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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 (CMC), 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, 12.8, 2.7, and 1.8 µg L−1, respectively. Sediment concentrations showed high 
levels of CFC and ATM, notably during spring with the highest concentrations of 1068 (LR1) and 396 ng g−1 (IR2), 
respectively, suggesting strong seasonal and spatial variability. Partitioning behavior (Kd and Koc) was investigated 
in relation to compound-specific (Dow) and sediment-specific (pH, organic carbon, CaCO3 and metal content) prop‑
erties. Significant correlations were found, and multiple regression models successfully predicted in situ Kd 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, Dow, Kd 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, 
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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 CAFF, 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 
μg L−1 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−1 and citalopram at 6–8 ng L−1) in a northern 
Albanian River (Buna River) [57]. High concentrations of 

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, Terkuzë, 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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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 

Fig. 1  Location of sampling points in the Ishmi River basin

Table 1  Sampled Ishmi basin Rivers sites characteristics

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

ID River Location *Flow m3 s−1 Site characteristics

Year 2023

Autumn Summer

TR1 Tirana River N41° 38’; E19° 86’ 0.31 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’ 4.89 3.83 Agriculture activities
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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 μm cellulose acetate fil-
ters, and the filtrate pH was adjusted to 2.7 using concen-
trated HCl (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 μm, 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 (CaCO3) 
(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 CaCl2, 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 CaCO3 with 10% HCl and then 
measuring the emitted CO2. 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 CAFF, 
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% HCl. 
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 (H3PO4, 85%), hydrochloric acid (HCl, 
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 μm) and PTFE syringe filters 

Table 2  Summary of mean concentrations of selected pharmaceuticals in the water and sediments of different locations from Ishmi 
River basin

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

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

Sampling Point

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

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

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

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

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

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

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

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

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

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

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

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

TMP 8.0 40.5 3.0 8.2 9.0 3.8 n.d 6.4 11.3 6.7 6.0 2.1
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(0.45 μm) were obtained from OTTO E. KOBE KG (Mar-
burg, Germany). C18-E (55  μm, 70  Å, 500  mg / 6  mL) 
Strata® cartridges were purchased from Phenomenex 
(USA). A Mettler Toledo balance (ME 204), Milli-Q water 
(18.2 MΩ·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 DCF, 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−1 
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 HCl) 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: 2 × 5 mL under gravity flow and 4 mL of 
0.1% HCl 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 μm 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−1 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% H2SO4), passed through C18 SPE cartridges, 
and processed as the water extraction procedure above. 

Standard addition was performed using 0.5, 1.0, and 
2.5  mg L−1 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 
KH2PO4:ACN (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 H3PO4: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 liq-
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  µm, 120  Å, 
2.1 × 150 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% H2O (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 µL and a flow rate of 0.3 mL min−1. 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  µg L−1) and processing 500  mL samples 
through SPE (0.25 mL final extract). LOQs (ng L−1) 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−1 
for CBZ, 3.8  ng  g−1 for NPX, and 5.3  ng  g−1 for IBU), 
signals below these levels were occasionally visible due 
to the enhanced sensitivity of the standard addition 
approach. Recoveries (%) in water (IR1water spiked at 
2  µg L−1) 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−1) 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 μm 
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−1 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 µg L−1 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 µg kg−1 were 0.01 (SMX), 0.09 (TMP), 0.12 
(CFC), 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-13C6, CMC-13Cd6, 
ATM-13Cd3, CFC-d8, and TMP-d9, each assigned to its 
corresponding analyte. For ETM, TMP-d9 was used as 

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 (Kd) for the 
selected pharmaceuticals was calculated using their 
concentrations in the sediment phase (Cs) (ng g−1) and 
the water phase (Cw) (ng L−1), 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 Kd value 
indicates greater sorption to sediments, suggesting 
stronger binding and higher environmental persistence 
due to reduced photodegradation and biodegradation 
processes [7].

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 ioniza-
tion at a given pH. To assess the distribution behavior of 
the selected pharmaceuticals, Dow was calculated using 
Eq. (2), as reported by [54].

(1)Kd = Cs/Cw

Table 3  Kd and Koc calculated values on site compared with literature values

Compound Kd (mL g−1) Koc (mL g−1) Literature (mL g−1) Matrix References

Min Max Mean Min Max Mean Kd Koc

ATM 369.2 3,144.7 121–1,834 17,783 Sediment [29, 44]

AETM 12.5 178.1 114.2 678.8 4,340.5 2,699.7 2–73; 211 – Sediment [44, 47]

CFC 13.9 8534.4 2,180.9 828.8 135,037 42,472.9 329.3–4,664 – Sediment [59]

CMC 3.06 971.2 224.0 132.8 157,148 24,276 0.7–570 125.9–25,119 Sediment [29]

IBU 0.17 27.3 9.09 7.49 784.9 236.4 1.72–45.5 192–1,110 Soil [56]

NPX 0.42 24.8 8.10 10.91 762.9 209.7 3.4–356 340–7,610 Soil [56]

SMX 54.2 197.3 115.5 623.3 4,555.6 3,117.6 22–105 – Sediment [18]

TMP 39.3 3,142 720.5 1,076.9 4,9726 12,854 18.8–3,126 – Sediment [18, 49]



Page 7 of 16Peqini et al. Environmental Sciences Europe  (2025) 37:212	

where Kow is the n-octanol–water partition coefficient 
and pKa 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 (Koc) 
was calculated using the Eq. (3), as reported by [56].

where foc 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 (Kd) and 
sediment properties, as well as with the predicted Kd. 
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 

(2)Dow =
Kow

1+ (10pH−pKa)

(3)Koc = Kd/foc

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 µg L−1, 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 µg L−1 (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 µg L−1, 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 µg L−1, respectively. 
DCF was also detected, with the highest concentration of 
1.8 µg L−1at 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 ionized molecules, due to their pKa 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 µg L−1, respectively. 
The antiepileptic CBZ concentrations ranged from n.d. 
to 1.3  µg L−1 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  µg L−1 again at location LR1. This 
compound is characterized by a low Henry’s constant 
(< 10–15  atm*m3  mol−1) 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 (pKa of 6.09 
and 8.76), therefore it remains in aqueous phase [52]. 
CFC levels were comparable to those reported in stud-
ies in River waters and wastewater effluents such as in 
Iran (0.2–0.7 µg L−1) [35], in Portugal (0.2–0.5 µg L−1), in 
Spain (0.2 µg L−1), in Ireland (0.2–0.3 µg L−1), in Cyprus 
(0.3  µg L−1), in Germany (0.2  µg L−1), and in Norway 
(0.2 µg L−1) [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  µg L−1, 
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  µg L−1and 1.4  µg L−1, similarly to trends 
reported in China (0.2  µg L−1) [19] and in Spain (0.3–
3.9  µg L−1) [40, 51]. ATM was frequently detected only 
at location LR1, with the highest concentration of 7.5 µg 
L−1. 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  µg L−1 and 0.1  µg L−1, respectively, which 
are comparable with concentrations of 0.2 µg L−1 (SMX) 
and 0.3 µg L−1 (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−1, respectively, fol-
lowed by IBU (93.7  ng  g−1) > CBZ (60.5  ng  g−1) > NPX 
(49.3  ng  g−1) > TMP (38.3  ng  g−1) > CMC 
(37.8  ng  g−1) > SMX (13.3  ng  g−1) > AETM (2.7  ng  g−1). 
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−1 [62], 
for ATM at 8.1–14,680 ng g−1 [46], for IBU, CBZ, NPX at 
66–340, 38–519, 3–96 ng g−1, respectively [6], for TMP at 
11–90 ng g−1 [20], for CMC at 87.7 ng g−1 [25], for SMX 
at 10 ng g−1 [2], and for AETM at 0.86–185 ng g−1 [46].

Partitioning of the studied pharmaceuticals 
in the sediment–water system
Having the concentrations of both aqueous and sedi-
ment phases, in  situ Kd values of pharmaceuticals were 
calculated and the minimum, maximum, and the mean 
values, as well as all in situ calculated Kd values, are pre-
sented in Table  3 and SM Table  6, respectively. The Kd 
values varied highly for most of the compounds, as from 
0.42 to 24.8  mL  g−1 for NPX, from 0.17 to 27.3  mL  g−1 
for IBU, from 12.5 to 178.1 mL g−1 for AETM, from 3.06 
to 971  mL  g−1 for CMC, from 13.9 to 8534  mL  g−1 for 
CFC, from 54.2 to 197 mL g−1 for SMX, and from 39.3 to 
3,142 mL g−1 for TMP. For all compounds, similar trends 

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 Kd 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 
(%), Dow, 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 Kd of both detected water and sedi-
ment compounds, was correlated with sediment pH, OC 
(%), calculated Dow, CaCO3, 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, 
Dow, and OC content had the highest impact on selected 
pharmaceuticals partitioning.

Of the seven compounds of which Kd 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. R2 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 Kd 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 Dow values of each compound at each 
sediment pH showed a significant relationship with 
the increase of OC (SM Fig. 1). The Koc values also var-
ied from 10.9 to 763  mL  g−1 C for NPX, from 7.5 to 
785  mL  g−1 C for IBU, from 679 to 4,341  mL  g−1 C for 
AETM, from 133 to 157,148 mL g−1 C for CMC, from 829 
to 135,037 mL g−1 C for CFC, from 623 to 4,556 mL g−1 C 
for SMX, and from 1,077 to 49,727 mL g−1 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 Dow for most compounds (except CBZ which 
remains neutral under environment pH). Under these 
conditions, hydrophobic partitioning (Kow) 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 Kow and log Koc, 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 Kow but also the Dow, which accounts for 
compound ionization at environmental pH. The cal-
culated Dow (using sediments pH) for each compound, 

Fig. 2  The relation (model validation) between the calculated and predicted Kd of (a) NPX; (b) IBU; (c) AETM; (d) CFC; and (e) CMC

Fig. 3  The effect of sediment pH on CFC detected concentrations 
in sediments
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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 Koc 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 Dow values of the compounds 
(SM Fig.  1). Accordingly, by considering the physico-
chemical properties of pharmaceuticals, such as pKa 
(SM Table  4), the relationship between calculated log 
Koc and compound speciation (α, 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 Kow 
and a relatively high water solubility but is not ioniz-
able at water pH (pKa 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 (pKa = 4.2) 
and IBU (pKa = 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 Kd values and both pH and Dow (SM Table  7). 
Kd 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 (pKa = 8.7) existed mainly in its proto-
nated form, and the higher sorption was under low pH 
values (≈6.5) (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). 

Fig. 4  (a) Relationship between the calculated log Koc with log Kow and (b) with log MW of the selected pharmaceuticals



Page 11 of 16Peqini et al. Environmental Sciences Europe  (2025) 37:212	

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 Kd with 
OC and the negative correlation with sediment pH, Dow, 
and other parameters including CaCO3, Al (p < 0.05), 
Fe, Ca, K, Mg (p < 0.05), and Na ( p < 0.05) (SM Table 7). 
CMC, with a pKa 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 (CMC0) 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 Kd behav-
ior to AETM with respect to sediment properties (SM 
Table 7).

The fluoroquinolone CFC, has two pKa 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.  5e). 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 

Fig. 5  The effect of sediment pH on log Koc of (a) NPX; (b) IBU; (c) AETM; (d) CMC; (e) CFC; (f) TMP; and (g) SMX
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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–O, 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 Kd with sed-
iment pH and Dow (p < 0.001) (SM Table 7). In addition, 
CFC Kd showed negative correlation with CaCO3, Al, Fe 
(p < 0.05), Ca (p < 0.05), K (p < 0.05), Mg (p < 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 pKa 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 
Kd 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 > pKa = 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 Kd 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−1). Within the pH range of the studied 
sediments (6.4–8.4), SMX mainly exists in its anionic 
form (SMX−), due to its low pKa 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 SMX0 (hydrophobic interactions), and the mecha-
nism of sorption to the sediments, is by cation bridging 
between SMX− with aluminium and iron oxides (SMX 
Kd 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 

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 
CFC also showed significant seasonal effects (p < 0.001). 
Notably, interaction effects (season × location) 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, CFC, 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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IBU, NPX, and CFC were mostly detected, especially 
during winter, reflecting seasonal usage and environ-
mental factors influence. In sediments, CFC and ATM 
dominated, with higher concentrations in spring, par-
ticularly at locations with low pH values and high 
organic carbon content. In  situ partition coefficient 
like Kd and Koc were derived from sediment and water 
concentrations of some frequently detected pharma-
ceuticals and the influence of intrinsic properties of 
the compounds and extrinsic environmental conditions 
were assessed by regression analysis. These analysis 
revealed that partitioning behavior was significantly 
influenced by compound-specific properties such as 
Dow, as well as sediment-specific properties. These 
findings highlight the role of both intrinsic and extrin-
sic factors in controlling pharmaceutical distribution 
between water and sediment.
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Dow	� PH-dependent n-octanol–water partition coefficient
IC	� Inorganic carbon
OC	� Organic carbon
CaCO3	� 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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