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Phar ma ceu ti cal com pounds were in ves ti gated in river and riv er bank fil tra tion (RBF) wa ter at the Mosina-Krajkowo site (Po -
land), in 6 sam pling cam paigns be tween No vem ber 2019 and June 2020. All of the ten phar ma ceu ti cal com pounds tested for 
were de tected in the wa ter. Carbamazepine, fluconazole, tramadol, sulphamethoxazole and sulphapyridine were the most
fre quently found, the high est con cen tra tions be ing ob served in sur face wa ter. There was a re duc tion in their lev els in the hor -
i zon tal well (HW) with drains lo cated be low the river bot tom, av er ag ing 17%. Sig nif i cantly higher re duc tions (53–71%) were
ob served in ver ti cal wells (VWs). Mix ing, sorp tion and biodegradation were dis tin guished as pro cesses con di tion ing the re -
duc tion of phar ma ceu ti cal com pounds along flow paths from the river to the wells. Their re duc tion in the HW oc curs due to
sorp tion onto fine sed i ments with high or ganic mat ter con tent and aer o bic biodegradation, while in the VWs it is the ef fect of
aer o bic biodegradation and wa ter mix ing with un pol luted ground wa ter. Sorp tion on riverbed fine sed i ments can also oc cur,
es pe cially dur ing low wa ter lev els in the river. Biodegradation de vel ops in oxic con di tions with aer o bic bac te ria. VWs lo cated
at sim i lar dis tances from the river yielded dif fer ent con cen tra tions of phar ma ceu ti cal com pounds, be cause of dif fer ences in
geo log i cal struc ture, hydrogeological con di tions and well op er a tion pa ram e ters. 
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INTRODUCTION

The grow ing de mand for wa ter and the need to pro tect
ground wa ter re sources makes it nec es sary to search for al ter -
na tive meth ods of ob tain ing drink ing wa ter. One of the meth ods 
used to en rich wa ter re sources is riv er bank fil tra tion (RBF).
RBF is a cost-ef fec tive and sus tain able nat u ral wa ter treat ment
pro cess (Maeng et al., 2013). In RBF sys tems, sur face wa ter
in fil trates through the river bank/riverbed and then flows
through the aqui fer me dia from the source (river) to the wells.
As a re sult, pro cesses oc cur that im prove sur face wa ter qual ity, 
such as di lu tion, fil tra tion, ad sorp tion, biodegradation and re dox 
re ac tions (Hiscock and Grischek 2002; Ray et al., 2002; Schu -
bert, 2002; Weiss et al., 2005). This method is com mon in Eu -
rope and North Amer ica and is gain ing pop u lar ity in In dia and
Egypt (Sandhu et al., 2011; Ghodeif et al., 2016; Abdelrady et

al., 2019). RBF sys tems sig nif i cantly re duce con cen tra tions of
chem i cal and bi o log i cal pol lut ants in the wa ter and ef fec tively
re duce emerg ing con tam i nant con cen tra tions such as phar ma -
ceu ti cal com pounds (Benotti et al., 2012; D’Alessio et al., 2018;
Nagy-Kovács et al., 2019).

River wa ters around the world are of ten con tam i nated with
phar ma ceu ti cal com pounds, such as hu man and vet er i nary an -
ti bi ot ics, en do crine disruptors, antiepileptic, an ti de pres sant,
antifungal, an al ge sic, an ti bac te rial and an al ge sic drugs (Vieno
et al., 2007; Kasprzyk-Hor dern et al., 2009; Li, 2014; Sui et al.,
2015; Styszko et al., 2021). These are in creas ingly fre quently
de tected pol lut ants, and their sources in river wa ter are mu nic i -
pal and hos pi tal wastewater, land fills, farms and live stock farms 
(US EPA, 2006; Sui et al., 2015; Œlósarczyk et al., 2021). Phar -
ma ceu ti cal prod ucts are in cluded (an ti bi ot ics, hor mones) or are
can di dates to be in cluded (sulphamethoxazole, fluconazole,
carbamazepine and gabapentin) on the Eu ro pean Un ion Watch 
list (Gomez Cortes et al., 2020). Some, such as carbama -
zepine, diclofenac and sulphamethoxazole, have al ready been
de tected in tap wa ter (Tauber, 2003; Kleywegt et al., 2011). 

Most phar ma ceu ti cal prod ucts are per sis tent, chem i cally
sta ble and deg ra da tion-re sis tant com pounds. A com mon re -
moval pro cess of phar ma ceu ti cal com pounds is by ad sorp tion,
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which can oc cur on clay, fine-grained sed i ments or or ganic
mat ter (Sui et al., 2015; Thiebault et al., 2015). Zuehlke et al.
(2004) and Reddersen et al. (2002) de scribed sorp tion as the
pri mary re moval pro cess for some kind of phar ma ceu ti cal com -
pounds (phenazone). Other stud ies in di cate that phar ma ceu ti -
cal com pounds are bio de grad able or par tially bio de grad able,
and their be hav iour along flow paths de pends on the hydro -
geochemical con di tions, e.g., re dox con di tions (Massmann et
al., 2006; Burke et al., 2014). Many com pounds are more
quickly de graded un der oxic con di tions than in the ab sence of
ox y gen (Kovaèeviæ et al., 2017). Mi cro bial deg ra da tion is at trib -
uted to aer o bic bac te ria (Sauber et al., 1977; Lingens et al.,
1985; Zuehlke et al., 2004). A  de crease in the con cen tra tion of
phar ma ceu ti cal com pounds may also be caused by mix ing in fil -
trate wa ter with un pol luted ground wa ter (Heberer et al., 2004).

Deg ra da tion of phar ma ceu ti cal com pounds de pends on
their phys i cal and chem i cal prop er ties (Szymonik et al., 2017)
and on hydrogeochemical con di tions (Dillon et al., 2020). To re -
duce their con cen tra tions, site-spe cific con di tions should be
con sid ered (Nagy-Kovács et al., 2018). The de gree of re duc -
tion may vary from site to site be cause of sev eral fac tors in flu -
enc ing phar ma ceu ti cal com pound be hav iour (e.g., geo log i cal
struc ture, hydrogeological and hydrochemical con di tions, flow
path lengths and travel times).  

Pre vi ous stud ies con ducted at the Mosina-Krajkowo site
(west Po land) have de tected or ganic micropollutants in the river 
and in RBF wells (Dragon et al., 2018, 2019; Kruæ et al., 2019).
A sig nif i cant role of the RBF sys tem in the re moval of phar ma -
ceu ti cal com pounds was doc u mented, in creas ingly so with in -
creas ing dis tance from the river. The low est re duc tion rate
(~30%) was found in the hor i zon tal well (HW) and ob ser va tion
wells lo cated close to (11 and 38 m from) the river. A higher re -
duc tion rate of 70–80% was found in ver ti cal wells (VWs) lo -
cated at dis tances of not <60 m. At a dis tance of 250 m, only the 
most per sis tent com pounds, such as carbamazepine, were de -

tected. In the well lo cated 680 m from the river, no phar ma ceu ti -
cal com pounds were de tected. A grad ual de crease was no ticed 
along the flow paths. How ever, iden ti fi ca tion of fac tors and pro -
cesses that de ter mine the be hav iour of the phar ma ceu ti cal
com pounds was not made. 

The main goals of the pres ent study are the de ter mi na tion
of:

– RBF wa ter treat ment ef fi ciency in dif fer ent types of wells
(the HW and VWs);

– the fac tors and pro cesses de ter min ing mi gra tion and at ten -
u a tion of phar ma ceu ti cal com pounds. 

MATERIALS AND METHODS

STUDY AREA 

The re search was con ducted at the Mosina-Krajkowo RBF
well field ab stract ing wa ter for the Poznañ ag glom er a tion (west -
ern Po land). The ob ject is lo cated on the left bank of the Warta
River (272.5–274.5 km along the river’s course). The well field
con sists of (1) Krajkowo Is land: 29 RBF VWs, 1 RBF HW and
11 ar ti fi cial re charge wells sit u ated on the flood plain and (2) a
group of 56 wells lo cated on a higher ter race 400–1000 m from
the river. The re search was car ried out on Krajkowo Is land us -
ing the HW with drains lo cated 5 m be low the river bot tom, 4
RBF VWs lo cated at a dis tance of 55–80 m from the river (1AL,
19L, 24L and 34L) and two ob ser va tion wells lo cated at dis -
tances of 11 and 38 m from the river (168b/2 and 177b/1; Fig. 1
and Ta ble 1). The well field on Krajkowo Is land was op er ated at
an av er age ca pac ity of 50,000 m3/d dur ing the study pe riod.

In the study area, there are very fa vour able hydrogeological
con di tions for wa ter ab strac tion. The Qua ter nary aqui fer suc -
ces sion is 40 m thick. The deeper part of the aqui fer com prises
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Fig. 1. Lo ca tion map of the Mosina-Krajkowo well field



de pos its of the Wielkopolska Bur ied Val ley (WBV), while its
shal lower part is com posed of de pos its of the War saw-Berlin
Ice-Mar ginal Val ley (WBIMV). The WBV de pos its are Qua ter -
nary coarse-grained flu vio gla cial sands and grav els and flu vial
fine- and me dium-grained sands. The WBIMV de pos its are
Qua ter nary flu vio gla cial coarse-grained sands and flu vial fine-
and me dium-grained sands. Apart from lenses of clay, mud and 
peat, the WBV and WBIMV are lo cally sep a rated by gla cial tills
(~10 m thick). Be low the aqui fer, there are Neo gene clays. The
geo log i cal struc ture and hydrogeological con di tions in the area
of the pro duc tion wells (HW, 1AL, 19L, 24L, 34L) are shown in
cross-sec tions (Fig. 2). 

In the area of the HW drains, fine- and me dium-grained
sed i ments dom i nate. Among the VWs, the most com plex geo -
log i cal struc ture is found in 19L and 1AL. In the case of 19L, it
was nec es sary to sep a rate the fil ter screens of the well, be -
cause of clays and mud. Coarse sands, gravel and sandy
gravel oc cur in the aqui fer in 24L and 34L, re sult ing in the most
fa vour able con di tions for in fil tra tion. The river bot tom shape,
de scribed by Przyby³ek et al. (2017), dif fers be tween in di vid ual
stretches. The great est river depth oc curs at the river bend, with 
shal lower wa ter in straight parts of the river (Fig. 2). 

As re gards the aqui fer pa ram e ters, the hy drau lic con duc tiv -
ity is high est in the area of 19L (93.6 m/d) and 24L (92.4 m/d)
and low est in 34L (26.2 m/d) and 1AL (44.4 m/d) (Ta ble 1). The
small est hy drau lic gra di ent value is 0.038 in 19L, and the high -
est is 0.064 in 24L. The VWs are fil tered at dif fer ent depths and
their screens have dif fer ent lengths (Fig. 2). The low est depth of 
fil ter ing and the lon gest screen are in the 24L well, and the high -
est depth and the shorter screen are in 34L. The four se lected
RBF VWs were op er ated at dif fer ent ca pac i ties. The high est
val ues were achieved by well 24L (154 m3/h) and the low est by
1AL (69 m3/h) (Ta ble 1).

In the well field area, con tin u ously au to matic mea sure -
ments of the wa ter level and tem per a ture in the river and tem -
per a ture in se lected wells (in clud ing 24L and 34L) are car ried
out us ing log gers (Fig. 3A, B). Sud den tem per a ture fluc tu a tions 
in the wells re sult from in ter rup tions in the op er a tion of the well.
The well’s ca pac ity is mea sured in each well. Pre cip i ta tion was
mea sured at the Eco log i cal Sta tion in Jeziory of the Adam
Mickiewicz Uni ver sity (Poznañ, Po land), lo cated 10 km from
the well field. 

The re search was car ried out dur ing rel a tively low wa ter lev -
els in the Warta River (Fig. 3A). The first four sam pling cam -
paigns took place at higher wa ter lev els (No vem ber and De -
cem ber 2019, Jan u ary and Feb ru ary 2020), the next two at
lower (April and June 2020). The high est pre cip i ta tion lev els

were ob served in No vem ber 2019, Feb ru ary 2019 and June
2020. The low est was in De cem ber 2019 and April 2020. 

River wa ter tem per a ture is the fac tor that de ter mines the
con ti nu ity of the RBF well field op er a tion. A high tem per a ture of
the source wa ter hin ders the en gi neer ing wa ter treat ment pro -
cess by caus ing bac te rial growth on the gran u lated ac tive car -
bon fil ters, so the well field does not op er ate dur ing the sum mer
months. At the turn of years 2019 and 2020, the well field was
op er at ing be tween No vem ber 2019 and June 2020, though not
be fore and af ter this pe riod.

SAMPLING

Sur face and RBF wa ter sam ples (8 sam pling points) were
taken in 6 sam pling cam paigns (No vem ber and De cem ber 2019, 
Jan u ary, Feb ru ary, April and June 2020). The re search pe riod
cov ered the an nual work cy cle of the well field. The sam ples
were not col lected in March and May 2020 as the well field area
could not be en tered be cause of the SARS-COV-2 pan demic. 

The river wa ter sam ples were taken us ing a scoop mounted 
on a 6 m long stick. The ob ser va tion wells were pumped us ing a 
por ta ble sub mers ible pump 12V WaSP P3. The HW and VWs
were pumped con tin u ously dur ing the sam pling cam paigns.
The fol low ing pa ram e ters were mea sured di rectly in the field
us ing multi-pa ram e ter wa ter qual ity Aquaread AP-800 equip -
ment: tem per a ture (T), pH, re dox po ten tial (ORP), dis solved ox -
y gen (DO) and elec tric con duc tiv ity (EC). The al ka lin ity was
mea sured in the field by fi tra tion. The wa ter sam ples were
stored in HDPE bot tles (stan dard wa ter anal y sis) and dark
glass bot tles [Phar ma ceu ti cal ac tive com pound (PhAC) anal y -
sis]. Im me di ately af ter field work, the re frig er ated sam ples were
de liv ered to the lab o ra tory. 

STANDARD WATER ANALYSIS

Stan dard wa ter anal y ses were per formed in the Adam
Mickiewicz Uni ver sity Lab o ra tory (Poznañ, Po land) us ing a
Metrohm ion chromatograph: the 881 Com pact IC Pro model
(Metrohm, Swit zer land). An ion (Cl–, NO3

–, NO2
–, SO4

2–) de ter -
mi na tion was made us ing a Metrosep A Supp 4/5 Guard (guard
col umn) and Metrosep A Supp 5 (sep a rat ing col umn). The mo -
bile phase em ployed was 3.2 mmol Na2CO3/1.0 mmol
NaHCO3, which flowed at 0.7 ml min–1. Cat ion (Na+, NH4

+, K+,
Ca2+, Mg2+) de ter mi na tion was done us ing a Metrosep C4
Guard (guard col umn) and Metrosep C4 150 (sep a rat ing col -
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T a  b l e  1

Char ac ter iza tion of the VWs tested (Górski et al., 2018) 

Wells

Ground
level 

[m a.s.l.]

Ground wa ter level 

[m a.s.l.] Mean 
hy drau lic gra di ent

Hy drau lic 
con duc tiv ity k

[m/d]

Ca pac ity 

[m3/h]

Dis tance from 
the riv er bank

[m]

Travel time
[months]

Screen 
[m b.g.l.]

min max mean

1AL 60.04 47.96 56.77 52.1 0.056 44.4   69 80 1–3 16.1–33.6

19L 58.93 53.47 55.62 54.09 0.038 93.6 102 65 1–3
16.0–21.0

&
24.0–32.0

24L 59.07 51.64 54.91 52.48 0.064 92.4 154 67 1–3 13.1–32.0

34L 59.58 – – – – 26.2  87 55 1–3 23.0–35.0



umn). The mo bile phase was 0.7 mmol C7H5NO4/1.7 mmol
HNO3 flow ing at 0.9 ml min–1 (Pe³echaty et al., 2010).

PhACs ANALYSIS

Based on pre vi ous stud ies (Dragon et al., 2018; Kruæ et al.,
2019), ten of the most fre quently de tected phar ma ceu ti cal com -
pounds that oc cur in the high est con cen tra tions in this area
were se lected (Ta ble 2) for anal y ses, per formed in the In sti tute
of Plant Pro tec tion – Na tional Re search In sti tute Lab o ra tory
(Poznañ, Po land). 

ANALYTICAL PROCEDURES

Sam ple prep a ra tion. The wa ter sam ples col lected were fil -
tered through pa per fil ters and then 250 mL wa ter was ex tracted
us ing the solid-phase ex trac tion tech nique (SPE). Poly propy lene 
tubes packed with the hy dro philic mod i fied sty rene poly mer

(Supel™-Se lect HLB SPE Tube 60 mg/3 mL, Supelco, USA)
were used to ex tract and con cen trate tar geted com pounds in the
wa ter sam ples. Meth a nol (Merck, Ger many) was used to pre -
con di tion SPE tubes and for elu tion of the com pounds ana lysed.
Ex trac tion of wa ter sam ples was per formed by means of a
24-port SuperSeparator (Amersham, UK), equipped with a vac -
uum pump (Rocker, Tai wan). Evap o ra tion of the fi nal or ganic ex -
tract of phar ma ceu ti cal com pounds was ob tained af ter elu tion
from ex trac tion tubes in a gen tle stream of ni tro gen from a Stu art
sam ple con cen tra tor (Stu art, UK) was used. An ul tra sonic bath
Sonorex (Bandelin, Ger many) was em ployed for dis solv ing the
res i dues ob tained af ter ni tro gen dry ing in in jec tion sol vent. Sy -
ringe fil ters PTFE, 0.2 µm (Wa ters, USA) were ap plied for fi nal
sam ple pro cess ing, if nec es sary.

UPLC con di tions. An ul tra-per for mance liq uid chromato -
graph ACQUITY UPLC sys tem (Wa ters, USA) with col umn and
autosampler ther mo stats, in ter faced with a tan dem quadrupole
mass spec trom e ter Quattro Pre mier XE (Micromass, USA),
was used for in stru men tal anal y sis. A NM30-LA (Peak Sci en -
tific, Scot land) ni tro gen gen er a tor de liv ered the nebulizer and
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Fig. 2. Cross-sec tions (lines of cross-sec tion ac cord ing to Fig. 1)



desolvation gas to the mass spec trom e ter. The in stru ment was
con trolled us ing Wa ters MassLynx soft ware and data were
eval u ated us ing Wa ters TargetLynx soft ware. Re verse-phase
UPLC anal y sis was per formed us ing a Wa ters ACQUITY UPLC
col umn (BEH C18 2.1 × 100 mm, 1.7 µm). The tem per a ture of
the col umn and autosampler was main tained by ther mo stat at
30°C. Sam ple ex tract vol umes of 8 µL were in jected into the
sys tem. The col umn was eluted with the mo bile phase: wa ter

with 0.1% for mic acid (A) and meth a nol with 0.1% am mo nium
ac e tate (B) at a flow rate of 0.3 mL min–1 us ing gra di ent mode.
The gra di ent was pro grammed to in crease the amount of B
from an ini tial con tent of 0–100% in 6 min, 100% main tained
1 min (from 6 to 7 min) and re turned to the ini tial con di tions (0%
B) in 2 min (from 7 to 9 min). The to tal du ra tion of a sin gle an a -
lyt i cal run with sys tem sta bi li za tion was 10 min utes.

MS/MS con di tions. The in ter face con di tions were op ti -
mized for max i mum in ten sity of the pre cur sor ions and were as
fol lows: nebulizer and desolvation (dry ing gas) N2 flows were
set at 100 L h–1 and 700 L h–1, re spec tively, source block and
desolvation tem per a tures were 120 and 350°C, re spec tively.
Ar gon was used as col li sion gas at the pres sure of 6.9 × 10–3

mbar. Se lec tion and tun ing of mul ti ple re ac tion mon i tor ing
(MRM) tran si tions were per formed in di vid u ally for each analyte
on the in stru ment used in this work. All the com pounds were
ana lysed us ing pos i tive electrospray ion iza tion mode (ESI+).
MS/MS scan ning was per formed only over 4.5 min, be tween
1.5 and 6 min. The con di tions ap plied for the phar ma ceu ti cal
com pounds in ves ti gated are given in Ta ble 3.

Method val i da tion. All val i da tion pro ce dures were per -
formed us ing con trol sam ples of dis tilled wa ter (Millipore, USA)
and cer ti fied ref er ence ma te ri als of se lected phar ma ceu ti cal
com pounds (Sigma-Aldrich, USA). Re cov er ies were de ter mined
for mul ti ple rep li cates at two spik ing con cen tra tions. Pre ci sion
was mea sured by rel a tive stan dard de vi a tion (RSD) for each
spik ing sam ple level. Lin ear ity was as sessed for the com pounds
ana lysed by multi-level stan dard cal i bra tion curves. Wa ter sam -
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Fig. 3. Pa ram e ters through time: A – Warta River level and month sum of pre cip i ta tion, 
B – tem per a ture in the Warta River, 24L well and 34L well

T a  b l e  2

Phar ma ceu ti cal char ac ter iza tion

PhACs Use LOQ 
(µg/L)

Carbamazepine antiepileptic 0.005

Diclofenac nonsteroidal anti-in flam ma tory   0.01

Lamotrigine antiepileptic, an ti de pres sant   0.01

Fluconazole antifungal   0.01

Gabapentin antiepileptic   0.01

Paracetamol an al ge sic 0.005

Sulphamethoxazole hu man and vet er i nary an ti bi otic 0.005

Sulphapiridine an ti bac te rial   0.01

Telmisartan treat ment of high blood pres sure 0.005

Tramadol an al ge sic 0.005

LOQ – limit of Quan ti fi ca tion



ples spiked with all the phar ma ceu ti cal com pounds were ex -
tracted by ap ply ing the SPE method. The an a lyt i cal sig nal was
com pared with a dis tilled wa ter ex tract sig nal spiked with the tar -
get com pounds af ter solid-phase ex trac tion. Re cov er ies for wa -
ter sam ples spiked with a mix ture of com pounds stud ied ranged
from 80–105% and stan dard de vi a tions var ied be tween 4–11%.
The lim its of quan ti fi ca tion for all tar get com pounds were de ter -
mined at lev els be tween 0.005–0.01 mg/L (Ta ble 2).

STATISTICAL DATA ANALYSIS 

The per cent age re duc tion (R%) of phar ma ceu ti cal com -
pounds in RBF wa ter in re la tion to river (source) wa ter was cal -
cu lated. The re duc tion was cal cu lated for the sum of phar ma -
ceu ti cal com pound con cen tra tions in each se ries for each sam -
pling point.  

The fre quency of de tec tion (FoD) of phar ma ceu ti cal com -
pounds in sur face and RBF wa ter was cal cu lated for each sub -
stance de tected. The num ber of sam pling cam paigns (6), fre -
quency of oc cur rence of a given sub stance in the Warta River
(FWarta River) or wells (Fwell) was as sessed [eq. 1].

FoD = ´
SFW Rarta iver well/ %

6
100

[1]

RESULTS

WATER CHEMISTRY DURING RBF 

In Ta ble 4, phys i cal and chem i cal pa ram e ters of sur face
wa ter, HW, ob ser va tion well and VW wa ter are com pared. Gen -
er ally, the RBF sys tem sta bi lizes the wa ter chem is try and phys -
i cal prop er ties. The tem per a ture of sur face wa ter var ies from
2.4 to 19.6°C, in the HW 4.3–16.8°C, in the ob ser va tion well
5.7–20°C and the VWs 7.3–18.8°C. To tal or ganic car bon
(TOC) and dis solved or ganic car bon (DOC) de creased from
av er ages of 6.0 mg/L and 5.3 mg/L, re spec tively, in sur face wa -
ter, to 4.3 and 4.2 mg/L in the HW, and 4.4 and 4.3 mg/L in the

VWs (Ta ble 4). The high est con cen tra tions of TOC (9.9 mg/L)
and DOC (6.2 mg/L) were de tected in sur face wa ter. In the ob -
ser va tion and VWs sig nif i cant re duc tion of DO oc curred along
the flow paths. In the HW, the DO is 8.4 mg/L, while in the ob ser -
va tion wells it is 1.0 mg/L and in the VWs it is 1.2 mg/L. The ox i -
da tion-re duc tion po ten tial (ORP) changes be have sim i larly. In
sur face wa ter and the HW, the ORP value is high (avg. 293 and
334 mV, re spec tively), while in the ob ser va tion wells, the av er -
age value is 152 mV, and 145 mV in the VWs. Higher ORP in
HW than in sur face wa ter is a re sult of the HW con struc tion.
Wa ter col lected through drains goes to a col lect ing well, where
it can be ox y gen ated.  

In the RBF wa ter, a re duc tion in ni trates, ni trites, am mo nium 
ions oc curred in re la tion to sur face wa ter (Ta ble 5). The av er -
age val ues of the ni trates, ni trites and am mo nium ion in sur face
wa ter are 1.58, 0.011 and 0.022 mg/L re spec tively, in the HW
are 1.0, 0.011 and 0.013 mg/L and in the VWs are 0.66, 0.009
and 0.008 mg/L. The chlo ride con cen tra tions (con ser va tive
tracer) achieved sim i lar val ues in sur face wa ter
(40.5–47.5 mg/L) and HW (42.3–46.1 mg/L), whereas the val -
ues de crease in the VWs (37.5–45.6 mg/L). So dium and po tas -
sium con cen tra tions de crease along flow paths from the river to
the wells. The con cen tra tions of cal cium, mag ne sium,
sulphates, hy dro gen car bon ate and to tal hard ness of wa ter in -
crease in the RBF wells rel a tive to sur face wa ter.   

In sur face and RBF wa ter, all the phar ma ceu ti cal com -
pounds tested for (10) were de tected above the limit of quan ti fi -
ca tion (LOQ) (Ta ble 6). The most fre quently de tected sub -
stances were carbamazepine, fluconazole, tramadol, sulpha -
metho xazole and sulphapyridine. Diclofenac, lamotrigine,
gaba pentin and telmisartan oc curred ir reg u larly in each sam -
pling se ries. Paracetamol was de tected only in nine sam ples. In
the river wa ter, carbamazepine, telmisartan and tramadol rea -
ched the high est con cen tra tions (0.092–0.209 µg/L,
0.124–0.233 µg/L, 0.071–0.282 µg/L, re spec tively), while gaba -
pentin reached the low est con cen tra tions (0.006–0.007 µg/L).
In pro duc tion wells, carbamazepine and tramadol reached the
high est con cen tra tions (0.073–0.194 µg/L, 0.02–0.24 µg/L, re -
spec tively).  

As re gards the dis tri bu tion of con cen tra tions of phar ma ceu -
ti cal com pounds at in di vid ual re search points, the high est to tal
con cen tra tions were de tected in the Warta River and pro tec tive
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T a  b l e  3

Mass spec trom e try con di tions of the PhACs stud ied

Name of com pound Re ten tion
time (min)

Dwell
time (ms)

Cone 
volt age (V)

MRM tran si tions m/z
(col li sion en ergy – eV)

Quan ti fi ca tion Iden ti fi ca tion

Paracetamol 1.92 100 30 152 >110 (15) 152>93 (25)

Sulphapiridyne 2.20 100 33 250 >92 (25) 250>156 (15)

Gabapentin 2.47 100 25 172 >154 (15) 172>137 (15)

Sulphamethoxazole 2.93 100 27 254 >92 (25) 254>156 (15)

Tramadol 3.21 100 23 264 >58 (15) –

Fluconazole 3.37 100 25 307 >220 (20) 307>238 (15)

Lamotrigine 3.44 100 50 256 >211 (30) 256>159 (25)

Carbamazepine 4.64 100 32 237 >193 (35) 237>179 (35)

Diclofenac 5.61 100 22 296 >214 (30) 296>250 (15)

Telmisartan 5.65 100 70 515 >276 (50) 515>497 (35)



chan nel (0.463–0.998 µg/L) (Fig. 4). Slightly lower con cen tra -
tions oc curred in the HW (0.473–0.768 µg/L), where the av er -
age re duc tion of the sum of phar ma ceu ti cal com pounds in re la -
tion to the river was 17% (Ta ble 7). In the ob ser va tion wells,
27 m apart from each other, the con cen tra tions var ied slightly.
The con cen tra tions in ob ser va tion wells were lower than those
in sur face wa ter and the HW (0.111–0.574 µg/L). The re duc -
tions in con cen tra tions were 49.3% in 168b/2 and 56.1% in
177b/1. The low est con cen tra tions were ob served in the pro -
duc tive wells (0.144–0.409 µg/L), where higher con cen tra tions
were seen in wells 24L (0.263–0.409 µg/L) and 1AL
(0.192–0.308 µg/L), and lower ones in 19L (0.144–0.286 µg/L)
and 34L (0.161–0.387 µg/L). The re duc tion was low est in 24L
(52.8%) and was higher in 34L (62.8%), 1AL (64.9%) and 19L
(71.5%). 

Re gard ing vari abil ity in the sum of phar ma ceu ti cal com -
pound con cen tra tions in time, low con cen tra tions in sur face wa -
ter and HW oc curred in April 2020 and in ob ser va tion and pro -
duc tion wells in De cem ber 2019 and Feb ru ary 2020 (Fig. 4).
High phar ma ceu ti cal con cen tra tions oc curred at all sam pling
points in June 2020.

VARIABILITY OF WATER CHEMISTRY AND PHYSICAL
PROPERTIES IN THE PRODUCTIVE WELLS

Dur ing the re search pe riod, the wa ter tem per a ture de -
creases in sur face wa ter and the HW in No vem ber and De cem -
ber 2019 and in creases in the re main ing months (Fig. 5A). Wa -
ter tem per a ture in VWs de creases through out the re search pe -
riod. The re verse ten dency of tem per a ture changes in time re -
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T a  b l e  4

On-site pa ram e ters, TOC and DOC in sur face and RBF wa ter

Pa ram e ter Unit

Sur face wa ter 
(n = 12)

Riv er bank fil tra tion wa ter

HW 
(n = 6)

Ob ser va tion wells
 (n = 12)

VWs 
(n = 24)

min max mean min max mean min max mean min max mean

Tem per a ture °C 2.4 19.6 9.1 4.3 16.8 9.3 5.7 20.0 10.3 7.3 18.8 11.5

EC µS/cm 377 564 503 481 537 517 456 547 514 478 574 530

pH – 8.1 9.4 8.4 7.3 8.6 7.9 6.5 9.0 7.8 6.5 8.2 7.5

Al ka lin ity mval/L 3.0 4.3 3.6 3.3 3.7 3.5 2.8 3.8 3.4 3.0 4.4 3.8

ORP mV 243 338 293 229 397 334 -48 310 152 75 295 145

DO mg/L – – – 5.7 10.5 8.4 0.0 3.7 1.0 0.0 8.5 1.2

TOC mg/L 4.4 9.9 6.0 3.6 5.2 4.3 3.2 4.6 3.9 3.5 5.5 4.4

DOC mg/L 4.3 6.2 5.3 3.4 5.1 4.2 3.0 4.6 3.8 3.5 5.2 4.3

Fig. 4. Sum of phar ma ceu ti cal com pound con cen tra tions in each sam pling point and cam paign



sults from the 1–3 months travel time from the river to the wells
(Ta ble 1). The re dox po ten tial shows a sim i lar but in verted ten -
dency be cause it de creases in the Warta River and in creases in 
VWs through time (Fig. 5A). The re dox po ten tial is higher at
lower tem per a tures (Fig. 5B). High tem per a ture am pli tudes sig -
nif i cantly in flu ence the vari abil ity of re dox con di tions. The con di -
tions change from more ox i diz ing in sur face wa ter to more re -
duc ing in the VWs. Among the VWs, 1AL and 34L have lower
re dox po ten tial, and 19L and 24L have higher. 

Like the tem per a ture and ORP, TOC and DOC change at
in di vid ual sam pling points (Fig. 5C, D). Con cen tra tions of TOC
and DOC in crease in time at each sam pling point. The high est
con cen tra tions were de tected in sur face wa ter, and the value

de creased in the RBF wells. The high est con cen tra tions were
de tected in well 19L among the wells, while the low est con cen -
tra tions char ac ter ize 24L and 34L. The re duc tions in TOC and
DOC are very high in the HW (sim i lar to the VWs). Dur ing the
re search pe riod, chlo ride con cen tra tions de creased in the
Warta River and HW and in creased in the VWs (Fig. 5E). 

By con trast, the sum of phar ma ceu ti cal com pound con cen -
tra tions in the river and wells do not show any ten dency (in -
crease or de crease) over time (Fig. 5F). Con cen tra tions are ir -
reg u lar, not show ing sea son al ity. The low est con cen tra tions oc -
curred in 19L well, which showed the high est TOC and DOC
con cen tra tions and the high est re dox po ten tial. Well 24L, which
showed the low est TOC and DOC con cen tra tions and the high -
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Fig. 5. Phys i cal and chem i cal pa ram e ters of river wa ter and bank fil trate 
at the Mosina-Krajkowo site, Nov. 2019–June 2020



est tem per a ture am pli tudes, showed the high est phar ma ceu ti -
cal con cen tra tions. The re dox po ten tial is highly vari able in 24L
(lower or higher than in other VWs), while the sum of phar ma -
ceu ti cal com pounds is al ways the high est of the VWs. 

Fig ure 6 shows con cen tra tions of in di vid ual phar ma ceu ti cal
com pounds in the Warta River and pro duc tion wells (HW, 34L,
19L, 24L, and 1AL). Com par ing the VWs, the con cen tra tions
are dif fer ent in each well and the high est val ues of the most
sub stances were found in 24L. Well 24L is 67 m away from the
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T a  b l e  5

Stan dard wa ter pa ram e ters in sur face and RBF wa ter

Pa ram e ter Unit LOD
Sur face wa ter 

(n = 10)

Riv er bank fil tra tion wa ter

HW (n = 5) Ob ser va tion wells
 (n = 10) VWs (n = 20)

min max mean min max mean min max mean min max mean

To tal hard ness

CaCO3

mg/l

210.3 235.9 224.3 216.5 248.6 231.1 187.8 246.0 229.1 205.2 285.5 243.7

HCO3
- 183.0 231.8 209.8 201.3 225.7 212.3 170.8 231.8 205.0 183.0 268.4 231.2

Cl- 0.011 40.5 47.5 44.0 42.3 46.1 44.5 39.1 45.5 43.0 37.5 45.6 41.2

NO3
- 0.01 0.07 2.77 1.58 0.06 1.40 1.00 0.01 1.98 0.59 0.01 2.04 0.66

NO2
- 0.002 0.005 0.022 0.011 0.007 0.015 0.011 0.004 0.014 0.009 0.002 0.019 0.009

NH4
+ 0.004 0.012 0.031 0.022 0.007 0.020 0.013 0.008 0.012 0.009 0.005 0.011 0.008

SO4
2- 0.02 50.4 64.7 58.4 60.1 71.6 65.2 54.1 72.1 65.2 48.9 70.3 60.0

Ca2+ 0.007 73.2 79.9 77.2 73.1 85.9 79.0 63.5 85.5 77.0 69.5 94.8 82.1

Mg2+ 0.004 6.5 9.0 7.7 7.7 8.7 8.3 7.1 10.2 9.0 7.5 11.9 9.5

Na+ 0.003 22.3 31.9 28.3 28.1 30.9 29.4 23.5 29.9 26.8 23.8 29.9 26.6

K+ 0.006 3.7 7.2 5.6 3.9 6.9 5.4 4.2 6.5 5.1 3.1 5.9 4.5

LOD – limit of de tec tion

T a  b l e  6

Phar ma ceu ti cal com pounds in sur face and RBF wa ter

PhACs Unit LOQ
Sur face wa ter (n = 12)

Riv er bank fil tra tion wa ter

HW (n = 6)
Ob ser va tion wells

 (n = 12)
VWs (n = 24)

min max mean min max mean min max mean min max mean

Carbamazepine

µg/L

0.005 0.092 0.209 0.145 0.088 0.194 0.149 0.038 0.152 0.106 0.068 0.140 0.098

Diclofenac 0.01 0.027 0.174 0.105 <LOQ 0.042 0.020 <LOQ 0.003 0.001 <LOQ 0.013 0.003

Lamotrigine 0.01 <LOQ 0.057 0.031 0.014 0.060 0.031 <LOQ 0.037 0.015 <LOQ 0.037 0.015

Fluconazole 0.01 0.04 0.064 0.050 0.043 0.068 0.058 0.016 0.069 0.044 <LOQ 0.068 0.026

Gabapentin 0.01 <LOQ 0.008 0.004 <LOQ 0.013 0.006 <LOQ 0.009 0.004 <LOQ 0.017 0.005

Paracetamol 0.005 <LOQ 0.035 0.003 <LOQ 0.024 0.004 <LOQ 0.022 0.003 <LOQ 0.035 0.004

Sulphametoxazol 0.005 <LOQ 0.062 0.031 <LOQ 0.099 0.044 <LOQ 0.095 0.030 <LOQ 0.110 0.020

Sulphapiridine 0.01 <LOQ 0.043 0.025 <LOQ 0.044 0.020 <LOQ 0.026 0.013 <LOQ 0.026 0.012

Telmisartan 0.005 0.124 0.257 0.192 0.066 0.166 0.118 <LOQ 0.075 0.019 <LOQ 0.033 0.007

Tramadol 0.005 0.071 0.381 0.205 0.080 0.240 0.147 0.020 0.328 0.095 0.020 0.162 0.070

LOQ – limit of quan ti fi ca tion



riv er bank, which is a greater dis tance than 34L (55 m) and 19L
(64 m). The sig nif i cant dif fer ence be tween well 24L and the re -
main ing VWs is vis i ble in the case of carbamazepine, lamo -
trigine, fluconazole, sulphamethoxazole and telmisartan. Some 
of the phar ma ceu ti cal com pounds was not de tected in some
se ries (lamotrigine, sulphapyridine, telmisartan). Most of ten,
this lack was ob served in well 19L. 

The FoD of carbamazepine, fluconazole and tramadol were 
100%, which means that they all were found in each sam pling
cam paign at each sam pling point (Ta ble 8). High FoDs (min.
67%) were ob served for sulphamethoxazole, sulphapyridine
and telmisartan. These sub stances were de tected at least four
times. The least fre quently de tected phar ma ceu ti cal was
paracetamol. The FoD does not de crease with in creas ing dis -
tance from the river bank. 

DISCUSSION

It was doc u mented that the RBF sys tem sta bi lizes the phys -
i cal and chem i cal pa ram e ters of sur face wa ter, with a de crease
in con cen tra tions of TOC, DOC, chlo rides, ni trates, ni trites and
am mo nium be ing noted. Pre sented re search is con sis tent with
pre lim i nary stud ies which showed that the Warta River and
RBF wa ter are con tam i nated by phar ma ceu ti cal com pounds
(Dragon et al., 2018; Kruæ et al., 2019). Their con cen tra tions do
not show marked sea sonal vari abil ity. How ever, the val ues
were lower in sur face wa ter in April 2020. This may be re lated to 
low river wa ter lev els. In the dry pe ri ods an in creased share of
ground wa ter in river re charge takes place. The rea son for the
low con cen tra tions in April is dif fi cult to de ter mine due to the
lack of data from March and May 2020. 

The most com mon oc cur rence and high est con cen tra tions
were found for carbamazepine, con sis tent with pre vi ous re -
search con ducted widely on the ground wa ter in Po land
(Kuczyñska, 2019). The re sults ob tained are com pa ra ble with
data from Eu rope. The con cen tra tions of the most com mon
phar ma ceu ti cal com pound, carbamazepine, are sim i lar to con -
cen tra tions re corded in win ter in the catch ment area of the
Tegel wa ter works (Berlin, Ger many), and lower than con cen -
tra tions in Berlin dur ing the sum mer (Massmann et al., 2006).
Carbamazepine con cen tra tions are sig nif i cantly higher in the
Warta River and RBF wa ter than in the Dan ube River and at
RBF sites in Bu da pest (Nagy-Kovács et al., 2018). Sulpha -

methoxazole showed higher con cen tra tions in sur face and RBF 
wa ter than at a RBF site in Ser bia. In com par i son, diclo fenac
con cen tra tions were higher in the Warta River and com pa ra ble
in RBF wa ter (Kovaèeviæ et al., 2017). Sulphametho xazole re -
moval rates are sim i lar to val ues achieved at a bank fil tra tion
site at Lake Tegel (50%) (Grünheid et al., 2005). Lamo trigine
showed lower con cen tra tions in Warta River and RBF wa ter
than in the Dan ube River and a bank fil tra tion site in Hun gary
(Kondor et al., 2020). Gen er ally, phar ma ceu ti cal com pound
con cen tra tions show re duc tions along the flow paths from the
river to the RBF well in the study area. Cur rent re search dem on -
strates that con tam i nant re duc tion in creases with in creas ing
dis tance from the river (Dragon et al., 2018; Kruæ et al., 2019)
and in di cates on go ing pro cesses af fect ing this re duc tion.

Mix ing wa ter is one of the pro cesses oc cur ring dur ing RBF
that can cause phar ma ceu ti cal com pound con cen tra tions to
de crease in bank fil trate (Hiscock and Grischek, 2002). The
RBF wells re ceive river wa ter, though in flow of am bi ent ground -
wa ter is also pos si ble. The un pol luted ground wa ter causes di lu -
tion of pol lut ants (Heberer et al., 2004; Kovaèeviæ et al., 2017).
The re sults of ground wa ter flow mod el ling, con ducted by
Matusiak et al. (2021), es tab lished the av er age share of sur face 
wa ter in the VWs at 75.8%, with sig nif i cant spa tial dif fer en ti a tion 
along the well bar rier in a wide range of 41.4–89.3%. The share
of sur face wa ter in the to tal wa ter bal ance in well 34L is 41%,
19L: 83%, 24L: 83%, and 1AL: 78%. The share of sur face wa ter 
in the HW is 100% (Górski et al., 2018). The am bi ent ground wa -
ter in flow and its dif fer ing share in the wa ter bal ance are also
shown by a chlo ride mass-bal ance con ducted by Górski et al.
(2021), in which the pro por tion of river wa ter in the well var ies
from 22 to 85.3%. Con ducted re search sup ports the pre vi ous
find ings. Chlo ride con cen tra tion is higher in sur face wa ter and
lower in the VWs, in di cat ing mix ing with am bi ent ground wa ter,
char ac ter ized by lower chlo ride con cen tra tions (Fig. 5E). The
high est share of sur face wa ter is in VW 24L (with the high est
chlo ride con cen tra tions), and the low est is in VW 34L (show ing
the low est chlo ride con cen tra tions), which is con sis tent with
with ground wa ter flow mod el ling re sults (Fig. 5E and Ap pen dix
1*). The anal y ses of tem per a ture fluc tu a tions dur ing the re -
search pe riod also sup port this find ing. The tem per a ture fluc tu -
a tions in well 24L are higher than in other wells and are most
sim i lar to the tem per a ture in the river (Fig. 3B)

An other com pound which in di cates the pro cess of wa ter
mix ing is carbamazepine. Dvory et al. (2018) found that carba -
mazepine is a con ser va tive pol lut ant. Other stud ies, per formed
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T a  b l e  7

Per cent age re duc tions in the sum of phar ma ceu ti cal com pounds con cen tra tions 
in each se ries and sam pling point 

HW 168b/2 177b/1 34L 19L 24L 1AL

No vem ber 2019 44.5% 65.9% 67.1% 67.6% 75.0% 52.1% 69.6%

De cem ber 2019 10.8% 84.6% 73.1% 76.2% 76.2% 61.2% 68.3%

Jan u ary 2020  6.1% 52.8% 75.2% 78.7% 82.4% 61.6% 73.3%

Feb ru ary 2020 35.4% 60.9% 60.6% 79.5% 74.3% 63.2% 75.6%

April 2020 –6.7%   4.5% 25.3% 16.4% 57.7% 12.1% 33.5%

June 2020 11.7% 26.9% 35.3% 58.3% 63.6% 66.5% 68.9%

Mean 17.0% 49.3% 56.1% 62.8% 71.5% 52.8% 64.9%

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1635

https://gq.pgi.gov.pl/rt/suppFiles/33063/
https://gq.pgi.gov.pl/rt/suppFiles/33063/
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Fig. 6. Phar ma ceu ti cal com pound con cen tra tions in
river wa ter and bank fil trate at the Mosina-Krajkowo site,
Nov. 2019–June 2020 that oc curred



by Preuß et al. (2002), dem on strate the high sta bil ity of carba -
mazepine; un der both un der aer o bic and an aer o bic con di tions
re duc tion was <20% and was as cribed to biode gradation. Pub -
lished data on the be hav iour of carbamazepine is con tra dic tory. 
How ever, in a sim i lar pat tern to that shown by Massmann et al.
(2006) and Kondor et al. (2020), carbama zepine showed only
mod est re duc tion along flow paths from the river to the wells
(HW: –9%, 34L: 31%, 19L: 40%, 24L: 16%, 1AL: 25%).
Carbamazepine re duc tions were slightly higher than the share
of ground wa ter in in di vid ual wells.  

The phar ma ceu ti cal com pounds in RBF wa ter are di luted
as a re sult of am bi ent in flow of un pol luted ground wa ter. How -
ever, the re duc tion in the sum of phar ma ceu ti cal com pound
con cen tra tions in the HW is 17%, and in VWs this ranges be -
tween 52.8 and 71.5%, which sig nif i cantly ex ceeds the share of
ground wa ter, cal cu lated based on ground wa ter flow mod el ling,
chlo ride mass-bal ance, and the vari abil ity of carbama zepine
con cen tra tions. There fore, this in di cates that other pro cesses
have oc curred along the flow paths from the river to the wells.    

The phar ma ceu ti cal com pounds in ves ti gated in the pres ent 
study are char ac ter ized by low deg ra da tion and high chem i cal
sta bil ity. As men tioned above, carbamazepine is a per sis tent
and sta ble pol lut ant. How ever, as in di cated by lab o ra tory tests,
other sub stances have sim i lar fea tures. High bi o log i cal per sis -
tence and no biodegradability char ac ter izes lamotrigine
(Bollmann et al., 2016). Fluconazole is a per sis tent phar ma ceu -
ti cal com pound, not ad sorbed or biotransformed (Peng et al.,
2012). Sulphamethoxazole is a per sis tent, poorly bio de grad -
able phar ma ceu ti cal com pound. It is ad sorbed on ac ti vated car -
bon (Bizi, 2020). Diclofenac is slightly sol u ble in wa ter, and
does not biodegrade (Radjenovic et al., 2009; Vieno and
Sillanpaa, 2014). Sulphapiridine can be re moved from wa ter
through ad sorp tion (on clay, ac ti vated car bon, or ze o lite)
(Avisar et al., 2010; Braschi et al., 2010; Caliskan and Gokturk,
2010). Tramadol tends to re main in the wa ter phase (Gomez
and Puttmann, 2012). 

The HW has its fil ter screens in fine- and me dium-grained
sed i ments with high or ganic mat ter con tent. The ab strac tion of
HW drains lo cated di rectly be low the river bed re sults from the
fil tra tion through the riverbed and fine- and me dium-grained
sed i ments, which fa vours the sorp tion pro cesses. In the case of 
the VWs, in fil tra tion is tak ing place mainly through the riv er -
bank, par tic u larly in the pe ri ods of clog ging of the river bot tom
(Przyby³ek et al., 2017). In this con di tion, the sorp tion pro -
cesses are lim ited due to the lack of fine sed i ments and or ganic

mat ter on the bank of the river, which is con stantly washed out
and lo cally eroded. The var ied ef fects of wa ter treat ment re sult -
ing from riv er bank/riverbed fil tra tion were noted in the study by
Górski et al. (2018). In that re search, high re duc tions of TOC
and COD were ob served in the HW (riverbed fil tra tion). By con -
trast, lower re duc tions of those pa ram e ters were seen in the
ver ti cal ob ser va tion well (RBF) lo cated 30 m from the riv er bank. 
This is the ef fect of sorp tion, tak ing place dur ing riverbed fil tra -
tion, and its lack (or lim i ta tion) dur ing RBF. In the cur rent study,
due to rel a tively low river wa ter lev els, which causes a lower in -
fil tra tion zone on the riv er bank (com pared to the pe ri ods of
higher sur face wa ter level), riverbed fil tra tion may have been
ac ti vated par tially in the VWs. Flow of wa ter through the fine
bed sed i ments con tain ing or ganic mat ter causes sorp tion of
phar ma ceu ti cal com pounds. In the pres ent study, the TOC and
DOC re duc tions were sim i lar in the HW and VWs, de spite the
much greater dis tance in the case of the VWs. 

The re moval of phar ma ceu ti cal com pounds from wa ter is
fa voured by oxi dis ing con di tions (Kovaèeviæ et al., 2017). Pub -
lished data in di cate that deg ra da tion by aer o bic bac te ria is one
of the main pro cesses of re mov ing phar ma ceu ti cal com pounds
at RBF sites (Massmann et al., 2006; Abdelrady et al., 2019).
Gen er ally more oxic in fil tra tion is ob served close to a sur face
wa ter res er voir or river than fur ther along the flow path (Heberer 
et al., 2008; Massmann et al., 2008a, b). The pres ence of dis -
solved ox y gen and a rel a tively high re dox po ten tial al low aer o -
bic biodegradation to take place. At the site stud ied, the ORP
val ues de creased from 293 mV in sur face wa ter to 145 mV in
the VWs (Ta ble 3 and Fig. 5B). Biodegradation can be of pri -
mary im por tance in the VWs, in the sec tion of wa ter flow from
the river to the wells, be fore the dis solved ox y gen and re dox po -
ten tial de crease. In the HW dis solved ox y gen is pres ent and the 
re dox po ten tial is rel a tively high, how ever, due to the short
travel time from the river to the wells (~1 day) and oc cur rence of
or ganic-rich fine-grained sed i ments, the con di tions are more fa -
vour able for sorp tion. 

The VWs are lo cated at sim i lar dis tances from the river.
How ever, the re duc tion in phar ma ceu ti cal com pounds among
in di vid ual wells var ies (Ta ble 6). A pre vi ous find ing con sid ered
dif fer ent in fil tra tion con di tions along the well bar rier (Górski et
al., 2021; Matusiak et al., 2021). Well 24L stands out, with the
high est con cen tra tion of phar ma ceu ti cal com pounds rel a tive to
the other wells. This may be caused by the par tic u lar na ture of
the geo log i cal struc ture, hydrogeological con di tions, and well
con struc tion. The aqui fer in the 24L area con sists of coarse-
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T a  b l e  8

Fre quency of phar ma ceu ti cal com pound de tec tion (FoD %)

Warta
River HW 168b/2 177b/1 34L 19L 24L 1AL

Carbamazepine 100 100 100 100 100 100 100 100

Diclofenac 100 67 0 50 67 83 33 83

Lamotrigine 100 100 83 100 83 50 83 83

Fluconazole 100 100 100 100 100 100 100 100

Gabapentin 50 67 33 67 17 67 67 83

Paracetamol 0 17 17 17 17 0 17 0

Sulphametoxazol 83 83 100 83 100 100 67 100

Sulphapiridine 100 83 100 83 100 67 100 100

Telmisartan 100 100 100 83 100 67 83 83

Tramadol 100 100 100 100 100 100 100 100



 grained sed i ments with the high est hy drau lic con duc tiv ity. The
well is op er ated at the high est ca pac ity, which leads to shorter
travel times (Ta ble 1). These con di tions fa vour the rapid flow of
wa ter and a higher share of river wa ter in the to tal wa ter bal ance 
com pared to the other wells, and so phar ma ceu ti cal com pound
con cen tra tions in well 24L are higher than in the other wells. 

SUMMARY AND CONCLUSIONS

1. Re search showed the pres ence of phar ma ceu ti cal com -
pounds in the Warta River and in riv er bank fil tra tion (RBF) wa -
ter at the Mosina-Krajkowo site (West Po land). The high est
con cen tra tions of micropollutants oc curred in sur face wa ter
(Warta River, pro tec tive chan nel). The re search also showed
that phar ma ceu ti cal com pound re duc tion in creases as the
sam pling points‘ dis tance from the source wa ter (river) in -
creases. 

2. The most fre quently de tected phar ma ceu ti cal com -
pounds were: carbamazepine, fluconazole, tramadol, sulpha -
methoxazole and sulphapyridine. Among the ten com pounds
tested for carbamazepine con cen tra tions were found to have
the low est re duc tion rates in the RBF wa ter. The high est re duc -
tion rates were de ter mined for diclofenac and telmisartan. The
oc cur rence and con cen tra tions of phar ma ceu ti cal com pounds
do not show marked sea sonal vari abil ity.

3. In the hor i zon tal well (HW), with drains lo cated 5 m be low
the river bot tom, the re duc tion in phar ma ceu ti cal com pounds
was lower than in the ver ti cal wells (VWs). The HW ab stracts
sur face wa ter by riverbed fil tra tion. Wa ter in fil tra tion through the 

fine bed sed i ments with a high con tent of or ganic mat ter causes 
sorp tion of the phar ma ceu ti cal com pounds. Ad di tion ally, in the
HW, con di tions for biodegradation oc cur. The VWs ab stract
wa ter mainly by riv er bank fil tra tion, due to more fa vour able con -
di tions. The pro cesses that re duce micropollutant con cen tra -
tions in the VWs are: mix ing with un pol luted am bi ent ground wa -
ter, aer o bic biodegradation in the pres ence of dis solved ox y gen 
and a rel a tively high re dox po ten tial in the wa ter, and sorp tion
on fine-grained sed i ments with high or ganic mat ter con tent.  

4. Dif fer ent de grees of re duc tion in phar ma ceu ti cal com -
pounds, rang ing from 53–71%, oc curred in VWs lo cated at sim -
i lar dis tances from the river. This re flects dif fer ent geo log i cal
struc tures, hydrogeological con di tions (e.g., hy drau lic con duc -
tiv ity, hy drau lic gra di ent) and op er at ing pa ram e ters (e.g., ca -
pac ity). 

5. Re search in di cates the oc cur rence of phar ma ceu ti cal
com pounds listed on the Eu ro pean Un ion Watch list of sub -
stances of emerg ing con cern, and shows the ne ces sity of con -
stant mon i tor ing of both sur face and RBF wa ter as re gards
these com pounds.
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