NEUE WEGE . SEIT 1607,

JUSTUS-LIEBIG-
o UhveRSTAT
ciessen

Justus Liebig University Giessen & Agricultural University of Tirana

Occurrence and partitioning of selected micropollutants in the
Ishmi River Basin, Albania: water treatment under use of low-
cost functionalized magneto clay-biochar composites for

naproxen, carbamazepine, Cd(l1), Cr(VI), and Cu(ll) removal

Cumulative Dissertation

For obtaining the doctoral degree
Doctor rerum naturalium (Dr. rer. nat.)
at the
Faculty of Agricultural Sciences, Nutritional Sciences, and Environmental Management
Justus Liebig University Giessen
&

Doctor of Environmental Sciences (Dr.)
at the
Faculty of Agriculture and Environment
Agricultural University of Tirana

Submitted by
Aleksandér Peqini (M.Sc. Agro-environment Engineering)

Born in Belsh, Albania

Giessen, 2026



With the permission of the Faculty of Agricultural Sciences,
Nutritional Sciences and Environmental Management

Justus Liebig University Giessen

&
Faculty of Agriculture and Environment

Agricultural University of Tirana

Board of Examiners

1. Reviewer, Supervisor Prof. Dr. Rolf-Alexander During
2. Reviewer, Supervisor Prof. Dr. Ferdi Brahushi
Examiner Prof. Dr. Susanne Jacobs
Examiner Prof. Dr. Fatbardh Sallaku

Examiner Prof. Dr. Lutz Breuer



Content

Table of contents

LISE OF FIQUIES ...ttt sttt e st e e e re e sbeetesne e s beenbeaneenne s ii
LISE OF TADIES ...ttt sttt saeeteene e \Y;
LiSt OF ADDIEVIALIONS .. .ottt nre e enes v
SUMIMAIY .ttt etttk b ettt e e be e bt eeh b e ekt e e b b e e skt e ehe e e a bt e ab e e e mb e e nan e enbeeabeeenbeenneeannes viil
= 010 (=T | ] T SR RPRSPPSURSS X
ZUSAMIMENTASSUNG. ...ttt ettt e st e sttt st st e s ebe et e eeneanas X
AADSTTACT ...t b bbb Xii
1. EXEENdEd SUMMAIY....coiiiiieeie ettt te et e s ae e ste e s e s raenteebeennesreas 1
00 O 101 1 oo [F o 1 (oo SRS 1
1.2.  Properties and fate of study selected pharmaceuticals.............ccccooceriiiiiiiiiinicienn, 5
1.2.1.  Physicochemical PrOPerties ............coueiiieriiierese s 5
1.2.2.  Sources of pharmaceuticals in the environment ..........ccccooevereniienininisieees 9
1.2.3.  Removal methods of pharmaceuticals from wastewater ..............ccccccevvevvenenne. 10

1.3, AIMOFthe STUAY ....oviiecccee et 13
1.4, Materials and MEtNOUS .........cccoiiiiiiiiiice s 14
1.4.1.  Study area and sample COHECLION............ccovviiiiieiece e 14
1.4.2.  Data treatment: Partitioning .........cooeveeireiirenerese e 15
1.4.3.  StatiStical ANAIYSIS.......ccooiiiiiiiiii i 16
144,  COmMPOSItES PrEPATALION ....cc.evviieiiiiriesiieieei ettt 17
145, SOIPUON TESES.....itiiiiiiieiieiet ettt 18
1.4.6.  SOrption data aNalYSIS ........ccccveiiiiiieeie s 18

1.5, RESUIS @Nd QISCUSSION....c.viiiiiiiiitiitieiieieie ettt nes 20
1.5.1.  Pharmaceutical consumption in Albania ............cccccevviiiiiiiciicsece e 20
1.5.2. Wastewater situation in AIDAnIa..........ccoceiiiiiiiiniii e 20
1.5.3.  Selected pharmaceuticals concentrations in water samples............c.ccocoevvvnennnn. 22
1.5.4.  Selected pharmaceuticals concentrations in sediment samples..............ccccoe..... 24
1.5.5.  Partitioning of selected pharmaceuticals under environmental conditions........ 26
1.5.6.  Sorption of naproxen and carbamazepine onto MBC 1:2:1 composite.............. 28
1.5.7.  Sorption of Cd(ll), Cr(VI), and Cu(ll) onto MBC 1:2:1 and MBC 1:3:1

(o00] 0 0] 0101 | (=TSP PRSP 30



Content

1.8, CONCIUSIONS ...ttt bbbttt bbb bbbt 33
1.7. LITIATUNE ..ttt ettt bbbttt 35
2. Publication 1: Integrated analysis of the occurrence and in situ sediment-water
partitioning of selected pharmaceuticals in a rivering SyStem ...........ccccveeveiieneeiesis e 42

2.1, Main Text of PUBLICALION L.......ccooiiiiiiie e 43

2.2.  Supplementary Material of PUBLICAtION L........c.cccooiiiiiiiiiiccece e, 59

3. Publication 2: Sustainable removal of aqueous naproxen using a ternary magneto-
biochar-clay composite: Competition with carbamazepine and influence of dissolved organic

[0 E= L TP RTPRTO 76
3.1.  Main Text of PUBLICAtION 2.........ccooiiiiiieir e 77
3.2.  Supplementary Material of PUblIication 2.............cccccoeveiiiiiiiecicse e, 87

4. Publication 3: Enhancing Biosorbent Stability, Performance Efficiency, and Cost-
effectiveness: A Ternary Magnetic Composite for Sequestration of Multiple Toxic Metals

LLC0L IR L] PSRRI 91
4.1.  Main Text of PUDIICALION 3........cuoiiiieece e 92
4.2.  Supplementary Information of Publication 3...........c.cccccov i 101

5. List of peer-reviewed publICAtIONS ...........coiiiiiiieie e xiii

6. List of conference CONtIIDULIONS .......c.covviiiiiiiiicice e XV

7. ACKNOWIEUGEIMENLS ......eciiiiie ettt ettt et e st e e e s esreeteereearaeneeas XVi

8. STAtULONY AECIAratiON .....c.eeiiiiiicie e XVii



Figures and Tables

List of Figures

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
LU L oF: TSP UTUPRURURPRPRRPIN 6

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),
Kimmerer et al. (2010), Li et al. (2022), Matesun et al. (2024), and Philips et al. (2015) .....10

Figure 3. Water and sediment sampling in the Ishmi River basin............cccocooiiiiiicien, 15
Figure 4. Location of sampling points in the Ishmi River basin............ccccccveviiii i, 17

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
0Ver 2023-2024 1N AIDANIA .....cc.oiiiiiieieie e 20

Figure 6. (a) Population percentage connected to wastewater treatment plants, and (b)
generated and safely treated wastewater over the period 2014-2022 in Albania .................... 21

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.................... 23

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)
SUMMET OF the YEAr 2024...........o o st be e aneas 26

Figure 9. The relation (model validation) between the calculated and predicted Kq of (a)
NPX; (b) IBU; (c) AETM; (d) CFC; and (8) CMC ......coooiiieiiecece e 27

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.........cccccvevvrcververerennnnnn, 29

Figure 11. (a) Comparison of pre-adsorption and post-adsorption FTIR spectra; (b) effect of
pH; (c) effect of DOM; (d) effect of river water; and (e) effect of environmental
(ot a ot =1 o] o OSSPSR PSRRI 30

Figure 12. Kinetics modeling of rate data for adsorption of (a) Cd(ll) on MBC 1:2:1, (b)
Cd(ll) on MBC 1:3:1; (c) Cr(VIl) on MBC 1:2:1 (d) Cr(VI) on MBC 1:3:1; (e) Cu(ll) on
MBC 1:2:1, (f) CU(HT) 0N MBC L:3:1 ... 32

Figure 13. (a) Effect of the initial concentration of Cu(ll) on Cd(Il) 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 Cd(ll), 3 mg L Cr(VI), and 3-20 mg L™ of Cu(ll), pH = 5.4 at 200 rpm]; (c) pre
and post-adsorption FTIR spectra of the COMPOSITES........cccoveiiiiiiiiiie e 32



Figures and Tables

List of Tables

Table 1. Physicochemical properties of the selected pharmaceutical compounds.................... 7
Table 2. Molecular structures of the selected pharmaceutical compounds.............cccccevvennnne. 7
Table 3. Advantages and disadvantages of ECs removal techniques ...........ccccooveviveieiinnen, 11
Table 4. Sampled Ishmi basin Rivers sites characteristiCs...........ccccevvveveiieiiievecc e, 14
Table 5. Sorption data treatment @QUALIONS...........c.ccverieeieiiere e 19

Table 6. Summary of mean concentrations of selected pharmaceuticals in the water and
sediments of different locations from Ishmi RiVer basin............ccoccooeiiiinininccee, 24

Table 7. Concentrations of the selected pharmaceuticals at each sampled season of 2023 and

2024 in sediments Of IShMI RIVET DASIN.........ccciiiieiieicie e 25
Table 8. Kqand Ko calculated values on site compared with literature values....................... 27
Table 9. Correlation coefficients (R) between Kqand sediment properties..........ccoocceeveene. 28



Abbreviations

List of Abbreviations

ACN acetonitrile

AETM anhydro-erythromycin

Al aluminum

ANOVA analysis of variance

APs antiepileptics

ATM azithromycin

BC biochar

BET brunauer-emmett-teller

Ca calcium

CaCl; calcium chloride

CaCOs carbonates

CAFF caffeine

CBz carbamazepine

cd(n cadmium

Ce equilibrium concentration of analyte
CEC cation exchange capacity

CFC ciprofloxacin

CMC clindamycin

Co initial concentration of analyte
Cr(VI) chromium

Cs concentration in the sediment phase
Cu(ln copper

Cw concentration in the water phase
DAs diaminopyrimidines

DCF diclofenac

DOM dissolved organic matter

Dow pH-dependent n-octanol-water partition coefficient
ECs emerging contaminants

EDTA ethylenediaminetetraacetic acid disodium salt dihydrate
ETM erythromycin

EU European Union

Fe iron

FesOa4 magnetite

FLC feldspar clay

foc fraction of organic carbon

FQs fluoroquinolones

FTIR fourier transform infrared

GCW grape cluster waste

H2S04 sulfuric acid

H3PO4 phosphoric acid

HCI hydrochloric acid



Abbreviations

HPLC-UV/FLD
HPLC-MS/MS

IBU

IC
ICP-OES
IPD
IR1
IR2
IR3

K

Kd
KH2PO4
KOC

I‘<0W
LOD
LOQ
LR1
MBC-x
Mg
MLs
MNP
MW
Na
NaN3
NaOH
n.d.
NPX
NSAIDs
oC
PFOM
pHpzc
PKa
PSOM
PTFE
Qe

Qt

RMSE
SAs
SEM
SMs
SMX

high-performance liquid chromatography with ultraviolet and
fluorescence detection
high-performance liquid chromatography coupled with tandem mass
spectrometry

ibuprofen

inorganic carbon

inductively coupled plasma optical emission spectroscopy
intraparticle diffusion model

Ishmi River 1

Ishmi River 2

Ishmi River 3

potassium

sediment-water partition coefficient
potassium dihydrogen phosphate
organic carbon-normalized partition coefficient
n-octanol-water partition coefficient
limit of detection

limit of quantification

Lana River 1

magneto-biochar-clay composite
magnesium

macrolides

magnetic nanoparticles

molecular weight

sodium

sodium azide

sodium hydroxide

not detected

naproxen

non-steroidal anti-inflammatory drugs
organic carbon

pseudo-first-order model

pH of point zero charge

acid dissociation constant
pseudo-second-order model
polytetrafluoroethylene

adsorption capacity in equilibrium
adsorption capacity at a certain time
universal gas constant

root mean square error

sulfonamides

scanning electron microscope
stimulants

sulfamethoxazole

Vi



Abbreviations

SPE
TH
T™P
™
TOC
TR1
TR2
TS

WP
WWTPs
XRD
AG®
AH®
AS°

solid phase extraction
total hydrogen
trimethoprim

total nitrogen

total carbon

Tirana River 1
Tirana River 2

total sulfur

volume

work package

waste water treatment plants
x-ray diffractometer
gibbs free energy
enthalpy

entropy

vii



Summary

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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Summary

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.



Zusammenfassung

Pérmbledhje

Ndotja e ujérave nga produktet farmaceutike (“mikrondotésit”) dhe metalet e rénda pérbén
njé sfidé mjedisore gjithnjé né rritje né nivel global, vecanérisht né rajonet ku infrastruktura
pér trajtimin e ujérave té ndotura dhe programet e monitorimit mjedisor mbeten té kufizuara.
Shqipéria pérfagéson njé rast té tillé, ku evidenca shkencore mbi praniné, sjelljen mjedisore
dhe menaxhimin e kétyre ndotésve éshté ende e pakét, pavarésisht presioneve né rritje té
shkaktuara nga urbanizimi, rritja e popullsisé dhe konsumi i produkteve farmaceutike.
Plotésimi i kétyre boshllégeve njohurish kérkon jo vetém njé kuptim mé té miré té
shpérndarjes sé ndotésve né sistemet ujore, por edhe zhvillimin e zgjidhjeve té géndrueshme
dhe ekonomikisht té pérballueshme pér trajtimin e tyre.

Kjo tezé kumulative kombinon monitorimin mjedisor dhe kérkimin mbi rehabilitimin e
ujérave pér té studiuar praniné dhe fatin mjedisor té€ ndotésve né basenin e lumit Ishém né
Shqipéri, si dhe pér té zhvilluar materiale me kosto té ulét pér aplikime né trajtimin e ujit.
Kérkimi éshté strukturuar né tre studime té ndérlidhura.

Studimi i paré ofron njé vlerésim gjithépérfshirés té pranisé dhe sjelljes mjedisore té
produkteve farmaceutike té pérzgjedhura né ujérat sipérfagésore dhe sedimente. Népérmjet
analizés sé ndryshimeve hapésinore dhe sezonale, si dhe vlerésimit té shpérndarjes sediment—
ujé né kushte natyrore mjedisore, studimi identifikon faktorét gé kontrollojné shpérndarjen e
ndotésve brenda sistemit lumor. Rezultatet tregojné se sjellja e produkteve farmaceutike
pércaktohet nga kombinimi i vetive specifike té komponimeve dhe karakteristikave in-situ té
sedimenteve, duke theksuar réndésiné e gasjeve té pérshtatura sipas kushteve lokale pér
parashikimin e fatit té ndotésve né mjediset ujore. Pér mé tepér, studimi kontribuon me té
dhéna bazé té vlefshme pér njé rajon ku informacioni mbi ndotjen farmaceutike ka gené deri
mé tani shumé i kufizuar.

Duke u mbéshtetur né njohurité e fituara nga monitorimi mjedisor, studimi i dyté dhe i treté
fokusohen né zhvillimin e kompoziteve inovative magneto-biochar-argjilé, té prodhuara nga
materiale lokale dhe me kosto té ulét. Pérdorimi i biochar-it té pérftuar nga kércelli i cepit té
rrushit, argjilés feldspatike dhe nanogrimcave magnetike rezultoi né kompozite
multifunksionale me veti fiziko-kimike té& pérmirésuara dhe rikuperueshméri magnetike. Kéto
materiale u vlerésuan si adsorbenté té géndrueshém pér largimin e ndotésve organiké dhe
inorganiké nga uji.

Kompozitet e zhvilluara demonstruan potencial té larté pér largimin e ndotésve né kushte
mjedisore reale. Efektiviteti i tyre u konfirmua si pér farmaceutikét gé pérfagésojné
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Zusammenfassung

mikrondotés organiké persistenté, ashtu edhe pér metalet e rénda toksike gé gjenden shpesh
né ujérat e ndotura. Pérvec efikasitetit té larté té largimit, kompozitet treguan stabilitet dhe
ripérdorshméri té miré, duke déshmuar pérshtatshmériné e tyre pér aplikime praktike né
trajtimin e ujérave. Pérdorimi i mbetjeve bujgésore si léndé e paré mbéshtet gjithashtu
parimet e rikuperimit té burimeve, ekonomisé garkulluese dhe menaxhimit té géndrueshém
mjedisor.

Njé nga kontributet kryesore té késaj teze éshté integrimi i monitorimit té ndotésve,
vlerésimit té fatit t& tyre mjedisor dhe zhvillimit té teknologjive té rehabilitimit brenda njé
kuadri té vetém kérkimor. Rezultatet pérmirésojné kuptimin shkencor té proceseve té
shpérndarjes dhe ndarjes sé produkteve farmaceutike té pérzgjedhura né mjediset lumore,
duke ofruar njékohésisht zgjidhje praktike pér largimin e ndotésve. Kjo gasje e integruar
demonstron se si vézhgimet mjedisore mund té shndérrohen né strategji rehabilitimi té
orientuara dhe té pérshtatura sipas kushteve lokale.

Né pérgjithési, gjetjet e késaj teze kontribuojné me njohuri té reja mbi praniné e produkteve
farmaceutike dhe ndérveprimet sediment—ujé né njé rajon pak té studiuar té Evropés
Juglindore, si dhe demonstrojné zbatueshmériné e kompoziteve magneto-biochar-argjilé me
kosto té ulét si materiale té€ géndrueshme pér trajtimin e ujit. Rezultatet mbéshtesin pérpjekjet
e ardhshme pér menaxhimin e cilésisé sé ujit né Shqipéri dhe ofrojné evidencé shkencore té
réndésishme pér zbatimin e objektivave té Bashkimit Evropian (BE) pér mbrojtjen e ujérave
né vendet gé kalojné procese transformimi mjedisor dhe rregullator.
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Zusammenfassung

Zusammenfassung

Die Belastung von Gewissern durch Arzneimittelriickstinde (,,Mikroschadstoffe®) und
Schwermetalle stellt weltweit eine zunehmende Umweltproblematik dar, insbesondere in
Regionen mit begrenzter Abwasserinfrastruktur und unzureichenden
Umweltiiberwachungsprogrammen.  Albanien  gehdrt zu  diesen  Regionen, da
wissenschaftliche Erkenntnisse Uber das Vorkommen, das Umweltverhalten und das
Management dieser Schadstoffe bislang nur begrenzt verfigbar sind, obwohl Urbanisierung,
Bevolkerungswachstum und Arzneimittelverbrauch kontinuierlich zunehmen. Die SchlieBung
dieser Wissensliicken erfordert sowohl ein besseres Verstandnis der Schadstoffverteilung in
aquatischen Systemen als auch die Entwicklung nachhaltiger und wirtschaftlich tragfahiger
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 kostengunstige Materialien fur Anwendungen in
der Wasseraufbereitung zu entwickeln. Die Forschungsarbeit ist in drei miteinander
verknupfte Studien gegliedert.

Die erste Studie liefert eine umfassende Bewertung des Vorkommens und Umweltverhaltens
ausgewahlter Arzneimittel in Oberflachengewassern und Sedimenten. Durch die
Untersuchung raumlicher und saisonaler Variationen sowie der Sediment-Wasser-Verteilung
unter natirlichen 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 Ansatze zur VVorhersage des Verbleibs von Schadstoffen in aquatischen
Okosystemen. Dariiber hinaus liefert die Studie wertvolle Basisdaten fiir eine Region, in der
Informationen zur Arzneimittelbelastung bislang nur sehr begrenzt verfugbar waren.
Aufbauend auf den Erkenntnissen des Umweltmonitorings konzentrieren sich die zweite und
dritte Studie auf die Entwicklung innovativer Magneto-Biokohle-Ton-Komposite aus lokal
verfugbaren und kostengtinstigen Ausgangsmaterialien. Die Verwendung von Biokohle aus
Traubenstangeln, Feldspat-Ton und magnetischen Nanopartikeln fuhrte zur Herstellung
multifunktionaler Komposite mit verbesserten physikochemischen Eigenschaften und
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magnetischer Rickgewinnbarkeit. 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. lhre Leistungsfahigkeit wurde sowohl fur Arzneimittel als
persistente organische Mikroschadstoffe als auch flr toxische Schwermetalle nachgewiesen,
die hdufig in belasteten Gewassern vorkommen. Neben hohen Eliminationsraten zeichneten
sich die Komposite durch gute Stabilitat und Wiederverwendbarkeit aus, was ihre Eignung
fur praktische Anwendungen in der Wasseraufbereitung unterstreicht. Die Nutzung
landwirtschaftlicher Reststoffe als Ausgangsmaterial unterstiitzt dartiber hinaus die Prinzipien
der  Ressourcenschonung, der  Kreislaufwirtschaft und  eines  nachhaltigen
Umweltmanagements.

Ein wesentlicher Beitrag dieser Dissertation besteht in der Verknlpfung wvon
Schadstoffmonitoring, =~ Umweltverhaltensanalysen ~ und  der  Entwicklung  von
Sanierungstechnologien innerhalb eines gemeinsamen Forschungsrahmens. Die Ergebnisse
erweitern das wissenschaftliche Verstdndnis der Verteilungs- und Partitionierungsprozesse
ausgewahlter Arzneimittel in FlieRgewadssern und liefern gleichzeitig praxisnahe
Losungsansatze zur Schadstoffentfernung. Dieser integrierte Ansatz zeigt, wie
Umweltbeobachtungen in gezielte und lokal angepasste Sanierungsstrategien Uberflhrt
werden kénnen.

Insgesamt liefern die Ergebnisse neue Erkenntnisse tber das Vorkommen von Arzneimitteln
und deren Sediment-Wasser-Interaktionen in einer bislang wenig untersuchten Region
Sldosteuropas. Gleichzeitig wird die Anwendbarkeit kostenglnstiger Magneto-Biokohle-
Ton-Komposite als nachhaltige Materialien fir die Wasseraufbereitung aufgezeigt. Die
Arbeit unterstutzt zukilnftige MaRnahmen zum Gewasserschutz in Albanien und liefert
wissenschaftliche Grundlagen fir die Umsetzung der Wasser- und Gewasserschutzziele der
Européischen Union (EU) in Landern, die sich in einem umwelt- und regulierungspolitischen

Transformationsprozess befinden.

Xi



Abstract

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 (K4, 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(ll), Cr(VI), Cu(ll)). 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 (Kummerer, 2009). They include a wide
range of substances such as analgesics/non-steroidal anti-inflammatory drugs (NSAIDSs),
antibiotics, cardiovascular pharmaceuticals, psycho-stimulants, hormones, and antiepileptic
drugs (Li, 2014). Among these, compounds such as caffeine (CAFF), carbamazepine (CBZ2),
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,
Kimmerer, 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(ll)),
chromium (Cr(V1)), and copper (Cu(ll)). 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 (Kimmerer, 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 (Kiimmerer, 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 (Kg¢ and Ko 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, Kimmerer, 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 (Kq)
(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.

Abiotic Pharmaceutical Abiotic :
transformations compounds transformations Pharmaceutical
; -Oxidation + -Oxidation compounds
-Sorption Transformation -Sorption ® N
Pharmaceutical Huamnjns -Photolysis Prodiicts -Photolysis Transformation |
Compounds Animals [l E— ! Products
In the \
|

Biodegradation Biodegradation Environment

N
l Wastewater ’ Environmental
treatment Fate

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=0), hydroxyls (—OH), esters (-COOQ), ethers (C-O-C), amines (—NH>),
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 n—n 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 Log pKa
solubility  Kow
(mg L)
SM  Caffeine CAFF 58-08-2 1942 CgH1oN4O2 20,000 -0.07 104
AMs  Diclofenac DCF 15307-86-5 296.15 CuiHiiCI:,NO,  2.37 415 451
Naproxen NPX 22204-53-1  230.26  Ci14H140s 15.9 318 42
Ibuprofen IBU 15687-27-1  206.28  Ci3His0- 21 397 491
AP Carbamazepine CcBz 298-46-4 236.27  CisH12N20O 17.66 245 139
MLs  Anhydro- AETM 23893-13-2 7159  CaHesNO12 3.06 8.88
erythromycin
Azithromycin ATM 83905-01-5 748.98 CzsH72N2012 2.4 402 87
Clindamycin CMC 18323-49-9 425 C18H33CIN20sS 216 7.6
Erythromycin ETM 114-07-8 733.9 C37He7NO13 2,000 3.06 89
FQ Ciprofloxacin CFC 85721-33-1 331.3  Ci7H18FN30s 30,000 0.28 6.09/8.76
SA Sulfamethoxazole SMX 723-46-6 253.3  CyoH11N30sS 610 0.89 1.85/5.6/5.9
DP  Trimethoprim TMP 738-70-5 290.3  Ci3H1sN4O3 400 091  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
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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=0)), 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 (Wojcieszynska et al.,, 2023). The presence of chlorine atoms enhances
hydrophobicity and reduces biodegradability, leading to reduced breakdown through
hydrolysis, photodegradation, and microbial action (Wojcieszynska 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, Kodesova 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 (Kummerer, 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 (Kiimmerer, 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),
Kimmerer 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

10



Extended Summary

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 (Dabrowski, 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 Simple and easy adaptable  High initial capital costs
Use of a solid material Wide range of products Nondestructive process

Waste valorization Non-selective
Environmentally Performance — material type
sustainable (when from based
agro-waste) Physical/chemical activation
Excellent treatment quality ~ (when from agro-waste)
Wide target of Rapid saturation — regeneration
contaminants Material elimination —
Effective and fast incineration
Reduce of chemical Not efficient for some polar
oxygen demand (COD) compounds
values

Chemical Use of oxidants such as Simple, rapid, and efficient Chemicals and pre-treatment

oxidation 03, Cly, ClOy, H,0, Generation of ozone on- Efficiency influenced by

KMnO4

site

Elimination of color and
odor

Cyanide and sulfide
removal

Increases biodegradability
Disinfection

oxidants

Short half-life (O3)

Few dyes resistant - high O3
doses

Formation of byproducts

No effect on COD values (O3)
No effect on salinity (Os)
Release of volatile compounds
Release of aromatic amines
(ClOy)

Generates sludge

11
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Nondestructive
Semipermeable barrier

Membrane
technology

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 Electrolysis Recovery of valuable High initial cost of the
techniques metals equipment
High adaptation to Maintenance and chemicals
conditions Operation inhibition (sludge)
Increases biodegradability ~ Post-treatment for Fe and Al
Fast organic matter Filtration necessary for flocs
separation Formation of sludge
Efficient and pH
independent
In situ coagulants
Economically feasible
Advanced Emerging processes In situ reactive radicals Laboratory scale
oxidation Destructive techniques No consumption of Economically non-viable for
processes chemicals small and medium plants

Contaminants
mineralization

No sludge

Rapid degradation
Efficient for dyes and
drugs

Reduce of COD and TOC
Destruction of phenol

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 agueous 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(ll), Cr(VI), and Cu(ll) 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 ltalia 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 m3s?! Site characteristics
Year 2023 Year 2024
Autumn Summer Autumn Summer

TR1 Tirana N41°38; 0.31 0.55 0.13 0.29 Light human activity;

River E19° 86' touristic attraction

LR1 Lana N41° 34" Wastewater discharges and
River  E19° 77 urban industry

TR2 Tirana N41° 35} Wastewater discharges and
River  E19° 77 urban industry

IR1 Ishmi N41° 43" Wastewater, agriculture,
River  E19°69' and industry; Airport

IR2 Ishmi  N41° 46" Urban and agriculture
River E19° 69' activities

IR3 Ishmi  N41°54'; 4.89 3.83 4.94 3.26 Agriculture activities
River E19° 61

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

Grab water samples (Fig. 3) were filtered (0.45 um), pH-adjusted (pH 2.7), and extracted
using solid-phase extraction (SPE) by adapting the reported methods of (Rohricht 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 (0-5cm depth) were sampled with a spatula (Fig. 3), frozen, lyophilized,
homogenized, and sieved (<100 um). 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 (CaCOg), 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 (M,,ontn, (MQ)) was calculated using the
following equation:

Mpnonen = D X 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.

o A

Figure 3. Water and sediment sampling in the Ishmi River basin
1.4.2. Data treatment: partitioning
The sediment—water partition coefficient (Kq) for the selected pharmaceuticals was calculated

using equation (1) (Royano et al., 2024).
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Kis=Cs/Cy 1)

where (Cs) (ng g%) is concentration in the sediment phase (Cw) (ng L) 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 Kq 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).

o ()

ow = Tr(iovh-rka)
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 = Ka / foc ©)

Where foc represents the fraction of organic carbon.

Using in-situ Kq 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 Kq values in the environment. The predictive
performance of these models was subsequently validated against the measured in-situ Kqg

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 (Kq), sediment
properties, and predicted Kq. Statistical significance was defined as p < 0.05. All statistical

analyses were performed using OriginPro 2015 (OriginLab Corporation, USA).
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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 FeCls and FeSO4-7H.O 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) 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 (Eg. 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 K° (L g'*) 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
g, = (C, —C,)v/m Amount of m, v, ge, Co, Ce, are the composite mass (g), 1
analyte adsorbed  volume of analyte solution (L), equilibrium
(mg g™ amount of analyte adsorbed (mg g), initial and
final analyte concentrations (mg L),
respectively
g, =0, (1- efklt) Pseudo-First t, qt, and k; are time (min), analyte adsorbed at 2
Order (PFO) time- t (mg g*), and PFO model rate constant,
kinetics model respectively
(Junck et al.,
2024)
q e2k2t Pseudo-Second  kz is the PSO model rate constant 3
q = 1+q—kt Order (PSO)
e2 kinetics model
q, = kIPDtUZ +C  Weber-Morris kirp and C are the IPD model rate constant, and 4
intraparticle the amount of surface adsorbed analyte (mg g?),
diffusion (IPD) respectively
QObCe LangmL_Jir Qo (mg/g) and b (L mg™) are the maximum 5
e = 14bC gdsorptlon adsorption capacity per gram (mg g}) and-
e isotherm model  energy-related parameter (L mg™), respectively
(Langmuir,
1916)
de =k cd Freundlich ks (L g and n are Freundlich model constant 6
adsorption and the Freundlich linearity parameter
isotherm model  (dimensionless), respectively
(Freundlich,
1906)
Q,(K.C,)" Sip’s adsorption  Ks (L mg?) and n are Sip’s model constant and 7
e = W isotherm model  the Sip’s exponent, respectively
e
K° = K, *1000 Dimensionless KL is Langmuir constant 8
equilibrium
constant
. AS® AH°® Thermodynamic ~ AS°, AH?, T, and R are entropy change (J*mol* 9
LnK”™ = R RT parameters K1), enthalpy change (kJ mol), Temperature
(K), and ideal gas constant (J* mol* K?),
respectively
AG® = —RTLnK ® Van’t Hoff AG" is the Gibb’s free energy (kJ mol?) 10
equilibrium
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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 89.5kg in 2021, and DCF with 10.8kg 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 1.4kg). 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,
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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 Durrés 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 (Mm?®) 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 Durrés districts),
Gjanica and Osumi (part of Semani’s basin located in Fier district), and surface waters where
the population density is higher (Tirana, Durrés, 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.
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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/
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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 ug L%, 11.3 pg LY, 2.0 pg L?, and 0.7 pg L2, respectively, with maximum
recorded values of 22.5 pg L™ (CAFF), 12.8 pug L (IBU), 2.6 pug L (NPX), and 1.8 pg L*
(CFC). ATM peaked at 7.5 pg L, while SMX and TMP reached 0.4 pg L™ and 0.1 pg L,
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 pg L™, 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) (n = 8) Sediment (ng g?%) (n=4)

Sampling Point

TR1 LR1 TR2 IR1 IR2 IR3 TR1 LR1 TR2 IR1 IR2 IR3
CAFF n.d. 10,676 1,430 5309 4,324 2,996 NM
CBz 41.1 260.5 n.d. 21.7 28.2 n.d. 25 44,1 152 9.7 115 96
NPX n.d. 2,028 525 1,255 914 585 2.8 184 56 8.8 4.8 1.6
IBU n.d. 11,297 1,037 8384 7,926 1,450 n.d. 472 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 27 09 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 at LR1 and 396 ng g IR2, respectively.
Other compounds occurred at lower but notable concentrations, including IBU (93.7 ng g}),
CBZ (60.5 ng g1), NPX (49.3 ng g1), TMP (38.3 ng g1), CMC (37.8 ng g}), SMX (13.3 ng
gl), and AETM (2.7 ng g1 (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

Concentration (ng g%)

Season Location
CBZ NPX IBU AETM ATM CMC CFC  SMX TMP
TR1 n.d. n.d. n.d. 1.05 <LOQ 5.54 n.d. n.d. n.d.
LR1 3411 1270 9374 087 14466 590 78298 13.33 5.32
Spring TR2 662 707 326 090 7669 056 13998 nd.  2.29
2023 IR1 539 917 3668 074 6199 714 28648 nd.  4.24
IR2 102 239 2124 116 16716 539 18868 nd. 272
IR3 426 311 926 062 5418 1375 8843 nd.  2.48
TR1 n.d. n.d. n.d. n.d. n.d. 9.82 2.06 0.44 n.d.
LR1 404 276 2034 086 4282 719 55354 044  3.68
Summer TR2 337 468 746 054 1024 1187 3516 109 156
2023 IR1 289 076 943 n.d. 8561 035 8427 nd. 328
IR2 074 281 368 049 1804 1194 4093 nd. 057
IR3 306 139 155 062 1002 3777 1261  nd.  nd.
TR1 347 716  nd. n.d. nd. 2127 372 102 nd.
LR1 605 49.28 4195 nd. 21215 1885 10675 nd. 7.84
Spring TR2 3656 923 1025 268 11137 143 10178 9.80 383
2024 IR1 2015 2213 1709  nd. 31243 945 25171 348 176
IR2 2043 1151 041 074 39620 032 22024 297 178
IR3 1488 062  nd. 049 8732 598 6583  nd.  4.29
TR1 643 420  nd. n.d. nd. 1066 716 190 n.d.
LR1 4153 898 3280 146 5424 027 41515 059 891
Summer TR2 1424 148 1209 154 1771 145 3455 nd. 2091
2024 IR1 1041 332 087 n.d. 3099 046 5724 nd. 168
IR2 1452 244 658 129 5974 082  66.89 041 270
IR3 161 137  nd. 064 4121 1353 2753 040 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 (Kq) 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* for NPX, 0.17 — 27.3 mL g* for IBU, 12,5 — 178.1 mL g* for
AETM, 3.06 - 971.2 mL g for CMC, 13.9 — 8,534.4 mL g for CFC, 54.2 — 197.3 mL g*for
SMX, and 39.3 — 3,142 mL g* for TMP. Organic carbon-normalized coefficients (Koc) were
especially high for CFC (up to 135,037 mL g* 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).
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Figure 9. The relation (model validation) between the calculated and predicted Kq of (a)
NPX; (b) IBU; (c) AETM; (d) CFC; and (e) CMC

Table 8. Kqand Ko calculated values on site compared with literature values

Compound Kg (mL g?) Koc (ML g~ Literature (mL g?) Matrix Reference
1c)
Min Max Mean  Mean Ky Koc
ATM 369.2 3,144.7 121-1,834 17,783 Sediment (Royano etal.,
2024, Lietal.,
2019a)
AETM 125 178.1 114.2 2,699.7 2-73; 211 - Sediment (Royano et al.,
2024, Sung-
Chul and
Kenneth, 2007)
CFC 139 8534.4 2,180.9 42,4729 329.3-4,664 - Sediment (Zhao et al.,
2016)
CMC 3.06 971.2 2240 24,276 0.7-570 125.9- Sediment (Lietal.,
25,119 2019a)
IBU 0.17 27.3 9.09 236.4 1.72-45.5 192- Soil (Vulava et al.,
1,110 2016)
NPX 0.42 24.8 8.10 209.7 3.4-356 340- Soil (Vulava et al.,
7,610 2016)
SMX 542 197.3 1155 3,117.6 22-105 - Sediment (Huetal.,
2018)
TMP 39.3 3142 7205 12,854 18.8-3,126 - Sediment (Tangetal.,
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 Kq. 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 Kq 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 Kqand sediment properties

Comp- Adj.R?> Adj. R? Dow CaCO; Al Fe Ca K Mg Na
ound (%0C)  pH (CaCl) (mgkg?) (mgkg') (mgkg?) (mgkg?) (mgkg?) (mgkg?)
AETM  0.734*  -0.085 -0.011 0369  -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 0249  -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 0129  0.133  -0.049  0.208
NPX 0.259 -0.461**  0.444**  -0.326* 0.423*  0.095 0029 0259  -0.153  0.104
SMX 0.961**  -0.169 0.286 -0.04 0.687 0.351 0271 -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-

Y(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).
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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. 1la). A
pronounced decrease in the broad absorption band between 3600-2600 cm™ (centered at
~3200 cmY) 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 n—n 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—x 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, n—r, hydrogen bonding, and possible cation—r 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™ 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 pg L), removal
efficiency remained high (~93%), indicating the composite's applicability in environmental

contexts.
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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(ll), Cr(VI), and Cu(ll) 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(ll), Cr(VI), and Cu(ll) 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™ 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 (r?) and chi-square () values showed that the PSOM provided a better fit, with
r?> values closer to unity and lower ¥ values (Fig. 12). This indicates that the adsorption
process was better described by PSOM Kkinetics, suggesting control by valence electron
exchange between surface sites and metal ions, leading to electrostatic interactions.
Adsorption capacity trends showed Cu(Il) >Cd(II) = Cr(VI). The effect of pH was significant;
Cd(11) and Cu(ll) 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(ll) on MBC 1:2:1, (b)
Cd(I1) on MBC 1:3:1; (c) Cr(VI) on MBC 1:2:1 (d) Cr(VI) on MBC 1:3:1; (e) Cu(ll) on MBC
1:2:1, (f) Cu(ll) 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(ll)
concentration enhanced Cr(V1) adsorption efficiency by 79-86% but reduced Cd(ll) uptake
by 52-65% ((Fig. 13a and 13b). This suggests preferential interactions between Cu(ll) 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(lll) (Fig. 13c). Amide
groups also shifted, confirming involvement in binding. Isotherm modeling indicated that
Langmuir best described Cu(ll) adsorption, consistent with monolayer coverage, while
Langmuir—Freundlich also fit well, suggesting surface heterogeneity. Elevated temperatures
modestly improved Cd(I1) adsorption, whereas Cr(V1) and Cu(ll) sorption showed negligible

sensitivity to temperature changes.
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Figure 13. (a) Effect of the initial concentration of Cu(ll) on Cd(Il) 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 Lt Cd(l), 3 mg L Cr(VI), and 3-20 mg L of Cu(ll), 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(Il) and Cu(ll) 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 n—n 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(lI1), Cr(\V1), Cu(ll)) 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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Integrated analysis of the occurrence -
and in situ sediment-water partitioning
of selected pharmaceuticals in a riverine system

Aleksandér Peqiniu“‘*, Benjamin Justus Heydem, Ferdi Brahushi? and Rolf-Alexander Dl'JringM

Abstract

Twelve pharmaceuticals, including stimulant caffeine (CAFF), anti-inflammatories (naproxen (NPX), ibuprofen

(IBU), and diclofenac (DCF)), antibiotics (@anhydro-erythromycin (AETM), azithromycin (ATM), erythromycin (ETM),
clindamycin (CMQ), ciprofloxacin (CFC), sulfamethoxazole (SMX), and trimethoprim (TMP)), and the antiepileptic
carbamazepine (CBZ), were analyzed in surface waters and sediments in the Ishmi River basin, Albania, across sea-
sons during 2023 and 2024. This basin is characterized by limited wastewater treatment infrastructure, varying
degrees of urban impact, and different environmental conditions. All targeted compounds were detected in water,
with the highest concentrations observed near urban areas, particularly at the wastewater-impacted location LR1
for CAFF, IBU, NPX, and CFC with 22.5,128, 2.7, and 18 ug L™, respectively. Sediment concentrations showed high
levels of CFC and ATM, notably during spring with the highest concentrations of 1068 (LR1) and 396 ng g™' (IR2),
respectively, suggesting strong seasonal and spatial variability. Partitioning behavior (K4 and K, ) was investigated
in relation to compound-specific (D,,,) and sediment-specific (pH, organic carbon, CaCO; and metal content) prop-
erties. Significant correlations were found, and multiple regression models successfully predicted in situ Ky values
for NPX, IBU, CFC, AETM, and CMC. These findings underline the influence of environmental and sediment characteris-
tics on environmental pharmaceutical distribution.

Keywords Emerging contaminants, Sediment physico-chemical properties, Dy, Ky modeling, Spatial-temporal
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Introduction

Pharmaceuticals are extensively used in treating humans
or animal diseases because of their biological activity
[26]. The global pharmaceutical market has expanded
significantly over the past two decades; in 2019, its value
reached approximately USD 1.25 trillion, compared to
USD 390 billion in 2001 [16], indicating their increas-
ing trend over the years. Pharmaceuticals may enter the
environment through various pathways such as phar-
maceutical factories and hospital effluents, household
wastewater, livestock farm wastewater (feces and urine),
wastewater treatment plant effluents, aquaculture, farm-
lands (sludge reuse as fertilizer), and solid waste dis-
posal (unused and expired pharmaceuticals) [27], as
well as wastewater irrigation [17]. In the environment,

. ©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
@ Sprlnger O pen International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
— as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.
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pharmaceuticals are subject of abiotic and biotic pro-
cesses such as biotransformation, biodegradation, pho-
tolysis, and sorption to suspended solids [3, 30]. The
latter is getting more focus because of better assessment
of their environmental behavior and potential effects on
sediment-dwelling organisms. It is reported that the par-
titioning of pharmaceuticals is driven by the combina-
tion of physico-chemical properties of both compound
and sediment [1, 49, 59]. At the same time, models con-
sidering these properties simultaneously are developed
in order to predict their partitioning between environ-
mental media [49]. But, as environmental conditions
and certain site characteristics differ, these models still
have weaknesses in predicting the distribution behavior
of pharmaceuticals in the environment. Therefore, it is
necessary to assess pharmaceutical partitioning through
in situ developed models, considering the physico-chem-
ical properties of the compounds and sediments under
environmental conditions.

In this study, caffeine (CAFF), carbamazepine (CBZ),
naproxen (NPX), ibuprofen (IBU), diclofenac (DCF),
anhydro-erythromycin (AETM), azithromycin (ATM),
erythromycin (ETM), clindamycin (CMC), ciprofloxa-
cin (CFC), sulfamethoxazole (SMX), and trimethoprim
(TMP) were chosen due to their environmental relevance
and in the context of Albania’s obligation, as a Euro-
pean 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 bod-
ies. 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 such as CBZ, IBU, DCF, ATM, ETM, and
CFC (except CAFE, NPX and AETM) have been pro-
posed for inclusion in the list of priority substances in
surface waters. However, CAFF is particularly relevant to
this study, as wastewater discharges into the Ishmi River
are untreated and high CAFF inputs can therefore be
assumed. NPX is the painkiller with the highest prescrip-
tion rates in Albania. AETM as a transformation product
of the antibiotic ETM frequently occurs in waste water
and surface waters.

Pharmaceutical concentrations in aquatic environ-
ments typically range from below detection to the low
ug L7t level in developed countries [38, 42], while data
from developing countries, such Albania in this case,
remain limited. In this regard, there is only one study in
Albania which detected only two compounds (caffeine
at 45 ng L™! and citalopram at 6-8 ng L™!) in a northern
Albanian River (Buna River) [57]. High concentrations of
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pharmaceuticals are found in lower-middle income coun-
tries due to increasing consumption of pharmaceuticals
and limited wastewater treatment infrastructure [57].

Albania, classified as a middle-income country (World
Bank, 2022), has over 30% of its population concen-
trated in the central-western region, where the Ishmi
River is located. This area is notably lacking in functional
wastewater treatment infrastructure, raising significant
concerns regarding pharmaceutical contamination and
broader environmental pollution. Albanian monthly
average consumption data for 2023 and 2024 reported
that CBZ, NPX, IBU, and DCF were used in quantities of
36.01 and 45.13 kg, 156.6 and 139.2 kg, 6.25 and 5.08 kg,
and 0.82 and 0.85 kg, respectively. In contrast, the usage
of antibiotics ATM, CFC, ETM, SMX, and TMP was
considerably lower, with average monthly amounts of
0.05 and 0.02 kg, 0.60 and 0.56 kg, 0.08 and 0.09 kg, 0.47
and 0.58 kg, and 0.10 and 0.12 kg, respectively. Notably,
AETM and CMC were not reimbursed during the report-
ing period. These values represent only the reimbursed
quantities covered by the Mandatory Health Insurance
Fund of Albania, accounting for an estimated 1-5% of
total national pharmaceutical consumption. The study
area lacks wastewater treatment, indicating high input of
pharmaceuticals and that it is worthwhile investigating
their partitioning behavior under environmental condi-
tions. Therefore, the objective of this study was to assess
the occurrence of the selected pharmaceuticals in water
and sediments and their partitioning behavior by consid-
ering both compound properties and site-specific envi-
ronmental conditions.

Materials and methods

Study area, sample collection and pretreatment

Sampling campaigns in the Ishmi River basin were car-
ried out seasonally during 2023 and 2024 for surface
water samples. For certain pharmaceuticals (AETM,
ATM, CMC, CFC, ETM, SMX, and TMP), sampling was
limited to three seasons, due to technical constraints in
the analytical system, which prevented complete sea-
sonal coverage for these compounds (Fig. 1; SM Table 1).
Sediment samples were collected during the spring and
summer seasons of both years (Fig. 1; SM Table 2). Site
locations and brief site characteristics are summarized in
Table 1. The Ishmi River basin includes several tributar-
ies, such as the Tirana, Lana, Terkuzé, Gjoles, and Zeza
Rivers, and discharges into the Adriatic Sea. The main
stem of the Ishmi River spans 74 km, with the entire
basin extending to approximately 152 km including its
tributaries. 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
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Fig. 1 Location of sampling points in the Ishmi River basin

Table 1 Sampled Ishmi basin Rivers sites characteristics

D River Location *Flow m3s™' Site characteristics
Year 2023
Autumn Summer
TR1 Tirana River N41° 38, E19° 86 031 0.55 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 discharges, agriculture,
and urban industry; Tirana International
Airport
IR2 Ishmi River N41°46';E19° 69’ Urban and agriculture activities
IR3 Ishmi River N41° 54", E19°61" 489 383 Agriculture activities

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

Bridge — LR1, Kamza Bridge — TR2, Rinas Bridge — IR1),
and downstream (Gjoles Bridge — IR2, Salmer Bridge
— IR3). TR1 represented a site with minimal anthropo-
genic influence. In contrast, LR1, TR2, IR1, and IR2 were
heavily impacted by urban activities, particularly LR1,
and with some agricultural influence. IR3 was predomi-
nantly affected by agricultural activities (see Fig. 1, where

red and orange indicate urban and agricultural land use,
respectively).

The reported procedures to collect water and sedi-
ment samples were used [34, 39]. Surface water samples
(grab samples) were collected in pre-cleaned (acetone
and Milli-Q water) glass bottles. In the event of precipita-
tion, sampling was delayed for approximately one week to
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Table 2 Summary of mean concentrations of selected pharmaceuticals in the water and sediments of different locations from Ishmi

River basin
Compounds Water (ngL™") (n=8) Sediment (ngg~') (n=4)

Sampling Point

TR1 LR1 TR2 IR1 IR2 IR3 TR1 LR1 TR2 IR1 IR2 IR3
CAFF nd 10,676 1,430 5,309 4324 2,996 NM
CBzZ 411 260.5 nd 217 282 nd 25 441 15.2 9.7 1.5 96
NPX nd 2,028 525 1,255 914 585 28 184 56 88 4.8 16
IBU nd 11,297 1,037 8,384 7,926 1,450 nd 472 83 16.0 80 9.0
DCF nd 278 nd 475 50.2 596 NM
AETM 107 26.5 6.0 323 10.8 582 03 09 09 Q7 0.9 0.6
ATM nd 1,501 nd nd nd nd nd 13 54.0 122 16.0 482
MC 52 123 233 36.7 202 9.8 1.8 8.1 38 43 46 178
CFC 1792 714 404 407 188 348 32 705 779 170 129 486
ETM nd nd 230 243 nd nd *Added to AETM
SMX 232 126 178 742 42.0 498 08 36 2.7 09 0.8 0.1
T™MP 80 405 30 8.2 9.0 38 nd 64 13 6.7 6.0 2.1

NM not measured, *Due to dominance of AETM, as dominant degradation product in acidic conditions

avoid dilution effects. Samples were immediately placed
in a cooler, transported to the laboratory, and stored at
4 °C until extraction (within 48 h). Prior to extraction,
samples were filtered using 0.45 pm cellulose acetate fil-
ters, and the filtrate pH was adjusted to 2.7 using concen-
trated HCI (37%).

Sediment samples were collected using a stainless
steel stirring spatula (1 m length) from 0-5 cm depth,
immediately cooled, and transported to the laboratory.
Samples were frozen at — 28 °C and subsequently lyophi-
lized. Dried sediments were homogenized using a mor-
tar and pestle, sieved to <100 pm, and stored at — 28 °C
in glass containers until analysis. The processed sedi-
ment samples were analyzed for pH (the Association of
German Agricultural Inspection and Research Insitutes
(VDLUFA 1991) method was used), total nitrogen (TN)
(the German Institute for Standardization (DIN EN
16168-2012-11) method was used), total hydrogen (TH),
total sulfur (TS) (DIN ISO 15178:02-2001), total carbon
(TOC) (DIN EN 15936:2012-11), carbonates (CaCO,)
(calculated from TOC and organic carbon), inorganic
(IC) and organic carbon (OC) (VDLUFA (1991)), Al, Fe,
Ca, K, Mg, Na (DIN ISO 11466/DIN EN 16174), and for
the selected pharmaceutical concentrations based on
reported validated methods [10, 34]. Sediment pH was
determined in a 1:2.5 (w/v) suspension of sediment in
0.01 M CacCl,, after shaking for 60 min at 150 rpm. The
TN, TH, TS, and TOC were determined through thermal
conductivity detection method with a CHNS elemental
analyzer (UNICUBE®, Elementar, Langenselbold, Ger-
many). Carbonates were determined with a Scheibler

device, first dissolving the CaCO, with 10% HCl and then
measuring the emitted CO,. The IC was calculated by
multiplying the carbonates with 0.1199 factor, while the
OC was calculated by subtracting the carbonates from
the TOC. Total metal concentrations were determined
using inductively coupled plasma—optical emission spec-
trometry (ICP-OES, Varian 720-ES).

Chemicals

Pharmaceutical compounds were primarily selected
based on their usage in Albania. Standards of CAFE,
CBZ, NPX, IBU, and DCF were obtained from Sigma-
Aldrich GmbH (Germany). Standard stock solutions
(1000 mg L™1) were prepared in methanol and stored at
-20 °C. Working solutions were prepared monthly from
the stock solutions. Antibiotic standards of AETM, ATM,
CMC, CFC, ETM, SMX, and TMP, as well as internal
standards, were purchased from HPC Standards GmbH
(Cunnersdorf, Germany). Stock solutions of antibiot-
ics were prepared in methanol containing 0.01% HCIL
Organic solvents (acetone, methanol, and ACN, all
HPLC grade) were obtained from VWR International
(Radnor, PA, USA). Formic acid (99.6%) and sulfuric
acid were obtained from VWR International (France).
Potassium dihydrogen phosphate was purchased from
Merck GmbH & Co. KG (Darmstadt, Germany). Ortho-
phosphoric acid (H;PO,, 85%), hydrochloric acid (HCI,
37%), and ethylenediaminetetraacetic acid disodium salt
dihydrate (EDTA, >99%) were purchased from Carl Roth
GmbH & Co. KG (Karlsruhe, Germany). Membrane fil-
ters (cellulose acetate, 0.45 pm) and PTFE syringe filters
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(0.45 pm) were obtained from OTTO E. KOBE KG (Mar-
burg, Germany). C18-E (55 um, 70 A, 500 mg / 6 mL)
Strata® cartridges were purchased from Phenomenex
(USA). A Mettler Toledo balance (ME 204), Milli-Q water
(18.2 MQ-cm, Purelab, UK), and a pH meter (inoLab® pH
7110) were used throughout the study.

Water sample extraction

For the analysis CAFF, CBZ, NPX, IBU, and DCEF, solid-
phase extraction (SPE) was performed following the
reported methods [39, 43]. The filtrate (500 mL, pH 2.7)
was passed through C-18 SPE cartridges (Strata®, Phe-
nomenex) via a Teflon tube at a flow rate of 3 mL min~"
by using an ISMATEC (ISM915A) peristaltic pump. Car-
tridges were pre-conditioned with 10 mL of acetonitrile
(ACN) and 10 mL of acidified Milli-Q water (pH 2.7,
adjusted with HCI) by using a 12-port vacuum manifold
system (Macherey Nagel), connected to a vacuum pump.
After extraction, analytes were eluted with a total of
14 mL of ACN: 2X5 mL under gravity flow and 4 mL of
0.1% HCI in ACN under vacuum. The combined solvent
was evaporated to dryness under a gentle flow of nitro-
gen and reconstituted in 0.25 mL of 50:50 (v/v) ACN/
Milli-Q water (pH 2.7), then filtered (0.45 pm PTFE) and
measured using HPLC with UV and fluorescence detec-
tion (HPLC-UV/FLD) based on the reported method
[33]. Meanwhile, AETM, ATM, CMC, CFC, ETM, SMX,
and TMP were analyzed by direct injection (only filtered,
pH-adjusted to 2.7, spiked with internal standards, and
measured using high-performance liquid chromatogra-
phy coupled with tandem mass spectrometry (HPLC—
MS/MS) based on the reported method [10].

Sediment sample extraction

Sediment samples were analyzed for anti-inflammato-
ries (NPX, IBU), the antiepileptic (CBZ), and selected
antibiotics (AETM, ATM, CMC, CFC, SMX, TMP).
CAFF and DCF were excluded from sediment analy-
sis due to high matrix interference. For CBZ, NPX, and
IBU, extraction was performed according to a previously
reported method [34]. Briefly, replicate sediment samples
(2 g) were treated with EDTA (0.2 g g'l sediment) and
subjected to a three-step extraction using 5 mL+5 mL
of methanol (0.1% formic acid), and 5 mL of acetone
(0.1% formic acid), in 15 mL centrifuge tubes. Each step
involved shaking at 350 rpm for 45 min, ultrasonication
at room temperature for 30 min, and centrifugation at
3565 RCF for 20 min. The supernatants were combined
and evaporated to dryness under a gentle nitrogen flow.
The dried extracts were reconstituted in 0.22 mL of
ACN, diluted to 250 mL with Milli-Q water acidified to
pH 2 (50% H,SO,), passed through C18 SPE cartridges,
and processed as the water extraction procedure above.
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Standard addition was performed using 0.5, 1.0, and
2.5 mgL™! for calibration. Both unspiked and spiked
samples were analyzed using HPLC-UV/FLD based on
the reported method [33].

For AETM, ATM, CMC, CFC, SMX, and TMP (with
ETM included in AETM), the extraction followed a pre-
viously published method [10]. Shortly, replicate sedi-
ment samples (2 g) were extracted with 26 mL of 0.2 M
KH,POL4ACN (1:1, v/v) in 50 mL glass vials. An aliquot
(1 mL) of the extract was evaporated under nitrogen,
reconstituted in 1 mL of 50 mM H;PO,:ACN (80:20, v/v),
spiked with internal standards, and analyzed by HPLC—-
MS/MS based on the reported method [10].

Determination of pharmaceuticals
Compounds with available isotopically labeled inter-
nal standards were analyzed by LC-MS/MS, while oth-
ers were quantified using HPLC-UV/FLD with standard
addition to correct for matrix effects, thus ensuring relia-
ble results while balancing analytical feasibility and costs.
An analytical method previously reported for the
determination of CAFF, CBZ, NPX, IBU, and DCF was
applied [33]. Briefly, compounds were analyzed by lig-
uid chromatography using an Agilent 1200 HPLC system
(Agilent Technologies Inc., USA) equipped with a col-
umn oven (G1316A), autosampler (G1329A), quaternary
pump (G1311A), diode array detector (DAD, G1315B),
and fluorescence detector (FLD). Separation was per-
formed on a reverse-phase C18 column (3 um, 120 A,
2.1x150 mm). The DAD was set at 285 nm for CAFF and
CBZ, and 220 nm for IBU and DCF. NPX was detected
using the FLD, with excitation and emission wavelengths
of 230 nm and 420 nm, respectively. Chromatographic
separation was achieved within 57 min using a mobile
phase consisting of ACN containing 0.5% H,O (solvent
A) and a 25 mM potassium dihydrogen phosphate buffer
at pH 2.7 (solvent B). The gradient program was as fol-
lows: 15% A (0—4.5 min), 20% A (4.5-12.5 min), 25% A
(12.5-18 min), 45% A (18—38 min), 80% A (38—45 min),
and re-equilibration at 15% A (45-57 min). The column
temperature was maintained at 40 °C, with an injection
volume of 20 pL and a flow rate of 0.3 mL min~". Instru-
ment control, data acquisition, and processing were
performed using ChemStation software. The limits of
quantification (LOQs) were established from matrix-
matched SPE calibrations in Ishmi River water (IR1). Cal-
ibration curves were prepared by spiking IR1 and Milli-Q
water (0.1-10 pg L™)) and processing 500 mL samples
through SPE (0.25 mL final extract). LOQs (ng L™') were
2.3 (CAFF), 97.0 (CBZ), 30.5 (NPX), 42.4 (IBU), and
188.6 (DCF). Based on these values, sediment-equivalent
LOQs were derived according to the ratio of extract vol-
ume to sediment mass. Quantification was performed by
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standard addition to multiple sample aliquots to correct
for matrix effects; although the formal LOQs were estab-
lished from the validated calibration range (12.1 ng g~
for CBZ, 3.8 ng g~' for NPX, and 5.3 ng g~' for IBU),
signals below these levels were occasionally visible due
to the enhanced sensitivity of the standard addition
approach. Recoveries (%) in water (IRlwater spiked at
2 ug L7 were 24.4 (CAFF), 111.7 (CBZ), 107.6 (NPX),
108.8 (IBU), and 108.4 (DCF), while in sediments (IR1
sediment spiked at 300 ng g™) they were 92.8 (CBZ), 83.6
(NPX), and 92.9 (IBU).

For AETM, ATM, CMC, CFC, ETM, SMX, and TMP
the reported analytical method was applied [10]. Analy-
ses were performed with a Sciex™ ExionLC™ separations
module, equipped with an auto sampler unit, a gradient
pump, a column oven and a sample heater. The chro-
matographic device was connected via Peek capillary
(0.18 mm ID) to a Sciex™ triple quadrupole mass spec-
trometer (QTRAP 4500™). The method used a Waters
Bridge™ C18 Column (150 mm length, 2.1 mm ID, 3.5 um
particle size) and a column guard of the same material.
Eluents were A: Milli-Q-water (0.1% formic acid) and B:
ACN (0.1% formic acid). The flow was 0.4 mL min~! and
the sample cooler was set to 20 °C. The MS—MS meas-
urement was performed in positive mode with 2500 V
on the source capillary and 500 °C desolvation tempera-
ture. Nitrogen was used as curtain and collision gas (fur-
ther MS parameters are provided in SM Table 3). The
LOQs in pg L™! for the analyzed antibiotics were as fol-
lows: 0.01 (SMX), 0.09 (TMP), 0.12 (CFC), 0.02 (CMC),
0.16 (AETM/ETM), and 0.47 (ATM). The correspond-
ing LOQs in pg l(g'1 were 0.01 (SMX), 0.09 (TMP), 0.12
(CEC), 0.02 (CMC), 0.16 (AETM/ETM), and 0.47 (ATM).
Isotope-labeled internal standards were applied dur-
ing measurement to ensure data integrity and analytical
quality. The standards used were SMX-">C¢, CMC-*Cd,,
ATM-'3Cd,, CEC-dg, and TMP-d,, each assigned to its
corresponding analyte. For ETM, TMP-d, was used as
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a class-matched surrogate standard. LOQ values were
determined as the mean concentrations measured in
blank samples plus five times their standard deviation.
When the calculated LOQ was lower than the lowest
calibration level, one-half of the lowest calibration con-
centration was adopted as the LOQ. Extraction recover-
ies of the sediments extraction method varied between
50-120% for antibiotics. LC-MS/MS recovery in water
samples was not tested separately, but internal standards
were used to calculate the matrix effect and monitor the
analytical process. If the recovered signal deviates signifi-
cantly (50-120%) from the expected signal, this is consid-
ered a trigger.

Data treatment

The sediment—water partition coefficient (K;) for the
selected pharmaceuticals was calculated using their
concentrations in the sediment phase (C,) (ng g') and
the water phase (C,) (ng L), according to Eq. (1), as
reported by [44].

This coefficient is considered as one of the key factors
influencing the persistence and long-term fate of con-
taminants in aquatic environments. A higher K value
indicates greater sorption to sediments, suggesting
stronger binding and higher environmental persistence
due to reduced photodegradation and biodegradation
processes [7].

Kd = Cs/Cw (l)

Another parameter that describes the distribution
of a compound between water and sediment is the pH-
dependent #-octanol-water partition coefficient (D,,,).
This parameter accounts for the compound’s ioniza-
tion at a given pH. To assess the distribution behavior of
the selected pharmaceuticals, D, was calculated using
Eq. (2), as reported by [54].

Table 3 K, and K, calculated values on site compared with literature values

Compound Kg(mLg™) Ko (mLg™") Literature (mLg™") Matrix References
Min Max Mean Min Max Mean Ky Koe

ATM 3692 31447 121-1,834 17,783 Sediment [29,44]
AETM 125 1781 114.2 678.8 4,340.5 2,699.7 2-73;211 - Sediment [44,47]
CFC 139 85344 2,180.9 8288 135037 424729 329.3-4,664 - Sediment [59]

CMC 3.06 971.2 2240 132.8 157,148 24,276 0.7-570 125.9-25,119 Sediment [29]

I1BU 0.17 273 9.09 749 7849 2364 172455 192-1,110 Soil [56]

NPX 042 248 8.10 1091 7629 209.7 34-356 340-7,610 Soil [56]

SMX 54.2 197.3 1155 623.3 4,555.6 31176 22-105 - Sediment [18]

TMP 393 3,142 7205 1,076.9 49726 12,854 18.8-3,126 - Sediment [18,49]
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where K, is the m-octanol-water partition coefficient
and pK, is the acid dissociation constant.

The organic carbon content in sediments signifi-
cantly influences the distribution of organic compounds
between the water and sediment phases. Organic carbon
provides abundant adsorption sites and facilitates hydro-
phobic interactions, enhancing the sorption of both polar
and non polar compounds. To evaluate this influence,
the organic carbon-normalized partition coefficient (K
was calculated using the Eq. (3), as reported by [56].

Koc = Kd /fDC (3)

where f; , represents the fraction of organic carbon.

Statistical analysis

For CAFF, CBZ, NPX, IBU, and DCF in water samples,
statistical analysis was not performed due to limited sam-
ple volume and lack of replication. Instead, concentration
data were summarized descriptively to illustrate spatial
and seasonal patterns. In contrast, for sediment samples,
the remaining pharmaceuticals in water samples, and the
total concentrations across water and sediment phases, a
two-way analysis of variance (ANOVA) was conducted.
Season and location were considered as independent var-
iables, while pharmaceutical concentration served as the
dependent variable. When the assumptions of ANOVA
(normality and homogeneity of variances) were not met,
non-parametric Kruskal-Wallis tests were applied as
an alternative. In addition, single and multiple stepwise
regression analyses were used to examine relationships
between the calculated distribution coefficient (K;) and
sediment properties, as well as with the predicted Kj.
Statistical significance was set at p<0.05. All analyses
were performed using OriginPro 2015 (OriginLab Cor-
poration, USA).

Results and discussion

Occurrence of the studied pharmaceuticals in surface
waters and sediments

A summary of mean values of selected pharmaceuticals
detected in water and sediment samples from the Ishmi
River basin is presented in Table 2. Full datasets of con-
centrations in surface water samples at each sampling
location and during seasons of 2023 and 2024 are shown
in SM Table 1. All 12 investigated pharmaceuticals were
detected. In general, the highest concentrations were
observed at location LR1, in line with urban impact, then
a decreasing trend with lowering the urban impact was
observed, while concentrations at TR1 were typically low
or below detection limits. CAFF, IBU, NPX, and CFC
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exhibited the highest environmental concentrations at
almost all locations (except TR1), significantly at loca-
tion LR1 with mean concentrations of 10.7, 11.3, 2, and
0.7 ug L™, respectively. CAFF is considered as one of the
water treatment tracers [11], due to its limited use only to
humans and high removal rates mainly during the biolog-
ical treatment at the wastewater treatment plants [60]. In
the continent of Europe (where Albania is part of), daily
intake of CAFF was reported at 288.58 mg/person/day
[24], although Albania encourages pregnant and lactating
women to reduce CAFF product consumption (<200—
300 mg caffeine/day), and discourages CAFF containing
products intake from childrens [41], the detected concen-
trations were up to 22.5 ug L! (considering a compara-
bly low recovery rate of 24.4%), comparing only to urban
impacted waters and wastewater influent concentrations
such as in Brazil, in Portugal, and Hungary with 16.5,
9.4-83.9, and 221.4 pug L™, respectively [11, 22, 37]. Anti-
infammatories such as IBU and NPX, were also detected
in relatively high concentrations, especially at location
LR1, with maximum of 12.8 and 2.6 pg L%, respectively.
DCEF was also detected, with the highest concentration of
1.8 ug L™'at the same location, but lower frequency was
observed compared to IBU and NPX. Under environ-
mental surface water pH>6, IBU, NPX, and DCF exist
as jonized molecules, due to their pK, values of 4.9, 4.2,
and 4.5, respectively. Therefore, these compounds tend
to remain in the aqueous phase. These concentrations
are in agreement with those reported in the Turia River
in Valencia [5], where the highest concentrations for IBU,
NPX, and DCF were 7.2, 6.6, and 3.5 pug L, respectively.
The antiepileptic CBZ concentrations ranged from n.d.
to 1.3 pug L™! as maximum value at location LR1. This
compound is relatively stable under environmental con-
ditions, but the detection frequency was not consistent
along all sites, possibly due to dilution from basin tribu-
taries in the downstream locations (after LR1). Similar
patterns are reported from Lis River, Portugal [38] and
in the main Rivers of Madrid, Spain [51]. The fluoroqui-
nolone CFC, similarly, to CAFF, IBU, and NPX, showed
high frequency and relatively high concentrations, with
a maximum of 1.8 pg L7! again at location LR1. This
compound is characterized by a low Henry’s constant
(<107% atm*m? mol™) and, at pH values of 6.1-8.7 in
the sediment samples, behaves mainly as zwitterionic but
could also be positively or negatively charged (pK, of 6.09
and 8.76), therefore it remains in aqueous phase [52].
CEC levels were comparable to those reported in stud-
ies in River waters and wastewater effluents such as in
Iran (0.2—0.7 pug L") [35], in Portugal (0.2—0.5 ug L"), in
Spain (0.2 pg L™Y), in Ireland (0.2-0.3 pg L), in Cyprus
(0.3 pg L™, in Germany (0.2 pg L™"), and in Norway
(0.2 pg LY [42]. Macrolides such as AETM, ATM, ETM,
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and CMC, were also detected but showed different pat-
terns. AETM and CMC were more frequently detected
with levels ranging from n.d.—0.3 to n.d.-0.2 pg L7},
respectively. ETM, is reported to be unstable and has a
fast conversion rate to AETM [46]. Our results are in line
with this behavior as ETM was detected only in two loca-
tions with 0.2 pg L™'and 1.4 pg L™, similarly to trends
reported in China (0.2 ug L™!) [19] and in Spain (0.3—
3.9 pg LY [40, 51]. ATM was frequently detected only
at location LR1, with the highest concentration of 7.5 g
L~!, This pattern indicates that the main source of ATM
was from high urban input and a relatively higher resist-
ance to biodegradation [46, 55]. The sulfonamide SMX
and diaminopyrimidine TMP exhibited high frequency
with the highest concentrations registered at location
LR1 with 0.4 pg L™" and 0.1 pg L7, respectively, which
are comparable with concentrations of 0.2 ug L™! (SMX)
and 0.3 ug L™ (TMP) reported in surface waters [36].

For sediments, concentrations of selected pharma-
ceuticals in sediment samples at each sampling location
during seasons of the years 2023 and 2024 are given in
SM Table 2. Compared to water sample trends, CFC
and ATM were detected in significantly higher concen-
trations during spring seasons (p<0.05 — 0.001), with
maximum of 1068 and 396 ng g~', respectively, fol-
lowed by IBU (93.7 ng g~!)>CBZ (60.5 ng g ')>NPX
(493 ng g")>TMP (383 ng g')>CMC
(37.8 ng g71)>SMX (13.3 ng g})>AETM (2.7 ng g™).
Similarly to water samples pattern, location LR1 showed
a detection frequency of 100% for most compounds
(except AETM and SMX with 50%), indicating that high
input from urban discharge is the main source of con-
taminants in the surface waters. Under similar environ-
ment and anthropogenic impact conditions, maximum
concentrations for CFC are reported at 1287 ng g~! [62],
for ATM at 8.1-14,680 ng g~* [46], for IBU, CBZ, NPX at
66-340, 38-519, 3-96 ng g, respectively [6], for TMP at
11-90 ng g~! [20], for CMC at 87.7 ng g~! [25], for SMX
at 10 ng g~! [2], and for AETM at 0.86-185 ng g™ [46].

Partitioning of the studied pharmaceuticals

in the sediment-water system

Having the concentrations of both aqueous and sedi-
ment phases, in situ K values of pharmaceuticals were
calculated and the minimum, maximum, and the mean
values, as well as all in situ calculated Ky values, are pre-
sented in Table 3 and SM Table 6, respectively. The Ky
values varied highly for most of the compounds, as from
0.42 to 24.8 mL g™! for NPX, from 0.17 to 27.3 mL g™
for IBU, from 12.5 to 178.1 mL g~* for AETM, from 3.06
to 971 mL g~! for CMC, from 13.9 to 8534 mL g~! for
CFC, from 54.2 to 197 mL g™ for SMX, and from 39.3 to
3,142 mL g! for TMP. For all compounds, similar trends
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were reported in the literature under comparable condi-
tions, with wastewater discharge concluded as predomi-
nant factor (Table 3) [18, 29, 44, 47, 49, 56, 59]. The Ky is a
very important parameter for understanding not only the
behavior and matrix affinity of pharmaceuticals, but also
for uptake and sorption mechanisms from sediments,
through multiple linear correlations mainly with pH, OC
(%), D,,, cation exchange capacity (CEC), clay content
(%), and selected sediment cations content (Al, Fe, K, Ca,
Mg, Na), as reported in similar studies [1, 49, 59]. In this
study, the calculated K, of both detected water and sedi-
ment compounds, was correlated with sediment pH, OC
(%), calculated D,,,, CaCO,, and total content of selected
sediment cations (Al, Fe, K, Ca, Mg, Na) in single and
multiple linear regressions, with respective data given in
SM Table 7 and SM Table 8, respectively. From the sin-
gle linear correlations, it was observed that sediment pH,
D,,,» and OC content had the highest impact on selected
pharmaceuticals partitioning.

Of the seven compounds of which Ky was calculated,
only five (NPX, IBU, AETM, CFC, CMC) were included
in the multiple linear regression modeling. This judge-
ment was based on the statistical significance of cor-
relations and the ability to generate robust regression
models with acceptable Adj. R? and root mean square
error (RMSE) values (Fig. 2). SMX and TMP were
excluded as they did not meet the criteria for reliable
model development, due to weak or non-significant rela-
tionships with the sediment properties. Based on devel-
oped models of NPX, IBU, AETM, CFC, and CMC, their
respective predicted values of K at all locations and sea-
sons, and graphs with linear fittings are presented in SM
Table 9 and Fig. 2, respectively. 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. Mean-
while, AETM and CMC, although showing good fitting
relationship between calculated and predicted values
(especially for AETM), the significance was not achieved
during the multiple step fitting analysis.

The calculated D, values of each compound at each
sediment pH showed a significant relationship with
the increase of OC (SM Fig. 1). The K values also var-
ied from 109 to 763 mL g~! C for NPX, from 7.5 to
785 mL g~ C for IBU, from 679 to 4,341 mL g™* C for
AETM, from 133 to 157,148 mL g~! C for CMC, from 829
to 135,037 mL g~! C for CFC, from 623 to 4,556 mL g~ C
for SMX, and from 1,077 to 49,727 mL g~* C for TMP.

The effect of sediment properties on selected pharmaceutical
distribution in sediments

In general, sorption of pharmaceuticals in sediments
is influenced by the physico-chemical properties of the
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compounds (hydrophobicity and chemical charge) as
well as the properties of the sediment itself, mainly, OC
content, CEC, cation content, and surface charge [15,
18]. These factors (including compounds properties) are
all pH-dependent. At first, the effect of sediment pH on
CFC concentrations in sediments followed an exponen-
tial trend, highlighting the prominent role of pH (Fig. 3).
Apart from influencing the compound specia-
tion, sediment pH also governs the surface charge of

sediments. As sediment pH increases, the net nega-
tive charge of the sediment also increases due to the
deprotonation of surface functional groups (—OH) [4].
To evaluate the isolated effect of sediment pH on each
pharmaceutical detected in the sediment phase, taking
into account compound speciation, the corresponding
data are presented in SM Fig. 3. The observed effect of
sediment pH on compound concentrations was con-
sistent with trends in the calculated distribution coef-
ficient D, for most compounds (except CBZ which
remains neutral under environment pH). Under these
conditions, hydrophobic partitioning (K,,,) alone is
not sufficient to assess the sorption behavior of phar-
maceuticals in sediments due to their polar functional
groups and their ionic nature [58]. For the selected
pharmaceuticals, a significant negative relationship
was observed between log K, and log K, suggesting
that compounds with higher hydrophobicity exhibited
lower affinity for sediment organic matter, potentially
due to other physico-chemical interactions influencing
their sorption behavior (Fig. 4a). In addition to hydro-
phobic interactions, pharmaceutical sorption is largely
driven by ionic interactions, which are pH dependent
[50]. Therefore, their sorption assessment should not
consider only K, but also the D, which accounts for
compound ionization at environmental pH. The cal-
culated D, (using sediments pH) for each compound,
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Fig. 4 (a) Relationship between the calculated log K. with log K, and (b) with log MW of the selected pharmaceuticals

showed an exponential decrease with increasing sedi-
ment pH, indicating a strong influence of pH on the
ionic state of the compounds (SM Fig. 2). The molecu-
lar weight (MW) of the pharmaceuticals appeared to
influence their presence in sediments. Although the
relationship was not statistically significant, a positive
linear trend between log K. and log MW was observed
(Fig. 4b), which is consistent with findings from previ-
ous studies [7, 61].

Another important factor influencing the uptake of
organic compounds in sediments is the OC content,
which showed a significant positive linear correla-
tion with the calculated D,,, values of the compounds
(SM Fig. 1). Accordingly, by considering the physico-
chemical properties of pharmaceuticals, such as pK,
(SM Table 4), the relationship between calculated log
K,. and compound speciation (a, derived using Hen-
derson-Hasselbalch equation) with sediment pH was
examined for NPX, IBU, AETM, CMC, CFC, TMP, and
SMX (both detected sediment and water matrix com-
pounds, sampled at each time), and shown in Fig. 5a-
g. In addition, based on data from both sediment and
water phases under environmental sediment conditions
(Table 3), sediment properties (SM Table 5), as well as
their impact (SM Table 7), certain sorption trends can
be identified.

The antiepileptic CBZ was detected mainly in sedi-
ment samples, indicating a higher affinity for sediments
rather than waters. This pattern may be attributed to
its environment persistence [38], resulting in an accu-
mulation in the sediment over time. CBZ has a low K,
and a relatively high water solubility but is not ioniz-
able at water pH (pK, 13.9) [54]. Therefore, the uptake
mechanism is mainly through hydrophobic interac-
tions between CBZ benzene rings and the hydropho-
bic organic carbon fractions of the sediments [32, 48],

confirmed in this study with the fact that higher CBZ
concentrations were detected at location LR1 where its
content is the highest (OC =~ 10%) (SM Fig. 1).
Anti-inflammatories such as NPX and IBU exhibited
higher affinity for water compared to sediments, likely
due to their acidic nature and predominant anionic spe-
ciation within the environmental pH range (6.4—8.4).
Sorption of both compounds increased at lower sediment
pH, with a decreasing trend observed as pH increased
(Fig. 5a, b). As sediment pH increased, NPX (pK,=4.2)
and IBU (pK,=4.9) exist predominantly in anionic forms,
resulting in reduced sorption due to enhanced electro-
static repulsion with negatively charged sediment sites.
This is supported by the significant negative correlations
between Ky values and both pH and D, (SM Table 7).
K4 values showed a significant positive correlation with
Al (p<0.05) and positive, though not statistically signifi-
cant, correlations with OC, Fe, K, and Na. These findings
indicate that NPX and IBU sorption under the studied
pH conditions is primarily driven by electrostatic interac-
tions between their deprotonated carboxylic groups and
positively charged mineral oxide surfaces (Al, Fe, K, Na)
and protonated amines of sediment organic matter [56].
Macrolides, such as AETM, ATM, and CMC, especially
ATM, showed a higher affinity for sediments than for the
aqueous phase. Within the studied sediment pH range
(6.4-8.4), ATM (pK,=8.7) existed mainly in its proto-
nated form, and the higher sorption was under low pH
values (x6.5) (SM Fig. 3e). The higher prevalence of ATM
can be related with its higher biodegradation resistance
[55] compared to AETM and CMC, and higher electro-
static interactions due to the presence of basic amine-N
ligands (positively charged) of ATM with the negatively
charged sites of the sediments, mainly of organic mat-
ter [46]. AETM (including ETM) also existed mainly in
its cationic form (AETM") within this pH range (Fig. 5c).
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Fig. 5 The effect of sediment pH on log K. of (@) NPX; (b) IBU; (€) AETM; (d) CMC; (e) CFC; (f) TMP; and (g) SMX

Sorption of AETM was driven by electrostatic attrac-
tion to negatively charged functional groups of sediment
organic matter and hydrogen bonding [12, 31], as can be
seen from the significant positive correlation of Ky with
OC and the negative correlation with sediment pH, D,
and other parameters including CaCO;, Al (p<0.05),
Fe, Ca, K, Mg (»<0.05), and Na ( p<0.05) (SM Table 7).
CMC, with a pK; of 7.6, in the pH range (6.4-8.4) of the
studied sediments, existed predominantly in its cationic
form (CMC*) at pH values under 7.6, and mostly in its
neutral form (CMCY at pH values above 7.6 (Fig. 5d).
Generally, CMC was detected mostly and slightly in
higher concentrations in sediments with a pH lower
than 7, after which a decreasing trend was observed (SM
Fig. 3f). Considering the negatively charged sediments,
and predominantly occurring cationic CMC™, cation-
exchange is the responsible mechanism for CMC uptake

from sediments, as reported under similar pH conditions
[21, 45]. This is further supported by its similar K, behav-
ior to AETM with respect to sediment properties (SM
Table 7).

The fluoroquinolone CFC, has two pK,, values (6.09 and
8.76) and within the relevant pH (6.4-8.4) of the sedi-
ments of the current study, can be mainly zwitterionic
but at the same time, can be charged positively, nega-
tively, or uncharged (Fig. 5¢). The highest CFC concen-
trations were achieved at the lowest pH values (~6.4) and
with high OC of sediments (= 10%), then a decreasing
trend in CFC was observed at higher sediment pH loca-
tions (electrostatic repulsion with the increase of CFC™).
Interestingly, the increase of sediment pH resulted in
a significant exponential decrease of CFC sediment
concentrations (Fig. 3), thus confirming that the sedi-
ment CFC uptake mechanism is through electrostatic
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interactions between cationic CFC* with sediment sur-
face negatively charged sediment functional groups, such
as —OH, -COOH (OC, p<0.05), C-0, and Si-O-Si [23,
53]. This is supported by the fact that the detected con-
centrations are similar to the percentage of CFC* (Fig. 3),
and a significant negative correlation of CFC K, with sed-
iment pH and D, (p<0.001) (SM Table 7). In addition,
CFC K4 showed negative correlation with CaCO,, Al, Fe
(p<0.05), Ca (p<0.05), K (p<0.05), Mg (»<0.05), and Na,
thus neutralizing sediment negative charges, resulting in
an inhibitory effect on CFC sorption [23].

Diaminopyrimidines, such as TMP, though in lower
concentrations show a higher affinity for sediments. TMP
has two pK, values (3.23 and 6.76), and can be zwitteri-
onic (pH<6.76) or negatively charged (pH>6.76) under
the sediment pH values of this study. The highest TMP
sorption to sediments was observed at around pH 6.4
and with high OC content (positive correlation of TMP
Ky with OC), suggesting hydrophobic interactions as
the main sorption mechanism (SM Table 7 and Fig. 5f),
as reported in a similar study with sediments [28]. With
the increase in sediment pH, a decrease in TMP sorption
was observed, due to the progressively increasing ani-
onic TMP~ (pH >pK,=6.76) and the negative net charge
of sediments, thus decreasing hydrophobic partitioning.
Under these conditions, TMP uptake mechanism into the
sediment is through electrostatic interactions, possibly
between positively charged sites of sediment aluminium
oxides with the anionic TMP~, supported by the positive
correlation of TMP K with sediment Al content [28, 56].

Sulfonamides, such as SMX, showed a higher tendency
for the aqueous phase than for sediments, although low
concentrations have also been detected in sediments
(0.4 - 13.3 ng g™"). Within the pH range of the studied
sediments (6.4-8.4), SMX mainly exists in its anionic
form (SMX"), due to its low pK, values (1.7, 5.6, and
5.9). Under these conditions, the affinity of sediments for
SMX is not that high (electrostatic repulsion) as would
be for SMX° (hydrophobic interactions), and the mecha-
nism of sorption to the sediments, is by cation bridging
between SMX~ with aluminium and iron oxides (SMX
Ky positively correlated with Al and Fe sediment con-
tent, SM Table 7), and minor contributions from van der
Waals forces [8].

Spatial and seasonal variations

Total concentrations of the selected pharmaceuticals for
each sampled season in 2023 and 2024, in both water and
sediment phases, are presented in SM Fig. 4 and in Fig. 6,
respectively. The effects of location and season on the
distribution of selected pharmaceuticals in both water
and sediment phases of the basin were assessed using
two-way ANOVA and non-parametric Kruskal-Wallis
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tests, with the results presented in SM Tables 10 and 11,
respectively.

For waters, concentrations of selected pharmaceuti-
cals varied significantly across sampling locations and
seasons. Overall, levels were highest at LR1, followed
by a decreasing trend along IR1>IR2>IR3, in line with
reduced urban influence downstream. TR2, though
aligned in parallel with LR1, exhibited lower concentra-
tions due to less urban input. TR1 showed the lowest
detection frequency and concentrations, indicating no
urban impact. Regarding seasons, winter had the high-
est concentrations for the year 2024, followed by spring,
autumn, and summer (for the year 2023, autumn >win-
ter > summer > spring). ATM, CFC, TMP and SMX were
strongly influenced by location (p<0.05—0.001), while
CEC also showed significant seasonal effects (p <0.001).
Notably, interaction effects (seasonXlocation) were sig-
nificant for CFC, SMX and TMP, indicating that spatial
differences in pharmaceutical concentrations were influ-
enced by seasonal changes, including input rate or con-
sumption, water flow rate or dilution, temperature and
microbial activity [9, 13, 62]. In most of the cases the
pharmaceutical concentrations in water were signifi-
cantly affected by both season and location, confirming
the combined impact of urban impact and environment
conditions, such as changes in drug consumption as well
as hydrological and degradation conditions, as similarly
reported [14].

For sediments, location had a consistently significant
effect on the distribution of most compounds (except
SMX), including CBZ, NPX, IBU, AETM (2024), ATM,
CFC, and TMP (p<0.05 — 0.001), indicating strong site
specific influence, potentially related to urban discharge
input and site-specific conditions (pH, OC and metal
content), especially for location LR1. Seasonal varia-
tion was also significant for spring compared to summer
samples for several compounds, particularly CBZ (2024),
NPX, IBU (2023), ATM, CEC, SMX (2024), and TMP,
suggesting fluctuations in consumption (input rate) and
possibly environmental factors such as precipitation and
temperature. Notably, the interaction between season
and location was significant for CBZ, AETM, and CFC in
at least one of the study years, pointing to complex spa-
tial seasonal dynamics. The total pharmaceutical concen-
tration, similarly, as water samples, showed strong effects
of both season and location (p<0.001), indicating that
both natural and human factors substantially affect con-
taminant distribution in the Ishmi River basin.

Conclusions

The selected pharmaceuticals were detected at all loca-
tions within the Ishmi River basin, with higher concen-
trations at urban impacted locations. In water, CAFF,
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Ky Sediment-water partition coefficient
Fraction of organic carbon

Ko Organic carbon-normalized partition coefficient

PK, Acid dissociation constant

Kow n-Octanol-water partition coefficient

Doy, PH-dependent n-octanol-water partition coefficient
IC Inorganic carbon

oC Organic carbon

CaCO;  Carbonates

TOC Total carbon

SPE Solid phase extraction

ACN Acetonitrile

EDTA Ethylenediaminetetraacetic acid disodium salt dihydrate
ANOVA  Analysis of variance

RMSE Root mean square error

MW Molecular weight
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SM Table 1. Concentrations of the selected pharmaceuticals in the water of Ishmi River basin for the year 2023

Concentration (ng L)

Season  Sile —CAFF Bz NPX IBU DCF AETM ATM CMC CFC ETM SMX TMP
TRI1 n.d. n.d. nd. n.d. nd. nd n.d nd. 83657 nd n.d. n.d.
LRl 7403.8 13215 1793.7 28494 nd. nd. 74726 nd 17520 nd 82.6 n.d.
Winter TR2 754.7 n.d. 4592 3953 nd nd n.d nd. 11985 1380.8 63.796 n.d.
2023 IRl 54025 nd 6708 7206 nd nd. nd nd 1094 nd nd  nd
IR2 30432 nd 5547 6715 3250 nd. nd nd. 80877 nd n.d. n.d.
IR3 24368 nd. 6964 7600 4767 nd. nd. nd 93564 nd 331 nd
TR1 n.d. 3289 nd nd. nd
LR1 137894 nd  2056.0 34355 18182
Spring  TR2  1928.0 n.d. 326.0 5134 nd NM
2023 IRl  7061.7 nd. 1053.0 14747 379.7
IR2  6661.5 n.d. 585.7 8872 <LOQ
IR3 51606 nd 6184 12834 nd
TR1 n.d. n.d. nd. n.d. nd n.d. n.d. nd. nd. n.d. n.d. n.d.
LRl 113465 nd 1653.6 49193 409.6 nd. 1155 nd 9428 n.d. n.d. n.d.
Summer TR2 2108.7 nd 457.0 10600 n.d. n.d. n.d. nd 8284 n.d. n.d. n.d.
2023 IR1 102382 nd 17934 45116 nd nd. nd. nd 11243 nd 2034 nd
IR2 7389.6 nd 12404 16027 nd nd. nd. nd. nd. n.d. n.d. n.d.
R3 48264 nd 3576 2242 nd  nd  nd  nd 9065 nd  nd  nd
TRI1 n.d. n.d. nd. n.d n.d. n.d. n.d. nd. nd n.d. n.d. n.d.
LR1 224793 1182 25409 54903 nd nd. 1135 nd 4662 nd. 352.0 1015
Autumn  TR2 21828 nd 749.2 23786 nd. 34 nd nd. 1466 nd nd. nd.
2023 IR1 58689 1740 13301 67119 nd 1618 nd nd 1595 nd 2108 278
IR2 5851.1 2258 15034 37701 nd 544 nd 493 1549 nd. 2379 372
IR3  2984.6 n.d. 9435 16152 nd 3102 nd. nd. nd. n.d. 2557 33
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Continued SM Table 1. Concentrations of the selected pharmaceuticals in the water of Ishmi River basin for the year 2024

Concentration (ng L)
CAFF CBZ NPX IBU DCF AETM ATM CMC CFC ETM SMX TMP
TR1 n.d. n.d. nd. nd. nd  nd n.d. 86 820 nd nd nd
LRl 95336 6446 11446 127949 nd. 1065 13052 9.1 8696 nd 1996 60.2
Winter TR2 nd nd. <LOQ 2226 nd nd nd 267 799 nd nd 42
2024 IR1 17429 nd. 9435 16670 nd  nd nd. 153 nd nd nd 89
IR2 nd. nd 3032 10520 nd nd. n.d. 115 820 nd nd 45
1IR3 nd. nd. 1654 9521 nd  nd n.d. 79 1722 nd. 101 197
TR1  nd n.d. nd. nd. nd 162 28 219 401 nd nd  nd
LR1 120470 nd 26089 54797 nd  28.1 nd 651 1939 nd 1247 735
Spring TR2 17745 nd. 5659 11609 nd. 328 nd. nd. 988 nd nd.  nd

Season  Site

2024 IRl 5876.0 nd. 8914 nd. nd. 35 nd 557 295 1464 nd 1.1
IR2 65774 nd. 7862 nd. n.d. 42 n.d. 605 416 nd nd 38
IR3 53143 nd. 5187 17749 nd. 392 n.d. 514 745 nd. nd  nd
TRI nd. n.d. nd. nd. nd. 479 n.d. nd. 1158 nd 1386 485
LR1 6869.1 nd 21015 51745 nd 253 nd. nd 611 nd nd 75
Summer TR2 14192 nd 5127 7885 nd n.d. nd. 1135 724 nd 430 139
2024 IR1 24570 nd 8043 51992 nd 277 nd 1494 336 nd 310 105
IR2 21899 nd 9739 52179 nd y & nd. nd 420 nd 138 78
IR3 16369 nd nd  nd nd 108 nd 1126 401 =nd 75 54
TR1 nd. n.d. nd. nd. n.d.
1

LR1 19428 nd 23291 9194 nd
Autumn TR2 12758 nd  1049.1 17786 nd.
2024 IR1 38306 nd 25581 nd nd.
IR2 28831 nd 13689 32483 nd
IR3 16138 nd 13842 2990.7 nd.

n.d. : not detected; <LOQ: below the limit of quantitation; NM: not measured.
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SM Table 2. Concentrations of the selected pharmaceuticals in sediments of Ishmi River basin

Concentration (ng g?)

CBZ NPX IBU AETM ATM CMC CFC SMX TMP
TR1 nd nd nod 1.05 <LOQ 554 nd nd. nd

LR1 3411 1270 93.74 0.87 14466 590 78298 13.33 5.32

Spring TR2 662 707 326 090 76.69 056 13998 nd 229
2023 IR1 539 917 3668 074 6199 7.14 28648 nd 424
1IR2 102 239 2124 116 167.16 539 188.68 nd 2.72

IR3 426 311 926 0.62 5418 1375 8843 nd. 248

TR1 nd nd nd n.d. n.d. 982 206 044 nd

LR1 404 276 2034 086 4282 7.19 55354 044 3.68

Summer  TR2 337 468 746 054 1024 1187 3516 1.09 156
2023 IR1 289 076 943 nd 8561 035 8427 nd 328
1R2 074 281 3.68 0.49 18.04 1194 4093 nd 057

IR3 306 139 155 062 10.02 3777 1261 nd  nd

TR1 347 7.16 nd n.d. nd 2127 372 1.02 nd

LR1 60.5 4928 4195 nd  212.15 1885 10675 nd  7.84
Spring TR2 3656 923 1025 2.68 11137 143 101.78 9.80 3831
2024 IR1 20.15 2213 17.09 nd 31243 945 25171 348 17.61
1R2 2043 1151 041 0.74 39620 032 22024 297 17.83

1IR3 1488 0.62 nd. 0.49 8732 598 6583 nd 429

TR1 643 420 nd n.d. nd. 1066 7.16 190 nd

LR1 4153 898 3280 1.46 5424 027 41515 059 891

Summer TR2 1424 148 1209 1.54 1771 145 3455 ad 291
2024 IR1 1041 332 0387 n.d. 3099 046 5724 nd 1.68
1IR2 1452 244 658 1.29 59.74 0.82 66.89 041 270

IR3 161 137 nd 064 4121 1353 2753 040 1.83

n.d. : not detected; <LOQ: below the limit of quantitation.

Season Location
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SM Table 3. MS Parameters fort the analysis of the antibiotics

Antibiotic Q1 Q2 DP Volts CE Volts CXP Volts
Azithromycin_1 749.458 83.1 166 87 8
Azithromycin 2 749.458 591.5 151 43 22
Ciprofloxacin_1 332.087 231.1 96 53 10
Ciprofloxacin_2 332.087 288.1 96 25 16
Clindamycin_1 425.119 1262 31 47 6
Clindamycin_2 425.119 377 86 29 16
Erythromycin_1 734352 83.121 31 87 4
Erythromycin 2 734.352 158.149 31 87 4
Trimethoprim 1 291.028 230.2 81 33 6
Trimethoprim 2 291.028 2612 71 35 10
Anhydro- Erythromycin 1 716.312 83.1 16 81 6
Anhydro- Erythromycin 2 716.312 1582 21 39 8
Sulfamethoxazole 1 254272 92.1 66 43 6
Sulfamethoxazole 2 254272 108.1 61 31 8
Clindamycin-d3 428.131 85.1 91 105 4
Clindamycin-d3 428.131 1292 51 39 8
Sulfamethoxazole-13C6 25991 98.1 66 37 8
Clindamycin-13Cd6 429.187 86.2 81 113 4
Azithromycin-13Cd3 753.431 5955 141 41 10
Ciprofloxacin-D8 340.071 235.1 31 55 10
Trimethoprim-D9 300.08 2342 101 35 6
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SM Table 4. Physico-chemical properties of the selected pharmaceuticals

Solubility

Class Compound Acronym  CAS No. MW Formula in water Log pKa
I(ow
(mg/L)
Stimulants (SMs) Caffeine CAFF 58-08-2 194.2 C3sHioN4O> 20,000 -0.07 10.4
Anti-inflammatories (AMs) Diclofenac DCF 15307-86-5  296.15  C1sH1iCLLNO: 237 4.15 4.51
Naproxen NPX 22204-53-1  230.26 C1aH1405 159 3.18 42
Ibubrofen IBU 15687-27-1 206.28 C:Hi502 21 397 491
Antiepileptics (APs) Carbamazepine CBZ 298464 236.27 CisHN>O 17.66 245 139
Macrolides (MLs) Anhydro- AETM 23893-13-2 715.9 C37HgsNOy2 3.06 8.88
erythromycin
Azithromycin ATM 83905-01-5  748.98 C3sH72N2012 24 4.02 8.7
Clindamycin CMC 18323499 425 C1sH33CIN>OsS 2.16 7.6
Erythromycin ETM 114-07-8 7339 C37He7NO13 2000 3.06 8.9
Fluoroquinolones (FQs) Ciprofloxacin CFC 85721-33-1 3313 Cy7H1sFN: 03 30,000 0.28 6.09/8.76
Sulfonamides (SAs) Sulfamethoxazole SMX 723-46-6 2533 C1oH1N30sS 610 0.89 1.85/5.6/5.9
Diaminopyrimidines (DPs) Trimethoprim TMP 738-70-5 290.3 Ci13H1sN4Os 400 091 3.23/6.76

Source: [1-4]
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SM Table 5. Properties of the sediments of Ishmi River basin

Al Fe Ca K Mg Na

pH ™~ TH TS TOC CaCOs (mg (mg (mg (mg (mgkg (mg

Season Location (CaCh) (%) (%) (%) (%) (%) ic oc kg kg kg kg H ke'!)
TR1 765 006 055 012 243 1546 185 058 26305 37101 72074 7307 31119 283.53
LR1 647 094 174 036 1130 1144 137 993 17600 19128 59809 3932 13252 295.61
Spring  TR2 69 075 157 018 685 1058 127 558 56632 47522 58826 12845 27470 609.67
2023 R1 676 043 095 022 576 1293 155 421 20539 26793 64324 5248 19310 229.41
R2 6.8 0.65 122 0.18 6.40 12.09 145 495 25842 31523 55369 6776 22285 279.39
IR3 697 024 074 011 374 1381 166 208 25455 32867 60088 7158 25664 249.47
TR1 757 005 002 011 255 1574 189 067 29889 35123 66401 9852 31205 30148
LR1 649 126 223 034 1273 828 099 1174 29738 25685 45000 6923 12137 408.56
Summer TR2 747 0.18 0.84 0.11 2.62 10.63 1.28 1.34 40581 42179 44940 12588 32775 424.06
2023 R1 73 044 100 022 534 1204 144 389 28435 33047 56566 8159 24052 295.56
IR2 747 023 078 018 369 1302 156 213 29393 33382 59124 8944 25634 293.01
IR3 752 022 079 012 331 1358 163 168 34312 38557 57932 10657 30359 366.54
TR1 835 006 031 011 214 1267 152 062 38228 33951 57901 21410 9314 439.20
LRI 637 002 029 017 1143 1119 134 1009 9319 11177 47854 8111 2210 214.09
Spring  TR2 705 040 048 018 549 1311 157 392 41520 37334 56479 30762 11926 518.85
2024 R1 654 0.84 052 023 797 1377 165 632 24898 24440 62951 17766 7172 370.35
R2 651 145 084 025 517 966 116 401 30846 30197 52958 20699 8274 41234
IR3 732 0.21 029 0.13 3.67 15.25 1.83 1.84 32879 31257 63362 26783 10523 580.61
TR1 794 004 002 015 28 1567 188 095 27611 31947 75885 33674 8133 493.92
LR1 652 082 075 021 831 835 100 731 54972 39725 43707 23804 11971 604.04
Summer  TR2 743 023 041 016 344 1236 148 195 47815 43059 52637 38162 14682 640.96
2024 R1 732 021 030 020 393 1410 169 224 21828 28824 61632 24991 4731 329.35
R2 721 054 045 022 580 1313 157 432 23333 30853 59469 24579 5019 396.55
R3 739 063 051 019 58 1249 150 433 29363 38158 55369 32230 6815 517.25

*pH in 1:2.5 sediment:0.01 M CaCl.

7
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SM Table 6. Calculated K of in both aqueous and sediment detected compounds at each location

and season
Location Season Compound K3 (mL g
NPX IBU AETM ATM CMC CFC TMP SMX

TR1 Spring 2024 971.2 92.74

Summer 2024 61.87 39.25
LR1 Spring 2023 6.18 2729

Summer 2023 1.67 4.13 369.2 587

Spring 2024 18.89 7.65 289.6 5504.9 62.87

Summer 2024 427 6.34 57.8 6796.5 78.7
TR2 Spring 2023 21.70 6.35

Summer 2023 10.24 7.04 4247

Spring 2024 1632 883 818 1030.4

Summer 2024 2.89 1534 12:75 477.2 67.56
IR1 Spring 2023 8.71 24.87

Summer 2023 0.42 2.09 74.98

Spring 2024 24.83 169.6 85344 3142.7

Summer 2024 4.13 0.17 3.06 1701.9 5423
IR2 Spring 2023 4.09 23.94

Summer 2023 2.27 2.30

Spring 2024 14.64 1741 533 5293.7 775.9

Summer 2024 2.50 1.26 180.7 1591.9 52.76  195.7
IR3 Spring 2023 5.04 7.22

Summer 2023 3.89 0.70 1392

Spring 2024 1.20 12.50 116.3 883.7

Summer 2024 178.1 910.5 70.63  197.3

8
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SM Table 7. Correlation coefficient (R) between Ky and sediment properties

Compound Adj.R> Adj. R’ Dow CaCOs Al Fe Ca K Mg Na
(%0C)  pH (CaCl) (mgkg?!) (mgkg!) (mgkg!) (mgkg!) (mgkg!) (mgke?)
AETM 0.734*  0.085 -0.011 0369 -0.867* -0306  -0308 -0242  -0.609* -0.605*
CFC 0.565%*  -0.811%%* 0837+ .0.105 -0.119  -0.636* -0.394* -0.389% -0.384* -0.113
CcMC 0.678*  -0.194 0.15 -0.249  -0335  -0.61*  -0.179 -0477 -0.134  -0.11
IBU 0.206 20.544%%  0.609%*  -0.144  0311*  0.247 -0.129  0.133 -0.049  0.208
NPX 0.259 0461%*%  0.444**  .0.326* 0.423*  0.095 -0.029 0259  -0.153  0.104
SMX 0.961**  -0.169 0.286 -0.04 0.687 0.351 20271  -0.18 0282  -0.077
TMP 0.227 0.129 0.095 -0.248  0.499 -0.087  -0249  -0373  -0.112  -0.248

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

SM Table 8. Multiple regression analysis models for prediction of Ky for AETM, CFC, CMC,

IBU, and NPX
Compound Predictor RMSE* Adj.R’> Regression equation only for significant parameters
AETM OC, Alt, Mgt, Na; 241 0.891 Ka=-338.339 + 224.488 (OC) - 0.064 (Al)) + 0.155 Mgy +
0.717 (Na)

CFC OC, pH, Dow, Fet Car Ki,  629.1 0.889**  K4=25784.102 - 2080.813 (pH) - 627.1 (OC) +4897.223
Mg (Dow) - 0.115 (Fey) - 0.061 (Cay) + 0.005 (K - 0.061 (Mgr)

CcMC 0C, Fer 72.8 0.604 K4 =103.97 +20.88 (OC) - 0.003 (Fe)

IBU pH, Doy, Al; 6.72 0.53* Ka=15.49 - 2.285 (pH) + 0.115 (Dow) + 6.357 * 105 (AL

NPX pPH, Dow, CaCO3, Alr 5.18 0.549**%  K4= 4.774 - 4462 (pH) + 2.191 (Dow) + 1.085 (CaCO3) +

4.794 * 10 (Al)

*p <0.05, **p < 0.01, ***p <0.001, "Root Mean Square Error (RMSE)
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SM Table 9. In situ (calculated) and predicted Ky values of NPX, IBU, AETM, CMC, and CFC

calculated using the developed models

Compound K (mL g*)

NPX IBU AETM CFC CMC
Insitu Predicted Insitu Predicted Insitu Predicted Insitu Predicted Insitu Predicted
6.18 14.47 2729  40.60 5782 7261 9274 1753 9712 15.02
1.67 15.98 4.13 39.62 8184 103.8 6187 164.8 289.6 281.1
18.89 1523 7.65 50.00 174.1  165.8 587.0 1170.7 12.75 15.59
427 26.89 6.34 38.74 180.7 200.0 6796.5 23164 169.6 162.6
21.70 19.22 6.35 17.98 12.50 18.27 5504.9 51168 3.06 6431
1024 421 7.04 497 178.1 181.7 4247  244.0 5.33 97.11
1632 12.12 8.83 1242 1030.4 1269.0 116.3 48.66
2.89 9.91 1534 5091 4772  638.8
8.71 7.60 2487 21.50 7498 1692
042 1.53 2.09 6.49 8534.4 36569
2483 17.56 0.17 5.76 1701.9 24276
4.13 0.39 2394 19.99 5293.6 51895
4.09 8.25 2.30 4.26 1591.9 13726
2.27 1.44 1.26 7.71 1392  -348.7
1464 17.16 7.22 13.67 910.2 116.7
2.50 1.27 0.70 4.03
5.04 6.48
3.89 3.99
1.20 6.93
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ciprofloxacine; (h) trimethoprim; and (1) sulfamethoxazole
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clindamyecin; (g) sulfamethoxazole; and (h) trimethoprim
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SM Table 10. Statistical results for selected pharmaceuticals in water samples from the Ishmi

River basin (2023-2024)

Compound  Factors Year 2023 Year 2024
df. MS F Plevel df MS P level

AETM Season 2 *H=351 %0.173
Location 5 ‘H=17232 0.198
Season X Location 10 "n.a.

ATM Season 2 H=004 30.979 2
Location 5 *H=34.63 <0.001 5
Season X Location 10 “n.a. 10

CMC Season 2 7408326 4.366 0.028
Location 5 3409.539  2.009 0.125
Season x Location 10 3885717  2.29 0.060

CFC Season 2 2708%10°  108.472 <0.001 2 H=124 20.54
Location 5 520791.436 20.858  <0.001 5 *H=11.23 30.047
Season x Location 10 142111.385 5.691 <0.001 10 “na

SMX Season 83162.911 44.586  <0.001 2 *H=625 %0.044
Location 21232.7 11383  <0.001 5 *H=626 0.28
Season X Location 10 18466.033 99 <0.001 10 *n.a.

T™P Season 2 "na. 2 33316 0.382 0.687
Location 5  H=10.60 %0.060 1576.089 18079  <0.001
Season X Location 10 *n.a. 10 867.65 9.953 <0.001

Total Season 2 1.661*10" 58703  <0.001 2 H=3.00 0.223
Location 5 1.001*10" 3538  <0.001 5  *H=519 30.393
Season X Location 10  6.683*10° 23619 <0.001 10 ‘“n.a.

*Kruskal-Wallis tests
15
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SM Table 11. Statistical results for selected pharmaceuticals in sediment samples from the Ishmi

River basin (2023-2024)

Compound  Factors Year 2023 Year 2024
d.f. MS F P level d.f. MS F P level
CBZ Season 1 17.12 1.895 0.193 1 464.09 14.903 0.002
Location 5 767.7 8501  <0.001 5 1000.801 32.139 <0.001
Seasonx Location 5  26.08 2.888 0.061 5 106834 3.43 0.037
NPX Season 1 81016 8448  0.013 1 1017.861 80.903 <0.001
Location 5 31.387 3273 0.042 5 403.008 32.032 <0.001
Seasonx Location 5  19.48 2031 0.145 5 222344 17.672 <0.001
IBU Season 1 2469.868 13.108 0.003 1 36.569 1.623 0.225
Location 5 1775.002 942  <0.001 5 775.155 34.648 <0.001
Seasonx Location 5  809.369 4295  0.017 5 71.558 3.198 0.045
AETM Season 1 1901 2.565 0.135 1 0.169 0.836 0.378
Location 5 0268 0362 0.864 5 2438 12.019 <0.001
Seasonx Location 5 0272 0367 0.861 5 0715 3.526 0.034
ATM Season 1 19036.076 92399 <0.001 1 139716.686 326011  <0.001
Location 5 5556.092 26968 <0.001 5 2761556 64437 <0.001
Seasonx Location 5  4099.168 19.897 <0.001 5 17707405 41317 <0.001
CMC Season 1 275574 197  0.185 1 *H=0.08 %0.77
Location 5 256.419 1.833  0.180 5 *H=208 0.15
Season X Location 5 107.714 0.77 0.558 5 n.a.
CFC Season 1 957673 245 <0001 1 6 3.04%10°  <0.0001
Location 5 239888.7 613  <0.001 5 1.11*¥10%°  5.64 0.006
Season X Location 5 7266.3 19 0.175 5 1.11%10°%° 5.64 0.006
SMX Season 1 2154 1294 0277 1 32507 5.856 0.032
Location 5 30319 1.821 0.182 5 11.604 2.09 0.137
Seasonx Location 5  29.158 1752 0.197 5  16.649 2.999 0.055
™P Season 1 1048 7232 0.019 1 767281 140.75 <0.001
Location 5 11.053 7628  0.002 5 202.084 37.07 <0.001
Season X Location 5 0.868 0.599 0.701 5 250.332 35.805 <0.001
Total Season 1 252930224 50.115 <0.001 1 862208.857 1287.128 <0.001
Location 5  383021.318 75.891 <0.001 5 484267.683 722927  <0.001
Seasonx Location 5  23224.299 4601 0.014 5 113047.77 168.76 <0.001

IKruskal-Wallis tests
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ARTICLE INFO ABSTRACT

Keywords:
Feldspar

Grape cluster stalk
Naproxen
Magnetite
Carbamazepine
Adsorption

Low-cost magneto-biochar-clay (MBC) composite adsorbent prepared by a combination of synthesized Fe;0.,
biochar (from grape cluster stalk), and feldspar clay was tested for naproxen removal from simulated and real
contaminated aqueous solutions. Preliminary sorption results for naproxen and other contaminants showed
higher removal efficiency of the MBC than the pristine materials. Naproxen adsorption optimum solid-liquid
ratio was at 0.5 g/L and the adsorption equilibrium was attained in 720 min on this composite, while the op-
timum adsorption was achieved at solution pH of 2.5. The process was endothermic and better described by the
Sips adsorption isotherm model. Adsorptive pore filling, electrostatic and hydrophobic interactions between the
composite surfaces and the naproxen species were the main mechanisms of naproxen uptake. In a competitive
adsorption study with carbamazepine, the two compounds showed higher competition at lower solution pH
values. With increase in dissolved organic matter concentration in water, naproxen and carbamazepine sorption
reduced significantly. The composite retained high removal efficiency (>99 %) after five consecutive adsorption
cycles. Naproxen removal efficiency in real environmental water (river water) containing low naproxen con-
centration (50 pg/L) was quite high (= 93 %). Based on this study, the composite is sustainable, cost-efficient,

and potentially applicable for naproxen and carbamazepine removal from surface waters.

1. Introduction

The ubiquitous presence of emerging contaminants, especially the
pharmaceutically active compounds in surface water bodies is alarming;
this is mostly so in low- to middle-income countries due to non-existent
or poor wastewater treatment technologies [1]. Major input sources of
pharmaceuticals include effluents from pharmaceutical plants, human
and veterinary hospital effluents, excretion of semi/un-metabolized
pharmaceuticals by humans and animals, as well as discharges from
the municipal sewage system [2]. These compounds pose several risks to
the ecosystem and human health because some of them have poor de-
gradability and can bioaccumulate, this leads to longer exposure time in
the environment which can result in drug resistant microbial species,
and most have been reported to have adverse effects on non-target

species [3].

Naproxen, a nonsteroidal anti-inflammatory drug (NSAID) is one of
the frequently detected pharmaceuticals in the environment, particu-
larly in surface waters with concentrations ranging from ng/L to pg/L [1,
4-7]. The frequent detection of naproxen in water may be related to its
continuous discharge and low removal efficiency (<15 %) by conven-
tional water treatment processes [8]. Naproxen is preferred in the
treatment of osteoarthritis, rheumatoid arthritis, fever, and pain. Its
widespread preference and use is attributed to several factors, including
rapid absorption, long duration of action, high binding affinity to plasma
proteins, lower vascular risk, and easy purchase without prescription
[9]. Naproxen adverse effects to ecosystems and biota are mainly
attributed to the toxicity of its metabolites including hydroperoxide,
ketone, alcohol, etc. These metabolites (hydroperoxide, ketone) are

* Corresponding author at: Institute of Soil Science and Soil Conservation, Research Centre for BioSystems, Land Use and Nutrition (iFZ), Justus Liebig University

Giessen, Heinrich-Buff-Ring 26, 35392 Giessen, Germany.
E-mail address: aleksander.peqini@umwelt.uni-giessen.de (A. Peqini).
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reported to have more toxicity than the parent compound to Vibrio
fischeri and Daphnia magna [10]. Naproxen has adverse effects on
gastrointestinal and renal activity of zebrafish and its embryos [8,11]. A
concentration higher than 1 g/L has been reported to cause genotoxic
effects in microorganisms such as Bacillus thuringiensis [12]. Carbamaz-
epine, used in epileptic cases, also considered in this study is one of the
most detected pharmaceuticals in water bodies [1]. Carbamazepine is
another important and commonly used medication, and its photolytic
metabolites are reportedly toxic to bacteria (Vibrio fischeri), algae
(Pseudokirchneriellasubcapitata), and Daphnia magna [13]. The acute
toxicity of this compound to fish, such as the Rainbow Trout (Onco-
rhynchus mykiss) makes it a very harmful compound for aquatic systems
[14]. Therefore, it is of high importance to remove these compounds
from water.

Pharmaceuticals could be removed from water via different tech-
niques, including adsorption, physico-chemical/biological processes, or
their combinations. The adsorption process has several advantages
compared to the most techniques due to easy handling and operation,
sustainability (when obtained from agro-organic waste), formation of
zero-to-little harmful by-product, and cost-effectiveness. Several agro-
organic wastes have been studied for naproxen removal from water,
such as grape branches [15], rice straw [16], peanut shells [17], sheep
manure [18], palm date and orange peel [19], bamboo [20], and wild
plum kernels [3]. Major shortcomings of most natural adsorbents
include bleeding of the adsorbents, low adsorption efficiencies, low
durability/stability, and cumbersome post-adsorption separation of
adsorbents from water. Thus the elimination of these flaws is the focus of
most recent studies, and synergistic combination of two or more
low-cost materials such as biomass, clays and magnetic nanoparticles
have been proposed to overcome these [21-23]. It has been confirmed
that biochar and clay combination increases the surface area, adsorption
sites, improves the porosity, and adsorbent stability and reusability
compared to the starting materials [24-27]. Irrespective of these attri-
butes, post-adsorption (after adsorption process) separation of adsor-
bent from treated water remains a challenge. Recently, magnetization of
adsorbents has been proposed and studied, and it has been found to
make adsorbents easy to handle, the process simple to operate, and it
saves cost [22,28]. Thus, the aim of the study was to prepare a low-cost
adsorbent from agrowaste that can be magnetically separated from
treated water post-adsorption.

In the current study, grape cluster stem bio-waste collected from a
farm in Albania was used to prepare the composite. Due to favorable
climatic conditions, grape cluster is a major agro-waste in Albania
running into several thousand tons per year and thus sufficient quantity
can be obtained for water treatment purposes. As a European Union
candidate country, Albania has to align its water policy with the Water
Framework Directive (Directive 2000/60/EC), which requires a good
ecological and chemical status for all its water bodies. Albania is a
middle-income country (World Bank, 2022), and has over 30 % of its
population located in the central-western region, where the Ishmi river
basin is located. Notably, this area lacks functional wastewater treat-
ment plants, raising concerns about environmental pollution. Naproxen
was selected for this study because it was detected almost in all collected
water samples along the Ishmi river during a two-year study (2023-
2024), with concentrations ranging from 0.3 pg/L to 2.6 pg/L, and an
average concentration of 1 ug/L over the study period (our unpublished
preliminary data). These findings align with the national data on nap-
roxen consumption, where monthly average usage for the years 2022,
2023, and 2024 was reported at 119.3, 156.6, and 140.6 kg, respec-
tively. Carbamazepine was also detected with concentrations ranging
from 0.17 pg/L to 1.32 pg/L, and the monthly average usage for the
years 2022, 2023, and 2024 was 45.6, 36, and 46 kg, respectively. It is
important to note that these amounts reflect only the reimbursed
quantities by the state (Mandatory Health Insurance Fund of Albania).
The connection between the detected environmental concentrations of
naproxen and carbamazepine, and their consumption underscores the

Chemical Engineering Journal Advances 23 (2025) 100784

potential negative impact on the aquatic environment. These results
highlight the need for the establishment of effective wastewater treat-
ment infrastructure in Albania to reduce pharmaceutical presence and
protect water resources. Hence, the objective of this study was to pre-
pare magneto-biochar-clay composite using grape cluster waste, feld-
spar clay, and magnetic nanoparticles for the removal of naproxen and
carbamazepine from water.

2. Materials and methods

2.1. Materials, pretreatments, and ternary magnetic composite
preparation and characterizations

Pretreated Feldspar clay (FLC) [29] and precleaned grape cluster
stalk waste (GC) were the main low-cost materials used in this study. The
GC was dried at 40 °C until a constant weight was achieved, then pul-
verized, sieved (1000 pm size sieve), and stored. Mettler Toledo scale
(ME 204), MilliQ (Purelab, UK) water at 18.2 MQcm, pH meter (ino-
Lab® pH 7110), and HPLC grade acetonitrile (ACN) were used in this
study. Naproxen, carbamazepine, sodium azide (NaN3), formic acid, and
humic acid sodium salt were purchased from Merck-Sigma-Aldrich
GmbH, Germany. Ethanol and acetic acid were purchased from Carl
Roth GmbH & Co. KG (Karlsruhe, Germany). The Strata C-18 cartridges
were purchased from Phenomenex, USA.

The FLC and GC were employed alongside the synthesized magnetic
nanoparticles (MNP) to prepare the ternary magneto biochar-clay
composites (MBC-x). The average mass of raw GC which gave the spe-
cific mass of biochar (BC) was determined by calcination of triplicate
(same) mass of GC for 2 h (in limited air) at a temperature of 500 °C. The
MNP was prepared via chemical co-precipitation [30] by mixing FeCls
(7.8 g) and FeSO47H,0 (3.9 g) in 400 mL water under continuous
magnetic stirring. A solution of 2.0 M NaOH was added drop-wise until
the red solution turned black. The MNP in the mixture was obtained by
magnetic separation or centrifugation (5 min; 2500 rpm). It was washed
(6x) with MilliQ water, dried at 40 °C, weighed, and stored in an air tight
container.

Two ratio combinations of MBC-x (1:2:1 and 1:3:1) were prepared
using the MNP, BC and FLC. The procedure started by preparing the
MNP as described above but without the separation step. The calculated
raw GC mass which gave the specific BC ratio was then added before
shaking at 200 rpm for 30 min, and the subsequent addition of the FLC
mass to give the specific ratio. The entire mixture was further agitated
for 2h, centrifuged at 1500 rpm for 10 min, and dried at 80 °C overnight
before being calcined inside a crucible, as described above. The com-
posites (MBC-1:2:1 and MBC-1:3:1) were cooled, washed till neutral,
sieved, weighed, and stored.

The individual adsorbents and the composites were characterized for
their cation exchange capacity (CEC) using the sodium saturation
method and point of zero charge (pHpzc) using pH-drift method [31], as
well as using the Fourier transform infrared (FTIR) spectrometer
(VERTEX70, Bruker Optics, Germany) for the analysis of functional
groups, the X-ray diffractometer (XRD) (Empyrean spectrometer, Mal-
vern Panalytical, Germany) to assess crystallinity, the QUAD-
RASORBevo analyzer (Quantachrome Instruments, USA) determining
specific surface area, and the scanning electron microscope (SEM,
Gemini SEM 560 Zeiss, Germany) in order to depict surface morphology.

2.2. Adsorption experiments

Standard stock solutions of naproxen and carbamazepine (10000
mg/L) were prepared in 50:50 ACN:MilliQ and stored at 4 °C, while the
working solutions were prepared from the stock solution in MilliQ with
100 mg/L NaNj3, (biocide). To eliminate the co-solvent effect, the ACN
amount in solution was kept at <0.1 %. Preliminary batch sorption
experiments were carried out using 20 mg of either BC, FLC, MNP, or
MBC (separately) in 10 mL of 1 mg/L of naproxen solution. Other
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separate preliminary tests were performed using 20 mg mass in 15 mL of
2 mg/L terbuthylazine, 15 mL of 5mg/L Pb(II), and 30 mL of 5 mg/L Cu
(II). Considering the ease of separation of the MBC 1:2:1 composite from
water impacted by the magnetic property and its high adsorption per-
formance compared to other tested materials, the MBC 1:2:1 composite
was employed in the detailed batch adsorption study. Each batch
experiment used 5 mg mass (except for mass effect study) of adsorbent in
10 mL of 2.5 mg/L naproxen solution (except for concentration effect
study) at pH of 4.5 + 0.1 (except for the study of pH effect) using 20 mL
brown glass vials incubated for 1440 min (except for kinetics study) at
200 rpm and 20 °C (except for temperature effect study). The solution
pH adjustment was carried out using 0.2 M HCl or NaOH. The effects of
several adsorption parameters such as adsorbent mass from 5-40 mg,
time from 1-1440 min, solution pH from 2.5-10, naproxen concentration
from 1-20 mg/L, and ambient temperature from 20-40 °C were inves-
tigated. Naproxen desorption was performed after equilibrium at 20 °C
in order to get more insight to the adsorption mechanism. The desorp-
tion process was carried out using the composite that was magnetically
separated from the naproxen solution, dried overnight at 40 °C, and the
vials with the same residual composites were refilled with the same
background solution/biocide (without naproxen). The competition with
carbamazepine was assessed with 5 mg adsorbent mass, at varying so-
lution pH (2.5-10) and 2.5 mg/L concentration for both compounds. The
effect of dissolved organic matter (DOM) with humic acid sodium salt
(5-100 mg/L) and a concentration of 2.5 mg/L each naproxen and car-
bamazepine, using 5 mg adsorbent at a solution pH of 4.5 + 0.1, was
evaluated. The sorption with pristine river water (pH 4.5 + 0.1) with 2.5
mg/L naproxen and carbamazepine, and 5 mg adsorbent mass was also
evaluated. The composite’s reusability was assessed using 5 mg of the
used-adsorbent and naproxen solution concentration of 2.5 mg/L. The
adsorbed naproxen was desorbed by shaking in 10 mL of ethanol twice
(200 rpm for 1 h) and rinsed in MilliQ water under the same conditions,
before drying overnight and reusing. Five cycles of reusability were
carried out. The composite’s applicability and removal efficiency was
evaluated in river water (collected from the Ismi river in Albania), which
was spiked with similar environmental naproxen concentrations (50 pg/
L). For the naproxen determination in this last experiment, samples were
concentrated by using C-18 Strata cartridges and extracted with 2 mL
ACN:acetic acid (80:20, v:v). After each experiment, the solutions were
filtered with 1 pm glass fiber filters, and analyte concentration
remaining in solution was measured using HPLC-DAD.

2.3. Naproxen and carbamazepine determination

A previously reported analytical method for the determination of
naproxen and carbamazepine determination [32] was applied. Nap-
roxen and carbamazepine were analyzed by an Agilent 1200 HPLC
system (Agilent Technologies Inc., USA), equipped with a reverse-phase,
C18 column (3 pm, 120 16\, 2.1 x 150 mm), column oven, autosampler,
quarternary pump, and a DAD detector . The device was operated at 35
°C with an injection volume of 20 pL. The mobile phase consisted of a
mixture of acetonitrile:0.2 % formic acid in water (60:40, v:v) at a flow
rate of 0.3 mL/min. The wavelengths of 230 nm and 285 nm, and 8 min
run time (3.38 and 2.1 min retention time) were employed for naproxen
and carbamazepine, respectively. The naproxen and carbamazepine
calibration curves exhibited a linear range with r? of 1 using concen-
trations between 0.05 and 20 mg/L, and 0.5 - 20 mg/L in 100 mg/L
biocide (NaN3) for naproxen and carbamazepine, respectively. Using
blanks, naproxen and carbamazepine sorption on the vials walls, caps,
and filters were found to be negligible.

2.4. Data treatment and adsorption model fittings
The amounts (mg/g) of naproxen and carbamazepine adsorbed (ge)

were calculated from Eq. 1 (SM Table 2). Kinetics of naproxen sorption
was evaluated using the nonlinear forms of the pseudo-first-order (PFO)
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(SM Table 2 Eq. 2), pseudo-second-order (PSO) [33] (SM Table 2 Eq. 3),
and the intra-particle diffusion (IPD) [34] (SM Table 2 Eq. 4) models.
The Langmuir (SM Table 2 Eq. 5), Freundlich (SM Table 2 Eq. 6), and the
Sips non-linear adsorption isotherm (SM Table 2 Eq. 7) models were
fitted to the equilibrium adsorption data and used to describe the nap-
roxen uptake process. The dimensionless equilibrium constant K° (L/g)
was calculated from Eq. 8 (SM Table 2), while the thermodynamic pa-
rameters were determined from Eq. 9 and 10 (SM Table 2) using equi-
librium 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). All equations and parameters
are shown in SM Table 2.

3. Results and discussions
3.1. Characterization of adsorbents

The characterization results of the starting materials adsorbents and
composites are presented in Figs. 1 and 2 and SM Table 1. The pHpzc
was first determined because an adsorbent’s pHpzc is an important
property that determines its surface charge state at varying solution pH
(SM Fig. 1). The surface charge density is positive below the pHpzc, thus,
the adsorbent attract negatively charged ions, while above the pHpzc,
the charge is negative and the surface attracts positive ions. The pHpzc
(SM Table 1) of the BC was quite alkaline (pHpzc of 10.0) unlike those of
the MNP and FLC which were near neutral and slightly acidic, respec-
tively. The MBC composites exhibited similarly high pHpzc values
(mean value of 9.3) as the BC, and this suggests that the BC component
of the composite has a particularly strong effect on its property. The
alkaline pHpzc values are in agreement with reported values for other
biochar composites [30,35]. Evaluation of the cation exchange capacity
(CEC) values (SM Table 1) of the composites indicated average per-
centage decreases of ~48 and 16 %, respectively, in comparison to the
BC and MNP values, but these values were significantly higher than the
FLC value. The BET specific surface area values (SM Table 1 and Fig. 1d)
of the composites were not substantially different from the BC values but
significantly lower than that of the MNP, thus highlighting the dominant
contribution of the BC in the composite.

The FTIR spectra (Fig. 1b) scanned between 4000 and 500 em™? for
the precursor adsorbents and the composites showed that the major
functional groups associated with the precursor adsorbents were trans-
ferred to the composites. For instance, the FLC and BC peaks around
1035 cm ! attributed to Si-O in-plane bending vibrations, as well as the
FLC peaks at 730 and 525 cm ! ascribed to $i-O-Si bridging bonds in
SiO, and Al-OH/AI-O deformations, respectively [30], were observed in
the composites although with slight shifts. The signature Fe304 MNP
Fe-O peak at =560 cm ™! was also noticeably transferred to the com-
posites; indicating the presence of magnetic property in the composites
[36]. The composites’ peaks between 1585 and 1420 cm™ are charac-
teristic of C=0, C=C aromatic stretching rings, and amide-I groups,
while those at ~3200 ecm™ for all adsorbents were attributed to ~OH
groups possibly from water [34,37,38].

Evaluation of the crystallinity using the XRD (Fig. 1c) expressed the
presence of the signature FLC peaks ascribed to microcline, quartz, and
feldspar minerals at 20 of 22.0, 26.6, 27.9°, respectively, as well as the
partial triclinic feldspar mineral peak at 30.7°. Typical Fe304 spinal
structures were present at 26 of 30.3, 35.5, 43.1, 57.1, and 62.7. Similar
to the FTIR spectra, these unique XRD peaks of the FLC and MNP were
transferred to the composites, an indication that there were no signifi-
cant lattice changes in the primary components of the composites [28,
30]. The morphological structure of these adsorbents observed via the
SEM (Fig. 2a-f) showed that the composites (Fig. 2e-f) were truly a
combination of materials by exhibiting the honey comb porous nature of
the BC (Fig. 2b) as well as the spinal MNP (Fig. 2d), thus, confirming a
successful composite preparation.

Preliminary naproxen sorption experiments, conducted to evaluate
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starting materials and composite; (c) XRD diffractograms of the starting materials and composite; and (d) nitrogen adsorption/desorption isotherms (showing the BET
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and compare the sorption potentials of the starting materials and com-
posites showed highest removal efficiency in the BC with 68.8 %
removal, followed by MBC 1:2:1 and MBC 1:3:1 with 60.7 % and 49.1 %,
respectively (Fig. 1a). FLC exhibited very low removal efficiency (<0.5
%). Due to the lack of magnetic properties in the BC, the MBC 1:2:1 was
selected as the best performing adsorbent to be used for determining the
optimized sorption parameters. Further preliminary sorption tests using
two inorganic contaminants (Cu(ll) and Pb(II)) and another organic
contaminant (terbuthylazine) (SM Fig. 2) showed that the MBC 1:2:1
composite exhibited the highest removal efficiency compared to other
adsorbents with ~95.7, 99.7, and 76.6 % for Cu(II), Pb(II), and terbu-
thylazine, respectively.

3.2. Mass optimization, sorption kinetics, and effect of pH

The adsorbent dosage directly impacts the amount of contaminant
adsorbed due to changing availability and access to adsorption sites as
more or less particles interact with the contaminants in solution [39].
Thus, the composite’s adsorbent dosage optimization was carried out in
a mass range of 5-40 mg in 10 mL (0.5-4 g/L) of 1 mg/L naproxen so-
lution at 1440 min incubation (Fig. 3a). It was observed that with
increasing adsorbent dose, the amount of naproxen adsorbed was
decreased from 1.71 mg/g to 0.20 mg/g. The removal efficiency also
exhibited similar trend, gradually decreasing from 90 % to 85 % with
increase in mass. This diminution in the percentage naproxen adsorbed
at higher adsorbent loading may be ascribed to an increased aggregation
of the adsorbents which resulted in the subsequent unavailability of
adsorption sites and reduced adsorption [16]. Based on the obtained
data, 5 mg (0.5 g/L) of the adsorbent was selected as the optimum mass

for naproxen adsorption.

The sorption rate trend of naproxen on the MBC 1:2:1 composite was
carried out using 5 mg adsorbent in 10 mL of 2.5 mg/L naproxen solu-
tion. The results, depicted in SM Fig. 4a, showed a fast naproxen uptake
from the composite in the first 180 min, which corresponds to naproxen
uptake on the richly available vacant adsorption sites as well as its
diffusion from the solution phase to the pores at the beginning of the
process [22]. Thereafter, the adsorption process was gradual until
equilibrium which was reached at about 720 min. The uptake process
here was mainly characterized by the slow diffusion of naproxen into the
micropores [40,41]. Subsequent experiments were carried out over
1440 min because at this time, a stable equilibrium was well established.

Three adsorption kinetics models (PFO, PSO, and IPD) were
employed in evaluating the naproxen uptake process and their fitting
curves and estimated models’ parameters are presented in SM Fig. 4a
and Table 1, respectively. The PSO model exhibited a higher correlation
coefficient (%) and smaller chi-square (xz) values, with better correlated
calculated g, value than the PFO model. These values imply that the PSO
model fit better to the rate data and indicate that the adsorption process
was mainly controlled by sharing or exchange of valence electrons
which resulted in attractive interactions including electrostatic and
hydrophobic interactions between the adsorbent surfaces and the nap-
roxen species [21,42]. In addition, an evaluation of the IPD model C
(mg/g) parameter, which is a measure of the estimated surface con-
centration of the contaminant, indicated that less than 15 % of total
adsorption occurred on the composite’s surface; the bulk of the nap-
roxen uptake were within the pores [43,44]. The multi-linear IPD plot
(SM Fig. 4a) indicates that more than one stage is involved in naproxen
adsorption: surface adsorption, and within the pores of the composite.
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Fig. 2. SEM electron micrographs of (a) biomass; (b) biochar; (c) feldspar; (d) magnetic nanoparticles; () MBC 1:2:1; and (f) MBC 1:3:1.

Table 1
Kinetic model parameters for naproxen adsorption on MBC 1:2:1.

Kinetic model Parameter Naproxen MBC 1:2:1
PFO qe (mgg ™) 2.427
k; (min™") 0.008
7 0.87
e 0.11
PSO qe(mgg™) 2.768
ko (g mg ! min") 0.004
r2 0.93
7 0.058
1PD C(mgg™" 0.433
ki (g g ! min'/?) 0.073
r 0.948
Is 0.043
Experimental mg/g 2.889

Naproxen is at first adsorbed through surface functional groups until
saturation, and then diffused in the composite’s porous sites [3].
Solution pH is recognized as a major interfering factor in contami-
nants uptake because it affects the degree of speciation of the contam-
inant as well as the adsorbent sites charge [35]. Hence, taking into
account the physico-chemical properties of the naproxen molecule (SM
Table-3), the effect of solution pH on the naproxen uptake by the MBC
1:2:1 composite was tested over five different solution pH (2.5, 4.5, 6.5,

8, and 10), and the adsorption trend is depicted in Fig. 3b. Naproxen has
a dissociation constant (pKa) of 4.2 [45], and may be anionic or neutral
depending on the deprotonation (H") of the carboxylic group [46].
Thus, at low solution pH, the neutral form predominates due to negli-
gible deprotonation of the carboxylic group of the naproxen molecule,
and uptake process is via hydrophobic interaction between the com-
posite surface and aromatic rings of naproxen molecule, as well as
through hydrogen bonds between the carboxylic group and composite’s
functional groups [46]; this is the reason for the higher uptake recorded
at lower pH values. At pH 4.5, the adsorption is mainly via electrostatic
interaction between the positively charged composite surface and
anionic naproxen (pHpzc = 9.2) [17,20]. However, as pH increases, the
composite’s surface becomes progressively deprotonated and less posi-
tive, naproxen becomes increasingly anionic resulting in increased
water solubility, weaker and fewer electrostatic interactions (electro-
static repulsion), and lower naproxen uptake. It is assumed that the
naproxen uptake did not reduce to zero due to uptake or trapping of the
naproxen molecules within the composite’s pores.

3.3. Equilibrium adsorption at varying temperatures and adsorption
isotherm modeling

Equilibrium adsorption of naproxen on MBC 1:2:1 composite at
varying concentrations (1-20 mg/L), and temperatures (20, 30, and 40
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Fig. 4. Comparison of pre-adsorption (before adsorption process, MBC 1:2:1_b)
and post-adsorption (after adsorption process, MBC 1:2:1_a) FTIR spectra.

°C), was studied and the trends in mg/g and percentages are given in
Fig. 3c and SM Fig. 3, respectively. The trends showed increasing
amounts of naproxen sorption as the concentration increased until
equilibrium was attained at 10 mg/L concentration (Fig. 3c). Similar
trends have been reported in the literature [16,46]. This increased up-
take at higher concentration may be attributed to two sorption phe-
nomena: multi-layer adsorption resulting from by n-t interactions and
the behavior of naproxen molecules as concentration increased [27,31].
On one hand, due to the presence of electron-deficient n-bonds on the
benzene ring structures of the naproxen molecule, it is possible for n-t
interaction to occur between adsorbed naproxen and another naproxen
molecule in solution leading to multi-layer adsorption at higher con-
centrations [31]. In addition, at higher concentrations, the potential for
the transfer of naproxen molecules from the saturated composite’s
external surfaces to the inner pore surfaces becomes higher leading to
the observed enhanced adsorption [27]. Evaluating the equilibrium data
in terms of efficiency of naproxen uptake showed a decreasing efficiency

trend as concentration increased (SM Fig. 3), and this may be ascribed to
the limited active adsorption sites at fixed composite mass, thus, relative
to the increasing concentration of naproxen, the efficiency will be pro-
gressively lower.

Evaluating the effect of ambient temperature on naproxen uptake
showed a slightly increased uptake with higher temperature (Fig. 3c).
Similar trend has been reported by other authors studying biochar based
adsorbents [46,47], and this trend was attributed to the energy input
into the system at higher temperature which was helpful in breaking the
repulsive force (activation energy) hindering naproxen adsorption. The
increase in adsorption at higher temperatures might be due to the
increment of naproxen mobility (which enhances further migration into
the adsorbent pores), as a result of breaking hydrogen bonds (water —
COOH), and solute hydrophobicity (which may favor the hydrophobic
interactions between naproxen and the composite) [46]. In addition, at
high temperatures, the porosity and pore volume may have been
increased, thus improving naproxen uptake [16]. This naproxen uptake
trend suggested that the process was endothermic, thus the data was
evaluated to obtain the thermodynamic variables (Table 2) and deseribe
the process appropriately. The positive AH confirmed that the process
was endothermic, thus an increase in temperature would result in an
increase in naproxen uptake. The negative AG and its increasing
magnitude with temperature indicate that the adsorption process is
spontaneous and becomes more favorable at high temperatures, while
the AS (> 0) suggested an increased randomness (mobility) of the
naproxen molecules on the composite’s external surface at equilibrium
[18].

Further evaluation of the naproxen equilibrium adsorption data were
obtained by fitting three adsorption isotherm models (Langmuir,
Freundlich, and Sips) to the data as depicted in SM Fig. 4b-d with the
model parameters shown in Table 2. Analysis of the fitting parameters,
r? and y?, showed that the Sips model described the equilibrium data
better than the Freundlich and Langmuir models. This suggests that
naproxen uptake process comprised of complex interactions occurring
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Table 2
Naproxen adsorption isotherm model parameters and calculated thermody-
namics parameters for naproxen uptake.

Adsorption isotherm model ~ Parameter 29315K 303.15K 313.15K
20°C 30 °C 40°C
Langmuir Q, (mg/g) 5.241 5.309 6.185
p 1.135 1.396 1.524
r 0.721 0.93 0.812
s 0.594 0.14 0.567
Freundlich 1/n 0.245 0.236 0.233
Kp 2.734 2.88 3.444
r 0.866 0.95 0.99
e 0.285 0.099 0.03
Sips Gmax (Mg/g) 6.726 6.148 8.516
1/n 0.305 0.35 0.265
Ks (L/mg) 0.053 0.131 0.034
I 0.82 0.951 0.991
e 0.381 0.098 0.025
AG® (kJ/mol)  -17.14 -18.25 -19.08
Thermodynamics AH(kJ/mol) 11.29 11.29 11.29
AS®(J/mol/K)  97.1 97.1 97.1

on heterogeneous composite surfaces of unequal affinity for the nap-
roxen molecule in solution [27]. Some of these interactions have been
suggested above and include electrostatic interactions, n-n interactions
leading to multi-layer adsorption, as well as possible hydrogen bonding,
and pore filling or entrapment within the composite pores.

3.4. Adsorption mechanisms

Considering the FTIR spectra results, the composite properties,
speciation of naproxen, and adsorption trends, possible mechanisms of
naproxen adsorption onto the composite were proposed (Fig. 5). An
examination of the naproxen post-adsorption effect (after adsorption
process) on the FTIR spectra (Fig. 4) showed that the broad peak around
3200 /cm which was attributed to the -OH groups exhibited the highest
change in intensity after the adsorption process (region 3600 — 2600
/cm), indicating that the ~OH groups of the composite were the main
contributors to the naproxen adsorption process via electrostatic in-
teractions and H-bonding; the composite’s adsorption site acts as the H-
donor while the deprotonated naproxen molecules is the H-acceptor.
Similar FTIR trend has been reported [3] for naproxen adsorption on
biochar. Taking into account that the adsorption conditions were at
solution pH 4.5 and the composite’s pHpzc of 9.2, these interactions
occur due to the positive charge of the composite and the negatively
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_DElectrostatic interaction
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Fe- bond
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charged naproxen ions. Furthermore, the FTIR spectra showed that the
aromatic stretching vibrations corresponding to the C=0 and C=C
groups (peaks between 1585 and 1420 /cm) showed higher intensities.
This response of the C=C bond indicates the presence of n-n interactions
between the benzene rings of naproxen with the graphitic planes of the
carbonaceous structure of the composite [48]. On the other hand, that of
C=0 groups, suggests n-n interactions between the oxygen electron pairs
(n-electron donors) of hydroxyl groups of naproxen with composite’s
electron-depleted sites [3,40]. Another peak that showed enhanced vi-
bration after the adsorption was the magnetic Fe-O (= 560 /cm), indi-
cating an interaction of -COO™ of naproxen molecules with Fe-OH
impregnated on the MBC 1:2:1 composite surface [28]. Also, the
desorption of adsorbed naproxen on MBC 1:2:1 composite at 20 °C using
the same background electrolyte/biocide solution (Fig. 3d) showed a
low desorption especially at low naproxen adsorption concentrations
(<3 mg/L). This data suggests a high entrapment of naproxen on the
pores of the composite, thus, supporting and confirming the IPD model C
(mg/g) parameter, which showed that the bulk of the naproxen uptake
process occurred within the composite’s pores.

3.5. Competitive sorption of naproxen and carbamazepine and effect of
dissolved organic matter

The effect of solution pH on naproxen and carbamazepine uptake
from single and binary solutions was tested under the same conditions
(as described in section 3.2), and the adsorption trends are given in
Fig. 6a. Carbamazepine has two dissociation constants (pKa) values of
2.3 (ketone group) and 13.9 for the ~-CONH; (amine) group [49]. Thus,
at all tested solution pH values, it existed as neutral compound. Under
these conditions, carbamazepine adsorption onto the composite mostly
involved hydrophobic, n-n interactions and hydrogen bonding [50]. In
addition, the post FTIR spectra of composite after single carbamazepine
sorption, showed same region response as post-naproxen-sorption
spectra, indicating that same sites were responsible for their adsorp-
tion (SM Fig. 5). Due to the positive charge of the composite (pH
<pHpzc), cation-n interactions may occur with the n-system (benzene
ring) of carbamazepine [51]. From the adsorption trends in the binary
system, it was observed that at the solution pH <4.5, both compounds
had high sorption though naproxen sorption was higher. This sorption
trend could result from strong hydrophobic interactions and the highly
porous and heterogeneous nature of the composite [2]. Interestingly,
with increasing solution pH the sorption of carbamazepine surpasses
that of naproxen both in single and binary solution though the amounts

w\‘s'_ ‘

Fig. 5. Proposed adsorption mechanisms of naproxen onto MBC 1:2:1 composite in a SEM electron micrograph (magnification: 10 pm).
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50 pg/L naproxen concentration.

adsorbed were lower than at low pH. This trend suggests strong
competition between naproxen and carbamazepine at lower pH but at
the higher pH range the competition was weak and carbamazepine
sorption exceeded naproxen.

The presence of DOM in wastewater effluents directly impacts and is
considered as the main limiting factor in organic compounds sorption
[52]. Therefore, the effect of DOM on naproxen and carbamazepine
sorption onto the composite was tested over five different humic acid
concentrations (5-100 mg/L), while the concentrations of naproxen and
carbamazepine remained fixed at 2.5 mg/L. The sorption trends depic-
ted in Fig. 6b showed that at very low DOM concentration (5 mg/L), the
uptake of naproxen in single solution slightly improved from 2.13 to
2.46 mg/g. After this, a gradual naproxen sorption decrease was
observed, reaching 1.44 mg/g at 100 mg/L DOM concentration. Simi-
larly, in binary system, naproxen showed a similar decreasing trend.
This trend may be related to the discussion above; the pHpzc of the
composite had a value of 9.2, and at solution pH of 4.5, the composite
net charge is positive and naproxen exists as a deprotonated molecule,
indicating a significant electrostatic interaction. Also at the same pH
conditions (pH 4.5), humic acid substances are negatively charged, thus
as humic acid adsorb onto the composite surface, the adsorption of
naproxen (mainly negatively charged) would decrease due to repulsion
forces [53]. Carbamazepine in the single system showed an immediate
decrease in sorption with increasing humic acid concentration from 5-20
mg/L, with initial decrease of 1.84 and 1.36 mg/g, respectively. After
this, a slight decrease was observed, reaching 1.1 mg/g at 100 mg/L
humic acid concentration. The relatively high presence of oxygen con-
taining functional groups such as -COOH, —OH, and C=0 in humic acid,
could result in complex formation with biochar and probably with car-
bamazepine, indicating a high competition between these groups and
carbamazepine for the composite’s active adsorption sites and hydro-
phobic interactions, thus decreasing the amount of adsorbed carba-
mazepine on the composite [54,55]. Meanwhile, carbamazepine
sorption in binary system (with naproxen) was lower compared to that
of single system, indicating a higher competition. The composite sorp-
tion potential for naproxen and carbamazepine at 2.5 mg/L

concentrations, 5 mg mass, and solution pH of 4.5 in single and binary
systems was tested in river water, and the results are given in Fig. 6¢. The
composite showed similar sorption capacities as 20 mg/L DOM con-
centration (total organic carbon of river water = 25.7 mg/L), with 2.16
and 1.85 mg/g for single and binary systems for naproxen, and 1.26 and
1.22 mg/g for single and binary systems for carbamazepine,
respectively.

3.6. Reusability

The reusability of the MBC 1:2:1 was investigated in five adsorption
cycles and the results are presented in Fig. 6d. In addition, the naproxen
uptake by the composite using environmentally relevant concentration
was also tested with Ishmi river (Albania) water (spiked with 50 pg/L)
and the results are given in Fig. 6e. The removal efficiency for naproxen
in the first cycle was adjudged to be 100 %. After that, during the four
subsequent cycles, the removal efficiency remained around ~100 %
(compared to the first cycle), thus, no significant difference was
observed. Interestingly, the results with Ishmi river water, using envi-
ronmentally relevant naproxen concentration showed a removal effi-
ciency of ~92.8 %. Therefore, these results confirm that MBC 1:2:1
composite is potentially applicable and useful for naproxen and carba-
mazepine removal from water.

4. Conclusions

The adsorption of the pharmaceutical compound- naproxen was
investigated onto a ternary magneto-biochar-clay composite (MBC
1:2:1), made from a combination of grape cluster biomass, feldspar clay,
and FegO4. Characterization data indicated that the composite physico-
chemical properties such as pHpzc, CEC, BET surface area, morphology,
and the functional groups presence were mainly impacted by biochar
presence. Naproxen adsorption process was endothermic, and better
described by Sips adsorption isotherm model. Adsorptive pore filling,
electrostatic and hydrophobic interactions between the composite sur-
faces and the naproxen species were the main mechanisms of naproxen
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uptake. The composite exhibited very good removal efficiency after five
consecutive adsorption cycles as well as in real environmental water
(river water) containing low naproxen concentration. Therefore, the
prepared composite is sustainable, cost-efficient, and potentially appli-
cable for naproxen removal from natural waters.
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SM Fig. 1 pHpzc of biochar, FLC, MNP, and MBC 1:2:1 composite

SM Fig. 2 Removal efficiency for Cu(Il), Pb(II), and terbuthylazine

SM Fig. 3 Removal efficiency for naproxen at increasing concentration and temperature on MBC
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SM Fig. 5 Carbamazepine post-adsorption FTIR spectra of MBC 1:2:1

SM Table 1. Physicochemical characterization of adsorbents

CEC BET Specific Surface
Adsorbent  pHpzc (cmol/kg) Area (m? /o)
Biochar 10.0 50.1 34
MNP 7.6 34 134
FLC 6.1 53 7.4
MBC 1:2:1 9.2 28.4 28
MBC 1:3:1 9.4 23.2 32
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SM Table 2. Data treatment equations

Equation Description Parameters Equation
number
q,=(C,-C,w/m Amount of analyte m, v, ge, Co, Ce, are the composite mass (g), 1
e e

q,=q.0-¢"")

_ qskzt
1+ g, k,t

t

q. = klPDt”z +C

adsorbed (mg/g)

Pseudo-First Order
(PFO) kinetics
model [1]
Pseudo-Second
Order (PSO)
kinetics model
Weber-Morris

volume of analyte solution (L), equilibrium
amount of analyte adsorbed (mg/g), initial and
final analyte concentrations (mg/L),

respectively

t, qi, and k1 are time (min), naproxen adsorbed 2
at time- ¢ (mg/g), and PFO model rate constant,

respectively

k> is the PSO model rate constant 3

kpp and C are the IPD model rate constant, and 4

intraparticle the amount of surface adsorbed naproxen
diffusion (IPD) (mg/g), respectively
0 bC Langmuir adsorption Qo (mg/g) and b (L/mg) are the maximum 5
q, = 0 e isotherm model [2] adsorption capacity per gram (mg/g) and
1+b Ce energy-related parameter (L/mg), respectively
Go = kf Cg Freundlich kr (L/g) and n are Freundlich model constant 6
’ adsorption isotherm  and the Freundlich linearity parameter
model [3] (dimensionless), respectively
0,(K,C)" Sip’s adsorption Ks(L/mg) and n are Sip’s model constant and 7
q,= 0747” isotherm model the Sip’s exponent, respectively
1+(K,C)
KO = K, *1000 Dimensionless K1 is Langmuir constant 8
equilibrium constant
s AS° AH® Thermodynamic AS®, AH°, T, and R are entropy change 9
LnK" = ——- RT parameters (J/mol/K), enthalpy change (kJ/mol),
Temperature (K), and ideal gas constant
(J/K/mol), respectively
AG’ = —RTLnK"® Van't Hoff AG" is the Gibb’s free energy (kJ/mol) 10
equilibrium
*All similar parameters are defined only once
SM Table 3. Physico-chemical properties of naproxen
Compound (formula)/CAS Molecular Weight  Log Log
number Molecular Structure (g/mol) Kow Dow  pKa
-0 = o)
Naproxen | J\OH
(C1sH1405)/22204-53-1 h 23027 305 1TF 42

Source: [4], *AtpH =7
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well as characteristic biobased functional groups such as hydroxyls,
carboxyls, and amides. The optimum removal efficiency was
achieved at a 0.66 g/L solid-to-liquid ratio, and the equilibrium (. 0 wigmetobiocnarciay 7
was attained at 720 min for all three ions. The adsorption process DIPC for 20 o]

was via electrostatic interactions as well as adsorption within the

pores (>90% of total adsorption). Surface functional groups involved in the adsorption process are —OH, —COO~, and —C—N. An
increase of Cu(Il) concentration in solution enhanced Cr(VI) removal efficiency by 86 and 79% on MBC 1:2:1 and MBC 1:3:1,
respectively, while reducing Cd(II) uptake by 65 and 52%, respectively. The equilibrium data was described by the Langmuir and
Langmuir—Freundlich adsorption isotherm models. Higher temperature slightly enhanced Cd(1I) adsorption, while no temperature
impact was observed for Cr(VI) and Cu(II) adsorption. The adsorbent reusability study confirmed that the removal efficiency for
Cr(VI) remained high after five cycles, while for Cd(II) and Cu(II) only during the first adsorption cycle. Thus, the MBC composite
is a cost-effective and efficient adsorbent and, due to its magnetic properties, can easily be applied as a water treatment adsorbent for
Cr(VI) removal from water.

ABSTRACT: Innovative low-cost magneto-biochar-clay (MBC € Bt .
1:2:1 and MBC 1:3:1) composite adsorbents formed by a one-step = “"‘- = ww i ne i
combination of magnetic nanoparticles (MNP), biochar (from % ,,:,", (":-":Tf’ 3
grape cluster stalk), and feldspar clay were employed for CA(IL), £ ... propanng T W i
Cr(VI), and Cu(II) removal from simulated contaminated aqueous ¢ CL el i Mass g
solution. The composites expressed higher cation exchange £ s it 5
capacity and BET surface area compared to the feldspar clay, as 3 XRD K] somparatuess

—
mz‘
e s
= PRI
|
HO

cd(n)
Cu(ll)
cr(vi)

1. INTRODUCTION

In 2022, the World Health Organization reported that 3.5
billion people lack access to clean water, while 2.2 billion of
these do not have access to clean potable water.! Environ-
mental pollutants, especially in water, are introduced via
various anthropogenic activities, including agricultural, indus-
trial, domestic, and other personal activities.”™ A widely
detected group of pollutants in the aqueous environment
includes toxic metals. Toxic metals include Pb(II), Hg(1l),
Cd(11), As(III), Cr(VI), and Cu(Il), and they are known to
pose serious health risks to humans and other biota. For
instance, Cd(II) is reported to be toxic to the kidney, cause
bone demineralization, and may impair lung function and
increase the risk of lung cancer, while Cr(VI) causes lung and
skin cancer, and is neurotoxic.”” Cu(1l) is an essential element
for biota but in excess amounts has been linked to the
generation of highly reactive oxidative hydroxyl radicals, which
damages the cells and DNA.® Hence, it is vital to eliminate
these toxic metals from water.

Several wastewater treatment techniques abound for
contaminant removal from water, including chemical oxida-
tion, precipitation, adsorption, biological techniques, and their

© 2025 The Authors. Published by
American Chemical Society

< ACS Publications

combinations. Among these techniques, the simple, cost-
efficient, environmentally friendly, and easy-to-handle adsorp-
tion is the most sought-after.g'10 There are several kinds of
adsorbents such as synthetic nano- and mesoporous materi-
als,' 12 clays,”'14 and biomass-based adsorbents.">'® With
appropriate treatment (e.g, calcination, pyrolysis) of this side-
stream biomass and the availability of low-cost materials like
clays, the adsorption technique is very promising. Application
of low-cost agricultural biomass in this manner improves
environmental aesthetics and reduces their adverse environ-

)

mental effects, such as greenhouse gas emissions, leaching to
soil and ground/surface water, potential fire sources, etc.
Irrespective of the several advantages associated with biomass-
derived materials, their application as the sole adsorbent suffers
from several drawbacks, including low adsorption of
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contaminants, bleeding of the adsorbents, low stability, low
pore size and surface area, and difficulty in adsorbent removal
from treated water postadsorption.'” Hence, biomass adsorb-
ents in synergistic combinations with other low-cost materials
such as clays and nanoparticles have been studied.""~*" Most
of the combinations have been aimed at enhancing the
composite’s adsorption capacity and stability. Yet, another
challenge is the separation of the adsorbents from large
volumes of water postpurification. One proposed method of
handling this is through magnetizing the adsorbent, thus
eliminating the need for cumbersome and energy-demanding
filtration postpurification.”” In the presence of a strong
magnetic field, the magnetized adsorbents are pulled aside in
a solid—liquid separation process, leaving the purified water on
one side and the contaminant-filled adsorbent on the other.

In this study, grape cluster stem biowaste was obtained from
a farm in Albania. Grape cluster waste runs in several tons
yearly, and it should be put to alternative use to improve
environmental aesthetics and reduce pollution. In addition, as
Albania prepares to join the EU, there is a requirement for
aligning its water policy with the Water Framework Directive
(Directive 2000/60/EC), which requires the achievement of a
good ecological and chemical status for all water bodies. The
National Environment Agency of Albania reported in 2022
that the water quality of two out of six basins in Albania (Ishmi
and Seman), evaluated through physicochemical parameters,
resulted in a bad quality. Also, during a 1 year assessment in
four different seasons of the Ishmi basin, Cd, Cr, and Cu were
commonly detected (with 0.00015, 0.0043, and 0.00245 mg/L
for Cd, Cr, and Cu, respectively (own data)). Thus, using a
magnetic low-cost adsorbent prepared from local materials
could help in reducing pollution and attaining the water
standards set by the EU Directive on the protection of
groundwater against pollution and deterioration (Directive
2006/118/EC) and Directive on environmental quality
standards (Directive 2008/105/EC). Therefore, the study
aimed to prepare cost-efficient magnetic adsorbents from
feldspar clay and commonly available grape cluster biomass for
the removal of three toxic metals (Cd(II), Cr(VI), and Cu(II))
from water.

2. MATERIALS AND METHODS

2.1. Materials and Pretreatment. Previously described pre-
treated feldspar clay (FLC)" was employed in this study. Grape
cluster stalk waste (GCW) was obtained from local vineyards in a
central area of Albania. The GCW was washed with distilled water,
dried (40 °C) to a constant weight, pulverized to fineness, sieved
through a 1000 ym mesh sieve, and stored. Milli-Q (Purelab, UK)
water at 18.2 MQcm, Mettler Toledo scale (ME204), and pH meter
(inoLab pH 7110) were used throughout the study. Analytical grade
reagents were used throughout, including cadmium nitrate tetrahy-
drate (Merck, Germany), anhydrous copper chloride (Merck,
Germany), potassium dichromate (Merck, Germany), iron(III)
chloride (Sigma-Aldrich, Germany), and iron(II) sulfate heptahydrate
(Carl Roth, Germany). Standard stock solutions (1000 mg/L each) of
Cd(II), Cr(VI), and Cu(Il) were prepared in Milli-Q water from the
above chemicals and stored, while the working solutions were
prepared from these stocks.

2.2, Adsorbents and Magnetic Composite Preparations and
Characterizations. The adsorbents used in this study were pristine
Feldspar clay (FLC), biochar (BC), magnetic nanoparticles (MNP),
and biochar-clay composites (MBC-x). The chemical coprecipitation
of pure MNP was carried out by mixing FeCl; (7.8 g) and FeSO,-
7H,0 (3.9 g) in 400 mL Milli-Q water at room temperature under
continuous magnetic stirring,lx followed by dropwise addition of 2.0

M NaOH until the red/gray solution becomes black marking the
completion of the MNP precipitation. The mixture was centrifuged
for S min (2500 rpm), washed 6 times with Milli-Q, dried (40 °C),
and weighed before storing it in an airtight container.

Pristine BC was obtained from the GCW by calcination of a known
weight of GCW for 2 h in limited oxygen on a furnace ramped up at a
temperature of ~14 °C/min until 500 °C. The crucible was allowed
to cool to room temperature in the furnace, sieved through to 1000
um mesh sieve, washed 6 times with Milli-Q, dried (40 °C), and
weighed before storing in an airtight container.

From the recorded weights of BC and MNP, the required masses
to prepare MBC of ratios 1:2:1 and 1:3:1 were determined. From the
adjusted weights, the MNP was prepared as described above but
stopped before the centrifugation step, and then the adjusted GCW
mass was added with shaking for 30 min at 200 rpm, followed by the
addition of the adjusted FLC mass with further shaking for 2 h. The
mixture was centrifuged (1500 rpm) for 10 min, dried overnight at 80
°C, and calcined in a crucible, as described above. The final composite
materials were cooled, sieved, washed, weighed, and stored. The
composites were labeled MBC-1:2:1 and MBC-1:3:1. Other variants
of the MBC (with higher BC/FLC/MNP) were prepared, but since
the ultimate goal of the composite(s) was to adsorb pollutants
optimally while preserving the lowest possible magnetic property for
easy removal of the adsorbent from water postadsorption, the two
reported variants were the best in terms of better magnetic property
and lower preparation cost.

The BC, FLC, MNP, and MBC composites were characterized by
analytically determining their point of zero charge (pHpzc) using pH-
drift method™ and cation exchange capacity (CEC) using the sodium
saturation method,”* while the functional groups were determined
using the Fourier transform infrared (FTIR) spectrometer (VER-
TEX70, Bruker Optics, Germany), crystallinity using X-ray diffrac-
tometer (XRD) (Empyrean spectrometer, Malvern Panalytical,
Germany), specific surface area and porosity using a QUAD-
RASORBevo analyzer (Quantachrome Instruments, USA), and
surface morphology using a scanning electron microscope (SEM,
Gemini SEM 560 Zeiss, Germany) with an energy-dispersive X-ray
probe (EDX).

2.3. Sorption Experiments. Preliminary batch sorption experi-
ments using monocontaminant and tricontaminant solutions were
comparatively carried out using the BC, FLC, MNP, and MBC
adsorbents. The results showed enhanced performances of the MBC
1:2:1 and MBC 1:3:1 composites; thus, these were employed in the
detailed sorption study. Typically, each batch experiment employed
20 mg of mass of adsorbent in 30 mL of S mg/L contaminant solution
(except where otherwise stated) at pH of 5.5 + 0.1 (except for the
effect of pH) in 50 mL plastic centrifuge tubes incubated for 1440
min (except where stated) at 200 rpm and 20 °C. The pH of the
working solutions was adjusted with 0.2 M HCI/NaOH, where
required. The effects of the following sorption parameters™ were
examined: adsorbent mass (10—50 mg), time (1—1440 min), solution
pH,“_(’ contaminants concentration (1—20 mg/L), and experimental
temperature (20, 30, and 40 °C). The reusability study was carried
out using 20 mg of used adsorbent and solution metal concentrations
of 0.5—10 mg/L. The adsorbed metals were desorbed by shaking in
30 mL of 0.2 M HCI twice (200 rpm for 1 h) and then in Milli-Q
under the same conditions, before drying overnight and reusing. Five
cycles of reusability were carried out. After each experiment, the
samples were filtered with 0.45 ym PTFE filters, and metals in the
filtrate were measured using an inductively coupled plasma—optical
emission spectrometer (ICP-OES, Varian 720-ES).

2.4. Sorption Data Analysis. The amounts (mg/g) of cations
adsorbed (g,) were calculated from eq 1, where C,, C, v, and m are
the initial and final concentrations (mg/L) of metal cations in
solutions, experimental solution volume (mL), and mass (g) of
adsorbent, respectively.

q,= (G, — Cv/m (1)
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Figure 1. Characterization results of the biochar, FLC, MNP, MBC 1:2:1, and MBC 1:3:1 showing (a) FT-IR spectra peaks; (b) XRD
diffractograms; (c) pHpzc; and (d) nitrogen adsorption/desorption isotherms (showing BET specific surface areas).

120

Figure 2. SEM electron micrographs of (a) biomass (magnification: 1 ym); (b) biochar (1 um); (c) feldspar (1 ym); (d) magnetic nanoparticles
(1 pm); (e) MBC 1:2:1 composite (1 ym); and (f) MBC 1:3:1 composite (10 ym).

The nonlinear forms of the pseudo-first-order (PFOM)* (eq 2),
pseudo-second-order (PSOM) (eq 3), and the intraparticle diffusion
(IPD) (eq 4)*” models were employed to explain the experimental
rate data. The model quantities g, and g, are the amounts adsorbed qzkzt
(mg/g) at equilibrium and time f, and k, (/min) and k, (g/pug/min) %= rn e
are the rate constants of the PFOM and PSOM, respectively. The K; t kgt (3)
(g/pg min'/?) is the rate parameter of the IPD control stage, and C
(ug/g) is the estimated surface concentration of cations on the
adsorbent surface. K

q=q,(1-¢") )

1/2
Kt'"+ C (4)
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The equilibrium sorption data were fitted with nonlinear
adsorption isotherm models of the Langmuir (eq S), Freundlich
(eq 6), and Langmuir—Freundlich (eq 7) type, where the models’
parameters Qg or q,,, (mg/g) are the maximum adsorption capacity
per unit weight of adsorbent, b is the Langmuir constant, Ky is the
Freundlich isotherm constant, 1/mg is the Freundlich isotherm
linearity parameter, and Kjyand n are a constant and the dimensionless
exponent of Langmuir—Freundlich, respectively.

QG
%7 Thc, (s)
q,= K" ()
4Ky &
4=
1+ KyC, (7)

The equilibrium constant K; (L/g) (eq 8) and thermodynamic
parameters (enthalpy AH® (kJ/mol) (eq 9), entropy AS® (J/mol/K)
(eq 9), and Gibbs free energy AG® (kJ/mol) (eq 10) were calculated
using the equilibrium sorption data at 293.15, 303.15, and 313.15 K,
where R is the universal gas constant. All fittings and models’
parameters were generated using the OriginPro2015 software
(OriginLab Corporation, USA).

)
o (8)
AS°  AH®
InK, = -
47 R RT ©
AG® = —RTInK, (10)

3. RESULTS AND DISCUSSIONS

3.1. Characterization of Adsorbents. The main aim for
the composite fabrication was to prepare an adsorbent that is
economical, environmentally friendly, easy to separate from
water post-treatment, and more effective in water treatment
than any of the precursor materials. Hence, selected physical
and chemical properties (Figures 1 and 2 and Table 1) of the

Table 1. Physiochemical Characterization of Adsorbents

adsorbent  pHpzc CEC (cmol/kg) BET specific surface area (m?/g)

biochar 10.0 50.1 34
MNP 7.6 34 134
FLC 6.1 5.3 74
MBC 1:2:1 9.2 284 28
MBC 1:3:1 9.4 232 32

precursor and composite adsorbents were analyzed and
described here to prove that the composites meet these critical
requirements. The results in Table 1 showed that the biochar
exhibited a high or very alkaline pHpzc (Figure 1c), unlike the
MNP and the feldspar, which expressed near-neutral and
slightly acidic values, respectively. The final MBC composites
exhibited pHpzc values that were closer to the major bulk
material in the composite (biochar): the more biochar present,
the higher the pHpzc value. The average composite pHpzc
value was 9.3, and this pHpzc value was in line with those
reported for clay-biochar composites.'>'® The pHpzc is one
important parameter that indicates the adsorbent’s surface
charge state in solution pH: below the pHpzc value, the
average surface charge density is positive and the adsorbent
would likely attract negatively charged ions, while it is negative

above the pHpzc value and the surface would attract positive
27
ions.

The values of the cation exchange capacity (CEC) (Table 1)
of the composites showed an average decrease of ~48 and
16%, respectively, when compared to the biochar and the
MNP but higher than the feldspar. In addition to the low cost
and higher stability of the composites, an average CEC of 24
mequiv/100g was considered effective. Similar to the CEC, the
BET (Table 1 and Figure 1d) values were lower for the
composites compared to those of the biochar and the MNP.
The textural properties measured via nitrogen adsorption—
desorption isotherms at 77 K (Figure 1d) showed majorly IV
isotherms with a sharp inflection usually occurring around
relative pressures (P/P;) of 0.5—0.9.

Prediction and comparison of the major functional groups
associated with the precursor and the final composites were
done by monitoring the peaks between 4000 and 500/cm for
biochar, MNP, FLC, MBC 1:2:1, and MBC 1:3:1 as shown in
the FTIR spectra in Figure la. The peak around 1035/cm of
the FLC and biomass were attributed to Si—O in-plane
bending vibrations, while those at 730 and 525/cm of FLC
were attributed to the Si—O—Si bridging bonds in SiO, and
Al-OH/Al-O deformations, respectively.'* These peaks were
observed in the composites, though with slight shifts indicating
the transfer of functional constituents from the precursors to
the composites. Another major peak transferred to the
composites is the characteristic magnetic Fe—O peak (around
560/cm) of the MNP; its presence is indicative of the
magnetic property in the composites.”” The peaks between
1585 and 1420/cm, especially in the composites, are
characteristic of C=0, C=C aromatic stretching rings, and
amide-I groups, while those around 3200/cm of all materials
(except FLC) were attributed to the presence of —OH
groups.

The degree of crystallinity measured through XRD (Figure
1b) showed the presence of characteristic FLC peaks for
microcline, quartz, and feldspar minerals at 26 of 22.0, 26.6,
and 27.9° respectively, with a partly triclinic feldspar mineral
peak at 30.7°. Typical Fe;O, MNP spinal structures were
observed at 26 values of 30.3, 35.5, 43.1, 57.1, and 62.7. Similar
to the FTIR spectra, these crystal peaks in the FLC and MNP
were observed in the composites, showing that there were no
phase changes in the basic lattices of the FLC and MNP within
the final composites.'®

The morphologies of the precursor and final materials were
examined via SEM (Figure 2a—f). The SEM of the raw
biomass exhibited spongy amorphous surfaces (Figure 2a),
which became less spongy with nonregular porous surfaces
upon calcination to the biochar (Figure 2b), while the MNP
exhibited spinal structures (Figure 2d). However, the
morphologies of both MBC composites (Figure 2e,f) showed
almost regular surfaces with shaped pores in the form of a
honeycomb, confirming a successful preparation process.

Preliminary sorption experiments carried out to ascertain
and compare sorption potentials of the precursor and
composites showed enhanced removal efficiency for MBC
1:2:1 and MBC 1:3:1 of ~370, 201, and 122% for Cd(II),
Cr(VI), and Cu(II), respectively, in comparison to the GCW,
biochar (Figure Sla). In addition, the composites showed
better removal efficiencies for Pb(II) and for a model organic
compound (terbuthylazine) of 99.7 and 99.0% for MBC 1:2:1,
and 76.6 and 55.7% for MBC 1:3:1, respectively (Figure S1b).
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Thus, further experiments were conducted using MBC 1:2:1
and MBC 1:3:1 to obtain the optimized sorption parameters.

3.2. Optimization of Mass and pH, and Sorption
Kinetics. For mass optimization of the composite adsorbents,
a mass range of 10 up to 50 mg (0.33 and 1.66 g/L) was
considered, using a S mg/L ternary contaminant solution, and
the sorption trends are depicted in Figure 3a,b. Results showed
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Figure 3. Adsorption trends at varying masses of (a) MBC 1:2:1 and
(b) MBC 1:3:1; adsorption rate trend on (c) MBC 1:2:1 and (d)
MBC 1:3:1; and adsorption trend at varying solution pH for (e) MBC
1:2:1 and (f) MBC 1:3:1.

that the Cd(II) and Cu(II) removal efficiency increased with a
higher adsorbent mass. This was ascribed to the presence of

numerous active exchangeable sites for these cations and the
greater surface area of the adsorbents with increasing
adsorbent mass.***' For the Cr(VI) anion, however, the
removal efficiency rose initially with an increase in adsorbent
mass, but beyond the 20 mg mass, there was a downward
deflection. A similar trend was reported for the coadsorption of
Cd(II) and Cr(VI),’gz and this may be attributed to the
antagonistic effect between the two ions in solution during
coadsorption. The results showed that the mass for optimum
removal efficiency for all three cations was 20 mg; thus, this
amount was selected for further experiments. At the 20 mg
mass of MBC 1:2:1 and MBC 1:3:1, the optimum adsorption
for CA(II) was 2.3 and 2.9 mg/g, respectively. These values for
Cr(VI) were 2.3 and 2.4 mg/g, while those for Cu(II) were 7.6
and 8.3 mg/g, accordingly.

The sorption rate trends for Cd(II), Cr(VI), and Cu(II)
ions on the composites are presented in Figure 3c,d. Both
composites showed fast ion uptake over the first 240 min, and
this may be attributed to the presence of plenty of empty active
adsorption sites on the adsorbent surfaces.’” This initial fast
adsorption was followed by a slower increase in trend up to
720 min, which was ascribed to the filling of the remaining
composite adsorption sites and intraparticle diffusion of cations
within the composites.”* Though a significant portion of the
adsorption of the contaminants (>85%) occurred before 240
min, equilibrium was attained for both composites at 720 min.
Therefore, further tests were carried out at 720 min. The mass
and rate experiments showed that the affinity of the composites
for Cu(II) ions was far higher than for Cd(1I) and Cr(VI); the
general trend was Cu(II) > Cd(II) > Cr(VI).

Another important parameter in evaluating the efficiency of
a new adsorbent is its response to pH changes. This is vital
because it directly affects both the metal ions’ speciation and
composite surface cha.rge.35 Therefore, the influence of
solution pH on the adsorption process by the MBC
composites was evaluated and is presented in Figure 3ef.
The significantly low (p < 0.05) sorption for Cd(II) and
Cu(Il) observed in the acidic conditions (pH 3) may be
ascribed to partial protonation of the functional groups, and
the competition between H' (or H;O') and metal, both
cations for the negatively charged adsorption sites on the MBC
composites.”® Thus, by increasing the solution pH, the proton
concentration decreases and the adsorption sites become
progressively negative, resulting in a lower competition
between protons and cations and more electrostatic

Table 2. Kinetic Model Parameters for MBC 1:2:1 and MBC 1:3:1 Adsorption

Cd(IT) MBC Cd(II) MBC

Kkinetic model parameter 1:2:1 1:3:1
PFO q. (mg g™") 1.831 2249
k; (min™") 0.005 0.004

s 0.701 0.806

7 0.145 0.129

PSO 9. (mgg™") 2.120 2482
k, (g mg™" min~") 0.003 0.003

e 0.779 0.875

7 0.107 0.083

IPD C(mgg™) 0.220 0251
k (g g™ min'?) 0.055 0.065

0.910 0953

7 0.043 0.031

experimental mg/g 2.413 2.636

Cr(VI) MBC Cr(VI) MBC Cu(1I) MBC Cu(IT) MBC
1:2:1 1:3:1 1:2:1 L3l
2.049 2760 8.141 8.031
0.00s 0.006 0005 0.007
0.946 0.962 0965 0.967
0.038 0.044 0334 0299
2389 3.162 9.454 9.103
0.002 0.002 0.0007 0.001
0.942 0.980 0968 0.981
0.041 0.023 0308 0.174
0.124 0231 0816 1.198
0.064 0.085 0234 0236
0.830 0.891 0883 0.875
0.122 0.130 1135 1.150
2.048 2,888 8348 8414
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Figure 4. (a) Effect of the initial concentration of Cu(II) on Cd(1I) 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 Cd(II), 3 mg/L Cr(VI), and 3—-20 mg/L of Cu(Il), pH = 5.4 at 200 rpm]; (c) pre- and
postadsorption FTIR spectra of the composites; (d) reusability of Cr(VI) on MBC 1:2:1; and (e) on MBC 1:3:1.

interactions with Cd(II) and Cu(1I) on both composites.”
The optimum pH for adsorption of Cd(II) and Cu(II) was at
pH 6. However, for Cr(VI) anions, which exist as HCrO,~ at
low pH,37 the adsorption was higher at pH 3 as a result of
electrostatic attraction between HCrO,” and positively
charged adsorbent surfaces, especially at pH 3."' Thus, the
optimum adsorption of Cr(VI) occurred at pH 3.

In evaluating the removal kinetics of Cd(II), Cr(VI), and
Cu(II) by MBC 1:2:1 and MBC 1:3:1, the PFOM, PSOM, and
IPD kinetic models were employed. The fitting plots and
model parameters are given in Figure S2a—f and in Table 2,
respectively, In general, by comparing the PFOM and PSOM
correlation coefficients (+*) and chi-square (y?), the PSOM
exhibited better trends with values closer to unity and smaller,
respectively. These show that the model fits the rate data and
indicates that the adsorption process was controlled by the
valence electron exchange between surface adsorption sites and
metal ions, possibly leading to electrostatic interactions,””*%*"
The IPD model was evaluated to gain insight into the
particulate nature (surface-to-pore relationship) of the
adsorption process on the MBC composites. The C (mg/g)
parameter of this model, which is an indication of the extent of
surface adsorption, was lower than the experimental values
(<10% of total adsorption) for both composites, suggesting
that metal ions adsorption within the pores of the composites
played some role in the adsorption process.

3.3. Effect of Initial Concentration and Coexisting
Metal lons. The effect of initial concentration results (Figure
4a,b) showed that increasing initial Cu(II) concentration in
solution enhanced Cr(VI) removal efficiency by 86 and 79%
on MBC 1:2:1 and MBC 1:3:1, respectively, while reducing
Cd(11) uptake by 65 and 52%, respectively. Thus, in a ternary
metal solution of Cr(VI), Cu(ll), and Cd(II), increasing the
Cu(ll) concentration would enhance Cr(VI) uptake while
reducing the adsorption of Cd(II). Interestingly, it was also
observed that as the concentration increased, the Cr(VI)

15027

removal attained ~100% efficiency, while the Cu(II) efficiency
decreased from ~100 to ~90%. This may be due to the Cu(Il)
adsorption site occupation (displacement of adsorbed ions) by
Cr(VI) as concentrations increased. This suggests that
increasing the adsorbed positive charge on the adsorbent
surface leads to higher electrostatic interaction with the Cr(VI)
anion, possibly in a multilayer. A similar trend has been
reported earlier.””

The adsorption mechanism in a multicomponent system
could be explained based on ionic properties (Table S1). The
higher adsorption of Cu(II) may be attributed to its smaller
hydrated radius and higher electronegativity (highest standard
reduction potential) compared to Cd(II) and Cr(VI); this
results in easier access into the pores and greater electrostatic
interactions with the composite adsorption sites.”"*' To
determine the interactions in a ternary system, the relative
metal i adsorption R,(%) (eq 11)** was employed, as given in
Table S2.

R, =

metal i adsorption capacity with the coexistence of metal j and k

metal i adsorption capacity without coexistence of metal j and k

(1)

Based on this parameter, if R; > 100%, then the interactive
effect of mixed ions is synergistic, while R, < 100% means there
were antagonistic reactions. However, R, = 100% shows
noninteractive behavior. From the results (Table S2), Cd(II)
exhibited a synergistic and antagonistic effect for MBC 1:2:1
and MBC 1:3:1, respectively, while Cu(Il) and Cr(VI)
exhibited synergistic effects for both composites.

The effect of the metal adsorption on the FTIR spectra was
examined and is depicted in Figure 4c. The peaks at around
3200/cm, which were attributed to the —OH groups, showed
enhanced vibration after adsor?tion, indicating strong
interaction with the metal ions.”"*** The —OH groups might

X 100
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have served as electron donors for Cr(VI) reduction to Cr(III)
while being oxidized to carboxyl groups.” This was confirmed
by the corresponding carboxyl peak increase at 1585/cm after
adsorption. Another source of electrons for Cr(VI) reduction
might have been iron oxide (Fe®) ions present in the
composites.””**" Amide-I groups at around 1420/cm
exhibited higher vibrations and shifted after adsorption,
indicating that these groups were active in the metal ion
adsorption process.

3.4, Effect of Temperature on Sorption and
Adsorption Isotherm Modeling. The adsorption of Cd(1I),
Cr(VI), and Cu(II) on the MBC composites at fixed solution
concentrations of Cd(II) (1 mg/L) and Cr(VI) (1 mg/L), and
at varying concentrations (3—20 mg/L) of Cu(Il) at three
different temperatures (20—40 °C), are given in Figure S4a—f.
The sorption trends showed that with increasing Cu(II)
concentration, Cd(II) sorption decreased (Figure S4ab),
especially at low temperature (20 °C). The slightly higher
Cd(1I) and Cu(II) (only on MBC 1:3:1) uptake at higher
temperatures may be attributed to the endothermic nature of
the process. On the other hand, no significant change in the
sorption of Cr(VI) was observed as the temperature was varied
(Figure S4c—f). The calculated thermodynamic parameters
showed that AG® < 0, AS®° > 0, and AH® > 0 for MBC 1:3:1
(Table 3), indicating a spontaneous and endothermic process.

Table 3. Sorption Thermodynamic Parameters for Cu(II)
on MBC 1:3:1

temperature AG® (kJ/mol)  AH°(KJ/mol)  AS° (J/mol/K)
293.15 K (20 °C) —3.95 10.10 47.95
303.15 K (30 °C) —4.41
313.15 K (40 °C) —4.91

The negative AG® values implied that the adsorption process is
spontaneous. Moreover, the AG® decreases with temperature
increase, suggesting that higher temperature conditions favor
the adsorption process, thus enhancing the spontaneity of the
process.*” This was supported by the positive AH® (10.10 kJ/
mol) value, which indicated an endothermic process. Addi-
tionally, the positive AS® value (47.95 J/mol/K) signaled an
increase in randomness at the solid-solution interface as the

Due to the higher affinity of the composites for Cu(Il), the
Cu(Il) adsorption isotherm models were evaluated at fixed
Cd(II) and Cr(VI) concentrations, 1 and 3 mg/L, respectively,
at three different temperatures (20, 30, and 40 °C). The
employed model parameters (Langmuir, Freundlich, and
Langmuir—Freundlich) are shown in Table 4 (Figure S3a—
f). The r* (>0.87) and y* (<12.06) values suggested that the
Langmuir adsorption isotherm model fit the data better than
the Freundlich model, and this is an indication that the Cu(II)
adsorption process occurred on similar adsorption sites and in
a monolayer. The relatively good fits of the Langmuir—
Freundlich model (rZ > 0.87; ;{Z < 12.28) corroborate the idea
that the adsorption occurred on heterogeneous adsorption
sites but with a similar affinity or energy for Cu(II).

3.5. Reusability and Cost Implications. The reusability
of the MBC composite, an economic indicator of its
applicability, was performed, and the results of five cycles are
shown in Figure 4d,e. The average removal efficiency of the
composites for Cd(II) and Cu(1l) in the first cycle was ~20
and 87%, respectively. In subsequent adsorption cycles, no
significant removal of these cations was observed; thus, the
reuse of these composites for both cations was not possible.
This may be ascribed to the strong attachments of these
cations to the composite’s adsorption in the first cycle.
However, Cr(VI) adsorption of the composites exhibited
relatively constant efficiencies through the consecutive cycles
(Figure 4d,e) with slight decreases (<10%) in efficiency for the
MBC 1:3:1 toward the fifth cycle. The recorded Cr(VI)
removal efficiencies in the fifth cycle were 70 and 57% for
MBC 1:2:1 and MBC 1:3:1, respectively. The subsequent
inability of the composites to adsorb Cd(II) and Cu(II) but
enhanced Cr(VI) adsorption is an indication of cooperative
adsorption after the first cycle. Thus, the used composites may
be reusable for Cr(VI) removal from water.

The cost implication of applying the MBC composites was
estimated as reported by others for similar adsorbents**"” by
considering the cost of all precursor materials, treatments
(energy and chemicals), and post-treatments (washing, drying,
packaging, and transport) based on the reported calculation.
The estimated costs per kilogram are ~5.54 United States $
(Table S3). Considering the reusability of these adsorbents,
this is far cheaper than several reported low-cost adsorb-

process proceeded toward equilibrium. ents. '™
Table 4. Cu(Il) Adsorption Model Parameters
Cu(II) MBC 1:2:1 Cu(II) MBC 1:3:1
adsorption isotherm model parameter 20 °C 30 °C 40 °C 20 °C 30 °C 40 °C
Langmuir Q, (mg/g) 27.88 26.36 28.02 24.95 28.87 29.26
p 26.12 46.33 30.55 142.16 33.07 22.58
7 0.95 0.94 0.93 0.87 0.95 0.92
Ve 4.29 5.58 6.87 12.06 4.43 826
Freundlich 1/n 0.22 0.19 0.20 0.15 0.18 0.20
Kr 24.97 24.82 24.99 24.93 24.82 25.07
7 0.81 091 0.76 0.84 0.64 0.69
i 19.25 9.01 24.46 15.70 35.55 3143
Langmuir—Freundlich Jinax (Mg/g) 27.95 30.68 28.63 29.50 27.41 28.97
1/n 0.98 0.56 0.90 0.52 1.41 1.05
Kig 24.83 23.54 20.05 8.73 180.8 28.10
I 0.93 0.99 0.90 0.94 0.96 0.88
){l 6.43 0.42 10.04 2.36 3.87 12.28
15028 https://doi.org/10.1021/acs.langmuir.5c01248
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4. CONCLUSIONS

The starting individual materials of grape cluster biomass,
feldspar clay, and Fe;O, were successfully combined into
ternary magneto-biochar-clay composites in MBC 1:2:1 and
MBC 1:3:1. This was confirmed by following higher cation
exchange capacity and BET surface area values compared to
feldspar clay. Similarly, characteristic properties of the
individual starting materials, such as unique infrared and
XRD peaks as well as the basic crystalline structure of the
feldspar, were transferred to the MBC composite. These
adsorbents were applied in simultaneous aqueous multimetal
ions (Cd(II), Cr(VI), and Cu(Il)) adsorption. Preliminary
data showed enhanced MBC adsorption efficiency in
comparison to the individual adsorbents. The average
enhanced efficiencies of both composites for Cd(II), Cr(VI),
and Cu(Il) were ~370, 201, and 122%, respectively. The
adsorption processes were mainly controlled by electrostatic
interactions and adsorption on the pores. The surface
functional groups involved in the process are —OH,
—COO~, and —C—N. The Cu(II) ion was the most adsorbed,
and equilibrium was achieved in 720 min for all three metal
ions. The optimal pH of adsorption for Cd(II) and Cu(II) was
recorded at solution pH 6, while at pH 3 for Cr(VI).
Cooperative adsorption was observed between Cu(II) and
Cr(VI) in a multimetal solution, while Cd(II) adsorption
decreased. Generally, the process was spontaneous but
endothermic and was described by Langmuir and Langmuir—
Freundlich adsorption isotherm models. The composites
showed good removal efficiency for Cd(II) and Cu(lI) during
the first adsorption cycle and for Cr(VI) even after five
consecutive cycles; thus, the composite is a low-cost, easy-to-
handle, feasible, and sustainable adsorbent for application in
water treatment.
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SI Table 1. Ionic properties of Cd(II), Cr(VI) and Cu(l)

Property Cr(VI) Cu(I) Cd(II)
Atomic weight 51.01 63.55 112.41
Molecular weight 294.18 134.45 769.52
Electronic configuration [Ar]3d*ds' [Ar]3d"4s' [Kr]4d'’5s’
Electronegativity 1.66 1.9 1.69
Tonic radii (A% 0.52 0.72 0.95
Hydrated radii (A°) 4.61 4.19 4.26
Coordination number 6&4 2&4 6&4
Standard Reduction Pot. (V) .~ Cu™+2¢ —»Cu Cd™"+2¢ —Cd
Cru +_3C — Cr(1.1) 0.34) (-0.403)
Cr'3e — Cr(-0.74)
Source: [1, 2]
SI Table 2. Interactions of metal ions in ternary systems
Metal System MBC 1:2:1 MBC 1:3:1
R (%) Interaction R; (%) Interaction
Cadmium
No

Cd(II) + Cr(VI) + Cu(Il) 103 interaction 81 Antagonistic
Chromium

Cr(VID) + CddD) + Cu(ID) 1510 Synergistic 29298 Synergistic
Copper

Slightly Slightly
Cu(ID) + Cd(ID) + Cr(VI) 109 synergistic 111 synergistic
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SI Table 3. Cost analysis of MBC 1:2:1/MBC 1:3:1 production

Cost for ($) Cost MBC

Preparation phase Cost assignment _ Chemicals Energy  Cost in stages ($) 1:2:1/MBC 1:3:1 (%)
Arrangement of precursor for Procurement (FLC) Costyp 0.125/0.1 0.365/0.34 5.5627/5.5154

Transport 0.23

Packaging and storage 0.01 0.01
Pre-treatment of precursors Cleaning Costpp 0.18/0.2 - 1.48/1.5

Drying 0.4

Size reduction 0.9

Preparation and pyrolysis Heating Costpy,, 0.87 1.591/1.559
FeCl; 0.15/0.12
FeSO, 7TH,O 0.014/0.012
Shaken 0.08
Centrifugation 0.027
Washing 0.45
Chemical activation NaOH treatment Cositea 1.6 1.615
Stirring 0.015
Others cost Offset cost COStphery 10% of $ 0.5057/0.5014

Sources: [3, 4]
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