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Summary 

Water contamination by pharmaceuticals (“micropollutants”) and heavy metals represents a 

growing environmental challenge worldwide, particularly in regions where wastewater 

treatment infrastructure and environmental monitoring programs remain limited. Albania is 

one such case, where scientific evidence on the occurrence, environmental behaviour, and 

management of these contaminants is still scarce despite increasing pressures from 

urbanization, population growth, and pharmaceutical consumption. Addressing these 

knowledge gaps requires not only improved understanding of contaminant distribution in 

aquatic systems but also the development of sustainable and affordable treatment solutions. 

This cumulative dissertation combines environmental monitoring and remediation research to 

investigate contaminant occurrence and their fate in the Ishmi River basin, Albania, and to 

develop low-cost materials for water treatment applications. The research is structured around 

three combined studies. 

The first study provides a comprehensive assessment of the occurrence and environmental 

behaviour of selected pharmaceuticals in surface waters and sediments. By examining spatial 

and seasonal variations and evaluating sediment–water partitioning under natural 

environmental conditions, the study identifies the factors controlling contaminant distribution 

within the river system. The findings demonstrate that pharmaceutical behaviour is governed 

by a combination of compound-specific properties and in-situ sediment characteristics, 

highlighting the importance of site-specific approaches for predicting contaminant fate in 

aquatic environments. Furthermore, the study contributes to a valuable baseline data for a 

region where information on pharmaceutical contamination has previously been very limited 

and scarce. 

Building upon the knowledge gained from environmental monitoring, the second and third 

studies focus on the development of innovative magneto-biochar-clay composites produced 

from locally available and low-cost materials. The introduce of biochar derived from grape 

cluster stalk waste, feldspar clay, and magnetic nanoparticles resulted in multifunctional 

composites with improved physico-chemical properties and magnetic recoverability. These 

materials were evaluated as sustainable adsorbents for the removal of both organic and 

inorganic contaminants from water. 

The developed composites demonstrated strong potential for contaminant removal under 

environmentally relevant conditions. Their performance was confirmed for pharmaceuticals 

representing persistent organic micropollutants as well as for toxic heavy metals frequently 
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encountered in contaminated waters. In addition to high removal efficiencies, the composites 

exhibited good stability and reusability, indicating their suitability for practical water 

treatment applications. The use of agricultural waste as a raw material further supports 

principles of resource recovery, circular economy, and sustainable environmental 

management. 

A major contribution of this dissertation is the integration of contaminant monitoring, 

environmental fate assessment, and remediation technology development within a single 

research framework. The results improve scientific understanding of selected pharmaceutical 

distribution and partitioning processes in riverine environments while simultaneously 

providing practical solutions for contaminant removal. This combined approach demonstrates 

how environmental observations can be translated into targeted remediation strategies 

tailored to local conditions. 

Overall, the findings contribute new knowledge on pharmaceutical occurrence and sediment–

water interactions in an understudied region of southeastern Europe and demonstrate the 

applicability of low-cost magneto-biochar-clay composites as sustainable water treatment 

materials. The outcomes support future water-quality management efforts in Albania and 

provide scientific evidence relevant to the implementation of European Union (EU) water 

protection objectives in countries undergoing environmental and regulatory transition. 
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Përmbledhje 

Ndotja e ujërave nga produktet farmaceutike (“mikrondotësit”) dhe metalet e rënda përbën 

një sfidë mjedisore gjithnjë në rritje në nivel global, veçanërisht në rajonet ku infrastruktura 

për trajtimin e ujërave të ndotura dhe programet e monitorimit mjedisor mbeten të kufizuara. 

Shqipëria përfaqëson një rast të tillë, ku evidenca shkencore mbi praninë, sjelljen mjedisore 

dhe menaxhimin e këtyre ndotësve është ende e pakët, pavarësisht presioneve në rritje të 

shkaktuara nga urbanizimi, rritja e popullsisë dhe konsumi i produkteve farmaceutike. 

Plotësimi i këtyre boshllëqeve njohurish kërkon jo vetëm një kuptim më të mirë të 

shpërndarjes së ndotësve në sistemet ujore, por edhe zhvillimin e zgjidhjeve të qëndrueshme 

dhe ekonomikisht të përballueshme për trajtimin e tyre. 

Kjo tezë kumulative kombinon monitorimin mjedisor dhe kërkimin mbi rehabilitimin e 

ujërave për të studiuar praninë dhe fatin mjedisor të ndotësve në basenin e lumit Ishëm në 

Shqipëri, si dhe për të zhvilluar materiale me kosto të ulët për aplikime në trajtimin e ujit. 

Kërkimi është strukturuar në tre studime të ndërlidhura. 

Studimi i parë ofron një vlerësim gjithëpërfshirës të pranisë dhe sjelljes mjedisore të 

produkteve farmaceutike të përzgjedhura në ujërat sipërfaqësore dhe sedimente. Nëpërmjet 

analizës së ndryshimeve hapësinore dhe sezonale, si dhe vlerësimit të shpërndarjes sediment–

ujë në kushte natyrore mjedisore, studimi identifikon faktorët që kontrollojnë shpërndarjen e 

ndotësve brenda sistemit lumor. Rezultatet tregojnë se sjellja e produkteve farmaceutike 

përcaktohet nga kombinimi i vetive specifike të komponimeve dhe karakteristikave in-situ të 

sedimenteve, duke theksuar rëndësinë e qasjeve të përshtatura sipas kushteve lokale për 

parashikimin e fatit të ndotësve në mjediset ujore. Për më tepër, studimi kontribuon me të 

dhëna bazë të vlefshme për një rajon ku informacioni mbi ndotjen farmaceutike ka qenë deri 

më tani shumë i kufizuar. 

Duke u mbështetur në njohuritë e fituara nga monitorimi mjedisor, studimi i dytë dhe i tretë 

fokusohen në zhvillimin e kompoziteve inovative magneto-biochar-argjilë, të prodhuara nga 

materiale lokale dhe me kosto të ulët. Përdorimi i biochar-it të përftuar nga kërcelli i cepit të 

rrushit, argjilës feldspatike dhe nanogrimcave magnetike rezultoi në kompozite 

multifunksionale me veti fiziko-kimike të përmirësuara dhe rikuperueshmëri magnetike. Këto 

materiale u vlerësuan si adsorbentë të qëndrueshëm për largimin e ndotësve organikë dhe 

inorganikë nga uji. 

Kompozitet e zhvilluara demonstruan potencial të lartë për largimin e ndotësve në kushte 

mjedisore reale. Efektiviteti i tyre u konfirmua si për farmaceutikët që përfaqësojnë 
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mikrondotës organikë persistentë, ashtu edhe për metalet e rënda toksike që gjenden shpesh 

në ujërat e ndotura. Përveç efikasitetit të lartë të largimit, kompozitet treguan stabilitet dhe 

ripërdorshmëri të mirë, duke dëshmuar përshtatshmërinë e tyre për aplikime praktike në 

trajtimin e ujërave. Përdorimi i mbetjeve bujqësore si lëndë e parë mbështet gjithashtu 

parimet e rikuperimit të burimeve, ekonomisë qarkulluese dhe menaxhimit të qëndrueshëm 

mjedisor. 

Një nga kontributet kryesore të kësaj teze është integrimi i monitorimit të ndotësve, 

vlerësimit të fatit të tyre mjedisor dhe zhvillimit të teknologjive të rehabilitimit brenda një 

kuadri të vetëm kërkimor. Rezultatet përmirësojnë kuptimin shkencor të proceseve të 

shpërndarjes dhe ndarjes së produkteve farmaceutike të përzgjedhura në mjediset lumore, 

duke ofruar njëkohësisht zgjidhje praktike për largimin e ndotësve. Kjo qasje e integruar 

demonstron se si vëzhgimet mjedisore mund të shndërrohen në strategji rehabilitimi të 

orientuara dhe të përshtatura sipas kushteve lokale. 

Në përgjithësi, gjetjet e kësaj teze kontribuojnë me njohuri të reja mbi praninë e produkteve 

farmaceutike dhe ndërveprimet sediment–ujë në një rajon pak të studiuar të Evropës 

Juglindore, si dhe demonstrojnë zbatueshmërinë e kompoziteve magneto-biochar-argjilë me 

kosto të ulët si materiale të qëndrueshme për trajtimin e ujit. Rezultatet mbështesin përpjekjet 

e ardhshme për menaxhimin e cilësisë së ujit në Shqipëri dhe ofrojnë evidencë shkencore të 

rëndësishme për zbatimin e objektivave të Bashkimit Evropian (BE) për mbrojtjen e ujërave 

në vendet që kalojnë procese transformimi mjedisor dhe rregullator. 
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Zusammenfassung 

Die Belastung von Gewässern durch Arzneimittelrückstände („Mikroschadstoffe“) und 

Schwermetalle stellt weltweit eine zunehmende Umweltproblematik dar, insbesondere in 

Regionen mit begrenzter Abwasserinfrastruktur und unzureichenden 

Umweltüberwachungsprogrammen. Albanien gehört zu diesen Regionen, da 

wissenschaftliche Erkenntnisse über das Vorkommen, das Umweltverhalten und das 

Management dieser Schadstoffe bislang nur begrenzt verfügbar sind, obwohl Urbanisierung, 

Bevölkerungswachstum und Arzneimittelverbrauch kontinuierlich zunehmen. Die Schließung 

dieser Wissenslücken erfordert sowohl ein besseres Verständnis der Schadstoffverteilung in 

aquatischen Systemen als auch die Entwicklung nachhaltiger und wirtschaftlich tragfähiger 

Behandlungsverfahren. 

Diese kumulative Dissertation verbindet Umweltmonitoring und Sanierungsforschung, um 

das Vorkommen von Schadstoffen und deren Umweltverhalten im Einzugsgebiet des Ishmi-

Flusses in Albanien zu untersuchen sowie kostengünstige Materialien für Anwendungen in 

der Wasseraufbereitung zu entwickeln. Die Forschungsarbeit ist in drei miteinander 

verknüpfte Studien gegliedert. 

Die erste Studie liefert eine umfassende Bewertung des Vorkommens und Umweltverhaltens 

ausgewählter Arzneimittel in Oberflächengewässern und Sedimenten. Durch die 

Untersuchung räumlicher und saisonaler Variationen sowie der Sediment-Wasser-Verteilung 

unter natürlichen Umweltbedingungen werden die Faktoren identifiziert, die die 

Schadstoffverteilung innerhalb des Flusssystems steuern. Die Ergebnisse zeigen, dass das 

Verhalten von Arzneimitteln durch eine Kombination substanzspezifischer Eigenschaften und 

In-situ-Sedimenteigenschaften bestimmt wird. Dies unterstreicht die Bedeutung 

standortspezifischer Ansätze zur Vorhersage des Verbleibs von Schadstoffen in aquatischen 

Ökosystemen. Darüber hinaus liefert die Studie wertvolle Basisdaten für eine Region, in der 

Informationen zur Arzneimittelbelastung bislang nur sehr begrenzt verfügbar waren. 

Aufbauend auf den Erkenntnissen des Umweltmonitorings konzentrieren sich die zweite und 

dritte Studie auf die Entwicklung innovativer Magneto-Biokohle-Ton-Komposite aus lokal 

verfügbaren und kostengünstigen Ausgangsmaterialien. Die Verwendung von Biokohle aus 

Traubenstängeln, Feldspat-Ton und magnetischen Nanopartikeln führte zur Herstellung 

multifunktionaler Komposite mit verbesserten physikochemischen Eigenschaften und 
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magnetischer Rückgewinnbarkeit. Diese Materialien wurden als nachhaltige Adsorbentien 

zur Entfernung organischer und anorganischer Schadstoffe aus Wasser untersucht. 

Die entwickelten Kompositen zeigten ein hohes Potenzial zur Schadstoffentfernung unter 

umweltrelevanten Bedingungen. Ihre Leistungsfähigkeit wurde sowohl für Arzneimittel als 

persistente organische Mikroschadstoffe als auch für toxische Schwermetalle nachgewiesen, 

die häufig in belasteten Gewässern vorkommen. Neben hohen Eliminationsraten zeichneten 

sich die Komposite durch gute Stabilität und Wiederverwendbarkeit aus, was ihre Eignung 

für praktische Anwendungen in der Wasseraufbereitung unterstreicht. Die Nutzung 

landwirtschaftlicher Reststoffe als Ausgangsmaterial unterstützt darüber hinaus die Prinzipien 

der Ressourcenschonung, der Kreislaufwirtschaft und eines nachhaltigen 

Umweltmanagements. 

Ein wesentlicher Beitrag dieser Dissertation besteht in der Verknüpfung von 

Schadstoffmonitoring, Umweltverhaltensanalysen und der Entwicklung von 

Sanierungstechnologien innerhalb eines gemeinsamen Forschungsrahmens. Die Ergebnisse 

erweitern das wissenschaftliche Verständnis der Verteilungs- und Partitionierungsprozesse 

ausgewählter Arzneimittel in Fließgewässern und liefern gleichzeitig praxisnahe 

Lösungsansätze zur Schadstoffentfernung. Dieser integrierte Ansatz zeigt, wie 

Umweltbeobachtungen in gezielte und lokal angepasste Sanierungsstrategien überführt 

werden können. 

Insgesamt liefern die Ergebnisse neue Erkenntnisse über das Vorkommen von Arzneimitteln 

und deren Sediment-Wasser-Interaktionen in einer bislang wenig untersuchten Region 

Südosteuropas. Gleichzeitig wird die Anwendbarkeit kostengünstiger Magneto-Biokohle-

Ton-Komposite als nachhaltige Materialien für die Wasseraufbereitung aufgezeigt. Die 

Arbeit unterstützt zukünftige Maßnahmen zum Gewässerschutz in Albanien und liefert 

wissenschaftliche Grundlagen für die Umsetzung der Wasser- und Gewässerschutzziele der 

Europäischen Union (EU) in Ländern, die sich in einem umwelt- und regulierungspolitischen 

Transformationsprozess befinden. 
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Abstract 

This cumulative study explores the occurrence, environmental behavior, and removal of 

heavy metals and pharmaceuticals (belonging to the group of “micropollutants”) through the 

development of sustainable adsorbents in aquatic systems, with a focus on the Ishmi River 

basin, Albania. In the first component of this thesis, twelve pharmaceuticals, including 

caffeine (CAFF), anti-inflammatories (naproxen (NPX), ibuprofen (IBU), and diclofenac 

(DCF)), antibiotics (anhydro-erythromycin (AETM), azithromycin (ATM), clindamycin 

(CMC), ciprofloxacin (CFC), erythromycin (ETM), sulfamethoxazole (SMX), and 

trimethoprim (TMP)), and the antiepileptic carbamazepine (CBZ) were analyzed in surface 

water and sediment during seasons of the years 2023 and 2024. Highest concentrations 

occurred near urban areas with limited wastewater treatment, notably at site LR1. Partitioning 

behavior (Kd, Koc) was significantly influenced by compound-specific (Dow, molecular 

weight) and sediment-specific (pH, content of organic carbon, CaCO3, and metals) properties, 

and regression models successfully predicted partition coefficients for NPX, IBU, CFC, 

AETM, and CMC. In the second component, innovative low-cost magneto-biochar-clay 

(MBC) composite adsorbents were prepared from the combination of magnetic nanoparticles, 

biochar (from grape cluster stalk), and feldspar clay and were tested for simultaneously heavy 

metal removal (Cd(II), Cr(VI), Cu(II)). The MBC 1:2:1 and MBC 1:3:1 showed high 

adsorption capacities due to enhanced surface area and functional groups. Adsorption was 

governed by electrostatic interactions and pore filling, with Cr(VI) showing the highest 

removal efficiency and strong adsorbent reusability over multiple cycles. The third 

component evaluated the MBC 1:2:1 composite for pharmaceutical removal, specifically 

NPX and CBZ. The composite demonstrated excellent adsorption performance (≥99% 

efficiency over five cycles), particularly at low pH values, through electrostatic and 

hydrophobic interactions. NPX removal remained high (≈93%) even in real Ishmi River 

water. Overall, the combined findings highlight the influence of environmental and sediment 

characteristics on pharmaceutical distribution, both the environmental risks posed by 

pharmaceutical and metal contaminants in under-monitored regions and the effectiveness of 

MBC composites as sustainable, cost-effective adsorbents for water treatment applications. 

Keywords: Emerging contaminants; Sediment-water partitioning; Adsorption; Magneto-

biochar-clay composites; Organic contaminants; Heavy metals; Water treatment
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1. Extended Summary 

1.1. Introduction 

Pharmaceuticals are biologically active compounds developed and extensively used to 

prevent and treat human and veterinary diseases (Kümmerer, 2009). They include a wide 

range of substances such as analgesics/non-steroidal anti-inflammatory drugs (NSAIDs), 

antibiotics, cardiovascular pharmaceuticals, psycho-stimulants, hormones, and antiepileptic 

drugs (Li, 2014). Among these, compounds such as caffeine (CAFF), carbamazepine (CBZ), 

naproxen (NPX), and trimethoprim (TMP) are frequently detected in surface waters across 

multiple countries and continents, with high concentrations found in lower-middle income 

countries due to increasing consumption of pharmaceuticals and limited wastewater treatment 

infrastructure (Wilkinson et al., 2022). While pharmaceuticals are crucial for modern 

healthcare, their widespread use and incomplete metabolism in humans and animals result in 

their release into the environment. Pharmaceuticals can enter terrestrial and aquatic systems 

through various pathways, including excretion by humans and animals, improper disposal of 

unused medicines, application of sewage sludge (biosolids) to agricultural land, and runoff 

from pharmaceutical manufacturing (Gerba et al., 2011, Li, 2014, Heyde et al., 2025, 

Kümmerer, 2010, Li et al., 2022, Matesun et al., 2024, Phillips et al., 2015). The continuous 

input of pharmaceuticals into the environment raises concerns about their effects on non-

target organisms, development of antibiotic resistance, bioaccumulation, and potential 

impacts on ecosystem functioning. These substances, often termed “emerging contaminants” 

(ECs) are currently not covered by water-quality regulations and may exert long-term effects 

that are still poorly understood.  

Due to their physicochemical properties and possible bioaccumulation in the food chain, 

these compounds represent a threat to the environment and non-target organisms (Wang et 

al., 2021). CAFF, considered as one of the most detected and abundant pharmaceuticals in the 

environment, is reported to have adverse effects on different aquatic organisms such as 

polychaete (Diopatra neapolitana and Arenicola marina, Hediste diversicolor), bivalvia 

(Ruditapes philippinarum, Corbicula fluminea), sea urchin (Paracentrotus lividus), amphipod 

(Ampelisca brevicornis), crustacean (Daggerblade grass shrimp), crab (Carcinus maenas), 

fish (Neotropical freshwater teleost, Carassius auratus, Dania rerio and fathead minnow), 

insects arthropods (Megaselia. scalaris) (Li et al., 2020). CBZ toxicity is reported and 
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confirmed for the parent compound and for its degradation products, which result to be more 

toxic than the parent compound in bacteria (Vibrio fischeri), algae 

(Pseudokirchneriellasubcapitata) and Daphnia magna (Donner et al., 2013). The acute 

toxicity of this compound at Oncorhynchus mykiss makes it a very harmful compound for 

aquatic systems (Li et al., 2011). NPX also can affect organisms in ecosystems through 

toxicity or that of its metabolites. These metabolites are reported to have more toxicity than 

parent/main compound to Brachionuscalyciflorus, Thamnocephalusplatyurus, 

Ceriodaphniadubia, Vibrio fischeri and Daphnia magna (Della Greca et al., 2003, Jallouli et 

al., 2016). NPX has adverse effects on gastrointestinal and renal activity of Dania rerio, and 

on liver of Dania rerio embryos (Ding et al., 2017, Li et al., 2016). The adverse effects to 

ecosystems and human health of IBU are attributed to IBU and its degradation products. 

Ellepola et al. (2020) reported that IBU can be more toxic to human gut microbiota and 

Aliivibriofischeri, meanwhile the degradation products of IBU can be more toxic to human 

kidney cell line and liver cell line (Cleuvers, 2004). Also IBU is reported to compromise the 

echinoderm Psammechinusmiliaris reproduction (Mohd Zanuri et al., 2017), and to cause 

nephrotoxicity and immunosuppressive effect on Rhamdiaquelen (Mathias et al., 2018). DCF 

has been reported to have fatal effects on wild vultures (J. Lindsay Oaks et al., 2004, Prakash 

et al., 2012, Cuthbert et al., 2015). DCF was tested with water species such as crustacean 

Daphnia magna in single compound toxicity tests and in combination with other anti-

inflammatory drugs, resulting in higher toxicity compared to other NSAIDs (Cleuvers, 2004). 

Toxicity tests with Ceriodaphniadubia sp and vertebrates such as fish and mussels (Mytilus 

spp.) confirmed a high toxicity of DCF (Connors et al., 2022, Schmidt et al., 2011, 

Triebskorn et al., 2004). 

Antibiotics are widely and increasingly both for human and veterinary use with a growing 

world population, even though there is a global action plan from the World Health 

Organization (WHO) on antimicrobial resistance which aims to reduce antibiotic use and 

their misuse in human, animal and agriculture (WHO, 2015). These compounds negatively 

affect nontarget species such as algae, bacteria and fish. Robinson et al. (2005) reported that 

the cyanobacterium Microcystis aeruginosa is two to three orders of magnitude more 

sensitive to fluoroquinolones (ciprofloxacin, lomefloxacin, ofloxacin, levofloxacin, 

clinafloxacin, enrofloxacin, and flumequine) than green alga Pseudokirchneriellasubcapitata 

(Robinson et al., 2005). Also, the mixture toxicity of antibiotics is reported to have additive 

toxicity to the green algae (Backhaus, 2016, DeLorenzo and Fleming, 2008). 
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This cumulative thesis examines the occurrence and environmental behavior of selected 

pharmaceutical compounds in the sediments and waters of the Ishmi River Basin in Albania 

(publication 1 or work package (WP) 1 - WP1), as well as the preparation and testing of 

magneto-biochar-clay composites for the removal of organic and inorganic contaminants 

from water with publication 2 or WP2 and publication 3 or WP3, respectively. 

The first publication or WP1 of this thesis investigates the occurrence and environmental 

behavior of twelve selected pharmaceuticals in sediments and surface waters of the Ishmi 

River basin in Albania. These compounds represent different therapeutic classes, including 

the stimulant CAFF, the antiepileptic CBZ, NSAIDs such as NPX, ibuprofen (IBU), and 

diclofenac (DCF), and antibiotics including anhydro-erythromycin (AETM), azithromycin 

(ATM), clindamycin (CMC), ciprofloxacin (CFC), erythromycin (ETM), sulfamethoxazole 

(SMX), and trimethoprim (TMP). These active pharmaceutical ingredients (API) were chosen 

due to their environmental relevance and in the context of Albania’s obligation, as a 

European Union (EU) candidate country, to align its water policies with the Water 

Framework Directive (Directive 2000/60/EC). This directive requires robust monitoring and 

reporting of water quality status across all water bodies. Based on the latest update of this 

directive watch list (Commission Implementing Decision (EU) 2025/439), only CMC 

remains in the watch list, due to insufficient monitoring data, while SMX and TMP were 

removed in 2024 (completed the four-year monitoring cycle). Other compounds (except 

CAFF, NPX and AETM) were included in previous versions of the watch list but no longer 

monitored. In this context, the chosen API belong to the much-discussed group of 

“micropollutants”. 

In the second publication or WP2, innovative low-cost magneto-biochar-clay (MBC) 

composites were developed and tested for the removal of organic contaminants, specifically 

the pharmaceuticals naproxen (NPX) and carbamazepine (CBZ). The MBC 1:2:1 composite, 

synthesized from grape cluster waste biochar, feldspar clay, and magnetic nanoparticles, was 

selected for its superior adsorption properties. Thanks to its magnetic properties, it can be 

easily separated from the aqueous phase and is available for reuse. Grape cluster stem from 

grape cultivation is a major component of agricultural waste in central Albania and was 

collected for this study on a local farm. Due to the favorable climatic conditions in this 

region, several thousand tons of this agricultural waste are produced there annually, providing 

a sufficient quantity for water treatment. Sorption experiments evaluated the effects of pH, 

adsorbent dosage, contact time, dissolved organic matter (DOM), and competition between 
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NPX and CBZ, as well as performance in real Ishmi River water. Results revealed that both 

pharmaceuticals were effectively removed through electrostatic and hydrophobic interactions, 

with maximum adsorption achieved at low pH values. The composite demonstrated excellent 

reusability, maintaining ≥99% removal efficiency over five regeneration cycles and 

sustaining high performance under environmentally relevant conditions, confirming its 

suitability for practical water treatment applications. 

In the third publication or WP3, the same MBC composites (MBC 1:2:1 and MBC 1:3:1) 

were applied to the simultaneous removal of three toxic heavy metals: cadmium (Cd(II)), 

chromium (Cr(VI)), and copper (Cu(II)). Both MBC 1:2:1 and MBC 1:3:1 composites were 

tested to determine their adsorption capacities under varying environmental parameters, 

including adsorbent dosage, pH, contact time, temperature, and initial metal concentration. 

The results demonstrated rapid and efficient metal uptake, with adsorption primarily driven 

by electrostatic interactions and pore filling. Among the tested metals, Cr(VI) was removed 

with highest efficiency. Additionally, the composites maintained strong performance for 

Cr(VI) over multiple adsorption–desorption cycles, indicating high stability and reusability. 

These findings highlight the potential of MBC composites as cost-effective and sustainable 

adsorbents for heavy metal remediation in water systems. 

The integration of environmental monitoring with innovative treatment strategies underscores 

the potential for implementing nature-based and economically viable approaches to improve 

water quality, especially in regions lacking advanced wastewater treatment infrastructure. 

The findings of this research contribute to the scientific understanding of contaminant 

dynamics and support the development of EU-aligned water management policies for 

Albania and other similar regions facing environmental and regulatory challenges.
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1.2. Properties and fate of study selected pharmaceuticals 

1.2.1. Physicochemical properties 

The selected pharmaceutical compounds used in this study were chosen based on their 

environmental relevance, consumption data, frequent occurrence in wastewater treatment 

plants (WWTPs) and surface waters, as well as for their diverse characteristics. These 

compounds represent different therapeutic classes, such as stimulant (SM), antiepileptic (AP), 

anti-inflammatories (AMs), antibiotics (macrolides (MLs), fluoroquinolone (FQ), 

sulfonamide (SA), and diaminopyrimidine (DP)) and physicochemical behaviors, which are 

crucial for assessing environmental behavior and adsorption. Their molecular weight (MW), 

water solubility, hydrophobicity (Log Kow), and acid dissociation constants (pKa) significantly 

influence their fate in aquatic environments and interaction with sediments. Table 1 provides 

detailed information on the physicochemical properties of these compounds. In addition to 

the numerical data summarized in Table 1, the molecular structures of the selected 

pharmaceuticals are presented separately in Table 2. The structures allow for a clearer 

understanding of the solubility and polarity, aromaticity, and other structural features that 

play key roles in their environmental partitioning (Kümmerer, 2009), thus resulting in 

different sorption behaviors with solid particles such as soils and sediments. Even small 

changes in their chemical structure may totally change their solubility, polarity, and other 

properties which control their behavior in the environment (Kümmerer, 2009). Under varying 

pH and environmental conditions, the physicochemical properties of pharmaceuticals such as 

molecular structure, solubility, hydrophobicity, speciation (due to pKa), and partition 

coefficients (Kd and Koc) differ and govern their sorption–desorption processes, thus 

governing their transport and mobility between aqueous and solid phases (Patel et al., 2019). 

Sorption is considered to have an important role on the mobility and (bio)availability of 

pharmaceuticals in the environment (Tolls, 2001, Kümmerer, 2009). This process also 

controls their removal through solid particles such as activated carbon or biochar (Zhang et 

al., 2020). Sorption of pharmaceuticals in the environment is driven by the amount of 

suspended particles, soil organic matter, soil minerals, and partition coefficient (Kd) 

(Thiele‐Bruhn, 2003), which itself is driven by the combination of physicochemical 

properties of both compound and sediment (Al-Khazrajy and Boxall, 2016, Tang et al., 2019, 

Zhao et al., 2016). Therefore, it is essential to investigate their partitioning behavior by 
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considering both the intrinsic properties of the compounds and site-specific environmental 

conditions, and to test biochar-based composites for their adsorption from water. 

 

Figure 1. Schematic illustration of pharmaceutical entry, fate, and transformation pathways 

in the environment, adapted from Patel et al. (2019). In the adapted figure, the original term 

“adsorption” was replaced with “sorption” in the adapted figure to reflect both surface and 

bulk phase partitioning processes that occur in environmental matrices, such as sediment in 

this case 

As presented in Table 2, the selected pharmaceuticals vary greatly in their functional groups 

and molecular structure. The presence of functional groups such as carboxylic acids (–

COOH), ketones (C=O), hydroxyls (–OH), esters (–COO), ethers (C–O–C), amines (–NH2), 

halogen atoms (–Cl and –F), and aromatic rings (benzene, pyrimidine), can strongly influence 

their interactions with solids (soil and suspended particles, sediments, adsorbents). These 

interactions may occur through electrostatic interactions, hydrogen bonding, and π–π stacking 

mechanisms between both pharmaceuticals functional groups with the solid matrix active 

sites (Xu et al., 2021, Heinrich et al., 2021, Olu-Owolabi et al., 2021, Le Guet et al., 2018). 
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Table 1. Physicochemical properties of the selected pharmaceutical compounds 

Class Compound Acronym CAS No. MW Formula Water 

solubility 

(mg L-1) 

Log 

Kow 

pKa 

SM Caffeine CAFF 58-08-2 194.2 C8H10N4O2 20,000 -0.07 10.4 

AMs Diclofenac DCF 15307-86-5 296.15 C14H11Cl2NO2 2.37 4.15 4.51 

Naproxen NPX 22204-53-1 230.26 C14H14O3 15.9 3.18 4.2 

Ibuprofen IBU 15687-27-1 206.28 C13H18O2 21 3.97 4.91 

AP Carbamazepine CBZ 298-46-4 236.27 C15H12N2O 17.66 2.45 13.9 

MLs Anhydro-

erythromycin 

AETM 23893-13-2 715.9 C37H65NO12  3.06 8.88 

Azithromycin ATM 83905-01-5 748.98 C38H72N2O12 2.4 4.02 8.7 

Clindamycin CMC 18323-49-9 425 C18H33ClN2O5S  2.16 7.6 

Erythromycin ETM 114-07-8 733.9 C37H67NO13 2,000 3.06 8.9 

FQ Ciprofloxacin CFC 85721-33-1 331.3 C17H18FN3O3 30,000 0.28 6.09/8.76 

SA Sulfamethoxazole SMX 723-46-6 253.3 C10H11N3O3S 610 0.89 1.85/5.6/5.9 

DP Trimethoprim TMP 738-70-5 290.3 C13H18N4O3 400 0.91 3.23/6.76 

Source: (Chen and Zhou, 2014, Li et al., 2019b, Moreno-Gonzalez et al., 2015, Zhang et al., 

2013)  

Table 2. Molecular structures of the selected pharmaceutical compounds 

Compound Structure Compound Structure 

CAFF 

 

DCF 

 

CBZ 

 

AETM 
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NPX 

 

ATM 

 

IBU 

 

CMC 

 

ETM 

 

SMX 

 

CFC 

 

TMP 

 

Source: https://go.drugbank.com/ and https://www.chemspider.com/search 

Macrolides such as ATM, AETM, ETM, and CMC are characterized by large macrocyclic 

lactone rings with multiple oxygen-containing functional groups ((C–O–C), (–OH), and 
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(C=O)), contributing to their relatively high molecular weight and structural complexity 

(Jednacak et al., 2020). In contrast, compounds such as the stimulant CAFF and NSAIDs like 

NPX and IBU are structurally smaller and more rigid, typically featuring simpler aromatic or 

less complex ring systems (Hebig et al., 2017).  

DCF, also an NSAID, differs from the others due to its relatively high environmental 

persistence, attributed largely to its halogenated aromatic structure and ecotoxicological 

relevance (Wojcieszyńska et al., 2023). The presence of chlorine atoms enhances 

hydrophobicity and reduces biodegradability, leading to reduced breakdown through 

hydrolysis, photodegradation, and microbial action (Wojcieszyńska et al., 2023). 

Between these extremes are compounds like CBZ, CFC, SMX, and TMP, which, although 

not as large as macrolides, are of particular environmental concern due to their frequent 

detection in wastewater (Wilkinson et al., 2022) and relatively high persistence, especially 

CBZ. This persistence is largely attributed to their chemical stability and resistance to 

biodegradation (Li et al., 2013, Kodešová et al., 2016, Rilstone et al., 2025). 

1.2.2. Sources of pharmaceuticals in the environment 

Pharmaceutical pollution arises from two main sources: point sources (e.g., industrial, 

hospital, and sewage effluents) that are identifiable and measurable, and diffuse sources (e.g., 

agricultural and urban runoff) that occur over large areas and are harder to pinpoint (Li, 

2014). These pollutants come from six major sources, such as households, industries and 

hospital effluents, landfills, animal waste, and aquaculture, which potentially could reach soil, 

groundwater, and surface water (Li et al., 2022, Li, 2014). Another pathway is the use of 

wastewater for irrigation or surface water impacted by wastewater effluents (Heyde et al., 

2025). Among the sources mentioned above, household discharges have the highest impact 

because pharmaceuticals often do not undergo complete metabolism in humans or animals 

and are excreted unchanged, reaching the environment not through misuse but as a result of 

normal use (Kümmerer, 2010). Apart from this, the low or incomplete removal of 

pharmaceuticals in conventional WWTPs makes their release into the environment inevitable 

(Joss et al., 2006, Matesun et al., 2024). Additional routes occur when leftover 

pharmaceuticals are improperly disposed of, such as by flushing them down toilets or drains, 

or discarding them with regular household waste (Kümmerer, 2010). Also, septic systems can 

act as significant pathways for pharmaceuticals to contaminate the environment, as their 

discharges often introduce pharmaceuticals into nearby groundwater and surface water 
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systems (Phillips et al., 2015). Pets can act as a source of pharmaceuticals in the environment, 

directly when they are treated and spend time outdoors or through the disposal of pet feces, 

such as cat litter, in household waste, which is subsequently sent to municipal solid waste 

landfills (Gerba et al., 2011). All these sources and pathways are illustrated in Fig. 2. 

 

Figure 2. Author developed schematic illustration of pharmaceutical sources and pathways 

in the environment, based on Gerba et al. (2011), Heyde et al. (2025), Joss et al. (2006), 

Kümmerer et al. (2010), Li et al. (2022), Matesun et al. (2024), and Philips et al. (2015) 

1.2.3. Removal methods of pharmaceuticals from wastewater 

Wastewater is defined as a combination of water and waste produced by residential, 

institutional, commercial, and industrial establishments, and may also include groundwater, 

surface water, and storm water (Hanafi and Sapawe, 2020). Wastewater treatment is 

receiving increasing attention due to a better understanding of the adverse effects (toxicity) of 

contaminants, advances in techniques for trace determination and quantification of emerging 

contaminants, and the implementation of regulations.  

In general, wastewater at most of conventional WWTPs is subjected of several treatment 

steps such as, preliminary (screeners, grit chambers, and skimming tanks), primary 

(sedimentation, coagulation), secondary (aerobic, anaerobic, and pond process) (Crini and 

Lichtfouse, 2018), and in some cases, tertiary or advanced (adsorption, chemical oxidation, 

membrane technology, electrochemical techniques, advanced oxidation processes) (Ranjit et 

al., 2021). The latter is getting more attention due to the enforcement of regulations for 

emerging contaminants (ECs) such as pharmaceuticals, personal care products, pesticides, 

and surfactants. ECs are chemicals or microorganisms not typically monitored in the 

environment that may harm ecosystems or human health, including newly introduced 
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substances, neglected existing contaminants, and legacy contaminants with newly recognized 

risks (Wan Ismail and Mohktar, 2020). Due to their low concentrations and their various 

physicochemical properties, it is reported and confirmed that the conventional WWTPs could 

not or do not totally remove these compounds, which in this context are referred to as 

“micropollutants” (Matesun et al., 2024, Bijlsma et al., 2021).  

Micropollutants could be removed from water via different techniques, part of the tertiary or 

the advanced treatment step. One of these is adsorption, a surface process in which porous 

solids attract and concentrate solute molecules (adsorbate) from a bulk solution onto their 

surfaces via intermolecular forces, forming an interfacial layer (Dąbrowski, 2001). 

Wastewater treatment via adsorption, especially onto agro-organic waste has several 

advantages compared to the most techniques due to simplicity in handling and operation, 

sustainability, environmental compatibility and formation of zero-to-little harmful by-

product, and cost-effectiveness (Crini and Lichtfouse, 2018, Wan Ismail and Mohktar, 2020). 

A comparison with other elimination techniques such as     chemical oxidation, membrane 

technology, electrochemical techniques, and advanced oxidation processes is provided in 

table 3. 

Table 3. Advantages and disadvantages of ECs removal techniques 

Technique Characteristics Advantages Disadvantages 

Adsorption Nondestructive process 

Use of a solid material 

Simple and easy adaptable 

Wide range of products  

Waste valorization 

Environmentally 

sustainable (when from 

agro-waste) 

Excellent treatment quality 

Wide target of 

contaminants 

Effective and fast 

Reduce of chemical 

oxygen demand (COD) 

values 

High initial capital costs 

Nondestructive process 

Non-selective 

Performance – material type 

based 

Physical/chemical activation 

(when from agro-waste) 

Rapid saturation – regeneration 

Material elimination – 

incineration 

Not efficient for some polar 

compounds 

Chemical 

oxidation 

Use of oxidants such as 

O3, Cl2, ClO2, H2O2, 

KMnO4 

Simple, rapid, and efficient  

Generation of ozone on-

site 

Elimination of color and 

odor  

Cyanide and sulfide 

removal 

Increases biodegradability  

Disinfection  

Chemicals and pre-treatment  

Efficiency influenced by 

oxidants 

Short half-life (O3) 

Few dyes resistant - high O3 

doses 

Formation of byproducts 

No effect on COD values (O3) 

No effect on salinity (O3) 

Release of volatile compounds 

Release of aromatic amines 

(ClO2) 

Generates sludge 



Extended Summary 

 

12 

 

Membrane 

technology 

Nondestructive  

Semipermeable barrier 

Wide range of membranes 

Small space requirement 

Simple, rapid, and efficient 

High-quality-treated 

effluent 

No chemicals required 

Low solid waste generation 

Removes dyes, salts, 

minerals  

Wide elimination 

contaminant 

 

Investment costs  

High energy requirements 

The design can differ 

significantly 

Maintenance and operation 

costs 

Rapid membrane clogging  

Low throughput and limited 

flow  

Elimination of the concentrate 

Membrane is specific 

application  

Electrochemical 

techniques 

Electrolysis Recovery of valuable 

metals  

High adaptation to 

conditions 

Increases biodegradability 

Fast organic matter 

separation  

Efficient and pH 

independent 

In situ coagulants 

Economically feasible 

 High initial cost of the 

equipment 

Maintenance and chemicals 

Operation inhibition (sludge) 

Post-treatment for Fe and Al 

Filtration necessary for flocs 

Formation of sludge  

Advanced 

oxidation 

processes 

Emerging processes 

Destructive techniques 

 

In situ reactive radicals 

No consumption of 

chemicals 

Contaminants 

mineralization 

No sludge 

Rapid degradation 

Efficient for dyes and 

drugs 

Reduce of COD and TOC 

Destruction of phenol 

Laboratory scale 

Economically non-viable for 

small and medium plants 

Technical constraints 

Formation of by-products 

High-pressure and energy 

pH dependence 

Source: (Crini and Lichtfouse, 2018, Wan Ismail and Mohktar, 2020) 

Switching from activated carbon to bio-based adsorbents such as biochar is increasingly 

recommended due to biochar’s lower production cost, renewable feedstocks, and reduced 

environmental impact, while still offering considerable adsorption performance (Wang et al., 

2020, Alhashimi and Aktas, 2017). But, most natural and biomass-based adsorbents, 

including biochar, suffer from drawbacks such as relatively low adsorption efficiency, limited 

stability, bleeding, and difficult post-adsorption separation from water. Recent research 

addresses these issues by combining low-cost materials like biomass, clays, and nanoparticles 

to enhance surface area, porosity, adsorption sites, and reusability (Arif et al., 2021, Maged et 

al., 2023, Olu-Owolabi et al., 2021, Zheng et al., 2021, Zhou et al., 2018, Diagboya et al., 

2022). The separation of the adsorbents from large volumes of water after the treatment 

process is possible with magnetized composites, simplifying handling, reducing operational 

costs, and avoiding labor-intensive filtration steps (Mohubedu et al., 2019, Zhang et al., 2022, 

Anfar et al., 2020). 
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1.3. Aim of the study 

The main aim of this study was to assess the occurrence and environmental behavior of 

selected pharmaceuticals in the water and sediments of the Ishmi River basin in Albania, and 

to develop sustainable, low-cost composite materials for water treatment. The removal 

efficiency of these materials was to be quantified by selected pharmaceuticals and heavy 

metals. 

This scientific objective was structured into three sub-areas, each of which was recognized in 

a publication: 

1. Assessment of selected pharmaceutical occurrence and partitioning behavior. 

To investigate the occurrence of selected pharmaceuticals in water and sediments, and 

to evaluate their in-situ sediment-water partitioning behavior by considering both the 

physicochemical properties of the compounds and the site-specific environmental 

conditions. This study served as the basis for the development of composite 

adsorbents and the selection of target contaminants for removal through sorption 

experiments. 

2. Development of cost-efficient composite adsorbents to remove pharmaceuticals from 

water. 

To develop cost-effective magneto-biochar-clay composites using grape cluster waste, 

feldspar clay, and magnetic nanoparticles, and to evaluate their removal capacity and 

efficiency for aqueous naproxen and carbamazepine. 

3. Testing the performance and stability of adsorbents using heavy metal contamination. 

To assess the removal capacity and efficiency of the developed composites for three 

toxic metals, such as Cd(II), Cr(VI), and Cu(II) from water. 
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1.4. Materials and methods 

1.4.1. Study area and sample collection 

Sampling campaigns in the Ishmi River basin were carried out seasonally during 2023 and 

2024 for surface water samples (n = 8). Sediment samples were collected during the spring 

and summer seasons of both years (n = 4). Site locations and brief site characteristics are 

summarized in Fig. 4 and Table 4. Sampling sites were situated at established national water 

monitoring stations and categorized based on their relative position in the basin: upstream 

(Brari Bridge – TR1), midstream/urban areas (Casa Italia Bridge – LR1, Kamza Bridge – 

TR2, Rinas Bridge – IR1), and downstream (Gjoles Bridge – IR2, Salmer Bridge – IR3). TR1 

represented a site with minimal anthropogenic influence. In contrast, LR1, TR2, IR1, and IR2 

were heavily impacted by urban activities, particularly LR1, and with some agricultural 

influence the other sites. IR3 was predominantly affected by agricultural activities. 

Table 4. Sampled Ishmi basin Rivers sites characteristics 

ID River Location *Flow m3 s-1 Site characteristics 

Year 2023 Year 2024  

Autumn  Summer Autumn  Summer 

TR1 Tirana 

River 

N41° 38'; 

E19° 86' 

0.31 0.55 0.13 0.29 Light human activity; 

touristic attraction 

LR1 Lana 

River 

N41° 34'; 

E19° 77' 

    Wastewater discharges and 

urban industry 

TR2 Tirana 

River 

N41° 35'; 

E19° 77' 

    Wastewater discharges and 

urban industry 

IR1 Ishmi 

River 

N41° 43'; 

E19° 69' 

    Wastewater, agriculture, 

and industry; Airport 

IR2 Ishmi 

River 

N41° 46'; 

E19° 69' 

    Urban and agriculture 

activities 

IR3 Ishmi 

River 

N41° 54'; 

E19° 61' 

4.89 3.83 4.94 3.26 Agriculture activities 

*Data from Report of Environmental State of the year 2023, National Environment Agency 

of Albania 

Grab water samples (Fig. 3) were filtered (0.45 µm), pH-adjusted (pH 2.7), and extracted 

using solid-phase extraction (SPE) by adapting the reported methods of (Röhricht et al., 2009, 

Patrolecco et al., 2013) for CAFF, CBZ, NPX, IBU, DCF, then analyzed by high-

performance liquid chromatography with ultraviolet and fluorescence detection (HPLC-

UV/FLD), based on (Martin et al., 2012).  
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AETM, ATM, CMC, CFC, ETM, SMX, and TMP were analyzed via direct injection with 

high-performance liquid chromatography coupled with tandem mass spectrometry (HPLC-

MS/MS), based on (Dalkmann et al., 2012). 

Sediments (0–5 cm depth) were sampled with a spatula (Fig. 3), frozen, lyophilized, 

homogenized, and sieved (<100 μm). Sediment extraction used ethylenediaminetetraacetic 

acid disodium salt dihydrate (EDTA) assisted solvent extraction for CBZ, NPX, IBU, 

followed by SPE and HPLC-UV/FLD (Martin et al., 2010). Antibiotics were extracted using 

phosphate buffered acetonitrile (ACN) (0.2 M KH2PO4:ACN (1:1, v/v)), and analyzed with 

HPLC-MS/MS (Dalkmann et al., 2012). 

Sediment physicochemical properties such as pH, total nitrogen (TN), total hydrogen (TH), 

total sulfur (TS), total carbon (TOC), carbonates (CaCO3), inorganic (IC) and organic carbon 

(OC), and metals (Al, Fe, Ca, K, Mg, Na) were extracted using standard methods and 

determined with CHNS analyzer, Scheibler device, and ICP-OES. 

Data on pharmaceutical consumption (reimbursed amounts) in Albania were obtained from 

official national statistics provided by governmental health authorities in Albania (Mandatory 

Health Insurance Fund of Albania). For each pharmaceutical compound, the total monthly 

mass consumed was calculated based on the reported dosage and the number of units 

consumed. The monthly consumption mass (𝑀𝑚𝑜𝑛𝑡ℎ, (mg)) was calculated using the 

following equation: 

𝑀𝑚𝑜𝑛𝑡ℎ = 𝐷 × 𝑁 

where 𝐷 (mg) is the mass of active pharmaceutical ingredient per unit dose and 𝑁 is the 

number of units consumed per month, converted to kilograms for further analysis. 

  

Figure 3. Water and sediment sampling in the Ishmi River basin 

1.4.2. Data treatment: partitioning 

The sediment–water partition coefficient (Kd) for the selected pharmaceuticals was calculated 

using equation (1) (Royano et al., 2024). 
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𝐾𝑑 = 𝐶𝑠 / 𝐶𝑤                                                              (1) 

where (Cs) (ng g-1) is concentration in the sediment phase (Cw) (ng L-1) is concentration in the 

water phase. 

This coefficient is a key factor influencing the persistence and long-term fate of contaminants 

in aquatic environments, as higher Kd values indicate stronger sorption to sediments, leading 

to enhanced binding and increased environmental persistence due to reduced 

photodegradation and biodegradation (Chen and Zhou, 2014). 

Another parameter that describes the distribution of a compound between water and sediment 

is the pH-dependent n-octanol-water partition coefficient (Dow). This parameter accounts for 

the compound’s ionization at a given pH. To assess the distribution behavior of the selected 

pharmaceuticals, Dow was calculated using equation (2) (Vazquez-Roig et al., 2012). 

𝐷𝑜𝑤 =
𝐾𝑜𝑤 

1+(10𝑝𝐻−𝑝𝐾𝑎)
                                                         (2) 

where Kow is the n-octanol-water partition coefficient and pKa is the acid dissociation 

constant. 

The organic carbon content of sediments strongly influences the distribution of organic 

compounds between water and sediment phases by providing abundant adsorption sites and 

facilitating hydrophobic interactions, thereby enhancing the sorption of both polar and non-

polar compounds. To evaluate this influence, the organic carbon-normalized partition 

coefficient (Koc) was calculated using the equation (3) (Vulava et al., 2016). 

𝐾𝑜𝑐 = 𝐾𝑑 / 𝑓𝑜𝑐                                                          (3) 

Where foc represents the fraction of organic carbon. 

Using in-situ Kd values together with sediment properties such as organic carbon content, pH, 

carbonate content, and cation concentrations, multiple linear regression models were 

developed to predict compound-specific Kd values in the environment. The predictive 

performance of these models was subsequently validated against the measured in-situ Kd 

values. 

1.4.3. Statistical analysis 

For CAFF, CBZ, NPX, IBU, and DCF in water samples, statistical analysis was not 

performed due to limited sample volume and insufficient replication; therefore, the data were 

evaluated descriptively to illustrate spatial and seasonal patterns. For sediment samples, the 

remaining pharmaceuticals in water, and the total concentrations across water and sediment 
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phases, two-way analysis of variance (ANOVA) was conducted, with season and location as 

independent variables and pharmaceutical concentration as the dependent variable. When the 

assumptions of normality and homogeneity of variances were not met, non-parametric 

Kruskal–Wallis tests were applied. In addition, single and multiple stepwise regression 

analyses were used to assess relationships between the distribution coefficient (Kd), sediment 

properties, and predicted Kd. Statistical significance was defined as p < 0.05. All statistical 

analyses were performed using OriginPro 2015 (OriginLab Corporation, USA). 

 

Figure 4. Location of sampling points in the Ishmi River basin 

1.4.4. Composites preparation 

Low-cost materials, including pretreated Feldspar clay (FLC) (Diagboya et al., 2022) and 

grape cluster stalk waste (GCW), which was collected in central Albania, were used to 

prepare magneto-biochar-clay composites (MBC-x). GCW was dried, pulverized, and 

calcined at 500 °C to produce biochar (BC). Magnetic nanoparticles (MNP) were synthesized 

by co-precipitating FeCl3 and FeSO4·7H2O with NaOH. Two MBC variants (1:2:1 and 1:3:1 

ratio of MNP:BC:FLC) were prepared by first preparing the MNP, sequentially mixing with 

GCW and FLC, followed by agitation, centrifugation, drying, and calcinations at 500°C for 2 

hours. The composites were labeled MBC-1:2:1 and MBC-1:3:1, washed with Milli-Q, and 

stored for further use in sorption tests with organic and inorganic contaminants as given in 

the second publication or WP2 and the third publication or WP3, respectively. 
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1.4.5. Sorption tests 

For NPX, standardized sorption experiments were performed using MBC 1:2:1 due to its 

strong adsorption and magnetic separation properties. Batch tests evaluated the effects of 

adsorbent mass, contact time, pH, temperature, and NPX concentration, as well as 

competition with CBZ, dissolved organic matter (DOM), and river water. Reusability was 

assessed over five adsorption–desorption cycles. Final applicability tests were conducted in 

river water spiked with environmentally relevant NPX levels. After each test, solutions were 

filtered and residual concentrations were quantified by HPLC-DAD. 

For metals, preliminary sorption tests with single and simultaneous metal solutions showed 

that MBC 1:2:1 and MBC 1:3:1 composites outperformed BC, FLC, and MNP, and were 

therefore selected for detailed studies. Batch experiments were conducted under controlled 

conditions, varying adsorbent mass, contact time, pH, contaminant concentration, and 

temperature. Reusability was tested over five adsorption–desorption cycles. After each run, 

solutions were filtered and metal concentrations quantified by ICP-OES. 

1.4.6. Sorption data analysis 

All the sorption data analysis was performed using the respective equations given in Table 5. 

The amounts (mg g-1) of analytes adsorbed (qe) were calculated from Eq. 1. Kinetics of 

analytes sorption were evaluated using the nonlinear forms of the pseudo-first-order (PFO) 

(Eq. 2), pseudo-second-order (PSO) (Eq. 3), and the intra-particle diffusion (IPD) (Eq. 4) 

models. The Langmuir (Eq. 5), Freundlich (Eq. 6), and the Sips non-linear adsorption 

isotherm (Eq. 7) models were fitted to the equilibrium adsorption data and used to describe 

the analytes uptake process. The dimensionless equilibrium constant K0 (L g-1) was calculated 

from Eq. 8, while the thermodynamic parameters were determined from Eq. 9 and 10 using 

equilibrium adsorption data at 293.15, 303.15, and 313.15 K. The model fittings and models’ 

parameters were obtained using the OriginPro 2015 software (OriginLab Corporation, USA). 
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Table 5. Sorption data treatment equations 

Equation Description Parameters Number 

mvCCq eOe /)( −=

  

Amount of 

analyte adsorbed 

(mg g-1) 

m, v, qe, Co, Ce, are the composite mass (g), 

volume of analyte solution (L), equilibrium 

amount of analyte adsorbed (mg g-1), initial and 

final analyte concentrations (mg L-1), 

respectively 

1 

)1( 1tk

et eqq
−

−=  Pseudo-First 

Order (PFO) 

kinetics model 

(Junck et al., 

2024) 

t, qt, and k1 are time (min), analyte adsorbed at 

time- t (mg g-1), and PFO model rate constant, 

respectively 

2 

tkq

tkq
q

e

e
t

2

2

2

1+
=  

Pseudo-Second 

Order (PSO) 

kinetics model  

k2 is the PSO model rate constant 3 

Ctkq IPDe += 2/1
 Weber-Morris 

intraparticle 

diffusion (IPD) 

kIPD and C are the IPD model rate constant, and 

the amount of surface adsorbed analyte (mg g-1), 

respectively 

4 

e

eO

e
bC

bCQ
q

+
=

1
 

Langmuir 

adsorption 

isotherm model 

(Langmuir, 

1916) 

Qo (mg/g) and b (L mg-1) are the maximum 

adsorption capacity per gram (mg g-1) and 

energy-related parameter (L mg-1), respectively 

5 

n
eC

f
keq =  Freundlich 

adsorption 

isotherm model 

(Freundlich, 

1906) 

kf (L g-1) and n are Freundlich model constant 

and the Freundlich linearity parameter 

(dimensionless), respectively 

6 

n

eS

n

eSo

e
CK

CKQ
q

)(1

)(

+
=

 

Sip’s adsorption 

isotherm model 

KS (L mg-1) and n are Sip’s model constant and 

the Sip’s exponent, respectively 

7 

1000*0

LKK =

 

Dimensionless 

equilibrium 

constant 

KL is Langmuir constant 8 

RT

H

R

S
LnK

oo 
−


=0

 

Thermodynamic 

parameters 

∆Sº, ∆Hº, T, and R are entropy change (J-1 mol-1 

K-1), enthalpy change (kJ mol-1), Temperature 

(K), and ideal gas constant (J-1 mol-1 K-1), 

respectively 

9 

0RTLnKG o −=
 

Van’t Hoff 

equilibrium  

∆Gº is the Gibb’s free energy (kJ mol-1) 10 
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1.5. Results and discussion 

1.5.1. Pharmaceutical consumption in Albania 

Albanian total reimbursed consumption data for selected pharmaceuticals during the period 

2018–2024 (with 2020 covering only nine months) show that the highest recorded usage was 

for NPX, with 1,880 kg reported in 2023. This was followed by CBZ with 559 kg in 2019, 

IBU with 89.5 kg in 2021, and DCF with 10.8 kg in 2019 (Fig. 5a). In contrast, the 

consumption of antibiotics of ATM, CFC, ETM, SMX, and TMP was significantly lower 

(Fig. 5b). Their respective amounts for 2023 and 2024 were: ATM (0.6 kg and 0.3 kg), CFC 

(7.2 kg and 6.7 kg), ETM (1.0 kg and 1.05 kg), SMX (5.7 kg and 6.9 kg), and TMP (1.1 kg 

and 1.4 kg). Notably, AETM and CMC were not reimbursed during the reporting period. 

These figures represent only the reimbursed quantities covered by the Mandatory Health 

Insurance Fund of Albania, which account for an estimated 1-5% of total national 

pharmaceutical consumption. Based on these data, it can be observed and concluded that 

NPX consumption showed an increasing trend from 2018 to 2023, followed by a slight 

decline in 2024. 

 

Figure 5. (a) Total reimbursed consumed amounts of selected pharmaceuticals of CBZ, NPX, 

IBU, and DCF and over the period 2018-2024, and (b) of ATM, CFC, ETM, SMX, and TMP 

over 2023-2024 in Albania 

1.5.2. Wastewater situation in Albania 

Albania is located in southeastern Europe within the Mediterranean area and has a population 

of 2,363,314 inhabitants (as of 01.01.2025 census, reported by Instat Albania). More than 

60% of the population lives in the central and west part of Albania, such as Tirana, Fieri, 
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Elbasan, and Durrës districts. Based on Eurostat database, the total connected population to 

WWTPs has a slight increasing trend over the last decade, reaching a value of 32.4% in 2022 

(Fig. 6a). From the same source, it is reported that the total amount of generated wastewater 

has also an increasing trend, presumably with the increase of connection, reaching a value of 

78 million cubic meters (Mm3) in 2022 (Fig. 6b). On the other hand, the percentage of safely 

treated wastewater regarding the total generated wastewater, remains quite low, with the 

maximum value of 16.8% in 2022, as reported by the Instat Albania database (Fig. 6b). 

Therefore, based on the annual reports for the environmental state from the National 

Environment Agency (NEA) of Albania, it is concluded that the most polluted rivers in 

Albania are Lana, Tirana, Ishmi (part of Ishmi’s basin located in Tirana and Durrës districts), 

Gjanica and Osumi (part of Semani’s basin located in Fier district), and surface waters where 

the population density is higher (Tirana, Durrës, Fieri, Elbasan), as a result of discharging 

untreated urban and industrial wastewaters. In addition to urban and industrial wastewater, a 

concern remains the hospital effluent. In Albania, this effluent is treated as wastewater and no 

on-site treatment is applied, as reported by Tahiri et al. (2023). This effluent in Albania is 

reported to have high content of pharmaceuticals, mainly NSAIDs such as DCF and IBU, 

antibiotics such as ATM and CFC, and the antiepileptic CBZ, and some other 

pharmaceuticals such as, amikacin, ampicillin, dexamethasone, metoprolol, and nifedipine 

(Tahiri et al., 2023).  Therefore, considering the low rate of connected population to the 

WWTPs and safely treated wastewater, the presence of contaminants and pharmaceuticals in 

the environment in Albania remains a concern. 

  

Figure 6. (a) Population percentage connected to wastewater treatment plants, and (b) 

generated and safely treated wastewater over the period 2014-2022 in Albania 

Source:https://ec.europa.eu/eurostat/databrowser/view/env_ww_con/default/table?lang=en&

category=env.env_wat.env_nwat and https://www.instat.gov.al/al/sdg/ 

https://ec.europa.eu/eurostat/databrowser/view/env_ww_con/default/table?lang=en&category=env.env_wat.env_nwat
https://ec.europa.eu/eurostat/databrowser/view/env_ww_con/default/table?lang=en&category=env.env_wat.env_nwat
https://www.instat.gov.al/al/sdg/
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1.5.3. Selected pharmaceuticals concentrations in water samples 

A total of twelve pharmaceuticals were detected in the Ishmi River basin surface waters 

during seasonal campaigns in 2023 and 2024, CAFF, CBZ, NPX, IBU, DCF, AETM, ATM, 

CMC, CFC, ETM, SMX, and TMP. Concentrations varied noticeably by location, reflecting 

anthropogenic pressures, with the most urban-impacted site LR1, consistently showing the 

highest values (Fig. 7) (Table 6). Mean CAFF, IBU, NPX, and CFC concentrations at LR1 

reached 10.7 µg L-1, 11.3 µg L-1, 2.0 µg L-1, and 0.7 µg L-1, respectively, with maximum 

recorded values of 22.5 µg L-1 (CAFF), 12.8 µg L-1 (IBU), 2.6 µg L-1 (NPX), and 1.8 µg L-1 

(CFC). ATM peaked at 7.5 µg L-1, while SMX and TMP reached 0.4 µg L-1 and 0.1 µg L-1, 

respectively. Upstream reference site TR1 typically showed non-detectable or very low 

concentrations, while downstream sites exhibited dilution or reduction effects. These 

concentrations are within the higher range reported in other wastewater-impacted European 

rivers, such as in Portugal and in Spain, where CAFF, IBU, NPX, and DCF concentrations 

were registered at 9.4-83.9, 7.2, 6.6, and 3.5 µg L-1, respectively (Paiga et al., 2019, Carmona 

et al., 2014), especially considering the absence of effective wastewater treatment in the study 

area. Regarding seasons, autumn showed the highest concentrations, followed by winter, 

summer, and spring; while for the year 2024, winter had the highest concentrations, followed 

by spring, autumn, and summer. The total concentrations of selected pharmaceuticals in 

water were significantly affected by both season and location across both years (p< 0.001), 

confirming the combined impact of environmental conditions and urban impact. 
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Figure 7. Pharmaceutical concentrations in waters for (a) and (b) winter; (c) and (d) spring; 

(e) and (f) summer; and (g) and (h) autumn seasons of the years 2023 and 2024 
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Table 6. Summary of mean concentrations of selected pharmaceuticals in water and 

sediments of different locations from Ishmi River basin 

Compounds Water (ng L-1) (n = 8)         Sediment (ng g-1) (n = 4)     

Sampling Point                       

TR1 LR1 TR2 IR1 IR2 IR3   TR1 LR1 TR2 IR1 IR2 IR3 

CAFF n.d. 10,676 1,430 5,309 4,324 2,996  NM      

CBZ 41.1 260.5 n.d. 21.7 28.2 n.d.  2.5 44.1 15.2 9.7 11.5 9.6 

NPX n.d. 2,028 525 1,255 914 585  2.8 18.4 5.6 8.8 4.8 1.6 

IBU n.d. 11,297 1,037 8,384 7,926 1,450  n.d. 47.2 8.3 16.0 8.0 9.0 

DCF n.d. 278 n.d. 47.5 50.2 59.6  NM      

AETM 10.7 26.5 6.0 32.3 10.8 58.2  0.3 0.9 0.9 0.7 0.9 0.6 

ATM n.d. 1,501 n.d. n.d. n.d. n.d.  n.d. 113 54.0 122 16.0 48.2 

CMC 5.2 12.3 23.3 36.7 20.2 9.8  11.8 8.1 3.8 4.3 4.6 17.8 

CFC 179.2 714 404 407 188 348  3.2 705 77.9 170 129 48.6 

ETM n.d. n.d. 230 24.3 n.d. n.d.  *Added to AETM 

SMX 23.2 126 17.8 74.2 42.0 49.8  0.8 3.6 2.7 0.9 0.8 0.1 

TMP 8.0 40.5 3.0 8.2 9.0 3.8   n.d. 6.4 11.3 6.7 6.0 2.1 

*Due to dominance of AETM, as dominant degradation product in acidic conditions 

1.5.4. Selected pharmaceuticals concentrations in sediment samples 

Pharmaceuticals were also detected in river sediments, with spatial and seasonal patterns 

different from those in the water samples. CFC and ATM dominated the sediment matrix, 

especially in spring, with maximum of 1,068 ng g-1 at LR1 and 396 ng g-1 IR2, respectively. 

Other compounds occurred at lower but notable concentrations, including IBU (93.7 ng g-1), 

CBZ (60.5 ng g-1), NPX (49.3 ng g-1), TMP (38.3 ng g-1), CMC (37.8 ng g-1), SMX (13.3 ng 

g-1), and AETM (2.7 ng g-1) (detailed in Table 7).  

The LR1 site again showed the highest detection frequencies (100% for most compounds 

except AETM and SMX), indicating sediment contamination is directly linked to urban 

effluent inputs. Spring seasons generally yielded the highest sediment concentrations, 

presumably due to higher pharmaceutical loads and cooler conditions (low temperatures - 

lower biodegradability), resulting in a pseudo-persistence phenomenon (Fig. 8). These 

findings align with global observations in wastewater-impacted rivers, where 

fluoroquinolones and macrolides show high sediment affinity (Zhou et al., 2011, Senta et al., 

2021). Similarly to water trend, the total pharmaceutical concentrations showed strong effects 

of both season and location (p< 0.001), indicating that both natural and human factors 

substantially affect contaminant distribution in the Ishmi River basin (Fig. 8). 
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Table 7. Concentrations of the selected pharmaceuticals at each sampled season of 2023 and 

2024 in sediments of Ishmi River basin 

Season Location 
Concentration (ng g-1) 

CBZ NPX IBU AETM ATM CMC CFC SMX TMP 

Spring 

2023 

TR1 n.d. n.d. n.d. 1.05 <LOQ 5.54 n.d. n.d. n.d. 

LR1 34.11 12.70 93.74 0.87 144.66 5.90 782.98 13.33 5.32 

TR2 6.62 7.07 3.26 0.90 76.69 0.56 139.98 n.d. 2.29 

IR1 5.39 9.17 36.68 0.74 61.99 7.14 286.48 n.d. 4.24 

IR2 10.2 2.39 21.24 1.16 167.16 5.39 188.68 n.d. 2.72 

IR3 4.26 3.11 9.26 0.62 54.18 13.75 88.43 n.d. 2.48 

Summer 

2023 

TR1 n.d. n.d. n.d. n.d. n.d. 9.82 2.06 0.44 n.d. 

LR1 40.4 2.76 20.34 0.86 42.82 7.19 553.54 0.44 3.68 

TR2 3.37 4.68 7.46 0.54 10.24 11.87 35.16 1.09 1.56 

IR1 2.89 0.76 9.43 n.d. 85.61 0.35 84.27 n.d. 3.28 

IR2 0.74 2.81 3.68 0.49 18.04 11.94 40.93 n.d. 0.57 

IR3 3.06 1.39 1.55 0.62 10.02 37.77 12.61 n.d. n.d. 

Spring 

2024 

TR1 3.47 7.16 n.d. n.d. n.d. 21.27 3.72 1.02 n.d. 

LR1 60.5 49.28 41.95 n.d. 212.15 18.85 1067.5 n.d. 7.84 

TR2 36.56 9.23 10.25 2.68 111.37 1.43 101.78 9.80 38.3 

IR1 20.15 22.13 17.09 n.d. 312.43 9.45 251.71 3.48 17.6 

IR2 20.43 11.51 0.41 0.74 396.20 0.32 220.24 2.97 17.8 

IR3 14.88 0.62 n.d. 0.49 87.32 5.98 65.83 n.d. 4.29 

Summer 

2024 

TR1 6.43 4.20 n.d. n.d. n.d. 10.66 7.16 1.90 n.d. 

LR1 41.53 8.98 32.80 1.46 54.24 0.27 415.15 0.59 8.91 

TR2 14.24 1.48 12.09 1.54 17.71 1.45 34.55 n.d. 2.91 

IR1 10.41 3.32 0.87 n.d. 30.99 0.46 57.24 n.d. 1.68 

IR2 14.52 2.44 6.58 1.29 59.74 0.82 66.89 0.41 2.70 

IR3 16.1 1.37 n.d. 0.64 41.21 13.53 27.53 0.40 1.83 

n.d. : not detected; <LOQ: below the limit of quantitation. 
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Figure 8. Seasonal and spatial variations of selected pharmaceuticals in sediments of the 

Ishmi River basin for (a) spring and (b) summer of the year 2023; and (c) spring and (d) 

summer of the year 2024 

1.5.5. Partitioning of selected pharmaceuticals under environmental conditions 

Sediment-water partition coefficients (Kd) calculated from corresponding (water and 

sediment sampled at the same time and at the same location) aqueous and sediment 

concentrations revealed high variability among compounds and sites (Table 8). Values ranged 

from 0.42 – 24.8 mL g-1 for NPX, 0.17 – 27.3 mL g-1 for IBU, 12.5 – 178.1 mL g-1 for 

AETM, 3.06 – 971.2 mL g-1 for CMC, 13.9 – 8,534.4 mL g-1 for CFC, 54.2 – 197.3 mL g-1for 

SMX, and 39.3 – 3,142 mL g-1 for TMP. Organic carbon-normalized coefficients (Koc) were 

especially high for CFC (up to 135,037 mL g-1 C), reflecting strong sorption potential for this 

compound.  

Correlation analyses indicated sediment pH, organic carbon content (OC), and the pH-

dependent n-octanol–water distribution coefficient (Dow) as primary predictors of 

partitioning. From the models and the fittings data, it could be observed that for CFC, NPX, 

and IBU the models were accurate and could be used to predict their environmental 

concentrations. Meanwhile, AETM and CMC, although showing good fitting relationship 
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between calculated and predicted values (especially for AETM), the significance was not 

achieved during the multiple step fitting analysis (Fig. 9).  

 

 

Figure 9. The relation (model validation) between the calculated and predicted Kd of (a) 

NPX; (b) IBU; (c) AETM; (d) CFC; and (e) CMC 

Table 8. Kd and Koc calculated values on site compared with literature values 

Compound Kd (mL g-1) Koc (mL g-

1 C) 

Literature (mL g-1) Matrix Reference 

Min Max Mean Mean Kd Koc   

ATM 

 

369.2 3,144.7 121-1,834 17,783 Sediment (Royano et al., 

2024, Li et al., 

2019a) 

AETM 12.5 178.1 114.2 2,699.7 2-73; 211 - Sediment (Royano et al., 

2024, Sung-

Chul and 

Kenneth, 2007) 

CFC 13.9 8534.4 2,180.9 42,472.9 329.3-4,664 - Sediment (Zhao et al., 

2016) 

CMC 3.06 971.2 224.0 24,276 0.7-570 125.9-

25,119 

Sediment (Li et al., 

2019a) 

IBU 0.17 27.3 9.09 236.4 1.72-45.5 192-

1,110 

Soil (Vulava et al., 

2016) 

NPX 0.42 24.8 8.10 209.7 3.4-356 340-

7,610 

Soil (Vulava et al., 

2016) 

SMX 54.2 197.3 115.5 3,117.6 22-105 - Sediment (Hu et al., 

2018) 

TMP 39.3 3,142 720.5 12,854 18.8-3,126  - Sediment (Tang et al., 

2019, Hu et al., 

2018) 
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Sediment pH influenced compound speciation and sediment surface charge, with higher pH 

reducing Dow and consequently the Kd. Hydrophobicity (log Kow) alone was insufficient to 

explain sorption; ionic interactions, often dominant for ionizable pharmaceuticals, played a 

key role. OC content positively influenced Dow and sorption, underscoring the role of organic 

matter in pharmaceutical retention. 

In addition, the total content of major sediment cations (Al, Fe, Ca, Mg, K, Na) contributed to 

observed sorption patterns. Metals such as Al and Fe can promote complexation and ligand 

exchange with functional groups of certain pharmaceuticals, enhancing sediment binding, 

particularly for antibiotics with multiple ionizable moieties (IBU and NPX) (Table 9). 

Similarly, Ca and Mg may influence sorption indirectly by affecting sediment aggregation 

and surface charge, while monovalent cations such as K and Na can compete with 

pharmaceuticals for electrostatic binding sites. In this study, significant negative correlations 

were observed between Kd and certain cations (e.g., Fe, Ca, Mg for CFC), suggesting that in 

some cases high cation content may reduce sorption by altering electrostatic interactions or 

competing for active binding sites (Table 9) (Kong et al., 2024).  

Table 9. Correlation coefficients (R) between Kd and sediment properties 

Comp-

ound 

Adj. R2 Adj. R2 Dow 3CaCO Al Fe Ca K Mg Na 

(%OC) pH (CaCl2)   (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) (mg kg-1) 

AETM 0.734* -0.085 -0.011 -0.369 -0.867* -0.306 -0.308 -0.242 -0.609* -0.605* 

CFC 0.565** -0.811*** 0.837*** -0.105 -0.119 -0.636* -0.394* -0.389* -0.384* -0.113 

CMC 0.678* -0.194 0.15 -0.249 -0.335 -0.61* -0.179 -0.477 -0.134 -0.11 

IBU 0.206 -0.544** 0.609** -0.144 0.311* 0.247 -0.129 0.133 -0.049 0.208 

NPX 0.259 -0.461** 0.444** -0.326* 0.423* 0.095 -0.029 0.259 -0.153 0.104 

SMX 0.961** -0.169 0.286 -0.04 0.687 0.351 -0.271 -0.18 -0.282 -0.077 

TMP 0.227 -0.129 0.095 -0.248 0.499 -0.087 -0.249 -0.373 -0.112 -0.248 

*p < 0.05, **p <0.01, ***p<0.001 

1.5.6. Sorption of naproxen and carbamazepine onto MBC 1:2:1 composite 

The adsorption performance of the prepared MBC 1:2:1 composite was evaluated for the 

removal of NPX having CBZ as a co-contaminant from aqueous solutions, focusing on solid 

to liquid ratio, adsorption kinetics, solution pH, temperature and concentration, dissolved 

organic matter (DOM), reusability, and tests with river water. The composite achieved 

maximum sorption at a low solution pH of ~2.5 and an individual adsorbent dose of 0.5 g L-

1(Fig. 10a). Equilibrium was reached within approximately 12 hours (720 minutes) (Fig. 
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10b). The PSO model provided a better fit to the rate data, suggesting that the adsorption 

process followed chemisorption, primarily controlled by valence electron sharing or 

exchange, which resulted in attractive interactions, such as electrostatic and hydrophobic 

forces, between the adsorbent surfaces and naproxen species. Sorption was endothermic and 

best described by the Sips isotherm model, suggesting combined monolayer adsorption and 

heterogeneous surface behavior (Fig. 10c).  

 

Figure 10. (a) Adsorption trend and removal efficiency at varying MBC 1:2:1 dosage; (b) 

naproxen adsorption rate trend and kinetics model fittings on the naproxen adsorption rate 

data; (c) adsorption isotherm models at 20 °C, 30 °C, and at 40 °C 

Mechanistic insights from Fourier-transform infrared (FTIR) spectroscopy revealed that –OH 

functional groups of the composite played a key role in NPX sorption (Fig. 11a). A 

pronounced decrease in the broad absorption band between 3600–2600 cm-1 (centered at 

~3200 cm-1) after NPX adsorption indicated strong hydrogen bonding between NPX and –

OH sites on the composite surface. For CBZ, the adsorption process was predominantly 

governed by hydrophobic interactions and π–π electron donor–acceptor interactions between 

CBZ’s aromatic rings and the conjugated carbon structures of the composite. Under 

conditions where solution pH was lower than the composite’s point of zero charge (pHpzc), 

cation–π interactions were also likely, due to a positively charged composite surface. The 

study examined how solution pH affects NPX and CBZ adsorption in single and binary 

systems (Fig. 11b). CBZ, which remains neutral across tested pH values (2.5 – 10), adsorbed 

mainly through hydrophobic, π–π, hydrogen bonding, and possible cation–π interactions. At 

low pH (<4.5), both drugs showed high sorption, with NPX adsorbing more strongly due to 

stronger competition. As pH increased, overall sorption decreased, but CBZ adsorption 

gradually surpassed NPX, indicating weaker competition at higher pH values. The MBC 

1:2:1 composite thus demonstrated multifunctional sorption behavior and maintained high 

removal efficiency under environmentally relevant pH ranges (Fig. 11d). The effect of 
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dissolved organic matter (DOM) on NPX and CBZ sorption was studied using humic acid 

(Fig. 11c). At low DOM levels, NPX uptake slightly increased, but higher DOM 

concentrations reduced sorption in both single and binary systems due to electrostatic 

repulsion. CBZ sorption decreased more consistently with rising DOM, likely from 

competition between humic acid functional groups and CBZ for adsorption sites. In river 

water (similar DOM to 20 mg L-1 humic acid), sorption capacities matched this trend, 

confirming that DOM limits drug adsorption onto the composite. The composite retained 

≥99% removal efficiency after five consecutive adsorption–desorption cycles, demonstrating 

exceptional reusability. In river water spiked with low levels of NPX (~50 µg L-1), removal 

efficiency remained high (~93%), indicating the composite's applicability in environmental 

contexts. 

 

Figure 11. (a) Comparison of pre-adsorption and post-adsorption FTIR spectra; (b) effect of 

pH; (c) effect of DOM; and (d) effect of river water 

1.5.7. Sorption of Cd(II), Cr(VI), and Cu(II) onto MBC 1:2:1 and MBC 1:3:1 composites 

The adsorption performance of the prepared MBC 1:2:1 and MBC 1:3:1 composites was 

evaluated for the removal of simultaneously Cd(II), Cr(VI), and Cu(II) from aqueous 

solutions, focusing on solid to liquid ratio, adsorption kinetics, solution pH, temperature and 
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concentration, and reusability. Both composites showed optimum removal efficiency for all 

three cations at 0.66 g L-1 adsorbent dose. Rapid uptake occurred within the first 240 min, 

accounting for >85% of total adsorption, followed by slower diffusion driven uptake until 

equilibrium at 720 min (Fig. 12). Overall, comparison of the PFOM and PSOM correlation 

coefficients (r2) and chi-square (χ2) values showed that the PSOM provided a better fit, with 

r2 values closer to unity and lower χ2 values (Fig. 12). This indicates that the adsorption 

process was better described by PSOM kinetics, suggesting control by valence electron 

exchange between surface sites and metal ions, leading to electrostatic interactions. 

Adsorption capacity trends showed Cu(II) >Cd(II) ≈ Cr(VI). The effect of pH was significant; 

Cd(II) and Cu(II) adsorption maximized at pH 6 due to deprotonation of active sites, while 

Cr(VI) adsorption peaked at pH 3, driven by attraction of HCrO4
- to positively charged 

composites surfaces. 
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Figure 12. Kinetics modeling of rate data for adsorption of (a) Cd(II) on MBC 1:2:1, (b) 

Cd(II) on MBC 1:3:1; (c) Cr(VI) on MBC 1:2:1 (d) Cr(VI) on MBC 1:3:1; (e) Cu(II) on MBC 

1:2:1, (f) Cu(II) on MBC 1:3:1 

The dominant adsorption processes were electrostatic attractions and pore phase adsorption, 

together accounting for over 90% of total uptake. Key functional groups involved included –

OH, –COO⁻, and –C–N, which likely facilitated surface-binding and complexation 

interactions with metal ions (Fig. 13c). 

In ternary systems, both competitive and synergistic effects were observed. Increasing Cu(II) 

concentration enhanced Cr(VI) adsorption efficiency by 79–86% but reduced Cd(II) uptake 

by 52–65% ((Fig. 13a and 13b). This suggests preferential interactions between Cu(II) and 

the adsorbent, facilitating additional binding of Cr(VI). FTIR spectra post-adsorption showed 

enhanced vibrations of –OH groups and the emergence of carboxyl peaks, suggesting 

participation in metal binding and partial reduction of Cr(VI) to Cr(III) (Fig. 13c). Amide 

groups also shifted, confirming involvement in binding. Isotherm modeling indicated that 

Langmuir best described Cu(II) adsorption, consistent with monolayer coverage, while 

Langmuir–Freundlich also fit well, suggesting surface heterogeneity. Elevated temperatures 

modestly improved Cd(II) adsorption, whereas Cr(VI) and Cu(II) sorption showed negligible 

sensitivity to temperature changes. 

 

Figure 13. (a) Effect of the initial concentration of Cu(II) on Cd(II) and Cr(VI) removal 

efficiency on MBC 1:2:1; (b) on MBC 1:3:1 [adsorbent mass: 20 mg in 30 mL solution using 

1 mg L-1 Cd(II), 3 mg L-1 Cr(VI), and 3-20 mg L-1 of Cu(II), pH = 5.4 at 200 rpm]; (c) pre 

and post-adsorption FTIR spectra of the composites 

Reusability tests demonstrated stable Cr(VI) removal over five cycles, with 70% efficiency 

retained for MBC 1:2:1. In contrast, Cd(II) and Cu(II) removal dropped after the first cycle, 

indicating strong irreversible binding. 
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1.6. Conclusions 

This cumulative dissertation has provided new insights into the occurrence, environmental 

partitioning, and remediation of pharmaceutical and heavy metal contaminants in the Ishmi 

River basin, Albania. By combining field monitoring with the development of sustainable 

composite adsorbents, the research has addressed both fundamental knowledge gaps and 

practical treatment challenges in regions with limited wastewater treatment infrastructure.  

The first component of this thesis demonstrated that pharmaceutical pollution in the Ishmi 

River basin is both compound’s and site-specific, with urban hotspots such as the Lana River 

(LR1) exhibiting the highest contamination levels. Seasonal monitoring confirmed the 

persistence of compounds such as azithromycin and ciprofloxacin, while regression modeling 

revealed that physicochemical properties of sediments (pH, organic carbon, carbonates, and 

metal (cations) content) are key drivers of sediment–water partitioning of selected 

pharmaceuticals. These findings validate the need for locally adapted predictive models in 

limited data regions. 

The second component established the potential of grape cluster stalk waste derived biochar, 

combined with feldspar clay and magnetic nanoparticles, to form magneto-biochar-clay 

(MBC) composites with enhanced surface properties, cation exchange capacity, and 

recoverability. The prepared MBC 1:2:1 composite was applied to remove selected 

pharmaceuticals such as naproxen and carbamazepine, showing that they can be effectively 

removed through hydrophobic, electrostatic, and π–π interactions. The composite maintained 

its high performance under competitive, in the presence of dissolved organic matter, and 

under real river water conditions, while also demonstrating excellent reusability across 

multiple cycles.  

The third component extended the application of MBC composites (MBC 1:2:1 and MBC 

1:3:1) to heavy metal removal. These composites exhibited high efficiency for the 

simultaneous removal of toxic metals (Cd(II), Cr(VI), Cu(II)) under environmentally relevant 

conditions, with favorable kinetics and strong sorption mechanisms involving hydroxyl, 

carboxyl, and amide functional groups. 

Taking together, the outcomes of this thesis contribute to three main advances: 

1. A mechanistic understanding of pharmaceutical occurrence and partitioning in under-

monitored surface water systems. 
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2. The development of sustainable, low-cost, magnetically separable biochar–clay 

composites for water remediation. 

3. The demonstration of integrated approaches linking contaminant monitoring to 

treatment strategies, thereby bridging scientific research with practical applications. 

Overall, the findings not only enhance scientific knowledge of contaminants fate in 

freshwater ecosystems but also offer scalable, nature-based technologies with direct 

relevance for Albania’s environmental management and alignment with European Union 

water policy goals. Future work should focus on pilot-scale implementation of the developed 

composites, long-term performance under variable field conditions, and integration into 

national water quality management frameworks. 
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