 8 M NaOH. In contrast, He et al. [53], obtained only 30 m² g⁻¹ for 

a Li-ABW-type GP, where the HT was conducted in a 200 mL Teflon-lined autoclave 

containing the GP membrane and 50 mL of LiOH solution. 

This study employed slow pyrolysis followed by physical activation with CO₂, 

resulting in a material with SBET of 427 m² g-1 (AC_WGP). Although no studies have 

developed AC using this exact approach, the obtained value falls within the range reported in 

the literature. Sardella et al. [260], employed thermal carbonization at 500 °C for 2 h under a 

nitrogen atmosphere to produce ACs from three different grape-derived residues, the resulting 

materials exhibited SBET of 266 m² g⁻¹ for grape pomace, 300 m² g⁻¹ for grape stalk, and 798 

m² g⁻¹ for grape lex. Mabrouk et al. [184], also reported an AC produced from grape seeds 

wastes at 800 °C for 3 h, chemically activated with H₃PO₄, which exhibited a SBET of 543 m² 

g-1. On the other hand, Sağlam et al. [185], produced AC from grape pomace by pyrolysis at 

700°C for 120 min, followed by chemical activation using HCl, resulting in a SBET of 44 m² g-

1.  

The development of GPs incorporating AC is still scarcely reported in the literature. 

The GP_AC produced in the present work showed improved performance in terms of 

increased surface area compared to the precursor (GP_M – 30 m2 g-1), exhibiting an SBET of 

48 m² g⁻¹. The GP further subjected to HT (GP_AC_HT2.0) presented an SBET of 139 m² g⁻¹; 

that is, the HT increased the surface area by approximately threefold. 

Chen et al. [214], used a commercial wood-based AC with a SBET of 1157 m² g-1 and 

incorporated it into the synthesis of GP materials produced from MK and silica fume, as a 

result, the obtained material exhibited SBET values ranging from 90 to 234 m² g-1. The surface 

areas increased with increasing doses of AC. However, at the same AC dosages, the pore 

volumes, especially the micropores, decreased as the alkalinity of the activator increased. The 

study states that a strong alkaline activator could destroy and modify the original structure of 

the AC. 

Khan et al. [261], synthesized GP materials from FA and MK, using H₃PO₄ as the 

activating solution, and obtained materials with a SBET of approximately 5 m² g-1. In a 

subsequent study, the author incorporated AC into the GP matrix, resulting in a significant 

increase in SBET, reaching 47 m² g-1 [191]. Finally, Gong et al. [262], developed a FA-GP-

based composite incorporated with AC, obtained in situ from residual fiberboard powder. The 

resulting AC–GP composite exhibited textural properties with a specific surface area of 199 

m² g-1 
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4.2.4. Thermogravimetric Analysis 

Figure 13a to e and Figure 14a to d illustrates the TGA results, along with the first-

order derivative thermogravimetric analysis (DTG), providing a detailed overview of the 

weight loss and thermal transitions of the samples across the temperature range. 

 

Figure 13: Thermogravimetric analysis in air (TGA and DTG) for: a) GP_M, b) GP_HT1.0, c) GP_HT1.5, d) 

GP_HT2.0, and e) GP_HT2.5. 
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Regarding thermal behavior, all materials exhibited expected behavior, each material 

maintaining its thermal stability even at elevated temperatures, consistent with their inorganic 

nature (Figure 13a to e). The DTG analysis reveals a mass loss at around 100 °C, for all 

samples attributed to water evaporation, which is expected and consistent with the findings in 

the literature [263,264]. The decrease in mass before 150 °C is indicative of the evaporation 

of both chemically bound water. Following this, there is a gradual but minor mass loss due to 

the elimination of hydroxyl groups (-OH) and chemically bonded water. However, around 

700 °C, another peak in mass loss is observed. According to He et al. [263], this second 

weight loss, typically occurring between 300 and 650 °C, is related to the dehydroxylation of 

Si-OH and Al-OH groups. 

The thermogravimetric behavior of the samples shown in Figure 14a to d differs from 

that of inorganic materials due to the presence of carbon in the analyzed materials. All 

samples exhibit mass loss in the temperature range from 100 to 200 °C, which is mainly 

attributed to the removal of physically adsorbed water [191]. The pronounced mass reduction 

observed between 200 and 500 °C is associated with the dehydration and depolymerization of 

the cellulose present, as well as with the onset of material carbonization. For the AC_WGP 

sample, this behavior occurs more gradually, indicating the vaporization of compounds that 

were not completely volatilized during the pyrolysis process [185].  
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Figure 14: Thermogravimetric analysis in air (TGA and DTG) for: a) WGP, b) AC_ WGP, c) GP_AC, and d) 

GP_AC_HT2.0. 

The GP-containing membranes exhibit good thermal stability, even after the 

incorporation of AC_WGP. In the temperature range between 200 and 400 °C, the mass loss 

is related to the decomposition of surface oxygen-containing functional groups and the 

degradation of less thermally stable organic fractions [41]. The differences observed in the 

intensity and position of the main DTG peak indicate that the HT promoted structural 

reorganization, leading to the prior removal of volatile compounds and an increase in the 

thermal stability of the material. 

4.2.5. Elemental and Chemical Composition 

5.2.5.1. Elemental Analysis 

The CHNS elemental analysis was essential for the chemical characterization of the 

organic materials, allowing the determination of the mass percentage of carbon, nitrogen, 

hydrogen, and sulfur. This analysis made it possible to confirm the chemical composition of 

the precursor biomass (WGP), the produced AC (AC_WGP), and the GP-composite (GP_AC 
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and GP_AC_HT2.0), shown in Table 8. This analysis ensures the reliability of the obtained 

materials and highlights possible changes in their elemental structure throughout the 

conversion process. Where proximate analysis presents M (moisture), V.M. (volatile matter), 

F.C. (fixed carbon); and ultimate ansalysis presents C (carbon), N (nitrogen), H (hydrogen), S 

(sulfur), and O (oxygen).  

Table 8: Proximate and ultimate analysis of CNHS-elemental analysis for WGP and AC_WGP (dried basis). 

Sample 

Proximate analysis Ultimate analysis 

M 

(wt.%) 

V.M. 

(wt.%) 

F.C. 

(wt.%) 

Ashes 

(wt.%) 

C 

(wt.%) 

N 

(wt.%) 

H 

(wt.%) 

S 

(wt.%) 

O* 

(wt.%) 

WGP 2.64 73.29 16.68 7.38 49.49 1.64 5.89 0 42.98 

AC_WGP 7.71 23.15 50.26 18.88 56.37 2.06 0 0 41.57 

GP_AC 3.99 13.77 13.74 68.50 11.95 0.28 0.52 0 87.25 

GP_AC_HT2.0 0.71 - - 77.72 8.01 0.14 0.78 0 13.35 
*Oxygen was determined as the difference: O = 100 - C - N - H - S - Ashes. 

  As expected, carbon is the predominant element in both WGP (49.49 wt.%) and the 

derived product AC_WGP (56.37 wt.%). In the present study, the WGP used exhibited a 

carbon content of 49.49 % and an oxygen content of 42.98 %. These values are comparable to 

those reported by Sardella et al. [260], in which the biomass presented a carbon content of 

52.22 % and an oxygen content of 31.70 %. Although no studies were found that faithfully 

reproduce the AC production process employed in this work, a comparable study by Sağlam 

et al. [185], using a similar biomass precursor, reported CNHS values within a similar range 

with carbon and oxygen contents of 51.63% and 12.63%, respectively. In the present study, 

the AC exhibited higher carbon and oxygen contents, reaching 56.37% and 41.57%, 

respectively. 

 Furthermore, GP_AC exhibited a carbon content of 11.95% and an oxygen content of 

87.25%, indicating a predominantly oxidized matrix. In CNHS analysis, oxygen is determined 

by difference and therefore reflects the non-carbonaceous fraction of the material. In 

geopolymeric systems, this high oxygen proportion is mainly associated with the inorganic 

mineral phase, particularly aluminosilicate oxides such as SiO₂ and Al₂O₃, rather than 

exclusively with oxygen-containing surface functional groups. For the GP_AC_HT2.0 

material, a further reduction in carbon content (8.01%) and a relative increase in oxygen 

content (13.35%) were observed. This decrease in oxygen content is mainly associated with 

the reorganization of inorganic aluminosilicate phases during HT.  

Although no data have been reported in the literature for directly comparable systems, 

the results indicate that the HT significantly affects the surface chemistry of GP_AC, altering 

its elemental composition and potentially its physicochemical properties. 
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4.2.5.2. X-ray fluorescence 

The chemical composition of the FA, GP_M, GP_HT2.0, GP_AC, and GP_AC_HT2.0 

was determined by XRF and shown in Table 9.  

Table 9: Chemical composition of the samples determined by XRF, expressed as oxides and normalized to 

100%. 

 SiO2 

(wt. %) 

Al2O3 

(wt. %) 

CaO 

(wt. %) 

K2O 

(wt. %) 

Fe2O3 

(wt. %) 

Na2O 

(wt. %) 

MgO 

(wt. %) 

FA 22.49 8.18 9.72 1.31 14.63 0.42 - 

GP_M 43.20 13.98 64.23 7.25 12.14 0.76 1.33 

GP_HT2.0 43.78 15.51 64.47 4.48 12.99 1.12 1.29 

GP_AC 32.41 12.30 68.14 10.86 8.79 1.60 1.17 

GP_AC_HT2.0 36.40 13.31 73.11 6.55 10.45 1.03 1.38 

All geopolymeric samples present high CaO contents, varying from 64.23% (GP_M) 

to 73.11% (GP_AC_HT2.0), confirming a calcium-rich system in which Ca acts as a network 

modifier [265]. When compared to GP_M, the hydrothermally treated sample GP_HT2.0 

shows a slight increase in CaO (64.47%) content, accompanied by a modest increase in SiO₂ 

(43.78%) and Al₂O₃ (15.51%) contents. This slight rise in SiO₂ and Al₂O₃ suggests enhanced 

dissolution and reorganization of aluminosilicate species under alkaline conditions, which is 

consistent with the XRD identification of zeolitic phases (faujasite), confirming structural 

rearrangement rather than changes in the overall composition 

The incorporation of AC in the geopolymeric matrix (GP_AC) results in a higher CaO 

(68.14%) content and a reduction in SiO₂ (32.41%) when compared to the GP_M. After HT, 

GP_AC_HT2.0 exhibits a further increase in CaO (73.11%) content and a comparatively 

lower SiO₂ (36.40%) content. These results indicate that both AC incorporation and HT 

influence the oxide distribution within the system. 

5.3. ADSORPTIVE MODELING  

For the adsorption kinetics tests, four experiments were conducted considering the 

precursor materials (GP_M and GP_AC) and the developed materials (GP_HT2.0 e 

GP_AC_HT2.0).  

5.3.1. Adsorption Kinetics 

The adsorption kinetics of CBZ at an initial concentration of 100 mg L⁻¹ were 

evaluated using the kinetic models presented in Table 3. The kinetic parameters obtained 
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from these models (Table 10) provide insights into the rate-controlling mechanisms and the 

effect of material modification on CBZ uptake. 

Table 10:  Parameters of adsorption kinetic models for PFO, PSO and ID. 

 Pseudo-first order Pseudo-second order Intraparticle diffusion 

 
qexp 

(mg g-1) 

qe 

(mg g-1) 

K1 

(min-1) 
r1² 

qe 

(mg g-1) 

K2 

(min-1) 
r2² 

I 

(mg g-1) 

Kid 

(mg g-1 

min-1/2) 

r3² 

GP_M 3.7 3.6 0.017 0.97 4.2 0.004 0.95 0.4 0.18 0.84 

GP_HT2.0 28.8 27.8 0.051 0.99 29.4 0.003 0.99 11.1 1.02 0.66 

GP_AC 33.6 31.5 0.008 0.97 39.7 0.0002 0.98 0.8 1.54 0.99 

GP_AC_HT2.0 30.8 28.6 0.047 0.95 30.6 0.0024 0.98 10.1 1.13 0.76 

The ID model exhibited lower coefficient of determination (r2² = 0.84 - GP_M; 0.66 - 

GP_HT2.0; 0.99 - GP_AC; 0.76 - GP_AC_HT2.0) compared to the PSO model (r2² = 0.95 - 

GP_M; 0.99 - GP_HT2.0; 0.98 - GP_AC; 0.98 - GP_AC_HT2.0), and did not adequately 

describe the entire adsorption process, indicating that pore diffusion contributes to the overall 

kinetics but is not the sole rate-limiting step. A similar behavior was reported by Gong et al. 

[262] who attributed this effect to the predominance of surface adsorption in structurally 

heterogeneous materials. 

Overall, the PSO model provided the best fit for all materials showing high coefficient 

of determination and good agreement between experimental and calculated adsorption 

capacities. Similar results were reported by Baghdadi et al. [266], who observed r2² values 

higher than 0.99 for CBZ adsorption onto carbon-based materials (magnetic AC), indicating a 

process controlled by the availability of active sites. Chen et al. [267] applied biochar in the 

removal of CBZ, and the fitting was 0.99 for the PSO model, while for the PFO model it was 

0.88. The Figure 15a and b illustrate the graph describing the fit PFO and PSO model relative 

to the experimental data evaluated. 
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Figure 15: Fitting the kinetic models to the experimental data for CBZ: a) GP_M, and GP_HT2.0, and b) 

GP_AC, and GP_AC_HT2.0. 

The superior fit to the PSO model suggests that the adsorption kinetics are mainly 

related to the occupation of active sites on the adsorbent surface rather than being exclusively 

governed by diffusion phenomena. This behavior is consistent with the textural properties 

obtained from BET analysis (Table 7), which revealed an increase in specific surface area, 

indicating a greater availability and accessibility of adsorption sites. The experimental 

adsorption capacity of GP_M (3.7 mg g-1) compared with the zeolite-forming GP, GP_HT2.0 

(28.8 mg g-1), shows a significant increase in CBZ adsorption capacity, consistent with the 

increase in surface area from Sbet = 30 to Sbet = 181 m² g⁻¹, respectively. The low adsorption 
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capacity exhibited by GP_M can also be explained by its high surface basicity (2387.5 µmol 

g⁻¹) relative to its acidity (470 µmol g⁻¹), which imparts a strongly hydrophilic character to the 

material. This favors the adsorption of water molecules and reduces hydrophobic interactions 

with the aromatic structure of CBZ [268]. 

Structural information obtained from XRD also supports this interpretation. The 

formation of zeolitic phases after HT, particularly Na-faujasite (GP_HT2.0, Figure 7 ), 

indicates structural reorganization and the generation of specific adsorption sites. GP_AC, 

with SBET = 48 m² g⁻¹, presented an adsorption capacity of qexp = 33.6 mg g-1, whereas 

GP_AC_HT2.0, despite its higher SBET = 139 m² g⁻¹, showed a slightly lower capacity qexp = 

30.8 mg g-1. This behavior suggests that the presence of AC and the alkaline HT may partially 

leach the geopolymeric matrix while increasing surface area. However, this treatment also 

increased the pHpzc of the material, rising from 9.86 (GP_AC) to 10.64 (GP_AC_HT2.0), 

which may influence the adsorption process and partially offset the benefit of the higher 

surface area, resulting in a slight reduction in adsorption capacity. 

These properties indicate that surface area alone does not control the adsorption 

process, and the application of GP_HT2.0 may be advantageous considering that TGA results 

(Figure 13d) showed that the zeolitic material exhibits good thermal stability at high 

temperatures.  Nevertheless, GP_AC remains particularly attractive due to the intrinsic 

characteristics of AC, including its SBET = 427 m² g⁻¹, elemental analysis (higher carbon - 

56.37 wt.% - and oxygen - 41.57 wt.%, contents, and pHpzc determination (9.78), contribute 

significantly to adsorption performance beyond the effect of surface area alone. 

However, these crystalline domains may coexist with amorphous geopolymeric gel, 

producing a heterogeneous surface with sites of different energies, as discussed by Gong et al. 

[262] for heterogeneous geopolymeric systems. Therefore, the PSO behavior does not 

necessarily indicate chemisorption but reflects the strong dependence of adsorption on the 

density, accessibility, and energetic distribution of active sites across the heterogeneous 

geopolymeric matrix. 

5.3.2. Equilibrium Isotherms 

Equilibrium is reached when the solute concentration remains constant, indicating that 

there is no net transfer between the solute adsorbed and desorbed on the sorbent surface. 

Equilibrium adsorption isotherms represent the relationship between the sorbate concentration 

in the solid and liquid phases at a constant temperature [269]. 
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  The equilibrium isotherms were studied by fitting the Langmuir and Freundlich's 

models described by Table 4, to the experimental data. Table 11 presents the parameters 

obtained from the equilibrium fits for GP_M, GP_HT2.0, GP_AC, and GP_AC_HT2.0. 

Table 11: Parameters of equilibrium models. 

Material 
Langmuir Freundlich 

qmax (mg g-1) KL (L mg-1) r² KF (L g-1) nF r² 

GP_M 7.8 0.032 0.92 0.60 2.00 0.81 

GP_HT2.0 10.3 0.022 0.88 0.64 1.90 0.79 

GP_AC 10.4 1.399 0.96 4.96 4.19 0.91 

GP_AC_HT2.0 23.4 1.689 0.92 12.47 4.59 0.74 

Overall, the Langmuir model provided a better fit for all materials, with r² values of 

0.92 (GP_M), 0.88 (GP_HT2.0), 0.96 (GP_AC), and 0.92 (GP_AC_HT2.0), whereas the 

Freundlich model yielded r² values of 0.81 (GP_M), 0.79 (GP_HT2.0), 0.91 (GP_AC), and 

0.74 (GP_AC_HT2.0). Liu et al. [270] used magnetic sludge-derived biochar for CBZ 

adsorption and also reported a better fit to the Langmuir model (r² = 0.96), whereas the 

Freundlich model showed a lower linear coefficient of determination (r² = 0.91). 

The qmax parameter represents the theoretical maximum adsorption capacity, and the 

best-performing material was GP_AC_HT2.0, with qmax = 23.4 mg g⁻¹. This significant 

increase, resulting from the incorporation of AC and HT compared to GP_M, can be 

corroborated by the higher specific surface area of the materials (SBET = 139 m² g⁻¹ for 

GP_AC_HT2.0 and 30 m² g⁻¹ for GP_M), which represents an almost fivefold increase in 

surface area. An increase in the KL parameter, which is associated with adsorbent–adsorbate 

affinity, was also observed, following the same trend as the qmax values. The hypothesis of 

Langmuir model is that adsorption is the single layer adsorption, all adsorption sites are the 

same, and the adsorption particles are completely independent [267]. Ferreira et al. 

synthesized FA-GP and applied it to the removal of gallic acid, obtaining qmax values up to 

75.8 mg g⁻¹, with both models adequately describing the experimental equilibrium data. 

Regarding the Freundlich model, the nF values were greater than 1 (1.9 – 4.59), 

indicating favorable adsorption. The highest value was observed for GP_AC_HT2.0 (nF = 

4.59), suggesting greater surface heterogeneity. The enhanced adsorption capacity at low 

concentrations for the composites is further confirmed by the increase in KF values, which 

were 4.96 for GP_AC and 12.47 for GP_AC_HT2.0. 

The non-linear fittings of the models are shown in Figure 16a and b and Figure 17. 

The lowest r² value for the Freundlich model was obtained for GP_AC_HT2.0 (r2 0.74), 
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indicating that the model does not adequately describe the behavior at higher concentrations 

(Figure 17), thereby reinforcing the occurrence of site saturation.  

 

 

Figure 16: Fitting the equilibrium isotherms to the experimental data for CBZ: a) GP_M, and b) GP_HT2.0. 

a) 

b) 
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Figure 17: Fitting the equilibrium isotherms to the experimental data for CBZ by GP_AC, and GP_AC_HT2.0. 

This saturation can be explained by the high efficiency of the material (qmax = 23.4 mg 

g⁻¹), whereby CBZ is rapidly removed from the liquid phase, significantly reducing the 

residual concentration and leading the system to equilibrium before the surface is completely 

saturated. Thus, the observed plateau may reflect a limitation imposed by the drug’s solubility 

(~ 100 mg L-1 [271]) rather than the absolute exhaustion of the solid’s adsorption capacity. 
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6. CONCLUSIONS AND FUTURE WORK 

In this work, geopolymers matrix were successfully produced from fly ash derived 

from the incineration of municipal solid waste, yielding a specific surface area of 30 m² g⁻¹. 

Activated carbon was also successfully obtained via slow pyrolysis followed by physical 

activation with CO₂, using residues from the local winery, and exhibited a specific surface 

area of 427 m² g⁻¹.  

Upon applying hydrothermal treatment and varying the NaOH (1.0, 1.5, 2.0, and 2.5 

M) solution, the formation of zeolites (Na-faujasite) was identified by X-ray diffraction. The 

presence of crystalline phases occurred at NaOH concentrations of 2 and 2.5 M; however, the 

increase in surface area was not proportional to the concentration of NaOH, resulting in 181 

m² g⁻¹ for GP_HT2.0 and 49 m² g⁻¹ for GP_HT2.5, indicating the existence of an optimal 

condition of NaOH concentration for zeolite formation under the employed conditions (70 °C 

and 24 h). 

The incorporation of activated carbon into the geopolymeric matrix increased the 

specific surface area to 48 m² g⁻¹ (GP_AC). After hydrothermal treatment using the optimal 

NaOH concentration (2.0 M) determined for GP_M, the material exhibited a surface area of 

139 m² g⁻¹ (GP_AC_HT2.0). However, no zeolitic phase formation was detected in 

GP_AC_HT2.0, indicating that the hydrothermal conditions promoted textural development 

rather than structural reorganization into crystalline zeolites. In contrast, materials containing 

activated carbon may experience partial structural degradation associated with the 

decomposition or loss of the carbonaceous phase during thermal treatment. 

The kinetic study demonstrated that all materials followed the pseudo-second-order 

model (r² = 0.95 – 0.99), suggesting that the adsorption process was governed by the 

availability of active sites rather than solely by mass transfer limitations. The adsorption 

capacity increased with increasing surface area, rising from 3.7 mg g⁻¹ (GP_M) to 28.8 mg g⁻¹ 

(GP_HT2.0) for the no carbon-composite geopolymeric materials. In contrast, the activated 

carbon–incorporated materials did not follow the same trend, exhibiting capacities of 33.6 mg 

g⁻¹ (GP_AC) and 30.8 mg g⁻¹ (GP_AC_HT2.0). The equilibrium adsorption study further 

revealed that the Langmuir model provided the best fit to the experimental data (r² = 0.88 – 

0.96), indicating favorable adsorption and a strong affinity between the adsorbent and 

carbamazepine. 

Overall, this work contributes to filling gaps identified in the current state of the art 

regarding the application of geopolymeric materials for the removal of emerging 

contaminants, such as carbamazepine. The study highlights the innovation of converting 
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geopolymers into optimized zeolites through variation of NaOH concentration during 

hydrothermal treatment, as well as the analysis of the synergistic effects of incorporating 

activated carbon into the geopolymeric matrix, approaches that remain scarcely explored in 

the scientific literature. 

6.1 FUTURE WORK 

Although the results obtained in this study demonstrate the potential of the developed 

carbon-composite zeolitic geopolymer-based materials for adsorption applications, further 

investigations are required to fully assess their applicability under realistic operating 

conditions. Future research should focus on:   

• Explore the application of the materials for the removal of others emerging 

contaminants such as sulfamethoxazole, caffeine, ibuprofen, among others; 

• Apply the materials in membrane form in continuous systems to evaluate 

breakthrough curves; 

• Investigate material regeneration and assess their performance over multiple 

adsorption–desorption cycles; 

• Scale up the results to evaluate the life cycle of the developed materials.  
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8. APPENDIX 

APPENDIX A - HPLC Calibration. 

 
Figure 18: CBZ calibration curve obtained by HPLC. 

APPENDIX B – pHpzc graphs. 

  
 

Figure 19: pHPZC graph by FA and WGP. 
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Figure 20: pHPZC graph by GP_M, GP_HT1.0, GP_HT1.5, GP_HT2.0, and GP_HT2.5. 
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Figure 21: pHPZC graph by AC_WGP, GP_AC, and GP_AC_HT2.0. 


