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1. STRESZCZENIE

Proces sztucznej infiltracji wykorzystuje naturalne procesy fizyczne, chemiczne
i biologiczne prowadzace do wysokoefektywnego wstepnego oczyszczania wody. W czasie przeptywu
wody przez grunt zachodzg procesy filtracji, adsorpcji, wymiany jonowej oraz biodegradacji. Procesy
te zachodza =z r1d6zng intensywnoscia w zaleznoSci od warunkéw hydrogeologicznych
i eksploatacyjnych ujecia, fazy cyklu pracy stawu oraz warunkéw fizykochemicznych osrodka
wodnego.

Badania opisane w cyklu publikacji poswigconych procesowi sztucznej infiltracji byly
prowadzone w latach 2018-2022 na ujgciu infiltracyjnym De¢bina w Poznaniu na terenowej instalacji
badawczej. Podczas badan prowadzono monitoring jakosci wody powierzchniowej i infiltrujacej oraz
parametrow hydrogeologicznych. Instalacja terenowa umozliwiala pomiary i pobor wody z o$miu
punktow: rzeka Warta, staw infiltracyjny nr 9/10, w czeg$ci poczatkowej, srodkowej 1 koncowej,
piezometry (PP1, PP2 i PP3) oraz studnia lewarowa.

Celem badan bylo okre§lenie parametrow i czynnikow decydujacych o wysokiej
efektywnosci procesu sztucznej infiltracji i tym samym okreslenie mozliwosci intensyfikacji zjawisk
sprzyjajacych usuwaniu makro i mikrozanieczyszczen z ujmowanej wody powierzchniowe;.

W oparciu o wyznaczony cel pracy sformutowano nastgpujace tezy:

Tezal

Proces sztucznej infiltracji posiada wlasciwosci wszystkich trzech podstawowych barier
technologicznych realizowanych na réznym poziomie efektywnosci zwigkszajac bezpieczenstwo
i stabilno$¢ catego systemu technologicznego uzdatniania uyjmowanej wody powierzchniowe;.
Teza 2
Droga infiltracji jest reaktorem fizyczno-chemiczno-biologicznym, ktérego dzialanie prowadzi do
wysokoefektywnego oczyszczania infiltrujagcej wody w aspekcie usuwania zwigzkéw organicznych
oraz makro i mikrozanieczyszczen.
Teza 3
Istnieja czynniki i parametry (dotyczace eksploatacji stawow infiltracyjnych, warunkéw
hydrogeologicznych i jako$ci wody powierzchniowej) w szczegdlny sposdéb wplywajace na efekty
procesu sztucznej infiltracji, ktorych odpowiedni dobor umozliwia intensyfikacje tego procesu.
Na potrzeby udowodnienia postawionych tez, sformutowano nastepujace zadania badawcze

realizowane na terenowej instalacji badawczej zlokalizowanej na ujeciu infiltracyjnym:

1. Wyznaczenie parametrow hydrogeologicznych sztucznej infiltracji,

2. Okreslenie efektywnosci usuwania makrozanieczyszczen i zanieczyszczen

mikrobiologicznych w procesie sztucznej infiltracji,
3. Okreslenie efektywno$ci usuwania wybranych mikrozanieczyszczen w procesie sztucznej

infiltracji,



4. Okreslenie kluczowych czynnikdéw i parametrow wplywajacych na intensyfikacje procesu

wstepnego oczyszczania wody na ujeciu infiltracyjnym.

W oparciu o interpretacje wynikow badan wilasnych dowiedziono, Ze postawione tezy sa
prawdziwe czego dowodem jest wysoki efekt usuwania mikroorganizméw szczegdlnie
bakterii z grupy Coli i Escherichia Coli oraz wysoka efektywnos$¢ obnizania wskaznikoéw i parametrow
jakosci wody: barwy 56%, metnosci 94%, zawiesiny ogolnej 93%, chlorofil 97%, OWO 55%.

Analizujac droge infiltracji jako reaktor fizyczno-chemiczno-biologiczny wykazano, ze
procesy biodegradacji przewazaja nad procesami adsorpcji na pierwszym odcinku drogi infiltracji (od
stawu do piezometru PP-1). Na kolejnych odcinkach przeptywu wody przez grunt przewazajg procesy
adsorpcji. Poczatkowa wysoka efektywno$¢ infiltracji jest zwigzana z procesami tlenowej
biodegradacji. Wykazano, ze do okreslenia intensywno$ci procesu infiltracji mozna zastosowac
wskaznik efektywnosci [WE-OWO]  (wyznaczony jako iloraz efektywnosci obnizenia OWO
w procesie infiltracji i czasu przetrzymywania wody w gruncie). Na podstawie obliczonego
wspotczynnika WE-OWO oraz na podstawie testu EMS, stwierdzono, ze na pierwszym odcinku
infiltracji istnieje wysoka intensywnos¢ procesu tlenowej biodegradacji. Udowodniono, ze
zastosowanie zaawansowanej analityki chemicznej LC-OCD pozwala na okreslenie zmiany
charakterystyki zanieczyszczen organicznych obecnych w wodzie powierzchniowej i w wodzie po
infiltracji, dajac podstawe do opracowania koncepcji i optymalizacji uzdatniania ujmowanej wody po
infiltracji. Wykazano wysoka efektywno$¢ usuwania biopolimerow - 96,93 %, i niskag usuwania
substancji humusowych 4,57%. Analiza ukladu weglanowo-wapniowego infiltrujacej wody wykazata,
ze woda infiltracyjna nabiera wilasciwosci korozyjnych. Zmniejszenie stezenia tlenu razem
Z pojawiajacg sie korozyjnosciag wody powoduje sprzyjajace warunki do rozpuszczenia tlenkow zelaza
i manganu w gruncie, a przez to pojawienia si¢ tych zwigzkéw w wodzie ujmowanej ze studni.
Stwierdzono tym samym, ze na ujeciu Debina woda powierzchniowa nabiera cech wody podziemne;.
Stwierdzono, ze proces sztucznej infiltracji skutecznie usuwa surfaktanty zwtaszcza na pierwszym
odcinku drogi infiltracji, gdzie panuja dobre warunki do biodegradacji. Efektywnos$¢ usuwania
anionowych zwigzkéw powierzchniowo czynnych osiggata warto$¢ 69 %, a niejonowych zwigzkow
powierzchniowo czynnych 95%. Udowodniono, ze proces sztucznej infiltracji wplywa na usuwanie
wybranych farmaceutykow z infiltrujacej wody. Stwierdzono 42% usuwanie paracetamolu. Analiza
zmian stezenia ketoprofenu na drodze infiltracji pozwala wnioskowa¢ o mozliwej desorpcji.
Wykazano, ze cechy chemiczne farmaceutykow, takie jak hydrofilowos¢ 1 kryterium logP
(lipofilowos¢) wptywaja na ich zdolnos¢ do biodegradacji i adsorpcji. Biorgec pod uwage w/w cechy,
paracetamol wykazuje wiekszg biodegradowalno$¢ niz ketoprofen. Nizsza masa czasteczkowa
paracetamolu rowniez przyczynia si¢ do jego lepszej biodegradacji w porownaniu z ketoprofenem.
Biorgc pod uwage parametr pKa, paracetamol moze roéwniez ulega¢ procesowi sorpcji w wigkszym

stopniu niz ketoprofen.



W pracy wskazano na czynniki i parametry w istotny sposéb wptywajace na efekty procesu
sztucznej infiltracji, ktorych odpowiedni dobor umozliwia jego intensyfikacje. Nalezg do nich czas
retencji wody w gruncie, temperatura wody, odczyn wody, metoda i zakres monitoringu oraz

zachowanie rezimu eksploatacyjnego uj¢cia infiltracyjnego.



2. ABSTRACT

The artificial infiltration process utilizes natural physical, chemical, and biological processes
leading to highly effective preliminary water purification. As water flows through the ground,
filtration, adsorption, ion exchange, and biodegradation occur. These processes occur with varying
intensity depending on the hydrogeological and operational conditions of the intake, the pond's
operating cycle, and the physicochemical conditions of the aquatic medium.

The research described in the series of publications devoted to artificial infiltration was
conducted between 2018 and 2022 at the De¢bina infiltration intake in Poznan, using a field research
facility. During the research, surface and infiltrating water quality, as well as hydrogeological
parameters, were monitored. The field facility enabled measurements and water sampling from eight
points: the Warta River, infiltration pond no. 9/10 (in the initial, middle, and final sections),
piezometers (PP1, PP2, and PP3), and a siphon well.

The aim of the study was to determine the parameters and factors that determine the high
efficiency of the artificial infiltration process and, consequently, to determine the possibilities of
intensifying the process that promote the removal of macro- and micro-pollutants from surface water
intakes.

Based on the stated objective of the study, the following theses were formulated:

Thesis 1

The artificial infiltration process possesses the characteristics of all three basic technological barriers
implemented at varying levels of efficiency, increasing the safety and stability of the entire
technological system for surface water intake treatment.

Thesis 2

The infiltration pond is a physicochemical-biological reactor whose operation leads to highly effective
purification of infiltrating water, removing organic compounds and macro- and micropollutants.
Thesis 3

There are factors and parameters (related to the operation of infiltration ponds, hydrogeological
conditions, and surface water quality) that specifically influence the effects of the artificial infiltration
process. Their appropriate selection enables the intensification of this process.

To prove the proposed theses, the following research tasks were formulated and carried out
at a field research facility located at the infiltration intake:

1. Determining the hydrogeological parameters of artificial infiltration,

2. Determining the removal efficiency of macropollutants and microbiological contaminants in the
artificial infiltration process,

3. Determining the removal efficiency of selected micropollutants in the artificial infiltration

process,



4. Determining the key factors and parameters influencing the intensification of the preliminary
water treatment process at the infiltration intake.

Based on the interpretation of the research results, it was proven that the theses put forward
are true, as evidenced by the high effect of removing microorganisms, especially bacteria from the
Coliform group and Escherichia Coli, and the high efficiency of reducing water quality indicators and
parameters: color 56%, turbidity 94%, total suspended solids 93%, chlorophyll 97%, TOC 55%.

Analyzing the infiltration route as a physicochemical-biological reactor, it was demonstrated
that biodegradation processes predominate over adsorption processes in the first section of the
infiltration route (from the pond to piezometer PP-1). Adsorption processes predominate in subsequent
sections of the water flow through the ground. The initial high infiltration efficiency is associated with
aerobic biodegradation processes. It was demonstrated that the [WE-OWO] efficiency index
(determined as the quotient of the TOC reduction efficiency in the infiltration process and the water
retention time in the ground) can be used to determine the intensity of the infiltration process. Based
on the calculated WE-OWO coefficient and the EMS test, it was determined that the aerobic
biodegradation process is highly intensive in the first section of the infiltration. It was proven that the
use of advanced LC-OCD chemical analysis allows for determining the change in the characteristics of
organic pollutants present in surface water and in the water after infiltration, providing a basis for
developing a concept and optimizing the treatment of the intake water after infiltration. High
biopolymer removal efficiency was demonstrated at 96.93%, while low humic substance removal
efficiency was 4.57%. Analysis of the calcium-carbonate system of the infiltrating water revealed that
the infiltrating water was becoming corrosive. Reducing oxygen concentration, coupled with the
increasing corrosiveness of the water, created favorable conditions for the dissolution of iron and
manganese oxides in the soil, and consequently, for the appearance of these compounds in the water
drawn from the well. It was thus concluded that the surface water at the D¢bina intake was acquiring
groundwater characteristics. The artificial infiltration process was found to effectively remove
surfactants, especially in the first section of the infiltration path, where conditions were favorable for
biodegradation. The removal efficiency of anionic surfactants reached 69%, and of nonionic
surfactants at 95%. The artificial infiltration process was proven to influence the removal of selected
pharmaceuticals from the infiltrating water. Paracetamol removal was observed at 42%. Analysis of
changes in ketoprofen concentration during infiltration allows for the possibility of desorption. It has
been shown that the chemical characteristics of pharmaceuticals, such as hydrophilicity and logP
(lipophilicity), influence their biodegradability and adsorption capacity. Considering these
characteristics, paracetamol exhibits greater biodegradability than ketoprofen. The lower molecular
weight of paracetamol also contributes to its better biodegradability compared to ketoprofen.
Considering the pKa parameter, paracetamol may also undergo sorption to a greater extent than

ketoprofen.



The thesis identifies factors and parameters that significantly influence the effects of
artificial infiltration. Proper selection of these parameters allows for the intensification of this process.
These include water retention time in the ground, water temperature, water pH, monitoring method

and scope, and the operational regime of the infiltration intake.
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5. WPROWADZENIE | MOTYWACJA ROZPRAWY

Cykl artykutow przedstawionych jako osiaggnigcie stanowigce podstawe do uzyskania stopnia

doktora pt:
Intensyfikacja procesu sztucznej infiltracji w aspekcie usuwania makro i
mikrozanieczyszczen 7 wod powierzchniowych
dotyczy mozliwosci intensyfikacji osigganych efektow w procesie sztucznej infiltracji w aspekcie
usuwania makro i mikrozanieczyszczen z wod powierzchniowych.

Sztuczna infiltracja jest procesem, podczas ktérego dochodzi do zasilania warstw
wodonosnych wod podziemnych wodami powierzchniowymi poprzez stawy infiltracyjne
i wymuszenie przeptywu przez dno stawu i dalej przez grunt do studni ujmujacych wode po infiltracji.
W XIX wieku w Europie i USA zaczeto stosowaé technike sztucznego wzbogacania wod
podziemnych. W 1810 r. w Anglii po raz pierwszy wykorzystano proces infiltracji w celu
przygotowania wody do celéw spozywczych. Od tamtego czasu do dzisiaj stosuje sie ten proces jako
pierwszy etap oczyszczania w systemach uzdatniania wody dla duzych miast [1], [2].

Miejscem prowadzonych badan w ramach doktoratu byto ujecie infiltracyjne Debina w
Poznaniu, ktorego historia siega poczatku XX wieku. W 1902 roku wykonano 20 pierwszych studni
wierconych wzdhuz rzeki Warty. Ujecie ktore przypomina obecny ksztalt, zaprojektowano i wykonano
w okresie 1921- 1964. W latach 1999- 2002 przez ujecie zostala wybudowana autostrada A2, co
doprowadzito do wyciecia pasa ujecia o szerokosci 530 m i trwatym zlikwidowaniu czeéci stawow
infiltracyjnych o tacznej powierzchni 60 200 m? oraz 67 studni [3], [4], [5]. Po tych zmianach wzrosto
zainteresowanie intensyfikacja pracy ujgcia co przyczynito si¢ do podjecia tego tematu w doktoracie.

W ostatnich latach obserwuje si¢ ponowne zainteresowanie budowa uje¢ infiltracyjnych
z wykorzystaniem sztucznej infiltracji. Wynika to m.in. z faktu, ze w skali globalnej kurczg si¢ zapasy
wody podziemnej, ktora jest najcenniejszym zrodtem do produkcji wody pitnej [AS].

Proces sztucznej infiltracji sktada si¢ z kilku etapow oczyszczania. Pierwszy etap to retencja
wod rzecznych w stawie infiltracyjnym. W drugim etapie nastepuje filtracja wody przez naturalna
membrane mineralno-biologiczna utworzona na dnie stawu infiltracyjnego, nastepnie, w trzecim
etapie, zachodzi infiltracja — przeptyw wody przez strefe napowietrzania w gruncie i dalej przeptyw
przez warstw¢ wodono$ng — warstwe saturacji [6], [A5]. Dlugi czas retencji w gruncie sprawia, ze
nastepuje wysokoefektywne usuwanie z wod powierzchniowych zanieczyszczen geogenicznych oraz
antropogenicznych.

Rozwo0j przemystu, rolnictwa i zmiana stylu zyciu doprowadza do poglebiajacej si¢
degradacji srodowiska. W wodach powierzchniowych obserwuje si¢ znaczny wzrost zanieczyszczen
antropogenicznych, ktore moga by¢ klasyfikowane, ze wzgledu na stezenia w jakich wystgpuja
w wodach, na makrozanieczyszczenia 1 mikrozanieczyszczenia. Do makrozanieczyszczen

determinujgcych technologi¢ uzdatniania wod powierzchniowych do celéw spozywczych naleza:
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— zwigzki organiczne, podwyzszajace OWO, ChZT, w tym zwigzki humusowe
powodujace barwe,

—  mgtnose,

— zawiesina,

— zelazo i mangan w przypadku wod infiltracyjnych,

Obecnos¢ w wodach naturalnych mikrozanieczyszczen wzrasta systematycznie. Zrodtem
wystepowania mikrozanieczyszczen w srodowisku wodnym jest przemyst, nieefektywne oczyszczanie
sciekow bytowo-gospodarczych i zte zagospodarowanie odpadow. Mimo bardzo niskich stezen rzedu
mikrograméw i nanogramoéw, obecno$¢ mikrozanieczyszczen (w tym $rodkow ochrony roslin,
detergentow, pochodnych kosmetykow, a takze farmaceutykéw [7], [8], [9], metali cigzkich,
surfaktantéw), stwarza ogromne zagrozenie dla zdrowia ludzi, zywych organizméw oraz ogolnie dla
srodowiska. Udziat srodkow niebezpiecznych w wodach powierzchniowych nadal ro$nie. Badania
dowodza, ze w ciggu ostatnich dwudziestu lat Europa Zachodnia stala si¢ najwiekszym
uzytkownikiem detergentéow [10], [11]. W roku 2000 roczna produkcja surfaktantow na catym
$wiecie wynosita 7 miliondw ton, W nastepnych latach nastapit dalszy wzrost produkcji [A2, A8].

Z kolei przemyst farmaceutyczny uznaje si¢ za najbardziej rozwijajacg i dochodows galaz
przemystu [12]. Niesteroidowe leki przeciwzapalne (NLPZ) to grupa $rodkéw farmaceutycznych
stosowana w bardzo duzych iloSciach, ktorych wiekszo$¢ jest dostepna bez recepty [Ad4]. NLPZ
obejmuja ibuprofen, naproksen, ketoprofen i paracetamol. W wyniku zwiekszonego spozycia,
w ostatnich latach nastgpil znaczny wzrost poziomu stezen tych $rodkow w  wodach
powierzchniowych [13], [14], [15], [16].

Mikrozanieczyszczenia czesto wykazuja wysoka toksyczno$¢ [A2, A4, AS, A8] i wymagaja
odpowiednich, natychmiastowych reakcji, dziatan i zapobiegania, stad tez wiele z nich stanowi tzw.
,emerging contaminants”- CO W rozumienia prawa oznacza ,,substancje lub grupy substancji, ktore sq
toksyczne, trwate i podatne na bioakumulacje, oraz inne substancje lub grupy substancji, ktorych
poziom osigga stan niepokojgcy”’ [Ustawa z dnia 20 lipca 2017 r. Prawo Wodne Dz.U.2017 poz. 1566,
Rozdziat 2, Art.16, pkt 56].

W celu wusunigcia makro i mikrozanieczyszczen wymagane jest zastosowanie
zaawansowanych proceséw technologicznych uzdatniania wéd. Nowoczesne systemy technologiczne
to wieloprocesowe ciagi technologiczne, tworzace systemy wielostopniowych barier [Al, AS],
sktadajacych si¢ z kilku procesow, najczesciej:

— bariera nr I- koagulacja, sedymentacja i filtracja pospieszna; Bariera ta odpowiedzialna jest za
usuwanie drobnodyspersyjnych substancji organicznych takich jak plankton, humus, glony,
koloidy, a takze doprowadza do usunig¢cia mikroorganizméw; zmniejsza metno$¢ do wartosci

<0,1 = 1,0 NTU, barwe do <5 + 15 mg Pt/L.
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— bariera nr Il- procesy utleniania chemicznego oraz filtracji ze zlozem na weglu aktywnym;
Przyczynia si¢ do spadku ogoélnego i rozpuszczonego wegla organicznego do poziomu
gwarantujacego skuteczno$¢ dezynfekcji wody zachodzacej w barierze nr III. Dodatkowo
zmniejsza ilo$¢ mikroorganizmow w wodzie.

— bariera nr 111 - dezynfekcja, konserwacja i stabilizacja chemiczna wody.

Wyniki badan wskazuja, ze proces sztucznej infiltracji moze by¢ uznany za I bariere
W uzdatnianiu wod powierzchniowych, oparta na procesach naturalnych zachodzacych w czasie
przeptywu wody w gruncie, efektywnie zmniejszajacg zawartos¢ makro i mikrozanieczyszczen
w ujmowanej wodzie [A2, A4, A5 A8].

W cyklu artykulow poddano ocenie efekty i mozliwos$¢ intensyfikacji usuwania z wod
powierzchniowych (ujmowanych metoda sztucznej infiltracji) mikroorganizméw, zwigzkow
organicznych, zelaza i manganu, mikrozanieczyszczen — wybranych farmaceutykéw i surfaktantow.
Okreslony zakres badan i zastosowana metodyka pozwolita na ocen¢ i charakterystyke procesu
sztucznej infiltracji jako wstepnej, pierwszej bariery systemu zaopatrzenia w wode w kierunku
usuwania nie tylko makro ale rowniez mikrozanieczyszczen.

Dyrektywa Parlamentu Europejskiego i Rady (UE) 2020/2184 z dnia 16 grudnia 2020 r. w
sprawie jakosci wody przeznaczonej do spozycia odnosi si¢ do listy obserwacyjnej substancji lub
zwigzkow wzbudzajgcych zainteresowanie ze wzgledu na szkodliwos¢ dla zdrowia i Srodowiska.
Dotyczy to farmaceutykow, substancji zaburzajacych gospodarke hormonalng i mikroplastiki. Do listy
obserwacyjnej dodaje si¢ substancje ktore moga wystapi¢ w wodzie przeznaczonej do spozycia przez
ludzi i potencjalnie mogtyby stanowi¢ zagrozenie dla zdrowia cztowieka.

Dyrektywa informuje, ze w przypadku gdy bedzie to konieczne w $wietle identyfikacji
zagrozen, panstwa cztonkowskie powinny monitorowa¢ substancje szkodliwe, ktore uznaty za istotne,
takie jak azotany, pestycydy lub farmaceutyki okreslone w dyrektywie 2000/60/WE, jesli ich obecnos¢
w obszarze zasilania jest pochodzenia naturalnego lub jesli otrzymaja od dostawcow wody informacje
o naglym wzro§cie st¢zenia w wodzie surowej okreslonego parametru.

Z punktu widzenia przedstawionych przepisow prawnych dotyczacych ochrony $srodowiska
i jego wptywu na zdrowie ludzi a takze zasady zrownowazonego rozwoju uzasadnionym byto podjecie
tematu intensyfikacji metod ujmowania i uzdatniania wody pod katem usuwania z niej zwigzkéw
organicznych, w tym mikrozanieczyszczen.

Uwzglednienie w zakresie badan farmaceutykoéw i surfaktantéw jest zgodne z kierunkiem

rozwoju technologii wody wyznaczonym przez nowa Dyrektywe Wodna.
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6. CEL, TEZY | ZADANIA BADAWCZE

Proces sztucznej infiltracji wykorzystuje naturalne procesy fizyczne, chemiczne
i biologiczne prowadzace do wysokoefektywnego wstepnego oczyszczania wody. W czasie przeptywu
wody przez grunt zachodzg procesy filtracji, adsorpcji, wymiany jonowej oraz biodegradacji. Procesy
te zachodza 2z ro6zng intensywno$cia w zalezno$§ci od warunkéw hydrogeologicznych
i eksploatacyjnych ujecia, fazy cyklu pracy stawu oraz warunkow fizykochemicznych osrodka
wodnego.

Ta réznorodno$¢ procesOw i czynnikow wplywajacych na efekty infiltracji moze by¢
podstawg dla sformutowania programu badawczego nad metodyka projektowania i eksploatacji
sztucznej infiltracji z wykorzystaniem uwarunkowan hydrogeologicznych dla intensyfikacji usuwania
z ujmowanej wody powierzchniowej makro i mikrozanieczyszczen.

Celem badan bylo okreSlenie parametrow 1 czynnikow decydujacych o wysokiej
efektywnosci procesu sztucznej infiltracji i tym samym okreslenie mozliwosci intensyfikacji zjawisk
sprzyjajacych usuwaniu makro i mikrozanieczyszczen z ujmowanej wody powierzchniowe;.

W oparciu o wyznaczony cel pracy sformutowano nastepujace tezy:

Tezal

Proces sztucznej infiltracji posiada wlasciwosci wszystkich trzech podstawowych barier
technologicznych realizowanych na réznym poziomie efektywnosci zwigkszajac bezpieczenstwo i
stabilno$¢ catego systemu technologicznego uzdatniania ujmowanej wody powierzchnioweyj.
Teza 2
Droga infiltracji jest reaktorem fizyczno-chemiczno-biologicznym, ktérego dzialanie prowadzi do
wysokoefektywnego oczyszczania infiltrujagcej wody w aspekcie usuwania zwigzkdéw organicznych
oraz makro i mikrozanieczyszczen.
Teza 3
Istnieja czynniki i parametry (dotyczace eksploatacji stawow infiltracyjnych, warunkoéw
hydrogeologicznych i jakosci wody powierzchniowej) w szczegdlny sposob wplywajace na efekty
procesu sztucznej infiltracji, ktérych odpowiedni dobér umozliwia intensyfikacje tego procesu.
Na potrzeby udowodnienia postawionych tez, sformutowano nastepujace zadania badawcze
realizowane na terenowej instalacji badawczej zlokalizowanej na ujeciu infiltracyjnym:
1. Wyznaczenie parametrow hydrogeologicznych sztucznej infiltracji,
2. Okreslenie  efektywnosci  usuwania  makrozanieczyszczen 1  zanieczyszczen
mikrobiologicznych w procesie sztucznej infiltracji,
3. Okreslenie efektywnos$ci usuwania wybranych mikrozanieczyszczen W procesie sztucznej
infiltracji
4. Okreslenie kluczowych czynnikow i1 parametrow wptywajacych na intensyfikacj¢ procesu

wstepnego oczyszczania wody na ujeciu infiltracyjnym.
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7. ZAKRES I METODYKA PRZEPROWADZONYCH BADAN

7.1 Terenowa instalacja badawcza

Badania opisane w cyklu publikacji byly prowadzone w latach 2018-2021 na ujgciu
infiltracyjnym Debina w Poznaniu na terenowej instalacji badawczej (Rys.l). Podczas badan
prowadzono monitoring jakosci wody powierzchniowej i infiltrujacej oraz parametrow
hydrogeologicznych. Instalacja terenowa umozliwiala pomiary i pobér wody z 8 punktow: rzeka
Warta, staw infiltracyjny nr 9/10, w czeSci poczatkowej, sSrodkowej 1 koncowej, piezometry (PP1, PP2
i PP3) oraz studnia lewarowa. Piezometry =zlokalizowane sa prostopadle do brzegu stawu

infiltracyjnego taczac jego brzeg z jedng ze studni lewarowych nr S-48 [A2- A9].

WODA POWIERZCHNIOWA

SP S8 SK
Warta
I PP-1
=
=
ié LEGEND
] FR2 SP  -staw Poczaiek
T .
= PR3 858 -Staw Sroc_i ek
< SK  -Staw Koniec
] PP1
= s PP-2 _Piezometry
PP-3
[ ] )
S -Studnia

Rys.1. Schemat terenowej instalacji badawczej na ujeciu Debina z punktami poboru [A5].
Przekrdj podluzny instalacji terenowej przedstawiono na Rys.2. Glgbokosci piezometrow
wynoszg odpowiednio 5,5; 7,51 9,5 m (Rys.2).
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Rys.2. Przekroj podtuzny instalacji terenowej na ujeciu Debina w Poznaniu [A2-A9].
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Odleglosci miedzy brzegiem stawu, a kazdym z punktow pomiarowych zostaty
przedstawione w tabeli nr 1.

Tab.1. Odleglos¢ punktow pomiarowych od brzegu stawu infiltracyjnego [A2, A5, A6, A8].

Punkty pomiarowe Odleglos¢ od stawu, [m]
PP-1 18.00
PP-2 45.50
PP-3 62.90
S-48 85.90

7.2. Zakres i metodyka zadania badawczego nr 1 - Wyznaczenie parametréw hydrogeologicznych

sztucznej infiltracji

Do wyznaczenie parametrow hydrogeologicznych postuzyty:
— wyniki pomiaréw wysoko$ci zwierciadel w punktach pomiarowych terenowej instalacji
badawczej (Rys.2),
— wyniki pomiaréw temperatury wody na drodze przeptywu infiltrujgcej wody,
— badania granulometryczne probek z glebokosci gruntu uzyskanych podczas odwiertow
piezometréw,
— wzory i modele matematyczne.
Podstawg do wyznaczenia parametrow hydrogeologicznych instalacji badawczej byly dane
empiryczne i wzory teoretyczne. Postuzono si¢ dwoma metodami: pierwsza oparta na pomiarach
bezposrednich, a druga obliczeniowa z wykorzystaniem parametréw granulometrycznych gruntu

warstwy wodono$ne;.

Pomiar poziomu zwierciadel i temperatury wody w piezometrach

Pomiary temperatury i poziomu zwierciadel na terenowej instalacji badawczej wykonywano
co 2-4 tygodnie w latach 2019- 2020. Poziom zwierciadel mierzono za pomoca sondy tzw.

$wistawki. Temperature mierzono okoto 2 m pod poziomem zwierciadta.

Parametry granulometryczne gruntu:

Parametry granulometryczne ustalono na podstawie analizy sitowej prébek gruntu pobranych

z glebokos$ci podczas wiercenia piezometrow.

Empiryczna metoda wyznaczania czasu retencji wody w gruncie

Empiryczne wyznaczenie czasu retencji wody w gruncie podczas przeptywu pomiedzy
punktami pomiarowymi polegalo na analizie zmian temperatury wody w gruncie na trasie jej

przeptywu. W tym celu na odcinku od stawu infiltracyjnego 9/10 do studni S-48 wyznaczono
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wielomianowe linie trendu zmian temperatury wody dla poszczegodlnych punktéw. Nastgpnie
wskazano czas, w ktorym temperatura wody osiggata ekstrema w punktach pomiarowych. Na
podstawie minimalnych i maksymalnych temperatur wody infiltrujacej obliczono czas przetrzymania
wody w gruncie jako okresy czasu pomiedzy wystepujacymi ekstremami w Kkolejnych punktach

pomiarowych na drodze przeptywu wody.

Obliczenia czasu retencji w gruncie

Do obliczenia teoretycznego czasu retencji t w gruncie zastosowano wzor:
t=L /v, [d] 1)
w ktorym:
L - odleglos¢ migdzy punktami pomiarowymi instalacji terenowej, w ktorych dokonujemy pomiaru

zwierciadta wody [m] (tab.1.),

v- predkos¢ filtracji [m/d] obliczona na podstawie wzoru prawa Darc’y:
v=k-I=k-2 [mis] @)

w ktorym:
| - spadek hydrauliczny wyznaczony na podstawie pomiaréw zwierciadet w punktach pomiarowych,
k - wspotczynnik filtracji, m/s,

Ah - strata ci$nienia podczas przeptywu wody na odcinku pomiarowym o dlugoéci L.
Do obliczenia wspotczynnika filtracji— k zastosowano:

1. Wzér Hazena - stosowany do obliczania wspotczynniki filtracji (k) dla gruntéw niespoistych
(sypkich) o $rednicy miarodajnej 0,1 mm < d10 < 3,0 mm i o wskazniku réwnouziarnienia
U=deo/d10< 5

k=C - (dw)® ,[m/d] 3
w ktorym:
dio- $rednica miarodajna, wyznaczona na podstawie analizy sitowe;,

C- wspotczynnik empiryczny zalezny od porowatosci, okreslany za pomoca wzoru:
C =400 + 40(n-26) (4)

w ktorym n to porowato$¢ [%] obliczona na podstawie gestosci objgtosciowej szkieletu gruntowego
(pd) wyznaczonej w badaniu laboratoryjnym.

2. Uproszczony wzér Hazena
k =0,0116 (d10)2 [m/d] (5)
3. Wz06r Seelheima

k = 0,357 (d50)2 [m/d] (6)
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dso- $rednica miarodajna, ponizej ktorej zawarto$¢ ziaren wynosi 50% masy gruntu.
Powyzsze wzory zakladajg temperature wody rowng 10 °C. W obliczeniach uwzgledniono wplywu
temperatury stosujac nastgpujacy wzor:
k: = k(0,7 + 0,03 - t) (7)
w ktorym:
ki — skorygowana warto$¢ wspotczynnika filtracji, t- temperatura wody, k- wspotczynnik filtracji

obliczony ze wzoru podstawowego [A9].

7.3. Zakres i metodyka zadania badawczego nr 2 - Okreslenie efektywnosci usuwania

makrozanieczyszczen i zanieczyszczen mikrobiologicznych w procesie sztucznej infiltracji

Efektywnosci usuwania makrozanieczyszczen w procesie sztucznej infiltracji wyznaczono
na podstawie badan jakosci wody pobieranej z punktdéw pomiarowych terenowe;j instalacji badawczej
(Rys.1).

Badania na ujeciu Debina w Poznaniu byly wykonywane w latach 2018-2022. Pobér wody
nastepowal raz w miesigcu w okresie od pazdziernika 2018 r. do marca 2020 r. W marcu 2020 r.
w Polsce rozpoczat si¢ okres pandemii COVID-19, z tego wzgledu badania zostaly wstrzymane do
lipca 2020 r. Nastepnie kontynuowano prowadzenie badan w okresie lipiec-pazdziernik 2020 r.
Ponowny wzrost zachorowan spowodowat kolejna przerwe w badaniach do maja 2021 r.

Badania terenowe obejmowaty pobdr wody ze wszystkich punktow pomiarowych (Rys.1, 2).
Pobor probek wody do badan z rzeki Warty oraz ze stawu infiltracyjnego odbywat si¢ z warstwy
podpowierzchniowej (okoto 30-50 cm pod lustrem wody) za pomocg teleskopowego wysiggnika.
Bezposrednio do jatowej butelki pobierano wod¢ do analiz mikrobiologicznych. Dodatkowo
pobierano 7 L wody na pozostate oznaczenia laboratoryjne. Pobor wody z piezometréw i ze studni
odbywal si¢ za pomocag pompy glebinowej. Przed poborem proby do analiz odpompowywano
2 objetosci wody stojacej w piezometrze [A5]. Na ujeciu wykonywano pomiary temperatury,
potencjatu redox, pH, st¢zenia tlenu w kazdym punkcie badawczym za pomoca wielofunkcyjnego
urzadzenia CX- 705 (Elmetron), [A5].

Badania laboratoryjne, wykonywane w laboratorium Instytutu Inzynierii Srodowiska
i Instalacji Budowlanych na Politechnice Poznanskiej, obejmowaly analizy mikrobiologiczne,
zawartosci zwigzkow organicznych (OWO, ChZT-KMnOQy), zelaza, manganu, barwy, metno$ci, azotu,

fosforu, ortofosforandw, tlenu rozpuszczonego, zasadowosci ogdinej, wolnego CO..
Parametry mikrobiologiczne

Prowadzona podczas badan analiza bakteriologiczna wody zasilajacej 1 infiltracyjnej
obejmowala oznaczanie ogdlnej liczby bakterii mezofilnych w 1 ml probki wody (hodowla w 36+2°C

przez 48h), psychrofilnych w 1 ml prébki wody (hodowla w 20+2°C przez 72h), bakterii grupy coli
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w 100 ml probki wody (hodowla w 36+2°C przez 24-48h), Escherichia coli w 100 ml probki wody
(hodowla w 44°C przez 24-48h) oraz paciorkowcow katowych (Enterococcus) w 100 ml probki wody
(hodowla w 36+2°C przez 24-48h). Bakterie mezofilne i psychrofilne badano metodg posiewu
wglebnego (metoda ptytkowa) na agarze odzywczym, bakterie grupy coli i Escherichia coli metoda
filtracji membranowej na agarze Endo FM, natomiast paciorkowce katowe metoda filtracji
membranowej na podtozu Slanetza i Bartleya (Slanetz and Bartley Medium — Enterococcus Agar)
[A5].

Analizy bakteriologiczne wykonywano zgodnie z obowigzujacymi normami (Tabela 2).

Tab.2. Metody oznaczania poszczegolnych wskaznikow bakteriologicznych.

Wskaznik jakos$ci wody Stosowana metodyka

Liczba bakterii mezofilnych i psychrofilnych PN-EN ISO 6222:2004

PN-EN ISO 9308-1:2014 -12

Liczba bakterii grupy coli PN-EN 1SO 9308-1:2014 -12/A1:2017-04

PN-EN ISO 9308-1:2014 -12

Liczba Escherichia coli PN-EN SO 9308-1:2014 -12/A1:2017-04

Liczba paciorkowcow katowych (Enterococcus) PN-EN ISO 7899-2:2004

Zwigzki organiczne

Podczas badan wykonywana byla analiza ogdélnych wskaznikow zawartosci zwigzkow
organicznych w badanej wodzie takich jak OWO, ChZT-KMnO4, BZTs, barwa.

Oznaczenie ogdlnego wegla organicznego wykonano za pomocg analizatora TOC/TN Multi
N/C 3100 firmy Analytik Jena, Niemcy. Do okre$lenia st¢zenia ogdlnego wegla organicznego
zastosowano metode réznicows, ktéra polega na analizie calkowitej zawartoSci wegla w probee
zar6wno organicznego jak i nieorganicznego oraz wegla wolnego (TC). W tej metodzie oznaczany jest
wszelki nieorganiczny wegiel zawarty w weglanach, wodoroweglanach oraz w rozpuszczonym
CO; (IC). Zawartos¢ ogodlnego wegla organicznego w probee (TOC) jest wyznaczana z rdznicy
TOC=TC- IC. Analizy zawarto$ci zwigzkow organicznych wykonywano zgodnie z obowiazujacymi
normami (Tabela 3).

Tab.3. Metody oznaczania poszczegolnych wskaznikow jakosci wody.

Wskaznik jakosci wody Stosowana metodyka
Ogo6lny wegiel organiczny PN-EN 1484

Utlenialno$¢ z KMnO4 PN-EN 1SO 8467:2001
Biochemiczne zapotrzebowanie tlenu BZTs PN-EN ISO 5815-1:2019-12
Barwa PN —EN ISO 7887:2012
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W dwoch seriach pomiarowych wykonano réwniez analize frakcji zwigzkow organicznych
metoda LC-OCD z wykorzystaniem aparatu do chromatografii cieczowej z detekcja wegla
organicznego (Rys.3).

Probki wody z dnia 2.10.2018 r. oraz 9.07.2019 r. zostaly wystane i przeanalizowane na
Uniwersytecie Waterloo w Kanadzie. Wspomniana wyzej metoda polega na wydzieleniu z naturalne;j
materii organicznej obecnej w wodzie, pigciu grup— frakcji zwigzkdéw organicznych, w zaleznosci od
ich masy czasteczkowej. Frakcje obejmujg: biopolimery, drobnoczgsteczkowe substancje neutralne,

drobnoczasteczkowe kwasy humusowe, zwiazki humusowe [C4, C5].
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Rys.3. Schemat dziatlania aparatury chromatografii cieczowej do detekcji frakcji zwigzkow
organicznych (wg wytycznych producenta).

Pozostale oznaczenia chemiczne

W tabeli 4 zamieszczono metodyki pozostatych oznaczen chemicznych.

Tab.4. Metody oznaczanie poszczegdlnych wskaznikow jakosci wody.

Wskaznik jakosci wody Stosowana metodyka
Zelazo ogolne, dwu i trojwartosciowe PN ISO 6332:2001
Mangan PN 92/C- 04590/02
Zasadowo$¢ ogolna PN-EN I1SO 9963-1
Ortofosforany PN- EN ISO 6878:2006
Fosfor ogdlny PN- EN ISO 6878:2006
Azot amonowy PN- ISO 7150-1:2002
Chlorki PN-1SO 9297:1994

7.4. Zakres i metodyka zadania badawczego nr 3 - Okreslenie efektywnosci usuwania

Mmikrozanieczyszczen w procesie sztucznej infiltracji

Badania efektywnosci usuwania mikrozanieczyszczen w procesie sztucznej infiltracji
prowadzono w latach 2019-2022, wylaczajac czas ograniczonego dostepu do ujgcia podczas pandemii.
Przeprowadzono 25 serii analiz zawarto$ci surfaktantow oraz 11 serii badan zawarto$ci

niesteroidowych lekéw przeciwzapalnych. Podczas 8 serii pomiarowych analizowano st¢zenia

21



antybiotykbw w probach wody pobranych z instalacji badawczej. Analizowano nastgpujace
mikrozanieczyszczenia:
— surfaktanty anionowe i niejonowe [A2, A8, C1],
— niesteroidowe leki przeciwzapalne: ketoprofen, ibuprofen, paracetamol, naproksen [A4, A7,
C3,C5],
— antybiotyki: sulfametoksazol i trimetoprim [A7, C2].

Surfaktanty

Analizy surfaktantow przeprowadzono przy uzyciu spektrofotometru UV-Vis V-530 (Jasco,
Japonia) z mozliwoscig akwizycji widma w zakresie 200-1100 nm. Widma rejestrowano przy uzyciu
standardowego komputera PC. Do badan wykorzystano kuwety szklane (10 mm x 10 mm x 30 mm)
0 dlugosci drogi optycznej 10 mm. Jako sygnal analityczny do oznaczania surfaktantow anionowych
przyjeto absorbancj¢ dla dilugosci fali Amax= 652nm, natomiast dla surfaktantéw niejonowych
przyjeto dtugos¢ fali Amax= 468 nm.

Do oznaczania anionowych s$rodkow powierzchniowo czynnych zastosowano metode
MBAS (Methylene Blue Active Substances). Zawarto$¢ niejonowych zwigzkéw powierzchniowo
czynnych oznaczono metodg jodobizmutanowg z koncowym pomiarem absorbancji bizmut-
tiomocznik (BiAS-tio), z wyizolowaniem analitu na kolumience SPE (Supelco Discovery DSC-18 LT,
6 ml) [A8, A2].

Farmaceutyki

Metoda analizy NLPZ obejmowata rozdzielanie i zatezanie analitow z probek wody metoda
ekstrakcji do fazy statej (SPE) i na podstawie oznaczenia na wysokosprawnej chromatografii
cieczowej sprzezonej z tandemows spektrometria mas (LC-MS/MS) przy uzyciu chromatografu
cieczowego UltiMate 3000 RSLC (Dionex, Sunnyvale, CA,USA) w polaczeniu ze spektrometrem
masowym API 4000 QTRAP (Biosystems MDS Sciex, Fostermiasto, Kalifornia, Stany Zjednoczone)
[A4, AT].

Do oznaczania antybiotykow w badanych wodach opracowano metode opartg na ekstrakcji
do ciata statego (SPE- solid — phase extraction), z wykorzystaniem kolumienki Oasis HLB z elucja
metanolem z dodatkiem wody amoniakalnej z wykorzystaniem techniki chromatografii cieczowej
LC MS/MS. Prébki wody do analizy pobierano z Warty, stawu infiltracyjnego oraz z jednej ze studni
ujecia De¢bina (woda infiltracyjna). Antybiotyki oznaczono rowniez w wodzie wodociggowej [C2,

AT].
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Aby okresli¢ efektywno$¢ usuwania surfaktantow i farmaceutykéw na odcinkach drogi
infiltracji zastosowano wzor:
C1-Cp

E=2"%2.100 @)
Cy

w ktorym:
Ci—stezenie zwiazku na poczatku odcinka infiltracji,

Co—stgzenie zwigzku na koncu odcinka infiltracji.

7.5. Zakres i metodyka zadania badawczego nr 4 - Okreslenie kluczowych czynnikow i parametrow

wplywajgcych na intensyfikacje procesu wstepnego uzdatniania wody na ujeciu infiltracyjnym

Na podstawie interpretacji wynikow badan zrealizowanych w zakresie zadan 1-3 okre§lono
parametry i czynniki majace decydujacy wptyw na efekty sztucznej infiltracji jednoczesnie dajace
mozliwos¢ jej intensyfikacji. Do wyznaczenia w/w czynnikow i parametréw postuzyly zalezno$ci
efektywno$ci usuwania domieszek i zmniejszania wskaznikow jakosci infiltrujacej wody od

parametrow hydrogeologicznych i parametrow eksploatacyjnych ujecia.
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8. OMOWIENIE WYNIKOW BADAN

Interpretacj¢ wynikow badan wykonano przyjmujac za cel udowodnienie tez doktoratu.

Zadanie 1. Wyznaczenie parametréw hydrogeologicznych sztucznej infiltracji

Empiryczne wyznaczenie czasu retencji wody w gruncie podczas przeptywu pomigdzy
punktami pomiarowymi polegato na analizie zmian temperatury wody w gruncie na trasie jej
przeptywu. W tym celu na odcinku od stawu infiltracyjnego 9/10 do studni S-48 wyznaczono
wielomianowe linie trendu zmian temperatury wody dla poszczegolnych punktéw. Nastgpnie
wskazano czas, w ktorym temperatura wody osiggata ekstrema w punktach pomiarowych. Na
podstawie minimalnych i maksymalnych temperatur wody infiltracyjnej w punktach pomiarowych
obliczono czas przetrzymywania wody w gruncie jako odcinki czasu pomig¢dzy ekstremami
w kolejnych punktach pomiarowych na drodze przeptywu wody.

Wykres przedstawiajacy zmiany temperatury przedstawiono na Rys nr 4. Wykresy zmian
temperatury w kazdym punkcie pomiarowym majg charakter sinusoidalny. Odleglosci pomiedzy
maksimami krzywych (temperatury latem), a minimami (temperatura zimg) odpowiadajg czasom
przemieszczenia si¢ fali temperatury i tym samym czasom przeplywu wody pomiedzy punktami

pomiarowymi. Wyniki przedstawiono w tabeli 5 i 6.
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Rys. 4. Zmiana temperatury infiltrujgcej wody w punktach pomiarowych instalacji badawczej w
okresie od lutego 2018 do marca 2020 r.[A4, A8, A9].
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Tab.5. Zestawienie wyznaczonych czaséw retencji wody w gruncie dla okresu zimowego i letniego
[A4, A8, A9].

Okres zimowy - minimalna temperatura Okres letni - maksymalna temperatura
Temperatura | Czas Temperatura | Czas
) Data Doba B Data Doba B
Odcinek wody retencji wody retencji
[] [d] [°C] [d] [] [d] [°C] [d]
Staw
, 4.01.2019 | 331 4,60 8.08. 2019 | 547 21,10
Srodek 28 24
PP—1 |1.02.2019 | 359 3,90 1.09. 2019 | 571 22,60
PP—-1 |1.02.2019 | 359 3,90 20 1.09. 2019 | 571 22,60 -
PP—-2 |3.03.2019 | 389 4,60 28.09.2019 | 598 21,90
PP—-2 |3.03.2019 | 389 4,60 g 28.09.2019 | 598 21,90 .
PP—-3 | 11.03.2019 | 397 6,10 5.10. 2019 | 605 19,00
PP—-3 | 11.03.2019 | 397 6,10 5.10. 2019 | 605 19,00
Studnia 25 23
S48 5.04.2019 | 422 5,7 28.10.2019 | 628 15,3

Tab.6. Zestawienie wyznaczonych wartosci sredniego czasu retencji wody na poszczegdlnych

odcinkach pomiarowych oraz odlegtosci pomiedzy punktami pomiarowymi [A4, A8, A9].

, Odlegtos$¢ pomigdzy
Odcinek Sredni czas retencji punktami pomiarowymi
[d] [m]
Staw Srodek — P-1 26 18,00
PP-1 - PP-2 28,5 27,50
PP-2 — PP-3 7,5 17,40
PP-3 — Studnia S48 24 23,00
Suma 86 85,90

Zgodnie z metodyka obliczeniowa przedstawiong w pkt 5.2 (metodyka badan) obliczono
teoretyczny czas retencji wody [t] w gruncie. W tabeli 7 przedstawiono obliczone wartosci czaséw
retencji na poszczegdlnych odcinkach instalacji badawczej uwzgledniajac $rednie predkosci
przeptywu wody przez grunt dla okresu badawczego, uwzgledniajac wartosci wspotczynnika filtracji
obliczone wg stosowanych trzech wzoréw Hazena (3), uproszczonego Hazena (5) i Seelheima (6) z

uwzglednieniem parametrow granulometrycznych gruntu warstwy wodono$ne;j.
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Tab. 7. Zestawienie obliczonych czaséw retencji na poszczego6lnych odcinkach inst. badawczej [A9].

Obliczony czas retencji, [d]
Odcinek drogi Dla k obliczonego wg | Dla k obliczonego
infiltracji Dla k obliczonego | wzoru uproszczonego wg wzoru
wg wzoru Hazena Hazena Seelheima
Staw- PP1 5,27 5,45 9,70
PP1-PP2 30,34 31,38 83,97
PP2-PP3 48,17 49,71 80,00
PP3-548 22,08 22,84 63,89
Suma: staw- S-48 105,85 109,39 237,56

Wartosci $rednich czaséw retencji w gruncie wyznaczone dwoma metodami, metodg
pomiaru zmian temperatury wody na drodze infiltracji i metoda obliczen na podstawie wzorow
uwzgledniajacych granulometri¢ gruntu, daly rozbiezne wyniki. Znaczne rdéznice uzyskanych
wynikéw $redniego czasu retencji wystepuja dla pierwszego odcinka infiltracji od stawu do
pierwszego piezometru PP1. Roznica wynika z przyjetego zatozenia jednorodnosci gruntu warstwy
wodonosnej w obliczeniach dotyczgcych odcinkoéw pomiarowych. Takie zalozenie nie uwzglednia
oporow przeplywu jaki stawia drobnodyspersyjna warstwa osadow sedymentujacych i kolmatujgcych
dno stawu infiltracyjnego. Pominigcie wpltywu warstwy osadow dennych powoduje, ze w wyniku
obliczen otrzymano znacznie nizsze warto$ci czasu retencji wody na pierwszym odcinku drogi
infiltracji.

Poréwnywalne warto$ci czasu przetrzymania wody w gruncie otrzymano stosujac oba wzory
Hazena do obliczania wspotczynnika filtracji i metody pomiaru temperatury dla odcinkéw PP1-PP2
oraz dla ostatniego odcinka PP3-Studnia S-48.

Otrzymane rozbieznoSci wartosci czasOw przetrzymania wody w gruncie za pomoca
bezposrednich badan terenowych i obliczen matematycznych wskazuje na konieczno$¢ wykorzystania
specjalistycznych programéw komputerowych do okreSlenia rzeczywistych charakterystyk
przeptywow wody w gruncie, ktore dopasowuja wyniki badan teoretycznego czasu przetrzymania do
otrzymanego w wyniku pomiaréw terenowych. Roznica wynikéw czasu przetrzymania teoretycznego i
rzeczywistego wskazuje na konieczno$¢ glebszej analizy modelowej, numerycznej co daje w efekcie
mozliwo$¢ prognozy wystgpienia zaburzen przeptywow w wyniku czesciowej kolmatacji gruntu lub
wystepowania nieprzepuszczalnych przewarstwien. Zweryfikowany model hydrologiczny bytby
podstawa do okreslenia kierunkéw i natezenia migracji zanieczyszczen co datoby pelng oceng efektow

sztucznej infiltracji w aspekcie usuwania zanieczyszczen.
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Zadanie 2. Wyznaczenie efektow usuwania makrozanieczyszczen w procesie sztucznej infiltracji

Efekty infiltracji w usuwaniu makrozanieczyszczen oceniono pod katem zmian warto$ci
parametréw fizycznych, chemicznych oraz mikrobiologicznych porownujac jako$¢ wody z rzeki
z wodg infiltracyjng badang na réznych etapach drogi infiltracji terenowej instalacji badawcze;j.

Whyniki badan, ktére $wiadczg o wysokiej efektywnosci procesu sztucznej infiltracji
w aspekcie usuwania makrozanieczyszczen ukazywaly sic w prezentowanej serii artykutow [A2, A3,
A4, A5, A8]. Okres badan podzielono na dwa etapy:

— pierwszy- badania wstepne od stycznia do lipca 2018, punkty pomiarowe:
Warta, Staw Poczatek, Staw Koniec [A5]

— drugi — badania zasadnicze od pazdziernika 2018 r. do wrze$nia 2022, punkty
pomiarowe Warta, Staw Poczatek, Staw Koniec, Staw Srodek, PP-1, PP-2, PP-3,
S-48 [A2, A3, A4, A5, A8]

Zebrane dane podsumowano w tabelach nr 8 i 9.
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Tab.8. Wyniki analiz fizykochemicznych wody z pierwszego etapu badan.

Parametr Warta Staw Poczatek Staw Koniec
Min 2,00 2,00 2,00
., Max 15,00 10,00 90,00
Metnos¢ INTUL - g einia 8,33 5,75 22,40
Odchylenie std 5,96 4,35 38,27
Min 35,00 35,00 30,00
Max 50,00 50,00 45,00
Barwa [mgPUL] e ednia 40,83 41,25 39,00
Odchylenie std 4,92 6,29 6,52
Min 4,60 4,40 4,70
Utlenialnos¢ Max 11,90 10,30 9,70
[mgO2/L] Srednia 8,74 8,58 7,78
Odchylenie std 2,79 2,81 1,86
Min 0,00 0,00 0,00
Azot amonowy | Max 0,48 0,49 0,44
[MgNH./L] Srednia 0,27 0,31 0,23
Odchylenie std 0,22 0,22 0,21
Min 0,050 0,070 0,110
Azot azotynowy | Max 0,230 0,170 0,360
[mgNO/L] Srednia 0,137 0,123 0,180
Odchylenie std 0,068 0,041 0,104
Min 0,030 0,010 0,020
Azot azotanowy | Max 0,060 0,070 0,080
[MgNO4/L] Srednia 0,043 0,040 0,048
Odchylenie std 0,012 0,024 0,024
Min 0,005 0,000 0,000
Ortofosforany Max 0,025 0,018 0,016
[mgPO./L] Srednia 0,014 0,010 0,009
Odchylenie std 0,008 0,006 0,005
Min 0,032 0,030 0,030
Fosfor ogblny Max 0,720 0,089 0,740
[mgP/L] Srednia 0,181 0,058 0,201
Odchylenie std 0,265 0,023 0,303
Min 3,20 4,40 2,20
Zawiesina ogélna | Max 29,40 25,60 40,80
[mg/L] Srednia 13,72 11,50 12,48
Odchylenie std 11,25 8,48 14,89
Min 2,25 3,61 4,12
. Max 69,28 55,38 78,69
Chlorofil-a [ng/L1 Te oinia 29,05 27,70 2714
Odchylenie std 27,28 19,93 29,82
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Tab.9. Parametry mikrobiologiczne z pierwszego etapu badan.

Parametr Warta Staw Poczatek Staw Koniec
Bakterie mezofilne Min 480 750 170
[CFU/1mL] Max_ 13200 11600 1500
Mediana 1710 2850 608
Bakterie Min 4300 4400 450
psychrofilne Max 15100 11500 5200
[CFU/1mL] Mediana 6350 6400 2225
Bakterie Z grupy Min 2020 1875 152
Coli [CFU/100mL] Max_ 57500 43200 14400
Mediana 3500 4375 1200
Min 85 80 5
Escherichia Coli
[CFU/100mL] Max_ 22000 18000 6200
Mediana 360 117 34
Enterokoki Min 100 120 4
[CFU/L00mL] Max_ 590 420 280
Mediana 280 165 28

Przedstawione w tabelach 8 i 9 wyniki wykazaly duzg rozpigto$¢ wartosci parametrow
chemicznych i mikrobiologicznych w =zaleznosci od por roku, co wskazalo na koniecznosé
prowadzenia badan w czasie obejmujacym zmienno$¢ parametrow jako$ci wod naturalnych. W
Wiarcie w kwietniu i czerwcu stezenie chlorofilu byto wysokie i przekraczato 50 pg/L co wskazuje na
wystepowanie eutrofizacji rzeki Warty. W calym okresie badawczym zanotowano znaczne wahania
liczebno$ci wszystkich wskaznikoéw mikrobiologicznych. NajczeSciej najwyzsze liczebno$ci badanych
bakterii wystgpowaly w rzece Warcie lub na poczatku stawu infiltracyjnego. We wszystkich probkach
wody odnotowano zwykle wiekszg liczebno§¢ bakterii psychrofilnych niz mezofilnych, a obecnos¢
bakterii grupy coli, Escherichia coli oraz enterokokow wskazywata na katowe skazenie wody.
Stopniowy, powolny proces przeptywu wody od poczatku do konca stawu powodowal, ze w
koncowym odcinku stawu jako$¢ wody ulegata zwykle znacznej poprawie pod wzgledem parametrow
mikrobiologicznych, gdyz zdecydowana wickszos¢ drobnoustrojow gingta na skutek naturalnego
obumierania komorek. Interpretacja wynikow sktonita do podjg¢cia decyzji o rozbudowie terenowej
instalacji badawczej o trzy piezometry (PP-1, PP-2, PP-3), co umozliwilo monitoring jakosci
infiltrujacej wody na poszczegdlnych odcinkach przeptywu wody przez grunt.

Srednie efektywnosci obnizania poszczegélnych parametrow jakosci wody w drugim okresie

badan przedstawiono w tabeli 10.
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Tab.10. Srednie efektywnosci obnizania parametréw jakosci wody w drugim okresie badar od

pazdziernika 2018 r. do wrzesnia2022 r.

Efektywno$¢ Srednia [%]
Parametr E-PP1 (%) E-catkowite (%)
Metnosé 89,31 94,14
Barwa 52,77 56,30
Zawiesina ogolna 86,24 92,56
Chlorofil-a 97,31 97,31
Utlenialnosé 38,29 40,22
Tlen 74,31 85,73
Oowo 51,97 54,81

Warto$ci parametrow mikrobiologicznych okreslone podczas ll-go etapu badan przedstawiono w
tabeli 11A i 11B.

Tab.11A. Srednie wartoSci parametréw mikrobiologicznych wody pochodzqce z drugiego okresu

badan od pazdziernika 2018 do wrze$nia.2019 [A5].

Parametr Warta Posctz"’:!";’ek If;ﬁ‘l’gc Sff)":‘i":k PP-1 | PP2 | PP3 | S48
Bakterie | Min 220 350 60 20 10 10 10 10
mezofilne | Max 30000 | 37800 10200 5760 2880 | 6240 | 5200 | 7680
[CFUIML] | pediana | 2400 2100 625 690 420 | 575 | 320 | 1475
Bakterie | Min 1120 1170 140 960 10 10 10 10
psychrofilne | Max 19200 | 20500 11040 12600 | 2880 | 4560 | 3840 | 6600
[CFUAML] | nediana | 5640 4440 2880 5400 405 | 540 | 530 | 2670
Bakterie 7 | Min 1740 1540 140 150 0 0 0 0
grupy Coli | Max 43400 | 50600 54500 31600 | 1500 | 1130 | 475 | 2350

[CFU/L00mML] | \rediana | 10300 | 8200 3250 8800 8 15 4 154
Escherichia | Min 160 0 0 0 0 0 0 0

Coli Max 2700 2600 800 432 18 | 240 | 11 | 370
[CFU/L00mL] | ppediana 352 490 75 9% 0 05 0 0
| Min 20 5 0 2 0 0 0 0
[CEF“LtJe/rl%'BOn'j'L] Max 1150 | 1320 680 340 8 8 | 32 | 19
Mediana 95 48 72 25 0 0 0 0
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Tab. 11B. Srednie wartosci parametréw mikrobiologicznych wody pochodzgce z catego okresu badar
od pazdziernika 2018 r. do wrzesnia 2022 r.

Parametr Warta Poit;";’ek ngﬁ:’ZC Sfff(‘l"e"k PP-1 | PP-2 | PP-3 | S-48
Bakterie | Min 70 80 60 20 0 0 0 0
mezofilne | Max 30000 | 37800 10200 28900 | 2880 | 6240 | 6720 | 15120
[CFUAML] [nediana | 1160 1160 570 650 62 80 70 | 320
Bakterie | Min 80 380 140 380 10 0 10 | 10
psychrofilne | Max 19200 | 20500 11520 43470 | 2880 | 4560 | 3840 | 6600
[CFUIML] | Mediana | 5570 | 4200 2880 4740 320 | 320 | 600 | 720
Bakteriez | Min 140 50 10 40 0 0 0 0
grupy Coli | Max 43400 | 50600 54500 75000 | 1500 | 1130 | 750 | 2350

[CFU/100mL] | \jediana | 9550 | 7600 3520 6900 24 5 3 10
Escherichia | Min 30 0 0 0 0 0 0 0

Coli Max 3000 | 4000 890 680 200 | 240 | 50 | 370
[CFU/L00mL] | Mediana 180 235 40 20 0 0 0 0
| Min 16 5 0 2 0 0 0 0
[CEFnLtJirl%koorL(lL] Max 1150 | 1320 680 340 8 8 | 32 | 19
Mediana | 123 48 22 26 0 0 0 0

Analiza parametrow mikrobiologicznych infiltrujacej wody wykazata, ze najwiekszy efekt
usuwania mikroorganizmow osiggnieto w zakresie liczby enterokokoéw i Escherichia coli. Najmniejszy
efekt zaobserwowano w przypadku bakterii mezofilnych i psychrofilnych, poniewaz bakterie te
stanowig naturalng mikroflor¢ wystepujacag w wodzie i w gruncie. Wyniki pochodzace z calego okresu
badan (Tab. 11B) wykazuja stopniowa poprawe parametrow wynikajaca z osiggniecia rownowagi
mikrobiologicznej po wykonaniu odwiertéw otworéw piezometrycznych.

W ramach badan pod katem wystepowania zwigzkéw organicznych w wodzie
powierzchniowej i infiltracyjnej zostaty wykonane analizy metoda LC-OCD [C4]. Badanie LC-OCD
polega na wydzieleniu z naturalnej materii organicznej obecnej w wodzie pigciu grup zwigzkoéw
organicznych w zaleznosci od wielko$ci ich czasteczek. Wyodrebnianymi frakcjami sa:
drobnoczasteczkowe kwasy humusowe (DKH), hydrolizaty substancji humusowych (HSH),
biopolimery (BP), substancje humusowe (SH) oraz drobnoczgsteczkowe substancje neutralne (DSN).
Badania wykonano na Uniwersytecie w Waterloo w Kanadzie z prébek wody pobranych w dniach
2.10.2018 r. i 9.07. 2019 r. Wyniki zostaly przedstawione na rys. 5 i 6. Efektywno$ci zmniejszania
poszczegbdlnych frakcji wyodrebnionych w badaniu LC-OCD prezentuje tabela 12. Podano
efektywno$¢ na poczatkowym odcinku infiltracji od stawu do piezometru PP-1 oraz na calej drodze
infiltracji. Najwyzszy stopien usunig¢cia wykazuja biopolimery bo az 98,55 %. Proces infiltracji osiaga

najnizszg efektywno$¢ w usuwaniu substancji humusowych [C4].
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B LMW humics 0.15 0.17 0.13 0.09 0.13 0.12
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M Biopolymers (BP) 0.49 0.64 0.07 0.00 0.10 0.03
B Humics Substances (HS) ~ 2.77 2.83 2.61 2.04 3.03 3.06

Rys. 5. Zawartos¢ pieciu frakcji wyodrebnionych z materii organicznej metodg LC-OCD z szesciu
punktéw pomiarowych w dniu 02.10.2018 r. [C4].
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B LMW neutrals 0.56 0.56 0.38 0.39 0.38 0.42
B LMW humics 0.17 0.17 0.12 0.11 0.13 0.13
® Building Blocks (BB) 0.87 0.97 0.67 0.67 0.73 0.72
H Biopolymers (BP) 0.46 0.69 0.01 0.01 0.00 0.01

B Humics Substances (HS)  3.32 3.37 2.72 3.04 2.96 3.06

Rys. 6. Zawartos¢ pigciu frakcji wyodrebnionych z materii organicznej metodg LC-OCD z szesciu
punktéw pomiarowych w dniu 09.07.2018 r. [C4].
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Tabela 12. Srednie efektywnosci zmniejszania frakcji zwigzkéw organicznych wyodrebnionych w
badaniu LC-OCD [C4].

Parametr E-calkowite (%)
Drobnoczasteczkowe kwasy humusowe 26,47
Drobnoczasteczkowe substancje neutralne 37,50
Biopolimery 96,93
Hydrolizaty substancji humusowych 16,01
Substancje humusowe 8,49

Zmiana stezenia zelaza i manganu i Stabilnosci chemiczne] wody w procesie infiltracji.

Wyniki badan dotyczacych zmian stabilnosci chemicznej wody w procesie infiltracji ukazaty
si¢ w artykutach pt. Stabilnos¢ chemiczna wody na etapach jej uzdatniania ze szczegolnym
uwzglednieniem infiltracji. Czesé 1 [A3] i Stabilnosé chemiczna wody po procesie infiltracji. Czesé 2,
Technologia Wody [A6].

Do spadku wartosci parametrow jakosci wody takich jak barwa, megtno$¢, zawarto$é
zwigzkOw organicznych przyczyniajg si¢ liczne procesy biochemiczne, ktore wykorzystuja tlen
rozpuszczony w wodzie, przez co zmniejsza sie jego ilo$¢ i zwieksza stezenie dwutlenku wegla. To
z kolei prowadzi do zmniejszenia odczynu wody prowadzac do naruszenia réwnowagi weglanowo-
wapniowej.

W artykule A3 dokonano analizy uktadu weglanowego wody surowej i infiltracyjne;.
Opisano kryteria oceny stabilno$ci chemicznej (Langeliera, Ryznera, Larsona-Scolda, Stroheckera)
oraz systemy klasyfikacji wod wg Steinratha, Kamerszteina.

W tabeli nr 13 przedstawiono srednie wartos$ci zasadowosci og6lnej, odczynu rzeczywistego
(pH), odczynu wody znajdujacy si¢ w stanie rOwnowagi weglanowo- wapniowej (pHs) oraz Indeksu
Langeliera (IL) wod pobranych w punktach pomiarowych.

Tab.13. Wartosci usrednione poszczegolnych parametrow dla okresu czerwiec 2018- styczen 2020 r.

Parametr Warta Staw PP1 PP2 PP3 Studnia
Odczyn pH 8,20 8,03 7,45 7,40 7,48 7,48
Z3as.0g. mgCO./L 79,54 78,52 83,26 81,99 86,56 87,37
pHs
(odezynw |\, 7,59 7,60 7,55 7,56 7,52
stanie
réwnowagi)
IL - 0,61 0,43 -0,10 -0,17 -0,04 -0,03

W wodzie ujmowanej z rzeki i ze stawu warto$¢ IL osigga wartosci dodatnie Co 0znacza, ze
woda nie jest korozyjna i posiada zdolno$¢ do wytracania CaCOs, natomiast w wodzie infiltracyjnej
wartosci IL sa ujemne, a wigc woda podczas infiltracji nabiera wilasciwosci korozyjnych.
Zmnigjszenie stgzenia tlenu razem z pojawiajaca si¢ korozyjnoscia wody powoduje sprzyjajace

warunki do rozpuszczania tlenkéw zelaza i manganu w gruncie, a przez to pojawienia si¢ tych
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zwigzkow w wodzie ujmowanej ze studni. Na rysunku 7 przedstawiono zmiany stgzen zelaza w

punktach pomiarowych.
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Rys.7. Srednie stezenie zelaza w wodzie pobranej z punktow pomiarowych.

Badania dowodza, ze przeptyw wody przez grunt zmienia charakter wody z

powierzchniowej na podziemna.

Zadanie 3. Wyznaczenie efektéw usuwania mikrozanieczyszczen w procesie sztucznej infiltracji

Efekty sztucznej infiltracji w usuwaniu mikrozanieczyszczen oceniono pod katem zmian
stezen wybranych surfaktantéw i farmaceutykdw oceniajac jako$¢ wody powierzchniowej (rzeka i
staw) z woda na réznych etapach drogi infiltracji. Przedstawione wyniki badan, ktore $wiadcza o
efektywnos$ci tego procesu w aspekcie usuwania mikrozanieczyszczen ukazaty sie¢ w serii artykutow

[A2, A4, A7, A8]. Otrzymane rezultaty uwzglgdniajg lata 2018- 2022.
Surfaktanty

Pierwszy opublikowany artykut dotyczacy surfaktantow pt. Impact of artificial infiltration
on removal of surfactants in surface water treatment process [A2], uwzglednia wyniki badan od
stycznia do czerwca 2019 r. Ten artykul przedstawitl badania wst¢pne a jego dopetnieniem byta
publikacja pt. Influence of artificial infiltration on the removal of surfactants from surface waters
[A8]. Przedstawione wyniki badan [A2, A8] swiadcza o skuteczno$ci procesu sztucznej infiltracji jako
pierwszej bariery w systemie uzdatniania wody efektywnie usuwajacej surfaktanty anionowe
i niejonowe na ujeciu Debina w Poznaniu. Wyniki pochodzg z okresu badawczego od stycznia 2019 r.
do wrzesnia 2022 r. Okres badan uwzgledniat rowniez poczatkowy okres pandemii COVID-19.
Badania byly wykonywane co miesiac.

Interpretacje wynikow badan przedstawionych w publikacji [A8] uzupetnia test Eberhardta,

Madsena, Sontheimera (EMS). Test potwierdzil, ze na pierwszym odcinku infiltracji od stawu do PP1
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dominuje proces biodegradacji nad adsorpcja. Natomiast na kolejnych etapach przeptywu wody
dochodzi do zatrzymania biodegradacji i wystepuja gléwnie procesy sorpcji od piezometru PP-2 az do
studni lewarowej S-48.

W roku 2020 rozpoczeta si¢ pandemia COVID-19, co zgodnie z obowigzujacymi wowczas
obostrzeniami uniemozliwito pobdr wody z instalacji badawczej. W zwiazku z tym wyniki podzielono
na trzy serie pomiarowe [A8]:

* Serie 1: 15.01.2019 - 4.03.2020 - przed pandemia,
* Seria 2: 26.05.2021 - 27.07.2021 - poczatek pandemii,
* Serie 3: 24.01.2022 - 12.9.2022 - pézna faza pandemii.

Usrednione stezenia surfaktantdow anionowych i niejonowych wystepujacych w stawie
infiltracyjnym dla wybranych serii badawczych przedstawiono na wykresie8. W czasie pandemii
nastapit znaczny wzrost niejonowych zwigzkow powierzchniowo czynnych w stawie infiltracyjnym.
Powodem byto zwigkszone zuzycie srodkow czyszczacych w celu utrzymania higieny zwigzanej z
profilaktyka COVID-109.

Nie wystgpit hatomiast wzrost anionowych zwigzkéw powierzchniowo czynnych. Zjawisko
to mozna wytlumaczy¢ lepsza biodegradowalnoscig anionowych detergentow, ktore sg efektywniej

usuwane m.in. podczas oczyszczania SciekOw.
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Rys.8. Srednie stezenia surfaktantéw w stawie infiltracyjnym podczas badar od stycznia 2019 r. do
wrzesnia 2022 r.
Zalezno$¢ stezenia badanych surfaktantéw od drogi infiltracji dla poszczegélnych serii

badawczych przedstawiajg wykresy 9 i 10.
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Rys.9. Stezenie anionowych zwiqzkow powierzchniowo czynnych w zaleznosci od drogi infiltracji
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Rys.10. Stezenie niejonowych zwigzkow powierzchniowo czynnych w zaleznosci od drogi infiltracji
[A8].

Warto$ci usrednione badanych surfaktantéw wyznaczone w trzech okresach badawczych
przedstawiono na wykresie 11.

Wykresy pokazuja, ze najskuteczniejsze usuwanie anionowych i niejonowych zwigzkoéw
powierzchniowo czynnych wystepowato na pierwszym odcinku drogi przeptywu pomigdzy stawem a
piezometrem PP-1.
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Rys.11. Srednie stezenia anionowych i niejonowych zwigzkéw powierzchniowo czynnych w

poszczegoblnych punktach pomiarowych wystepujgce w 3 seriach badawczych [A8].

Efekt usuwania surfaktantow zwigksza si¢ ze wzrostem temperatury (Rys.12) co swiadczy o

wptywie biodegradacji na eliminacj¢ surfaktantow.
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Rys.12. Korelacja migdzy efektywnoscig usuwania badanych surfaktantow podczas infiltracji a

temperaturg wody. [A8].
FarmaceutyKi

Wyniki badan dotyczacych usuwania farmaceutykdw podczas infiltracji ukazaty si¢
w dwoch artykutach. Pierwszy z nich pt. Impact of Artificial Infiltration on the Removal of
Nonsteroidal Anti-Inflammatory Drugs During Treatment of Surface Water [A4] przedstawia efekty
usuwania wybranych niesteroidowych lek6w przeciwzapalnych i przeciwbdlowych (NLPZ)
w procesie sztucznej infiltracji. Drugi artykut pt. Monitoring of Contamination of the Warta River in
Poznan by Non-Steroidal Anti-Inflammatory Drugs and Antibiotics [A7] prezentuje wyniki badan
dotyczacych monitoringu wystgpowania niesteroidowych lekdéw przeciwzapalnych i antybiotykow
w rzece Warcie w Poznaniu.

Badania byly wykonane w okresie od 29.03.2019 r. do 21.01.2020 r. Na rysunku 13
przedstawiono wartosci st¢zen ketoprofenu i paracetamolu w wodzie powierzchniowej i infiltrujacej

w calym okresie badawczym.
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Rys.13. Stezenia wybranych farmaceutykow w pobranej wodzie w danych punktach pomiarowych
[A4].

Stezenia paracetamolu i1 ketoprofenu mierzone w ciagu roku, wskazuja, ze stgzenie
ketoprofenu w wodzie powierzchniowej ze stawu nie zalezy od pory roku, jak ma to miejsce w
przypadku paracetamolu.

Wykresy stezen (Rys. 14) w punktach pomiarowych w okresie badawczym wyznaczono z
uwzglednieniem czasu retencji. Wyniki sg warto$ciami usrednionymi dla por roku. W przypadku
paracetamolu nastepuje wyrazny spadek st¢zenia podczas infiltracji w okresie letnim, gdy temperatura
wody jest wyzsza. W przypadku ketoprofenu znaczacy spadek st¢zenia wystgpowatl jesienig, Kiedy to
temperatura powietrza i wody w stawie byla wysoka, porownywalna z latem. Zaobserwowano, ze
wzrost temperatury wody sprzyja procesowi biodegradacji paracetamolu i ketoprofenu w infiltrujace;j

wodzie.
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Rys.14. Stezenie paracetamolu i ketoprofenu w punktach pomiarowych[A4].

Na rysunku 15 przedstawiono $rednie roczne stezenia badanych farmaceutykow w punktach
pomiarowych z uwzglednieniem czasu retencji wody w gruncie. Podczas analizy $redniego rocznego
stezenia paracetamolu, nalezy zauwazy¢, ze roGwnomiernie maleje wraz z przeptywem infiltrujacej
wody. W przypadku ketoprofenu srednie roczne st¢zenie maleje na odcinku od stawu do piezometru
PP3. Wazrost stezenia ketoprofenu wystgpit w wodzie pobranej ze studni co moze by¢ efektem
wystgpienia zjawiska desorprcji. Zjawisko to zostalo opisane w literaturze po$wieconej migracji

farmaceutykow do gruntu [17].
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Rys.15. Srednie roczne stezenie paracetamolu i ketoprofenu w punktach pomiarowych.

Srednia roczna efektywno$¢ usuwania paracetamolu wyniosta 42%. Ketoprofen nie zostat
skutecznie usunigty. W przewidywaniu efektow pomocne sg cechy chemiczne farmaceutykow
wpltywajace na zdolno$¢ badanych lekoéw do biodegradacji i adsorpcji. Biorac pod uwage wiasciwosci
hydrofilowe i kryterium logP paracetamol wykazuje wigksza biodegradowalno$¢ niz ketoprofen.
Nizsza masa czgsteczkowa paracetamolu rowniez przyczynia si¢ do wyzszych efektow biodegradacji
w poréwnaniu do ketoprofenu. Biorgc pod uwage parametr pKa, paracetamol moze rowniez ulegaé
procesowi sorpcji (w wiekszym stopniu niz ketoprofen), polepszajac w ten sposob jego usuwanie
[A4].

Wyniki badan nad efektami sztucznej infiltracji w usuwaniu antybiotykow przedstawiono na
konferencji BioOrg w 2019 roku [C2]. Stezenia badanych antybiotykow w okresie 2021-2022
zmienialy si¢ w ujmowanej wodzie powierzchniowej w nastgpujacych zakresach:

- Trimetoprim: st¢zenia w zakresie 0,3-2,0 ng/L,
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- Sulfametoksazol: st¢zenia w zakresie 2,0-15,5 ng/L i wykazuja trend wzrostowy,

W okresie badan nie zaobserwowano efektow usuwania trimetoprimu w procesie sztucznej
infiltracji, natomiast Srednia efektywno$¢ usuwania sulfametoksazolu na calym odcinku infiltracji
wyniosta 43%.

W publikacji A7 prezentowane sg wyniki badan dotycza wystgpowania farmaceutykow w
tym niesteroidowych lekdw przeciwzapalnych i antybiotykow w rzece Warcie w Poznaniu.
Monitoring niesteroidowych lekéw przeciwzapalnych (ketoprofen, paracetamol, naproksen, ibuprofen
i fenoprofen) w rzece Warcie byly prowadzone w latach 2012- 2021. Natomiast monitoring
antybiotykow prowadzony byt w poszczegdlnych miesigcach w latach 2019-2021 i obejmowat
badania sulfametoksazolu i trimpetoprimu.

Badanie prowadzono w trzech okresach: pierwszy okres w roku 2012, drugi w roku
2013/2014 i trzeci w czasie pandemii. Analiza pozwolita porowna¢, jak w wybranych miesigcach i

latach zmieniato si¢ stezenie farmaceutykow oraz czy pandemia wptyneta na ich stezenia w Warcie.
Ketoprofen

Najwyzsze stezenie ketoprofenu odnotowano w lutym 2014 r. (47,86ng/1), czerwcu 2012 r.
(41,4 ng/l) i lipcu 2020 r. (19,66 ng/l). Od 2019 do 2021 roku wahania stezen byty mniejsze i wynosity
od 4,04 do 19,66 ng/l. W latach 2019-2020 zaobserwowano mniejsze wahania oraz wyzsze stezenia
ketoprofenu w poszczegdlnych miesigcach (4,04-19,66 ng/l) w poréwnaniu do roku 2012. Wskazuje
to wzrost spozycia tego leku w okresie pandemii (2019-2021).

Paracetamol i naproksen

Najnizsze stezenie paracetamolu wykryto w sierpniu 2019 r. Stezenie paracetamolu w latach
2019-2021 w rzece Warcie utrzymywato si¢ na poziomie 0,01-9,39 ng/L. W 2012 r. stezenie
paracetamolu byto wyzsze i wynosito 2,90-107,20 ng/l. W grudniu 2012 roku stwierdzono najwyzsze
stezenie paracetamolu — 107,20 ng/L w Warcie, co oznacza wigksze zuzycie tego leku w zimnych

porach roku. Podobny trend zaobserwowano w przypadku naproksenu.
Ibuprofen i fenoprofen

Od sierpnia 2019 r. stezenia ibuprofenu w Warcie systematycznie rosto od wartoSci
3,51 ng/L do wartosci maksymalnej 251,17 ng/L. Nastepnie zaobserwowano zmniejszenie stezenia
ibuprofenu w badanej wodzie do wartosci statej, ale wyzszej niz bezposrednio przed wystapieniem
pandemii w Polsce (koniec 2019 r.).

W latach 2012-2014 wystepowaly duze wahania stezen fenoprofenu w Warcie. W okresie
pandemii analizy wykazaly niemal stale st¢zenie fenoprofenu w wodzie na poziomie 3,06-3,35 ng/l.

Zatem mozna stwierdzi€, ze nie byt to lek, ktérego zazywanie wzrosto podczas pandemii.
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Zadanie 4. OKkreSlenie kluczowych czynnikow i parametrow wplywajacych na intensyfikacje

procesu wstepnego oczyszczania wody na ujeciu infiltracyjnym.

Monitoring jako$ci wody

Wyniki badan potwierdzity, ze prawidlowo zaplanowany i realizowany monitoring ujecia
infiltracyjnego jest podstawg do osiggnigcia niezawodnosci catego uktadu technologicznego
uzdatniania wody. Metodyka monitoringu zaprezentowana w omawianych publikacjach [A2, A4, A5,
A7, A8, A9] opartego na podziale drogi infiltracji na odcinki pomiarowe wzdtuz drogi przeptywu
pozwala na okreslenie efektow na poszczeg6lnych odcinkach drogi infiltracji. Dobrze okreslony pod
wzgledem zakresu analiz, ilo§ci miejsc 1 czestotliwosci poboru prob wody powierzchniowej i
infiltrujgcej umozliwia dostosowanie parametrow eksploatacyjnych stacji uzdatniania wody do
warto$ci gwarantujgcych uzyskanie wody spelniajgcej wymagania stawiane wodzie do picia wg

przepisow krajowych i nowej Dyrektywy Wodne;j.

Monitoring parametréw hydrogeologicznych — modele hydrauliczne

W przypadku projektowania uje¢ infiltracyjnych istotne jest prawidlowe rozpoznanie
parametrow hydrogeologicznych decydujacych o podjeciu decyzji o realizacji ujecia infiltracyjnego.
W eksploatacji uje¢ infiltracyjnych wazny jest monitoring parametrow hydrogeologicznych
prowadzacy do decyzji 0 koniecznosci podjecia dziatan eksploatacyjnych (czyszczenie stawu, naprawa
studni, piezometrow, odwiert nowych studni w miejsce zakolmatowanych w celu intensyfikacji
efektow procesu infiltracji.

Czas przebywania wody w gruncie, inaczej moéwigc czas retencji, jest podstawowym parametrem
hydrogeologicznym wptywajacym na efekty podczyszczania ujmowanej wody w zakresie usuwania
makro i mikrozanieczyszczeniami. Efekty uzdatniania w procesie infiltracji s3 wprost proporcjonalne
do czasu przeptywu infiltrujacej wody przez grunt.

W pracy [A9] przedstawiono wartosci czasu retencji w gruncie wyznaczone dwoma metodami,
metoda pomiaru zmian temperatury wody na drodze infiltracji i metoda obliczen na podstawie wzoréw
uwzgledniajacych granulometri¢ gruntu. Otrzymana réznica wynikOw czasu przetrzymania
teoretycznego i rzeczywistego wskazata na konieczno$¢ glebszej analizy modelowej, numerycznej
przeptywow infiltrujacej wody. Model hydrologiczny ujecia umozliwia opracowanie mapy migracji
zanieczyszczen. Dzigki modelom komputerowym mozna oceni¢ wptyw oddziatywania ognisk

zanieczyszczen na poktady wodonosne i glebg oraz okresli¢ zasigg migracji zanieczyszczen.
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Analiza dominujacych proceséw uzdatniania wody w gruncie

Monitoring parametrow hydrogeologicznych jest podstawa do okre§lenia czasu
przetrzymania wody w gruncie do ktérego mozemy odnies¢ efektywnosci usuwania badanych
domieszek z ujmowanej wody. Jednak doglgbna analiza majaca na celu okreSlenie czynnikow
sprzyjajacych intensyfikacji procesu infiltracji na ujeciu wod powierzchniowych wymaga okreslenia
procesOw dominujgcych w procesie usuwania domieszek. Monitoring zmiennosci jakosci infiltrujace;j
wody na drodze jej przeptywu przez grunt z podziatem na odcinki, reaktory biochemiczne pozwala na
okreslenie procesow dominujgcych w danym odcinku gruntu. Niekiedy warunki fizyko-chemiczne nie
sprzyjaja wysokim efektywno$ciom a zdarza si¢, ze dochodzi do pogorszenia jakosci na skutek
desorpcji [A4] lub wtdrnego rozpuszczania wczesniej odtozonych w gruncie osadow.

Trase infiltracji mozna uznaé za rodzaj reaktora biologiczno-chemicznego. W przypadku
opisywanej instalacji terenowej reaktor ten mozna podzieli¢ na sekcje odpowiadajace drodze
przeptywu wody do kolejnych punktow pomiarowych. Po przesigknieciu infiltrujacej wody przez
warstwe osadu dennego woda przechodzi przez strefy napowietrzenia i saturacji, gdzie nastgpuje
dalsza biodegradacja i adsorpcja [A4, A9]. Srodowisko tlenowe sprzyja dalszej biodegradacji materii
organicznej. Domieszki sg rowniez adsorbowane w glebie.

Podczas procesu infiltracji zmniejsza si¢ 1los¢ zwigzkow organicznych, o czym $wiadczy
spadek wartosci utlenialnosci i OWO. Pierwszy odcinek drogi infiltracji charakteryzuje si¢ najwyzsza
skutecznos$cig usuwania substancji organicznych (makrozanieczyszczen). W nastepnej sekcji od PP1
do PP2 stezenie tlenu spada do wartosci mniejszej od 2,0 mg/l, stanowigc wcigz dobre warunki do
rozwoju tlenowych bakterii heterotroficznych na tym odcinku. Podczas przeptywu wody przez grunt
na dalszych odcinkach dochodzi do catkowitego zuzycia tlenu.

Aby okresli¢, czy w danym reaktorze (odcinku infiltracji) przewazajg procesy sorpcji, czy
biodegradacji, wykorzystano test EMS (Eberhardt, Madsen, Sontheimer). W badaniu tym oblicza si¢
wspolczynnik S bedacy ilorazem spadku wartosci chemicznego zapotrzebowania tlenu wyznaczanego
metoda z nadmanganianem potasu w wodzie infiltrujagcej w danym reaktorze ACOD-KMnO; i spadku
stezenia tlenu rozpuszczonego — AO, na tym samym odcinku infiltracji [A8, A9].

Klasyfikacj¢ proceséw na poszczeg6dlnych odcinkach infiltracji wg testu EMS przedstawiono
w tabeli 14.

Tab.14. Klasyfikacja proceséw sorpcji i biodegradacji na poszczegdlnych odcinkach infiltracji.

Odcinki drogi | AChZT- AO? S Klasyfikacja
infiltracji KMnO4
Staw- PP1 6,7 3,5 0,52 dominacja biodegradacji
PP1-PP2 0 0,2 0 zatrzymanie biodegradacji i sorpcji
PP2-PP3 0,7 0 nieokreslone | zachodzi sorpcja, brak biodegradacji
PP3-Studnia 0,3 0 nieokre§lone | zachodzi sorpcja, brak biodegradaciji
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Przedstawione w tabeli wartosci wspotczynnika S, ACOD-KMnOs i AO, wskazuja, ze w
pierwszym odcinku infiltracji od stawu do PP1 dominuje proces biodegradacji nad adsorpcja. Sprzyja
temu natlenienie wody. W warunkach beztlenowych procesy biodegradacji przebiegaja wolnie;.

Do oceny intensywnosci usuwanie zwigzkéw organicznych podczas procesu infiltracji
zaproponowano wskaznik WE-OWO (10) wyznaczony jako iloraz efektywno$¢ usuwania OWO-Eo
[%] (9) i czasu przetrzymania wody w gruncie (Tab.6). Efektywnos¢ Eo obliczono wg wzoru:

— Cqa—Co

E
0 Ca

-100% 9)

Cq- $rednie stezenie OWO w wodzie doptywajacej do danego odcinka drogi infiltracji
Co- $rednie stezenie OWO w wodzie odptywajacej z danego odcinka drogi infiltracji

Wskaznik efektywnosci usuwanie zwigzkow organicznych obliczono wg wzoru [A9]:
WE — OWO = ~2[%/d] (10)

W tabeli 15 przedstawiono wartosci wskaznika WE-OWO obliczone dla kolejnych
odcinkéw drogi infiltracji. Wg zaproponowanej klasyfikacji najwigksza intensywno$¢ usuwania OWO
wystepuje na pierwszym odcinku infiltracji zar6wno w porze letniej jak i zimowej. Intensywnos$¢
usuwania zwigzkOw organicznych jest wyzsza w porze letniej [ A9].

Tab. 15. Wskaznik efektywnosci WE-OWO usuwania OWO na poszczegblnych odcinkach drogi
infiltracji [A9].

Staw-PP1 PP1-PP2 PP2-PP3 PP3-studnia
WE-OWO, [%/d]
Pora letnia 1,92 0,83 0,12 0,39
Pora zimowa 1,65 0,34 0,07 0,05

Biorac pod uwage wartosci wskaznika WE-OWO i wyniki testu EMS mozna stwierdzi¢, ze
wysoka efektywnos$¢ i intensywno$¢ usuwania OWO na pierwszym odcinku drogi infiltracji jest
wynikiem tlenowej biodegradacji. Kolejne odcinki infiltracji charakteryzuje znacznie mniejsza
efektywno$¢ usuwania OWO. Wg testu EMS na kolejnych odcinkach infiltracji biodegradacja nie
zachodzi, ro$nie wptyw adsorpcji w usuwaniu OWO z wody infiltrujace;.

Wyzsze wartosci wskaznika WE-OWO oraz efektywno$ci usuwania OWO wskazuja, ze na
ostatnim odcinku infiltracji od PP3 do studni w porze letniej zachodzi efektywna sorpcja zwigzkow
organicznych. Na efekty sorpcji ma wpltyw rodzaj adsorbentu i parametrow, takich jak temperatura,
pH i czas kontaktu [18]. Na odcinku PP3-studnia woda infiltruje przez grunt otaczajacy studni¢ do
ktorej doptywaja wody podziemne zawierajace zelazo i mangan. Domieszki te w czasie infiltracji sa
zatrzymywane na ziarnach piasku otaczajacych studnig. Wytracone tlenki zelaza i manganu na
ziarnach gruntu tworza material mezoporowaty o dobrych wiasciwosciach adsorpcyjnych [19]. Latem
ujecie pracuje z wyzsza wydajnoscia, doptyw wod podziemnych jest wowczas wigkszy i1 sprzyja to

adsorpcji na $wiezych wytraconych tlenkach Fe i Mn.
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Monitoring efektow usuwania mikrozanieczyszczen

Usuwanie mikrozanieczyszczen z wody podczas infiltracji zachodzi na drodze biodegradacji
i adsorpcji przy roznej intensywnosci tych procesow na poszczegOlnych odcinkach drogi.
W przypadku farmaceutykOw paracetamol zmniejsza si¢ stopniowo i rownomiernie podczas
przeptywu infiltrujacej wody. Srednie roczne stezenie ketoprofenu w wodzie maleje w drodze ze
stawu do piezometru PP3. Na ostatnim odcinku nastepuje wzrost zawartosci ketoprofenu w wodzie
pobieranej ze studni, zwlaszcza zimg. Powodem tego zjawiska byta desorpcja. Skutkowato to bardzo
niska $rednioroczng skutecznoscig usuwania ketoprofenu. Desorpcja jest zjawiskiem moggcym mieé
wplyw na ostateczny efekt usuwania mikrozanieczyszczen. Analizujac efekty biodegradacji
mikrozanieczyszczen monitoring jakosci infiltrujagcej wody powinien byé poszerzony o produkty

posrednie biodegradacji, ktdre czegsto sa zwigzkami toksycznymi.

Wplvyw metod eksploatacji stawow infiltracyjnych na poszczegdlne czynniki procesowe

Oczyszczanie wody podczas procesu sztucznej infiltracji sklada si¢ z kilku etapéw. Pierwsza
faza oczyszczania wody nastepuje podczas przetrzymywania wody w stawie infiltracyjnym. Zachodza
tam takie procesy jak utlenienie azotu amonowego, a takze usunigcie czeSci fosforanow i azotanow
dzieki wystepujacym w wodzie glonom. W otwartym zbiorniku zachodzi takze rozktad fotochemiczny
m.in. wielopier§cieniowych weglowodoréw aromatycznych. Dochodzi tutaj do sedymentacji zawiesin
i innych zwigzkéw koloidalnych. Druga faza oczyszczania wody w procesie sztucznej infiltracji
zachodzi podczas przeptywu wody przez warstwe osadow utworzong na dnie stawow infiltracyjnych.
Warstwa ta ma zazwyczaj grubo$¢ kilku centymetréw. Osad jest naturalng btong mineralno-
biologiczng, na ktorej zachodza procesy filtracji, wymiany jonowej, adsorpcji i biodegradacji, w
wyniku ktorych nastgpuje separacja wielu zanieczyszczen, przede wszystkim organicznych. Trzeci
etap oczyszczania polega na infiltracji wody w strefie aeracji. Woda przeptywa migdzy ziarnami
gleby. Duza powierzchnia ziaren sprawia, ze w wyniku zachodzenia zjawisk biochemicznych
wystepuje eliminacja zanieczyszczen i mikrozanieczyszczen, ktore pozostaja w gruncie gtownie dzigki
adsoprcji i ulegaja biodegradacji [19, 20]. Nastepnie woda przeptywa przez warstwe wodonosna, co
stanowi ostatni etap oczyszczania.

Cykl eksploatacji stawu obejmuje normalng eksploatacje, czyli pozyskiwanie wody w
procesie infiltracji oraz cykliczne czyszczenie dna stawu. Czyszczenia polega na usunigciu
zakolmatowanej warstwy dennej powodujacej zbyt wysokie straty hydrauliczne, uniemozliwiajgce
dalsza eksploatacje stawu. Po mechanicznym usunieciu warstwy dennej staw jest ponownie wiaczany
do eksploatacji. Poczatkowo wydajno$¢ poboru wody ze stawu powinna by¢ zmniejszona a czas
kontaktu wody z gruntem powinien by¢ wydtuzony tak by otrzymaé oczekiwane efekty mimo braku
warstwy dennej. Do czasu wytworzenia si¢ warstwy dennej nalezy liczy¢ si¢ z gorszymi efektami

oczyszczania. Optymalna warstwa osadu dennego powinna mie¢ wysoko$¢ kilku centymetrow. W
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drugiej, najdluzszej fazie eksploatacji osiggana jest stabilizacja efektow przy stalej wydajnosci
infiltracji. Okres ten trwa az do czasu spadku predkosci, co za tym idzie, wydajnosci na skutek
kolmatacji dna stawu. Kontrola tych etapdw, polegajaca na monitoringu jako$ci oraz predkosci

infiltrujacej wody, prowadzi do optymalnej i niezawodnej eksploatacji stawow.

Monitoring kluczowvch parametrow jakos$ci infiltrujacej wody: temperatura, tlen, pH

Wplyw temperatury na efekty wstepnego oczyszczania uzdatnianej wody okreslono na
podstawie zaleznosci usuwania zanieczyszczen od temperatury wody w stawie zasilajacym pasaz
przez grunt.

Dane pochodzace z monitoringu terenowej instalacji badawczej analizowano z podzialem na
okres letni i zimowy. Podzial ten zostal dokonany w oparciu o temperatur¢ wody w stawie
infiltracyjnym zasilajacym terenows instalacje badawczg. WartoSci temperatur w porze letniej i

zimowej w badanych latach przedstawiono w tabeli 16.

Tab. 16. Temperatury wody powierzchniowej w stawie infiltracyjnym.

Temperatura, °C

$rednia minimum maksimum
Pora letnia 19,1 12,3 26,2
Pora zimowa 6,8 1,1 11,4

W tabeli nr 17 zamieszczono warto$ci efektywnosci usuwania OWO na odcinkach infiltracji
w porze letniej i zimowej. Catkowita efektywno$¢ usuwania OWO jest wyzsza w porze letnie;j.
Wyniki wskazuja, ze najwyzsza efektywno$¢ jest osiggana na pierwszym odcinku od stawu do

pierwszego piezometru, zardbwno w porze letniej jak i zimowej.

Tab. 17. Wartosci efektywnosci usuwania OWO na poszczegolnych odcinkach infiltracji [A9].

Staw- PP1 PP1-PP2 PP2-PP3 PP3-Studnia
Pora letnia 46% 22% 0,82% 1,5%
Pora zimowa 46% 10% 0.59% 1,4%

Interpretacja wynikdw badan usuwania mikrozanieczyszczen w procesie infiltracji rowniez
potwierdzita zalezno$¢ efektow od temperatury wody. Temperatura jest szczegélnie waznym
parametrem w procesach biodegradacji, ktéra odpowiada w duzej czeSci za usuwanie farmaceutykow
i surfaktantow [A2, A4, A7, A8].

Bardzo istotnym parametrem, ktory odgrywa kluczowa role podczas procesu sztucznej
infiltracji jest zawarto$¢ tlenu rozpuszczonego.. Zawarto$¢ tlenu w wodzie infiltrujace wptywa na
dominacj¢ procesow biodegradacji nad procesem adsorpcji decydujac o wysokich efektach

oczyszczania na pierwszym odcinku drogi infiltracji. [A4, A8, A9].
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Dalszy przeptyw wody przez grunt powoduje zmiany parametrow jako$ci ujmowanej wody
powierzchniowej na charakterystyczne dla wdd podziemnych. Biodegradacja prowadzi do zuzycia
tlenu wzrostu i spadku odczynu wody. Zostaje zatem naruszona réwnowaga weglanowo-wapniowa
wody. [A2, A6].

Osiagnigcie chemicznej stabilnosci wody uzdatnionej w ZUW jest wazne ze wzgledu na

potrzebe unikni¢cia niepozadanych reakcji chemicznych w sieci wodociggowe;.
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9. WNIOSKI

Whioski, z podziatem na poznawcze i utylitarne, odniesiono do trzech postawionych tez,

ktorych udowodnienie byto celem doktoratu.

WNIOSKI POZNAWCZE

Interpretacja wynikow badan dowiodla zgodnie z teza 1, Zze proces sztucznej infiltracji
posiada wlasciwosci wszystkich trzech podstawowych barier technologicznych realizowanych na
roznym poziomie efektywnosci zwigkszajgc bezpieczenstwo i stabilnos¢ cafego  systemu
technologicznego uzdatniania ujmowanej wody powierzchniowej. Proces infiltracji pozwala osiggnaé
cele stawiane pierwszej barierze technologicznej czyli usuwanie koloidéw, humuséw
i drobnoustrojoéw, drugiej barierze — usuwania zwigzkoéw organicznych i dalszej eliminacji
drobnoustrojow, trzeciej barierze — eliminacja drobnoustrojow i biologiczna stabilno$¢ wody:

1. Analiza parametréw mikrobiologicznych infiltrujacej wody wykazata wysoki efekt usuwania
mikroorganizmdw szczegdlnie bakterii z grupy Coli i Escherichia Coli.

2. Stwierdzono wysokie efekty obnizania wskaznikow i parametrow jakosci wody: barwy 56%
metnosci 94%, zawiesiny ogolnej 93%, chlorofil 97%, OWO 55% ,

Interpretacja wynikow badan dowiodta zgodnie z teza 2, ze droga infiltracji jest reaktorem
fizyczno-chemiczno-biologicznym, ktorego dziatanie prowadzi do wysokoefektywnego oczyszczania
infiltrujgcej wody w aspekcie usuwania zwigzkow organicznych oraz makro i mikrozanieczyszczen:

3. Na podstawie analizy metoda EMS wykazano, ze procesy biodegradacji przewazaja nad
procesami adsorpcji na pierwszym odcinku drogi infiltracji (od stawu do piezometru PP-1).
Na kolejnych odcinkach przeptywu wody przez grunt przewazaja procesy adsorpcji.
Poczatkowa wysoka efektywnos¢ infiltracji jest zwigzana z procesami tlenowej biodegadacji.

4. Wykazano, ze do okreslenia intensywnosci procesu infiltracji mozna zastosowaé¢ wskaznik
efektywnosci [WE-OWO] (wyznaczony jako iloraz efektywnosci obnizenia OWO w procesie
infiltracji i czasu przetrzymywania wody w gruncie). Na podstawie obliczonego
wspolczynnika WE-OWO oraz na podstawie testu EMS, stwierdzono, ze na pierwszym
odcinku infiltracji istnieje wysoka intensywno$¢ procesu tlenowej biodegradacji.

5. Udowodniono, ze zastosowanie zaawansowanej analityki chemicznej LC-OCD pozwala na
okreslenie zmiany charakterystyki zanieczyszczen organicznych obecnych w wodzie
powierzchniowej i w wodzie po infiltracji, dajac podstawe do opracowania koncepcji
i optymalizacji uzdatniania ujmowanej wody po infiltracji. Wykazano wysoka efektywno$¢
usuwania biopolimeréw - 96%, i niskg usuwania substancji humusowych 4,6%.

6. Analiza ukltadu weglanowo-wapniowego i zastosowanie kryteriow oceny korozyjnosci wody
wykazata, ze woda powierzchniowa (Warta i staw) nie jest korozyjna i posiada zdolnos¢ do

wirgcania CaCOs, natomiast woda infiltracyjna nabiera wlasciwosci korozyjnych.
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Zmnigjszenie stgzenia tlenu razem z pojawiajacg si¢ korozyjnoscia wody powoduje
sprzyjajace warunki do rozpuszczenia tlenkoéw zelaza i manganu w gruncie, a przez to
pojawienia si¢ tych zwigzkow w wodzie ujmowanej ze studni. Stwierdzono tym samym, ze
na ujeciu Debina woda powierzchniowa nabiera cech wody podziemnej.

7. Stwierdzono, ze proces sztucznej infiltracji skutecznie usuwa surfaktanty zwlaszcza na
pierwszym odcinku drogi infiltracji, gdzie panujg dobre warunki do biodegradacji.
Efektywnos$¢ usuwania anionowych zwiazkow powierzchniowo czynnych osiggata wartosé
69%, a niejonowych zwigzkow powierzchniowo czynnych 95%.

8. Udowodniono, ze proces sztucznej infiltracji wptywa na usuwanie wybranych farmaceutykow
z infiltrujacej wody. Stwierdzono 42% usuwanie paracetamolu. Analiza zmian st¢zenia
ketoprofenu na drodze infiltracji pozwala wnioskowa¢ o mozliwym desorpcji.

9. Wykazano, ze cechy chemiczne farmaceutykow, takie jak hydrofilowos¢ i kryterium logP
(lipofilowo$¢) wptywajg na ich zdolno$¢ do biodegradacji i adsorpcji. Biorgc pod uwage w/w
cechy, paracetamol wykazuje wigksza biodegradowalno$¢ niz ketoprofen. Nizsza masa
czasteczkowa paracetamolu rowniez przyczynia si¢ do jego lepszej biodegradacji
W poroéwnaniu z ketoprofenem. Biorgc pod uwage parametr pKa, paracetamol moze rowniez

ulegaé procesowi sorpcji w wigkszym stopniu niz ketoprofen.

WNIOSKI UTYLITARNE

Interpretacja wynikéw badan dowiodta zgodnie z tezg 3, ze istniejq czynniki i parametry
(dotyczgce eksploatacji stawow infiltracyjnych, warunkow hydrogeologicznych i jakosci wody
powierzchniowej) w szczegolny sposob wplywajgce na efekty procesu sztuczmej infiltracji, ktorych
odpowiedni dobor umozliwia intensyfikacje tego procesu:

1. Zastosowana metodyka badan efektow infiltracji, oparta o wykorzystanie terenowej instalacji
badawczej sktadajacej sie z trzech piezometréw umieszczonych na drodze przeptywu wody od
brzegu stawu do studni uktadu lewarowego daje mozliwo$¢ petnego monitoringu zmian
jakos$ci wody i czasu retencji wody w gruncie.

2. Wykazano decydujacy wplyw czasu retencji wody w gruncie na efekty procesu sztucznej
infiltracji.

3. Udowodniono, ze wyznaczenie czasu retencji wody w gruncie metoda empiryczna, opartg na
pomiarze temperatury infiltrujacej wody daje wiarygodne wyniki. Rozbieznosci wynikow
otrzymanych za pomoca modeli matematycznych procesu przeptywu z wykorzystaniem
rzeczywistych parametréw granulometrycznych probek gruntu wskazuja konieczno$¢
stosowania na ujeciu pelnego monitoringu parametrow hydrogeologicznych w  celu

wyodrebnienia obszarow o pogarszajacej si¢ hydraulice.
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Wykazano, ze mozliwa jest intensyfikacja procesu sztucznej infiltracji pod katem osigganych
efektow oczyszczania jak i parametréw hydrogeologicznych poprzez wykorzystanie
monitoringu pracy opartego na sieci studni pomiarowych. Na podstawie dobrze
zaprojektowanego planu monitoringu mozna kolekcjonowaé dane w specjalistycznych
programach i tworzy¢ modele okreSlajace rzeczywiste charakterystyki przeptywu wody
W gruncie z okresleniem wektorow przeptywu i zakresu migracji zanieczyszczen.

Empirycznie stwierdzono, ze podczas przeptywu wody przez grunt dochodzi do wyczerpania
tlenu ze wzgledu na zachodzace procesy biodegradacji. Monitoring i utrzymanie poziomu
natlenienia wody powierzchniowej umozliwia intensyfikacj¢ procesow tlenowej biodegradacji
odgrywajacej kluczowa rolg w procesach usuwania makro i mikrozanieczyszczen.

Wykazano, ze woda infiltracyjna posiada znacznie mniejszg amplitude zmian temperatury od
wody z rzeki Warty. Stabilizacja warunkow hydraulicznych, utrzymanie odpowiednio dtugich
czasOw retencji wody w gruncie zapewnia odpowiedni poziom ograniczenia wahan
temperatury wody po infiltracji w poréwnaniu do wahan temperatury wody w stawie
infiltracyjnym. Stabilizacja temperatury po infiltracji wptywa na zwigkszenie niezawodnosci
pracy ujecia i stabilizacj¢ efektow pracy SUW.

Stwierdzono konieczno$¢ monitoringu obecno$ci mikrozanieczyszczen w wodzie rzeki Wart
iw wodzie podczas infiltracji ze szczegélnym uwzglednieniem mikrozanieczyszczen
wymagajacych natychmiastowych dziatan do ktorych naleza farmaceutyki, surfaktanty i inne
wymienione nowej Dyrektywie Wodnej.

Wykazano, ze ujecie oparte na sztucznej infiltracji jest kluczowe w zarzadzaniu
bezpieczenstwem jakosci i dostaw wody oraz konsekwencjami czasowego odcigcia ujecia.
Wplywa na bezpieczenstwo wodne i zachowanie ciggtosci dostaw w przypadku przekroczenia
alarmowych st¢zen na ujeciu wody z Warty, ze wzgledu na zapewniony rezerwuar wody

w stawach infiltracyjnych.
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Abstract: This paper presents a new concept of disinfection traditionally applied in water treatment systems.
The new definition of this process results from the change in its functionality, aims and methods, which guarantee

high quality of water supply.

The literature review and technical practice demonstrate a demand for disinfection to act as a functional
element of the integrated water distribution system and an active intermediate link between the technology of

water treatment and the water distribution network.

The presented concept of a disinfection process enables evaluation of water treatment, increases its effectiveness
in integrated water treatment systems. Such defined disinfection addresses water conservation and its biological

stability within the water supply network.

The presented here new concept of disinfection assigns its new role and function in the integrated water
distribution system. The controlling and diagnostic function of the disinfection defined in the paper provides
a transparent and comprehensive method, with considerable application in experimental design, as well as practical

solutions for integrated water distribution systems.

The origins of disinfection

Every technological process has its own tradition and history
as well as characteristic factors and reasons that determine its
origin and development. This in particular relates to disinfection
— decontamination of water as a process of destruction and/or
removal of pathogenic microbes and endospores with physical
and chemical methods. Disinfection is henceforth the primary
aim of water treatment while the biological (i.e. virological,
bacteriological and parasitological) quality of drinking water
is the main criterion of its usability.

Water treatment technology including disinfection
originated in the 19™ century in response to widely spreading
“water-borne epidemics”, i.e. the infectious diseases spreading
via water courses and affecting the digestive system. The
development of microbiology and epidemiology, especially the
discoveries of Louis Pasteurand Robert Koch solved the problem
of the “water-borne epidemics” through the development of
prevention methods. Technological advancement of the water
treatment methods, in particular the collection of sewage
by means of the closed ducts system and its treatment with
disinfection radically improved public health and eliminated
water-borne diseases. This led to a change in urban wastewater
management systems, marked by a permanent introduction of
water treatment and sewage treatment plants (Fig. 1). In those
complex water supplying systems (WSS) the water treatment

plant technology provides the infrastructure that guarantees
high quality of drinking water.

Chlorine played a major role in the development
of disinfection methodology, which helped to eradicate
waterborne diseases and significantly improved public health.

The important factors of chlorine application were as
follows:

— Hypochlorous acid (HOCI) was a strong and durable
germicidal agent, mainly reducing number of vegetative
forms of harmful bacteria that affected the digestive
system,

— foolproof structure of the vacuum chlorinator designed
at that time,

— relatively low costs of chlorine.

The effectiveness of chlorine disinfection is a function
of its dose and the contact time, as well as temperature, pH,
physicochemical and microbiological content of the treated water.

The effective dose of chlorine Dos(Cl,) for the removal
of the most potentially harmful microorganisms (not all)
associated with disease affecting the digestive system is
presented by the following function (1):

Dos(Cl) = Dem(Cl, 0.5h) + (0.1-0.3) mgCL/L (1)

Where: Dem(Cl, 0.5h) is the total chlorine demand (mainly
as HOCI) in all the chemical reactions of digestion in the first
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thirty minutes after the introduction of chlorine to the water
treatment system; the numerical variable (0.1-0.3) mgCl/L
describes the residual free chlorine essential in the disinfection
process.

Total chlorine demand indicates the physicochemical
composition of water, and its value depends on:

e the degree to which the pathogens are protected by the

contaminants against the disinfection by chlorine,

e the amount of disinfection by-products (DBPs).

The above function (Eq. 1) defines a method for estimating
a dose of chlorine Dos(Cl,) required in the disinfection and
the measure of its effectiveness with regards to the removal of
bacteria. The effectiveness of the water treatment is indicated
by residual free chlorine of at least 0.1 mg/L after thirty minutes
of the application.

An important achievement of disinfection technology is
the development of drinking water quality control described
by a number of bacteriological parameter limits for endospores
of pathogens, including the presence of Escherichia coli as an
indicator of contaminated water.

o

natural
water

e contact of potable water
with municipal wastewater

e epidemics spreaded by water

in humans
activity

system
transformation

The new role of disinfection in the provision of safe
drinking water

Drinking water safety (Huck and Coffey, 2003, Sozanski and
Huck 2007) is a term which:

e covers a whole set of problems related to public health
risks resulting from life-long water consumption,

e stimulates readiness of the integrated water supply
system for active prevention of disruptions leading to
malfunction or inefficiency.

Drinking water safety control in the integrated water
supply system (WSS) can be achieved through an assessment
of the effects and characteristics of the disinfection process
described as:

e the final and effective barrier for pathogens including
microorganisms resistant to conventional methods of
disinfection,

e the factor responsible for monitoring and diagnostics of
the water treatment technology prior to disinfection,

e the agent affecting water conservation in the distribution
system.

usable
water

natural

selfpurification of water
(aerobic processes)

e no contact of potable water
with municipal wastewater

water

Fig. 1. Conceptual model of the water supply systems (A) prior to the development of water treatment technology
and (B) in modern water supply systems
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These three integrated and complementary aims of
disinfection dictate its formative functionality as a link
between water treatment and water distribution, responsible
for monitoring and the diagnostics in the integrated WSS. In
this framework, disinfection achieves the stable high quality
of drinking water. Given current technology, it is still difficult
to accomplish these three aims especially in the systems that
incorporate treatment of the surface water (Pharand et al. 2015,
Hamouda et al. 2016). These issues need to be addressed by
pilot studies that could investigate a detailed design of water
treatment technology, integrated with the aims of disinfection
(Bellamy et al. 1998). The World Health Organization
(WHO) recommends that a technological solution that fully
integrates WSS and disinfection should be prioritized, as the
microbiological contamination of water is considered the
greatest health risk with rapid and widespread consequences
(WHO 2000). In contrast, the chemical contamination of water
(e.g. the cumulative toxic contamination with heavy metals)
causes undesirable health problems in a much longer term and
is therefore assigned a lower priority by WHO.

The effective disinfection eliminating microorganisms
present in water cannot be achieved by disinfection as
a stand-alone process as presented in the model of “terminal
barrier”, which assumes that disinfection acts as the final
epidemiological and sanitary element independent from the
other stages of water treatment. The limitations of this concept
were identified in many cause-effect and experimental studies
which suggest that:

e there is a great variety of microorganisms (viruses,
bacteria, protozoa) in the surface water with a significant
resistance to the disinfectants used in water treatment,
e.g. intestinal viruses, bacteria spores and protozoan
cysts (Banihashemi et al. 2015, Fortmann-Roe et al.
2015),

e itis currently impossible to effectively remove pathogens
with an application of physical and chemical methods
without forming undesirable disinfection by-products
(Costet et al. 2011, Chuang and Tung 2014, Hua et al.
2015),

o the water distribution system is a large, specialized and
not well inspected physico-chemical and biological
hydraulic reactor with ideal conditions for the
recontamination of water (Lipponen et al. 2004, Hoefel
et al. 2005, Zhang et al. 2009, Scott et al. 2015).

The results of the studies demonstrate a demand for
disinfection to act as a functional element of the integrated
water distribution system and an active intermediate link
between the technology of the water treatment and water
distribution network. The new concept of the disinfection
process assumes its controlling and diagnostic functions.
This concept can be applied to aid evaluation of the water
treatment process leading to increase its effectiveness and
concerns water conservation and its biological stability in
the water supply network. This model of disinfection with its
monitoring functionality (Fig. 2) allows for the evaluation of
expected disinfection effects, as well as adjustments during
the operation of the water distribution system (decisions
related to the operation of the water treatment plant and the
maintenance of water network are based on the interpretation
of the monitoring results).

The monitoring structure consists of four integrated
monitoring loops with different range.

Individual monitoring loops include:

Loop 1:

—evaluation of disinfection (removal of microorganisms,
formation of by-products),

— selection of the type and dose of disinfectant.

Loop 2:

—assessment of water treatment processes (removal of
suspended solids and pathogens, decreasing turbidity and
colour as well as TOC, DBP and their precursors) and
disinfectant demand,

— intensification of treatment effects, especially regarding the
above indicators.

Loop 3:

—sanitary and physicochemical evaluation of water in the
network including taste, odor, oxygen content, heterotrophic
bacteria, content of the remaining disinfectant, DBP, organic
compounds,

—improvement of the method and parameters of water
disinfection, water quality protection and methods of
cleaning the network.

Loop 4:

— assessment and comparison of sanitary and physicochemical
quality of water entering the network and retained in it
depending on the retention time,

— intensification of biological methods of water treatment to
increase biological stability of water, as well as network
cleaning (as in the third monitoring loop).

More specific applications of disinfection monitoring
include:

e the effects of rapid filtration with coagulation and/
or membrane filtration in the removal of pathogens
resistant to classic disinfection methods (Huck et al.
2002, Hartshorn et al. 2014, Bodzek et al., 2019),

o the effects of chemical oxidation and/or UV radiation
in pathogen inactivation (using classic methods),
including the evaluation of the disinfectant dose and the
concentration of by-products formed in relation to the
physicochemical composition of the disinfected water
(Jachimowski and Nitkiewicz, 2019),

e the evaluation of the type, the concentration and the
retention time of the residual disinfectant remaining in
the water network, which is responsible for preserving
the biological water quality,

e the evaluation of the actual biological stability of water
defined by the loss of the potential for the microorganisms
to revive in relation to the methods and frequency of
water network cleaning.

The role of disinfection as a controlling and diagnostic
process requires an intensive water treatment technology in
the integrated “multiple barrier” treatment systems (Fig. 3). In
these systems the final 3™ barrier of pathogen inactivation and
water conservation is integrated with the previous two barriers:
the 1% barrier responsible for the removal of fine particles and
some microbial pathogens (Upton et al. 2017) and the 2™
barrier — the removal of the dissolved organic compounds
(Kaleta et al. 2017). In the 3™ barrier the disinfection aims
at preserving the biological quality of the water in the water
distribution network with the method of residual disinfectant.
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The concept of the multiple barrier water treatment e the assimilable (by the micro-organisms) organic carbon
technology aims at effective treatment even in the unstable (AOCQ),

conditions including a sudden increase in the physicochemical e the biodegradable dissolved organic carbon (BDOC).
or biological contamination of raw water (Pharand et al. 2015, The effective results of the 2™ barrier are described by
Hamouda et al. 2016). the BOM parameter limits of AOC < 10pugC/L and BDOC <

This is only possible if the processes of the two main 0.15 mgC/L. These limits are applied together with the residual
technological barriers are stable and highly effective (Fig. 3) disinfectant method (i.e. chlorine limit of 0.1-0.3 mgCl/L)

identified by: which ensures the biological water stability in the network. In

e the I* barrier that removes particle pollutants (e.g. practice, it is difficult to achieve the technological effectiveness

colloids) and microorganisms which are particularly of the 2™ barrier by decreasing the concentration of the BOM
resistant to the traditional methods of the disinfection, parameters to the above limits.

e the 2™ barrier that decreases the content of the soluble In summary, the effective disinfection of the 3™ barrier

organic compounds in the water responsible for the is defined by a disinfectant — the chemical oxidant dose

production of the toxic disinfection by-products and Dos(Ch.0.) in a method presented by equation (2).
the development of biological processes in the water

distribution network. Dos(Ch.0O.) = Dem(Ch.O.(Ret)) + Dos(WC) 2)
Turbidity is used as the effectiveness indicator of the 1%
barrier due to the adsorption properties of the small particles The oxidant dose Dos(Ch.O.) should be greater than the
that act as the carriers for micro-pollutants and microbial oxidant demand — Dem(Ch.O.(Ret)) in the pipeline during its
pathogens protecting them from disinfectants (LeChevallier retention time (Ret), the difference being the amount of the
et al. 1981, Lusardi and Consonery 1999). The 1% barrier disinfectant remaining in the water and preserving its biological
guarantees the effective removal of the pathogens, including stability — Dos(WC).
those resistant to the traditional methods of the disinfection, if The application of the residual disinfectant method in the
the turbidity is reduced below 0.1 NTU (Hoff 1978, Qualls et biological water conservation is an alternative substitute of the
al. 1983, Phillippi et al. 2005). real biological water stability, which is the principal goal in
The evaluation of the 2" barrier is more complex and modern integrated water distribution systems.
requires determination of the changes in the values of the Equation (2) may be used for monitoring the achievement
biodegradable organic matter (BOM) indicators (Kooij et al. of this goal during the operation of integrated water supply
1982) including: systems. In this multistage system with parallel processes

monitoring of biological monitoring of water treatment

T water stability [BWS] = *  and disinfection [WT + D] &
parameters v ¥ parameters

water treatment
WT)
no disinfection

monitoring of water
AesEmmEEER AR R REEE R
conservation [WC] H
parameters V

monitoring of disinfection [D]

H parameters

%

disinfection

monitoring monitoring

>

VAN

water after
disinfection

water
distribution
network

(WDN)

Fig. 2. Model of water treatment (WT) and the water distribution network (WDN) integrated with disinfection
as an indirect link with comprehensive monitoring functionality
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continuing over time, the following reduction targets have to
be treated equally:

e Dem(Ch.O.(Ret)) by a decrease of the water retention
time in the water network through its modernization (e.g.
simplifying the structure of the network and minimizing
the diameter of the pipes) and a more frequent cleaning
of the network (e.g. the removal of biofilm from the
pipes to reduce its metabolic activity);

e Dos(WC) as a result of an increased effectiveness
of the 2" and 3" barriers (Fig.3) in relation to the
microbiological or physicochemical pollutants e.g.
AOC, BDOC, MAP (Hamouda et al. 2016).

The biological stability in the water network can be achieved
through an application of the appropriate analytical method of
its evaluation (e.g. AOC, BDOC) and by recognizing the causes
and effects of interactions between the moment when water
leaves the treatment plant and when the water becomes available
in the distribution network (Banihashemi et al. 2015, Elhadidy
et al. 2016). The distribution network can be considered as
a large and specialized hydraulic-chemical and biochemical
reactor with a long retention time. In the network there are
zones of mixing and stagnation, and zones with oxidation and
anaerobic conditions, which may strongly affect water quality.
The incoming water is biologically and chemically stable,
however its stability achieved by the treatment processes is

Problems being solved

Quantity and quality
of raw water

Main effects B I°

. BARRIER I° (B I°) for:
Bl fine-dispersive particles
(colloids, humus, microorganisms)

required for B II° effectiveness:

WTP technology - multiple barrier treatment system

process parameters,
facilities, effects

_ suspended solids removal, C+S+R.F
C, S, RF.-methods, ¢ ity decrease to < 0.1+ 1.0 NTU,
colour decrease to <5 + 15 mg Pt/L

Additional effects:

under a considerable risk if it is present in the network for a long
time. The internal surface of pipes is mostly covered by deposits
(sediments), which create optimal conditions for heterogenic
bio-catalysis of many reactions. One of these processes is the
biodegradation, leading to destabilization of the system, that
must be rebalanced to achieve biological water stability adapted
to conditions in the network.

The vast water networks of the huge industrial and
urban agglomerations need to be divided into zones with the
application of the hydraulic networks model. Disinfection in
those zones would follow the same rules.

The integrated solution of disinfection for water conservation
and biological water stability need multistage pilot studies and
technical experiments in considering the overall water supply
system. The issues that need to be addressed include, in particular,
the water treatment technology, its biological stability in the
network and the hydraulic characteristic of the distribution system.

Design of the disinfection process
— main aims of the research studies

The design of the disinfection process is a multistage
mechanism dependent on:

o the state of knowledge,

e the results of the experimental studies,

e technological and economic interpretation of the results.

Example
of a technological scheme

raw source
water

BII°

Ch.O., C.F. - methods,
process parameters,
facilities, effects

Additional effects:

B II°

D, WC - methods,
process parameters,
facilities, effects

Treatment effects,
monitoring quality

of treated water

decrease of dissolved
organic micropollutants

=
¥

D+WC

treated product
water

BARRIER II° (B II°) for:
dissolved organic compounds

Main effects B II°

required for B llI° effectiveness:
decrease of TOC and DOC
to level guaranteeing efficient
water disinfection

decrease of microorganisms number

BARRIER III° (B lII°) for:
microorganisms

MSin effects B 1I°:

rhicrobiological quality
of potable water
WC:

bidlogical water stability

WTP - water treatment plant, C - coagulation, S - sedimentation, R.F. - rapid filtration,
Ch.O. - chemical oxidation, C.F. - carbon filters, D - disinfection, WC - water conservation

Fig. 3. Multiple barrier concept of the water treatment system



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

90 Z. Dymaczewski, J. Jez-Walkowiak, M. Michatkiewicz, M. Sozanski, A. Makata

There are three classes of disinfection methods according
to the mechanism of pathogen removal:

e chemical oxidation through an introduction of

a disinfectant, e.g. Cl,, Cl1O,, OLNHZCI and NHCIL,,

e photochemical UV radiation,

e separation techniques (e.g. coagulation with rapid
filtration, membrane filtration).

In this classification the influence of thermodynamics is
clear (distinct). The category of pathogen elimination through
mechanical removal is the most effective group of disinfection
methods in the above classification (Emelko 2001, Huck et al.
2001). The other methods of disinfection (i.e. chemical oxidation
and UV radiation) can be limited by the potential conditions of
the chemical processes, other chemical substances present in the
water and the formation of the DBPs (Bellar et al. 1974, Rook
1974, Gunten and Pinkernell 2000, WHO 2000, Guminska et
al. 2010, Jachimowski and Nitkiewicz 2019). The best solution
that guarantees water safety is based on integrated disinfection
methods including all the three above categories (US EPA 1999,
Dugan et al. 2001, Emelko 2001, Huck et al. 2001).

The key issues and aims of disinfection R&D are to
determine:

e the required degree of pathogen inactivation during

disinfection (described on the logarithmic scale) and by
the processes preceding it (Hartshorn et al. 2014),

e the indicator microorganism for a chosen disinfection
method, selected on the basis of the microbial resistance
ranking and water quality,

o theeffect of disinfection as a function of the concentration
of the residual disinfectant (C) and the contact time (T)
with a consideration of the structure and the hydraulic
efficiency of the contact chamber, as well as the flow
rate of the treated water (tracer method),

e the influence of the physicochemical and biological
parameters of the water and their variability (e.g.:
temperature, pH, turbidity, DOC) on the effects of
disinfection (LeChevallier et al. 1981, Hartshorn et al.
2014).

Additionally, the experimental design of the chemical

oxidation needs to address the following issues:

e the type of oxidant or oxidants, the dose, contact time
and the points of application in the treatment train,

e the assessment of the type and concentration of the
toxic DBPs depending on the type of disinfectant, the
parameters of the processes involved and physico-
chemical characteristics of the treated water (e.g.:
temperature, pH, turbidity, DOC),

o the set of conditions for which the processes will not
exceed the safe concentration limits of the DBPs.

The most important aspect of the design process of
disinfection concerns the application of the UV radiation. This
method of disinfection is considered to be very effective and
complementary to chemical oxidation. Expected efficiency of
UV pathogen inactivation (especially of the indicator organism)
needs further investigation by pilot microbiological studies in
the physical, chemical and biological conditions simulating the
technical installation.

The scope of the research and its design relate to:

e the properties and the composition of admixtures and/

or contaminants in the water prior to disinfection, in

particular those affecting UV transmittance (turbidity,
color, suspended solids, [Fe] and [Mn]),

e the radiation dose defined by the intensity and the time
of radiation,

e characteristics of the disinfection process including the
type of reactor and UV lamp, its distribution, and the
water flow rate,

e the monitoring conditions described by the process
parameters including the quality of treated water, the
water flow rate, the radiation power and the results
of the microbiological analysis before and after the
disinfection,

e the disinfection by-products (type and concentration) as
a function of the UV wavelength.

The assumed lack or minimal amount of by-products
formed in UV-disinfection, should be the subject of a more
complex research in the field of photochemistry (Wtodyka-
-Bergier 2016). The photochemical transformations are the
result of external electromagnetic radiation energy changing
into chemical energy. Such transformations can occur when
the disinfected water, depending on its physicochemical
composition, is capable of absorbing the radiation. The
interpretation of the photochemical reaction mechanism is
possible due to the achievements of molecular spectroscopy
and quantum chemistry.

In summary, the use of chlorine (CL,) in water treatment
technology as the oxidizing disinfectant leads to both positive
and negative effects. Its main attributes are versatility and
effectiveness, which are decisive in its choice as the principal
disinfectant. However, Cl, also leads to the production of
harmful by-products of the oxidation which contain carcinogens
and mutagens. This disadvantage limits CI, application in
the treatment of waste water and in the preliminary phase of
the oxidation processes. The ambivalent nature of chlorine
requires continuous water quality control at the intake and the
distribution stages of the water supply system. It is however
an undeniably important disinfectant of high quality treated
surface water and underground water without organic content,
e.g. humic acids.

Chlorine dioxide (ClO,) and ozone (O,) are very strong
oxidizers applied in many water treatment systems as
alternative or complementary disinfectants to chlorine, which
leads to advantages and disadvantages. Cl1O, is a more effective
disinfectant with a wider range of reactions, neutral in the
presence of ammonia and not contributing to the production of
highly toxic by-products of chlorine (e.g. trihalogenomethanes).
CIO, is a more stable oxidizer than Cl, with a longer period
as a residual disinfectant in the water distribution network.
Nevertheless, its application as a disinfectant is limited to
small doses (< 0.4 mg/L) due to the production of chlorites
and chlorates, which are strong oxidizers considered as
DBP formed during decomposition of the chlorine dioxide
(Veschetti et al. 2005).

Ozone (O,) is the chemical oxidant with the greatest
potential in water treatment technology with additional
application in other technological processes. This general
functionality requires verification with experimental studies
for specific local conditions of the water properties and
characteristics. The chemical oxidation with O, in comparison
with Cl, and ClO,, produces a minimal amount of toxic



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

Redefining the purpose, goals and methods of disinfection in contemporary water supply systems 91

oxidation bi-products especially in the absence of bromides.
On the other hand, O, is an unstable chemical compound that
readily contributes to the production of biodegradable organic
carbon (BDOC) and hence reduces the stability of high water
quality. It is, therefore, necessary to introduce extra biological
filtration in the final stage of water treatment with ozone.

The disinfecting properties of O, result from its molecular
structure while H" radicals, which are produced during the
chemical O, oxidation, have practically no influence on the
effectiveness of the disinfection process. The O, disinfection,
as in the case of CI, and ClO,, is most effective in direct contact
with the endospores and viruses, but it decreases in contact
with the microorganisms adsorbed by molecular colloids
or in the biofilm structures of the corrosion residues (in the
distribution network).

The most resistant to the disinfection processes, even with
an application of ozone, are cyst, oocyst and protozoan spores.

The design of the disinfection process with chemical
oxidation involves:

—two different approaches to the disinfection: (1) the
complementary application of UV radiation with
chemical oxidation regarded as the most effective
method of disinfection, or (2) the applications of at least
two different types of chemical oxidants with small
doses repeated along the treatment network;

— the measure of efficiency of the disinfection described
by an inactivation of at least 99% of the microorganisms,
which is proportional to the concentration of the residual
disinfectant and the contact time with the microorganisms
in the treatment system (f = CT), and influenced by the
conditions of water temperature, its reactivity and the
hydraulic efficiency of the contact chamber;

—the effects of biodegradation in the water treatment
and the biological stability of water (BSW), which are
evaluated by the parameters of the biodegradable organic
matter (BOM), e.g. AOC, BDOC and the microbiological
available phosphorus (MAP). Their interpretation
assumes that there are strong connections between: (1) the
characteristics and biochemical properties of water, and
(2) the activity of certain types of bacteria and comparative
solutions of easily biodegradable compounds.

Valid evaluation of BSW depends not only on the
appropriate methodology but also on an understanding of the
interactions between the water characteristics and water quality
between the water treatment plant and the water distribution
network.

The general conclusions presented here highlight the
complex problems of water treatment and water distribution
in particular related to the effective method of residual
disinfectant in the distribution network that would ensure the
stable biological quality of water.

The conclusions

Disinfection is the principal and primary aim of the water
treatment technology that ensures its high biological quality. It
is a complex process with many requirements that are difficult
to implement given the current state of knowledge. The new
concept of disinfection presented here assigns its new role and
function in the integrated water distribution system.

This approach to disinfection is presented here as a model,
which:

o describes this process as the indirect link between the
preceding processes of the water treatment and water
distribution network with the features of a distinct
hydro-biological reactor,

e extends its functionality to a process that ensures the
removal of the most harmful, potentially pathogenic
microorganisms and protects the treated water against
its secondary contamination within the distribution
network (water conservation).

The controlling and diagnostic function of the disinfection
defined here provides a transparent and comprehensive method,
with considerable application in experimental design, as well
as practical solutions for integrated water distribution systems.
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ABSTRACT

Surface-active compounds currently detected in natural waters pose a threat to the environment.
Their presence negatively affects self-cleaning processes by foaming water, resulting in oxygen defi-
ciency and eutrophication of water reservoirs. Getting into the human body with the consumed
water, they can cause disease. Apart from adsorption, membrane filtration, and filtration through
biologically active beds, the methods of removing surface-active compounds from treated water can
also include the process of artificial infiltration. Infiltration is a process of pretreatment of captured
surface water, using the forced flow of intaken surface water through the ground. The adsorption,
filtration, and biodegradation processes occurring in the soil change the water quality characteristics
from the surface to groundwater. In the infiltration process, organic, and biogenic admixtures, as
well as color, are removed from the water and microbiological parameters are reduced. The paper
presents the results of research on the artificial infiltration process in terms of removing non-ionic
and anionic surfactants from the water taken. The study of the content of non-ionic surfactants was
carried out using the iodobismutane method for the determination of oxyethylates with the final
measurement of absorbance of bismuth-thiourea. A simplified method for the determination of
anionic surfactants using methylene blue was used to measure the concentration of anionic sur-
factants. The tests were carried out on a field research installation, consisting of three piezome-
ters drilled on the way of water flow from the infiltration pond to the well-receiving infiltration
water. Water intake from subsequent piezometers allows the assessment of the effects of admixture
removal as a function of the length of the infiltration path and the time of retention in the ground.
A decrease in the concentration of test substances was observed during the migration of water from
the infiltration pond to the collecting well.

Keywords: Infiltration; Anionic surfactants; Non-ionic surfactants; Surface water; Water treatment

1. Introduction and demographic boom observed recently in some regions
in the world resulted in an increased demand for surfactants
in both household and industrial sectors [1,2].

Currently, anionic compounds are characterized by the
highest market share among all the produced surfactants,

The common use of synthetic surfactants began in the
middle of the 20th century. The intensive economic growth
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which covers almost 50% of the total global production. The
share of the non-ionic surfactants is equal to approximately
30% and is constantly growing. The share of non-ionic surfac-
tants in EU countries is currently estimated at approximately
50%, of which over 60% are oxyethylates. Participation of
different regions in the global consumption of surfactants is
also changing. Ten years ago, both USA and EU consumed
one-third of the total production, while recently the Asia
and Pacific regions became the biggest consumers, which
utilize almost 40% of the global production that corresponds
to over a dozen million tons per year [1,2].

The increased consumption of surfactants, result in
their increased discharge to natural waters. The first nega-
tive effects on the environment, observed as foam on the
surface of natural aquatic reservoirs and even in potable
water, were noticed very soon. Increased amount of sur-
factants in water negatively influences the growth of algae
and other microorganisms and interferes with the trophic
chain of aquatic creatures [3]. Uncontrolled introduction of
surfactants to natural water reservoirs causes the disrup-
tion of water self-cleaning processes and bioaccumulation
of harmful substances in the environment, which — in conse-
quence — may become dangerous for any life-forms, includ-
ing humans. Most of the surface-active agents do not exhibit
acute toxicity toward any organisms at concentrations usu-
ally found in the environment and chronic toxicity is usually
above 0.1 mg/L [4]. However, the metabolites of non-ionic
surfactants, especially alkylphenols, have been recognized
as dangerous due to their high resistance on biodegrada-
tion, toxicity, and strong estrogenic activity [4-8]. Threats
concerning the negative impact of micropollutants on the
environment and human health have become more and
more important along with the increase of social awareness
and new results of scientific studies. This especially applies
to situations when discharged sewage is introduced to rivers
which are the source of potable water for cities [9]. This is
one of major driving forces for monitoring of micropollutants
in the environment and protecting against their migration
to soil and water, although legal regulations in this regard
are still imperfect [10,11].

The selection of appropriate technological processes in
water treatment plants and water reclamation systems is
associated with the presence of various organic micropol-
lutants in raw water [12,13]. However, the most commonly
used and simplest processes of surface water treatment are
usually ineffective in terms of removal of micropollutants,
especially in case of compounds which belong to the group
of contaminants of emerging concern [11,14,15].

Numerous water treatment plants are based on a multi-
barrier approach, which ensures a high degree of opera-
tional safety in terms of removing biological and chemical
contaminants from water during both normal operation and
emergency situations [11,13]. Artificial infiltration may be
considered as an additional barrier, which is a very effec-
tive and sustainable method of surface water treatment used
worldwide [16-19]. The composition of surface water after
infiltration becomes similar to groundwater in terms of qual-
ity. Implementation of the infiltration ponds into the treat-
ment system reduces the color, turbidity, organic compounds
content, and microbiological parameters, however, the iron
and manganese concentrations may increase [18,20]. The

temperature of water is more stable throughout the year.
The quality of water is more uniform throughout the whole
year. Artificial infiltration allows to notably simplify the
treatment of surface water, usually in this case the technol-
ogy consists of processes typical for groundwater treatment
aeration and rapid filtration [21,22].

The goal of this research is to confirm the hypothesis that
the infiltration combining biochemical and physical pro-
cesses might be considered as an additional barrier for some
emerging contaminants, such as surfactants. To confirm the
hypotheses, the experimental approach focused on investi-
gation of the effect of artificial infiltration on the removal of
surfactants from surface river water and determination of
conditions which affect the process. During the research, the
removal of anionic and non-ionic surface active agents was
investigated. The effectiveness of the process was related to
the duration of water passage through the ground during
infiltration.

2. Materials and methods, experimental installation

The research presented in this report was conducted at
the Debina artificial infiltration intake which supplies the
city of Poznan with water. The Warta River water is pumped
with no treatment to the infiltration ponds at the intake.

The balance of raw water directed from Debina intake to
the water treatment system is as follows: artificial infiltration
— approximately 70%, riverbank infiltration — approximately
20%, groundwater — approximately 10% [23].

The experimental installation consisted of three meter-
ing wells (piezometers — marked as PP-1, PP-2, and PP-3 -
located on the way between the bank of the infiltration
pond (one of 27 operated ponds at the intake) and one of the
intake wells included in the water collecting system — levar
II. The levar II collects water from 92 wells with average
capacity of 1,200 m*h. The infiltration pond is 750 m long
and approximately 20 m wide at the bottom. The metering
wells are 5.5, 7.5, and 9.5 m deep. The diameter of these
metering wells is equal to 10 cm.

The cross-section of the infiltration path is shown in
Fig. 1. The depth of piezometers is correlated with the infil-
tration water level in the ground.

The infiltration water passage starts at the bottom of the
pond, enters the ground (aeration and saturation zones),
with three piezometers on its way, and ends in the well S-48.
The passage direction is perpendicular to the line of the pond
bank and the line of collecting wells. The distance between
the pond bank and each of the measuring points is given in
Table 1.

During the research, samples of water were collected
from the pond, three piezometers and the S-48 well. The sam-
ples were collected every 2-4 weeks starting from January
to June 2019. The chemical analysis of water samples from
the measuring points allowed to evaluate the changes of the
concentration of selected contaminants during the infiltra-
tion process.

The analyses of surfactants were carried out using a
V-530 UV-Vis spectrophotometer (Jasco, Japan) with the
ability to acquire spectra in the range of 200-1,100 nm. The
spectra were recorded using a standard PC. Glass cuvettes
were used in the studies (10 mm x 10 mm x 30 mm) with a
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Fig. 1. Cross-section of the infiltration path.

Table 1
Distance of measuring points from the bank of the pond

Sampling points (Fig. 1) Distance from pond bank (m)

PP-1 18.00
PP-2 45.50
PP-3 62.90
S-48 well 85.90

10 mm optical path length. The absorbance for wavelength
A,.. = 660 nm was used as the analytical signal for deter-
mination of anionic surfactants, whereas the wavelength
A, = 468 nm was used in case of non-ionic surfactants.

The Methylene Blue active substances (MBAS) method
was used for determination of anionic surfactants based on
Standard Methods and literature [24,25]. Demineralized
water (100 mL), an appropriate amount of the sample
containing anionic surfactants, 10 mL of carbonate buf-
fer (pH = 10) and 5 mL of neutral methylene blue solution
were introduced into a 250 mL separatory funnel. Next,
chloroform was added in a stepwise manner using doses of
15, 10, and 10 mL. After each dose, the sample was shaken
for 3 min and introduced to a second separatory funnel,

which contained 110 mL of demineralized water and 5 mL

-| 1.63

ravel mix .
g -max value of static angle

-medium sand with pebble | 3.00

i
34550 _depth of collecting well

and monitoring well

=min value of static angle

= fine and medium sand

-zand mulched

of acidic methylene blue solution. After the shaking step,
the chloroform phase from the first separatory funnel was
introduced to a second separatory funnel, then shaken again
in order to purify the blue chloroform extract. The extracts
from the second separatory funnel were introduced to a
volumetric flask (50 mL) and supplemented with chloro-
form to a final volume of 50 mL. The prepared solution was
filtered using a paper filter to a glass cuvette and adsorption
spectra were measured against chloroform at A_ =650 nm.

The mean result was obtained using three independent
measurements for each sample. The relative standard devi-
ation of the method is at 7.5%. Additionally, the correctness
of the employed procedure was controlled by addition of a
standard. The results of the measurements of anionic sur-
factants in the samples were investigated in relation to an
anionic surfactant, sodium dodecylbenzenesulfonate.

In order to determine the limit of detection (LOD)
(Table 2) and quantification (LOQ) of the method, the deter-
mination was repeated five times for blank samples and
the parameters were determined based on the following
relationships — Egs. (1) and (2):
LOD=x, +3-SD (1)

LOQ=3-LOD 2
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Table 2

Limit of detection and quantification of the MBAS method for

blank samples

No. Absorbance Content (ug in the sample)
1 0.01899 1.177
2 0.02008 1.244
3 0.02139 1.325
4 0.02039 1.263
5 0.01771 1.097
Average value, x_ 1.221
Standard deviation (SD) 0.087
LOD 1.483
LOQ 4.450

where x_ is the mean value (mg in the sample); SD, standard
deviation (mg in the sample).

In order to determine the precision of measurements
(RSD, relative standard deviation) (Table 3), the analysis
of a standard sample which included 10 mg of the analyte
was repeated five times, and the parameter was determined
based on Eq. (3):

RSD = 2. 100% 3)
X

av

The modified BiAS-thio (Bismuth active substances)
method was used for determination of non-ionic surfac-
tants. The method is based on the formation of an oxyeth-
ylate precipitate using the Dragendorff’s reagent which,
after washing with glacial acetic acid, dissolves in an acidic
thiourea solution and is subjected to spectrophotometric
determination of bismuth as an equivalent of non-ionic
surfactants. Approximately 1 mL of the solution including
non-ionic surfactants and 1 mL of the modified Dragendorff
reagent were introduced into centrifuge tubes. Next, the
tubes were centrifuged (type 352 MPW, 12,000 rpm for
5 min). After precipitation and separation of the oxyeth-
ylate precipitate using the modified Dragendorff reagent,
the solution was decanted and the orange precipitate was
rinsed three times using 1 mL of glacial acetic acid in order
to remove the residual Dragendorff reagent. The precip-
itate was dissolved in 2 mL of the dissolving-complex-
ing solution (15% solution of thiourea in 1 M HNO,) and
placed in 1 cm glass cuvette. Absorbance was measured
for A_, =468 nm against demineralized water. The relative
standard deviation of the method is equal to 6.6%. The
mean result was obtained using three independent mea-
surements for each sample. Additionally, the correctness
of the employed procedure was controlled by addition of
a standard. The results were calculated using a model non-
ionic surfactant — Triton X-100 [26-29].

In order to determine the LOD (Table 4) and LOQ of the
method, the determination was repeated five times for blank
samples and the parameters were determined based on the
relationships given in Egs. (1) and (2).

In order to determine the precision of measurements
(RSD) (Table 5), the analysis of a standard sample which

Table 3
Precision of the MBAS method, 10 ug DBSNa

No. Absorbance Content (ug in the sample)
1 0.15738 8.530

2 0.17159 9.410

3 0.18665 10.343

4 0.17785 9.798

5 0.16888 9.242

Average value, x_| 9.465

Standard deviation (SD) 0.673

RSD 7.11%

Table 4

Limit of detection and quantification of the BiAS-thio method for
blank samples

No. Absorbance Content (ug in the sample)
1 0.01479 1.196
2 0.01418 1.146
3 0.01590 1.285
4 0.01734 1.402
5 0.01539 1.244
Average value, x_ 1.255
Standard deviation (SD) 0.097
LOD 1.547
LOQ 4.640
Table 5

Precision of the BiAS-thio method, 10 pg TX-100

No. Absorbance Content (pg in the sample)
1 0.13236 9.445

2 0.13458 9.625

3 0.15181 11.018

4 0.12811 9.102

5 0.12628 8.954

Average value, x| 9.629

Standard deviation (SD) 0.821

RSD 8.53%

included 10 mg of the analyte was repeated five times, and
the parameter was determined based on Eq. (3).

The determined precision for environmental samples in
case of anionic surfactants was RSD = 6.75%, while in case
non-ionic the value reached RSD = 9.59%.

The effect of infiltration process on the removal of organic
contaminants was evaluated based on the following parame-
ters: COD-Mn and TOC. The TOC analyses were carried out
using the Multi N/C® 3100, Analytic Jena, Germany appa-
ratus and MultiWin software. The chemical parameters of
water quality were analyzed according to Standard Methods.

The retention time of infiltrated water in the ground was
evaluated based on temperature measurements. The tem-
perature of water was measured in the infiltration pond,
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in piezometers, and in collecting well S-48 approximately
2 m below the water level, every 2-4 weeks.

3. Results, interpretation, and discussion

During the research conducted from January to June
2019, the quality of the Warta River was constantly moni-
tored. The samples were collected every month. The val-
ues of selected water quality parameters are presented in
Table 6 as arithmetic means and a range (minimum and
maximum). The quality of water in the ponds is similar but
not exactly the same as in the river, because of retention
time and equalizing capabilities of the pond.

Seven research series were carried out during the entire
study period. Each series consisted of six water samples
(Warta, pond, three piezometers, and well), therefore 42
water samples were collected in total. The determined
concentration values of anionic (AS) and non-ionic (NS)
surface-active agents are listed in Table 7. The concentra-
tion of organic compounds in the collected samples was
determined as chemical oxygen demand using potassium
permanganate-KMnO, (COD-Mn) as a chemical oxidant
and total organic carbon (TOC). The results of analyses are
shown in Table 8. All results presented in Tables 7 and 8
are the arithmetic means calculated from two independent
analyses.

Table 6
Water quality of the Warta River during the research period

245

The temperature of water was always measured in
the infiltration pond, in the piezometers and in collecting
well, approximately 2 m below the water surface. The tem-
perature changes overtime during the research period are
presented in Fig. 2. The upper graph is constructed based on
temperature measurements from October 2018 to June 2019.
To evaluate the retention time during the research regarding
the removal of surfactants, the period starting from Spring
2019 was chosen as the most representative — lower graph.
In spring, the temperature of water in the infiltration pond
began to gradually increase with increasing air temperature.
Each sampling point is represented by a separate line in the
figure. The lines are inclined at a similar angle but shifted
relative to each other. This observation allowed to estimate
the approximate water flow time in the ground between
particular points. The total retention time in the ground was
estimated as 70 d.

The time of water passage through the ground results
in water retention and creates the effects typical for slow
sand filtration, in case of which biological processes play
the main role in the removal of contaminants along with
filtration, adsorption, and ion exchange. The water passes
through the fine grains of soil and adsorption may occur [30].

The relationship between the concentration of surfac-
tants and the infiltration distance for each research series
was presented in Figs. 3 and 4. It is clearly visible that the

Parameter Minimum Maximum Average
Anionic surfactant, mg/L 30.66 54.72 43.78
Non-ionic surfactants, mg/L 66.44 91.19 72.22
Colour, mgPt/L 15 50 37
Turbidity, NTU 2.52 4.35 3.44
COD-Mn, mgO,/L 8.00 12.84 10.01
TOC, mg/L 8.54 25.98 14.90
Ammonium, mgNH 4/L 0.22 1.12 0.53
Nitrite, mgNO,/L 0.04 0.42 0.23
Nitrate, mgNOS/L 0.02 1.56 0.59
Orthophosphate, mgPO,/L 0.004 0.033 0.018
pH 7.95 8.83 8.26
Table 7
Concentrations of anionic (AS) and non-ionic (NS) surfactants (mg/L) in all sampling points
Series Pond PP-1 PP-2 PP-3 5-48
Date
no. AS NS AS NS AS NS AS NS AS NS
1 18.01.2019 25.58 15.18 12.42 8.42 13.61
2 01.03.2019 43.50 100.47 10.36 98.33 17.20 91.97 14.23 83.8 11.44 92.83
3 15.03.2019 39.51 28.50 26.46 9.88 26.10 6.91 22.89 8.04 18.00 7.7
4 09.04.2019 5791 50.65 27.07 36.80 36.70 26.79 35.49 28.42 30.17 24.80
5 16.04.2019 66.20 53.09 25.95 17.04 29.02 12.08 25.19 8.88
6 14.05.2019 64.57 50.04 28.03 1.40 28.85 11.56 31.04 4.09 35.37 2.48
7 05.06.2019 49.90 50.18 25.56 4.90 30.00 5.01 30.67 7.08 29.24 8.64
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Organic compounds (mg/L) in all sampling points

10

Date Pond PP-1 PP-2 PP-3 S-48
COD-Mn TOC COD-Mn TOC COD-Mn TOC COD-Mn TOC COD-Mn TOC
18.01.2019 6.80 4.56 5.00 1.82 5.10 0.83 4.80 0.00 4.10 0.38
01.03.2019 741 7.09 5.21 4.22 5.56 4.50 4.05 291 4.98 3.75
15.03.2019 8.80 9.23 5.50 5.32 5.00 3.72 4.50 3.13 4.70 4.98
09.04.2019 9.00 5.46 5.90 5.66 5.60 6.15 5.30 5.84 5.70 4.87
16.04.2019 8.20 8.97 5.20 4.82 5.00 5.50 5.00 5.27
14.05.2019 8.86 4.53 3.90 4.46 4.97
05.06.2019 8.60 5.97 4.80 0.52 4.60 1.18 6.10 1.85 4.50 141
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Fig. 4. Relationship between non-ionic surfactants concentration and infiltration distance.

most effective removal of both anionic (Fig. 3) and non-ionic
(Fig. 4) surfactants occurred in the first part of the infiltra-
tion path between the pond and the monitoring well PP-1.

To quantify the results of infiltration with respect to the
reduction of surfactant content, the removal efficiency of
anionic and non-ionic surface active agents were calculated.
The results presented in Table 9 show the efficiency of the
process for the first part of infiltration distance from pond to
the PP-1 (named E_, ) and the total efficiency for the whole
infiltration distance from the pond to the well 5-48 (named
E,.)- The efficiency was calculated according to Egs. (4)
and (5):

c_.-C
Eppy = 224 .100% 4)
pond
C..—C
E, = Zpond TS 100% 5)
Cpond

where C_ is the concentration of surfactant in water from
the infiltration pond, C,,, is the concentration of surfactant
in water from PP-1 monitoring well, C,, is the concentration
of surfactant in water from well 5-48.

The temperature of water at the monitoring well PP-1
measured approximately 2 m below water level is also
presented in Table 9. The temperature measured at PP-1 is
representative for the conditions of the first part of infiltration
distance in the ground.

The relationship between surfactants removal (E-PP1
and E-total) and water temperature in the ground is pre-
sented in Figs. 5 and 6. The effect of removal of non-ionic
surfactants is correlated with temperature. The removal of
non-ionic surfactants increased with the increase of water
temperature. On the other hand, no strong correlation was
established in case of removal of anionic surfactants and
the temperature of water in the ground.

After penetrating into the ground, the water must pass
the sediment layer formed at the bottom of infiltration
ponds, which is usually characterized by a thickness of a few
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Table 9
Surfactant removal efficiency calculated for the first and total distance of infiltration
Series Date Temperature of Anionic Non-ionic
no. water in PP-1 (°C) E-PP1 (%) E-total (%) E-PP1 (%) E-total (%)
1 18.01.2019 0.9 41 47
2 01.03.2019 2.1 76 74 2 8
3 15.03.2019 3.5 33 54 65 73
4 09.04.2019 6.5 53 48 27 51
5 16.04.2019 9.7 61 62 68 83
6 14.05.2019 12.1 57 45 97 95
7 05.06.2019 15.2 49 41 90 83
Anionic surfactants Non-ionic surfactants
80 100
70 90 — N
60 80
e 50 70
o= L= 60
o = ~
E g 40 %, (—3 50
5 30 w3 a0
0, w
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0 —@— E-total, [%] 20 —O—E-PP1, [%]
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Temperature, °C

Fig. 5. Correlation between the removal of anionic surfactants
and temperature of water in the ground.

centimetres. The sediment is a natural mineral and biologi-
cal membrane at which mechanical filtration, ion exchange,
adsorption, and biological processes occur and the major-
ity of heterogeneous contaminants are separated [18,31].
Then, water passes through aeration and saturation zones.
In the aeration zone, biochemical process, ion exchange, or
adsorption occurs, resulting in the removal of organic and
micropollutants. Afterwards, the concentration of organics
and oxygen are diminished, autotrophic bacteria carry out
the biodegradation process, and the concentration of car-
bon dioxide increases. The variety of treatment processes
that occur during the infiltration allows for removal of
different contaminants, including surfactants.

The correlation presented in Fig. 6 indicates the possible
biodegradation of non-ionic surfactants because the effect
of removal is strongly related to temperature. Non-ionic
surfactants may be more readily biodegraded because
there is no charge in the structure of the surfactant molecule
and there is no interaction between the molecule and the cell
wall of microorganisms with the negative charge, as in the
case of anionic surfactants. Non-ionic surfactants are also
considered less toxic than anionic surfactants. Non-ionic
surfactant belongs to the V-VI class of toxicity. The observa-
tion of a very low removal effect at low water temperatures

Temperature, °C

Fig. 6. Correlation between the removal of non-ionic surfactants
and temperature of water in the ground.

may confirm the significant role of biodegradation in the
removal of non-ionic surfactants.

It can be observed that the concentration of anionic
surfactants measured in the water from the metering wells
(20 mg/L) is approximately two times higher compared
to the concentration of non-ionic surfactants (10 mg/L).
It may be because of the low biodegradability of anionic
surfactants in anoxic conditions. This may result from the
presence of an aromatic ring in the hydrophobic group
of sodium dodecylbenzenesulfonate, which is constantly
produced and used on a large scale, that impedes bio-
degradation, especially under anaerobic conditions, as
well as the greater toxicity of anionic surfactants toward
microorganisms and lower toxicity in case of non-ionic
surfactants [32,33].

It should be noted that in surface waters anionic sur-
factants usually dominated in comparison to non-ionic
surfactants. Production of surfactants is steadily increas-
ing, and production of non-ionic surfactants has begun
to outperform anionic production. Recent studies also
confirm this and show the dominant content of non-ionic
surfactants (74 mg/L on the average) compared to the
average concentration of anionic surfactants (44 mg/L in
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Warta River). In the infiltration pond, the concentrations of
anionic and non-ionic surfactants remain at a similar level.
A notable decrease of anionic surfactants content relative to
non-ionic surfactants content occurs only at the PP-1 mea-
suring point after passing through the bottom sediments and
infiltration layers. This may result from the greater sorption
of anionic surfactants relative to non-ionic surfactants [34].

The adsorption process is an effective method of removing
contaminants of emerging concern from water. Adsorption
allows to achieve a high removal efficiency of contami-
nants, but its performance depends on the type of adsorbent
and parameters such as temperature, pH, and contact time
[35,36]. The undoubted advantage is that adsorption is a
physical process, which does not promote the formation of
by-products that may be more toxic compared to the parent
compounds [37-39].

The effectiveness of the adsorption process usually
decreases with increasing temperature [30]. Since the effect
of removal of anionic surfactants slightly decreases with
temperature, it can be established that adsorption plays the
main role in the removal of anionic surfactants, although bio-
degradation processes may occur as well.

The values presented in Table 8 as well as Figs. 5 and
6 indicate that the first part of the infiltration distance is
crucial for removal of surfactants. The adsorption and bio-
degradation mainly occur in the sediment developed on the
bottom of the infiltration pond. The role of the first distance
from the pond to the PP-1 well is more visible in case of
anionic surfactants than non-ionic surfactants.

The sediment deposited on the bottom of the infiltration
pond also plays an important role in the removal of organic
compounds. It may be illustrated by the decreasing content
of organic compounds during the passage of water through
the ground. The relationship of organic compounds con-
centration, measured as COD-Mn and TOC vs. infiltration
distance is presented in Fig. 7. Values of TOC and COD-Mn
presented in Fig. 7 are the average values of data collected
in Table 8. The first part of the infiltration distance from the
pond to the monitoring well PP-1 demonstrates the major
removal of organic compounds as is in case of surfactant
removal.

The majority of the commonly utilized anionic surfac-
tants are relatively easily removed during pretreatment
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Fig. 7. Organic compound removal in infiltration process.

processes simultaneously with other pollutants. They are
also readily biodegradable under aerobic conditions, result-
ing in low concentrations in the effluent from the wastewa-
ter treatment plant [40]. However, non-ionic surfactants,
mainly oxyethylates, are only partially biodegradable by
shortening their oxyethylene chain, which allows for the
formation of more stable and toxic products. These metab-
olites are characterized by significant activity which dis-
rupts the hormonal balance due to their similarity to natural
estrogens [8,41].

4. Conclusions

Numerous scientific reports confirm the presence of
surfactant residues in surface waters and even groundwaters
[4,42]. One of the main reasons is the insufficient removal
of surface-active substances by commonly used wastewa-
ter treatment systems and formation of biodegradation
metabolites, which are often much more hazardous for the
environment than the parent pollutants. Usually, they are
also more resistant to further biodegradation [43].

The contaminated surface water is the source used for
the production of drinking water. The technological system
of water treatment should be robust and consist of several
barriers for contaminants such as surfactants and other
emerging pollutants. The presented research confirms that
artificial infiltration might be considered as an additional
barrier with a potential for surfactant removal from natural
surface waters.

The interpretation of results allowed to establish the fol-
lowing conclusions:

¢ the layer of sediment at the bottom of infiltration pond
plays the main role in the removal of surfactants by
adsorption and biodegradation processes. The major
treatment effect occurs on the way from the pond to
the first metering point — the PP-1 well. Further passage
does not notably improve the quality of infiltrated water
with respect to removal of surfactants as well as organic
compounds.

* The results of the research indicate that the adsorption
might be main process responsible for anionic surfac-
tants removal in investigated infiltration process. The
effect of removal decreases with the temperature, which
is typical for the adsorption processes. However, bio-
degradation cannot be excluded. Literature reports con-
firm that anionic surfactants are readily biodegradable
under aerobic conditions.

¢ In turn, biodegradation seems to be the main process
responsible for removal of non-ionic surfactants in the
infiltration process. The basis for this assumption is
the correlation between non-ionic surfactant removal
and the temperature of water in the ground. The effect
grows with water temperature. If adsorption would be
the leading process, the increasing temperature would
rather inhibit surfactant removal. Another concern is the
production of stable metabolites. The products of bio-
degradation may be toxic due to significant biological
activity which disrupts the hormonal balance of organ-
isms. The qualitative and quantitative characterization
of metabolites is a goal for future studies.
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The overall removal efficiency is higher in case of non-
ionic surfactants. The effectiveness of non-ionic surfactant
removal at the temperature higher than 10°C was equal to
80%-100% for the investigated infiltration process, while
the effectiveness of anionic surfactant removal was at the
level of 40%-76%. The removal efficiency of non-ionic
surfactants decreased to 8% only at a low temperature
equal to 2°C—4°C, while removal of anionic surfactants at
this temperature was equal 40%-46%, which is an addi-
tional confirmation that biodegradation of non-ionic sur-
factants occurred in the investigated infiltration system.
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Stabilnos¢ chemiczna wody

na etapach jej uzdatniania

ze szczegolnym uwzglednieniem
infiltracji. Czes¢ 1

Chemical stability of water at the stages of its treatment,
with particular emphasis on infiiltration. Part 1

Streszczenie

W niniejszym artykule, bedacym pierwsza czescia cyklu, omdéwiony zostat problem stabilno$ci chemicznej
i oceny korozyjno$ci wody uzdatnianej. W kolejnych dwdch czesciach przedstawione beda zmiany korozyjno-
$ci wody na kolejnych etapach jej uzdatniania, w tym w procesie infiltracji, a takze oméwione zostana metody
przywracania stabilno$ci chemicznej. Aktualnosc¢ tego zagadnienia wynika z faktu, iz wody uzdatniane w wie-

lu ZUW nie spelniaja warunku chemicznej stabilno$ci.

Abstract

This article, which is the first part of the series, discusses the problem of chemical stability and the assessment
of the corrosivity of treated water. The next two parts will present changes in the corrosivity of water at sub-
sequent stages of its treatment, including the infiltration process, and will also discuss methods of restoring
chemical stability. The topicality of this issue results from the fact that the waters treated in many WTPs do

not meet the condition of chemical stability.

1. Wprowadzenie

Osiagniecie chemicznej stabilno$ci wody
jest jednym z podstawowych celéw uzdatniania
wody, obok usuwania czastek (Yacznie z kolo-
idalnymi), obnizania OWO (ogo6lny wegiel or-
ganiczny), usuwania domieszek chemicznych,
dezynfekcji oraz osiagniecia biologicznej stabil-
no$ci wody i spelnienia wymagan organolep-
tycznych. Chemiczna stabilno$¢ wody, jako kry-
terium oceny jej jakoS$ci, nie jest uwzgledniana
w przepisach prawnych i rozporzadzeniach
okreslajacych jako$¢ wody do picia. Jednakze
brak stabilnos$ci chemicznej wody opuszczaja-
cej zaklad uzdatniania wody (ZUW) moze by¢
przyczyna pogorszenia sie jej skladu w czasie
przeplywu w takim stopniu, iz moze ona w kra-
nie nie odpowiada¢ wymogom stawianym wo-
dzie do picia.

W niniejszym artykule, bedacym pierwsza
czeScig cyklu artykuldow, omoéwiony zostanie
problem stabilno$ci chemicznej i oceny koro-
zyjno$ci wody ujmowanej. W kolejnych dwdch
czesciach przedstawione zostana zmiany koro-

zyjnosci wody na kolejnych etapach jej uzdat-
niania, w tym w procesie infiltracji, a takze
omoOwione zostang metody przywracania sta-
bilnoéci chemicznej. Aktualno$é tego zagad-
nienia wynika z faktu, iz wody uzdatniane na
wielu ZUW nie spelniaja warunku chemicznej
stabilnosci.

Definicja okresla stabilno$¢ wody jako wia-
$ciwo$¢ polegajaca na tym, ze woda nie roz-
puszcza i nie wytraca weglanu wapnia. Defi-
nicja ta ogranicza pojecie stabilno$ci wody do
zachowania rownowagi weglanowo-wapniowej,
czyli rownowagi miedzy wystepujacymi w niej
jonami Ca*?, HCO;, CO;?, a wolnym kwasem
weglowym. Definicja ta jest zatem jednoznacz-
na i wystarczajaca, ale tylko w obszarze ukladu
wapniowo-weglanowego wody, ktéry mozna zi-
dentyfikowaé¢ za pomoca odczynu, twardosci,
zasadowo$ci i kwasowo$ci weglanowej wody.
Brak stabilno$ci chemicznej wody, w aspekcie
tej klasycznej definicji wskazujacej na brak
réwnowagi weglanowo-wapniowej, przyczynia
sie do wystapienia zjawisk korozji chemicznej
spowodowanych agresywnym CO, lub wy-
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tracania sie osadu weglanu wapnia.

Analiza ukladu weglanowego pozwa-

la stwierdzi¢ badz wykluczy¢ wlasci-

woSci korozyjne badanych wod.

Brak stabilno$ci chemicznej
wody przyczynia sie do wystapienia
zjawisk korozji w sieci wodociggowej,
prowadzac do pogorszenia sie jakoSci
wody uzdatnionej, a takze do obnize-
nia zywotnosci i stanu technicznego
eksploatowanych urzadzen i obiek-
tow wodociagowych. Do czynnikow
wplywajacych na rozwdj korozji na-
lezy zaliczy¢:

— temperature — intensywnos$¢é
korozji zwieksza sie wraz z jej
wzrostem;

— predkosé przeptywu wody — ko-
rozja moze by¢ intensyfikowana
zarowno przez mala predkosc
przeplywu wody lub jej stagnacje
w przewodach wodociggowych;

— obecno$¢ chlorkow i siarczanéw
w wodzie intensyfikuje proces
korozji betonu, miedzi, stali i sta-
li aluminiowej;

— twardo$¢ wody — korozja wie-
lu materialéow na ogo6t wzrasta
w wodach miekkich.

2. Kryteria oceny stabilnosci
chemicznej wody

Do oceny braku stabilnosci i po-
tencjalnych wlasciwosci korozyjnych
wod stosuje sie trzy charakterystycz-
ne grupy kryteriéw, oparte na:

— skladnikach jako$ci wody (agre-
sywny CO,, H,S, SO;?, CI', Cl,,
0,iin);

— indeksach stabilnoéci (np.: Lan-
geliera, Ryznera, Larsona-Scol-
da, Stroheckera i in.);

— systemach klasyfikacji wod (Ste-
inratha, Kamerszteina).

Nalezy podkresli¢, ze pelna oce-
na procesoéw korozji w sieci wodocia-
gowej zalezy nie tylko od wlasciwosci
i skladu wody (ktory jest zmienny),
ale takze od materialow z jakich wy-
konane s3a przewody i armatura sieci
oraz wlasciwo$ci gruntu w jakim sieé¢
sie znajduje.

Podstawa do oceny i wyjas$nie-
nia mechanizmoéw korozji jest zna-
jomo$¢ chemii, biologii oraz metalo-
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znawstwa. Efekty dzialania korozji
w sieci wodociggowej, obejmujace
pogorszenie jako$ci wody i postepu-
jace niszczenie przewodow, zbiorni-
kéw i armatury, to najczesciej wynik
polaczonego dzialania trzech podsta-
wowych rodzajow korozji:

— chemicznej — bedacej wyni-
kiem heterogenicznych reak-
cji chemicznych zachodzacych
na granicy faz miedzy metalem
(materialem przewodu) a $ro-
dowiskem, w tym domieszkami
roztworu wodnego (CO,, O,, O,,
Cl, itp.) bez powstawania pradu
elektrycznego;
elektrochemicznej — wywolanej
przez procesy elektrochemiczne
zachodzace pod wplywem wza-
jemnie na siebie oddzialujacych
elektrolitow, znajdujacych sie
w wodzie uzdatnionej oraz mi-
kroogniw lokalnych wystepu-
jacych na powierzchni metalu
i utworzonych przez chemicznie
rozne skladniki tego metalu lub
przez jego strukturalnie niejed-
norodne czesci;
mikrobiologicznej — spowo-
dowanej dzialalno$cia mikro-
organizmow, glownie bakterii,
ktore swoj metabolizm opieraja
na katalizowanych przez siebie
procesach biochemicznych, w za-
sadniczej cze$ci oksydacyjno-re-
dukeyjnych, wykorzystujac przy
tym zaréwno domieszki wody,
jak i materialy przewodow wo-
dociagowych oraz produkty ich
korozji.

e Indeks Langeliera

Indeks Langeliera jest wskaz-
nikiem o najdtuzszej tradycji stoso-
wania do oceny korozyjnego oddzia-
lywania wody wobec stali zwyklej
i ocynkowanej. Warto$¢ jest oblicza-
na wg wzoru:

IL = pH - pH,,
w ktérym:
pH — warto$¢ odczynu badanej prob-
ki wody,

pH, — warto$¢ odczynu w stanie row-
nowagi weglanowo-wapniowej,
pH, = 11,39 — 2-logA,

A — ilo$¢ zwiazanego dwutlenku we-
gla,A=27,,-22,

Zog — zasadowo$¢ ogodlna wody,
[mval/dm3].

Ocene wlasciwosci korozyjnych
wody dokonuje sie na podstawie war-
toéci IL i wedlug interpretacji przed-
stawionej w tab. 1.

e Indeks Stroheckera —J,;

Warto$é J; oblicza sie wg wzoru:
Jst = pHs — pH
pH, =11,39 — 2-1ogA,

w ktérym:

J: — wskaznik stabilno$ci (nasycenie
wody weglanem wapnia),

pH, — warto$¢ odczynu w stanie row-
nowagi weglanowo-wapniowej,

pH — warto$¢ odczynu badanej prob-
ki wody,

A — iloéc¢ zwiazanego dwutlenku we-
gla,A=Z7,;,-22,

Tab. 1. Wartosci indeksu Langeliera wraz z wtasciwosciami

Wartosé
wskaznika

IL<O0

Witasciwos¢ wody

nienasycona w stosunku do CaCOs3 i ma wtasciwosci agresywne
(zawiera agresywny CO,)

IL=0

stabilna, nie ma charakteru agresywnego, ale rowniez sktonnosci
do wytwarzania ochronnych warstw CaCO;

IL>0

ma sktonnosci do wytwarzania osadéw CaCO;, jest nieagresywna

Tab. 2. Wartosci indeksu Stroheckera wraz z wtasciwosciami

Wartos¢
wskaznika

J5:< 0 (pH, < pH)

Wiasciwos¢ wody

woda ma tendencje do wytrgcania osadu do CaCO3 i wytwarzania
powtoki ochronnej na powierzchni z ktérymi sie styka

Je=0
styka

stabilna, nie ma charakteru agresywnego, ale rowniez sktonnosci
do wytwarzania zadnych osadéw na powierzchniach z ktérymi sie

Js¢> 0 (pH, > pH)

woda ma charakter korozyjny

technalogia wody
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Z,, — zasadowo$¢ ogbdlna wody,

[mval/dm3].
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Ocene korozyjnych wlasciwo$ci
wody dokonuje sie na podstawie war-
tosci J;; i wedlug interpretacji przed-
stawionej w tab. 2.

e Indeks Ryznera IR

IR okresla tendencje do tworze-
nia warstw ochronnych na plasz-
czyznach, z ktérymi styka sie woda.
Wartoé¢ indeksu Ryznera wyznacza
sie z zaleznoSci:

IR = 2pH, — pH.

Ocene korozyjnych wlasciwo$ci
wody dokonuje sie na podstawie war-
tosci IR i wedlug interpretacji przed-
stawionej w tab. 3.

¢ Indeks Larsona i Scolda

Indeks Larsona i Scolda jest pod-
stawa do oceny korozyjnych wlasci-
woéci wody, ktora oprocz zasadowosci
wody uwzglednia rowniez zawarto$é
chlorkéw i siarczanéw w wodzie. Me-
toda obejmuje wyznaczenie wartoS$ci
dwdch indeksoéw, ktorych wzory za-
mieszczono ponizej:

. _|or|+2]sor
' [HCO, |
o, 9
* [nco, |’
w ktorych:

[CI], [SO71, [HCO;] — stezenie molo-
we chlorkéw, siarczanéw i wodo-
roweglanow.

Tab. 3. Tabela wartosci indeksu Ryznera wraz z wtasciwosciami

Wartosé
wskaznika

IR < 6,65

Witasciwos¢ wody

woda majaca tendencje do wytrgcania weglanu wapnia

IR = 6,65+6,9

woda lekko korozyjna

IR=6,9:8,7

woda $rednio korozyjna

IR>8,7

Z powyzszych roéwnan wynika,
ze wlasno$ci korozyjne wody rosna
wraz ze wzrostem zawarto$ci jonow
chlorkowych i siarczanowych.

Woda jest niekorozyjna wzgle-
dem zelaza i stali, jezeli warto$é
LI, < 5. Szybko$¢ korozji zwieksza sie
przy warto$ciach LI, > 0,1.

3. Konkluzje koncowe

Osiagniecie chemicznej sta-
bilno$ci wody uzdatnionej w ZUW
jest wazne ze wzgledu na potrzebe
unikniecia niepozadanych reakeji
chemicznych w sieci wodociggo-
wej. Najwazniejszym zagadnieniem
zwigzanym z chemiczng stabilno$cia
uzdatnionej wody jest rownowaga
weglanowo-wapniowa.

Artykul niniejszy jest przygoto-
waniem do drugiej i trzeciej czesci
publikacji, w ktérej omawiane beda
zmiany stabilno$ci chemicznej wody
na etapach jej uzdatniania, a w szcze-
gblnosci w procesie infiltracji.

Woda ujmowana na cele zaopa-
trzenia ludzi w wode do picia i cele
przemystowe poddawana jest szere-
gom procesow (koagulacji, filtracji,
zmiekczania, wymiany jonowej i in.),
ktérych wynikiem jest zmiana warto-
$ci parametrow jakoSci wody. Zmia-

,.ooo*.c.. eccscccs
T

woda silnie korozyjna

ny te prowadzg czesto do zachwiania
stabilno$ci chemicznej wody i poja-
wienia sie wlaéciwosci korozyjnych.
Zmiana charakteru wody ze sta-
bilnego na korozyjny, jako skutek
proceso6w technologicznych, bedzie
przedmiotem drugiej czesci artykutu.
W trzeciej czeSci omowione zo-
stana metody stuzace osiggnieciu
chemicznej stabilnosci wody wpro-
wadzanej do sieci wodociagowe;j.
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Abstract: The content of pharmaceuticals in natural waters is steadily increasing. Especially non-
steroidal anti-inflammatory drugs (NSAIDs) are often detected in natural waters due to their
widespread use. This group of compounds includes commonly used representatives, such as parac-
etamol and ketoprofen. The quality of natural waters determines the processes applied for the
treatment of drinking water. The methods used in order to remove pharmaceuticals from treated
water include adsorption and biologically active filtration. Both processes also occur during artificial
infiltration (forced flow of intake surface water through the ground to the collecting wells) at surface
water intakes. The processes, which occur in the soil, change the water quality characteristics to
a great extent. The goal of the study was to evaluate the removal efficiency of paracetamol and
ketoprofen in the process of artificial infiltration used as a pre-treatment of surface water. The studies
were conducted at a field experimental installation located at the technical artificial infiltration intake.
The experimental installation consisted of three metering wells (piezometers) which were located
on the way between the bank of the infiltration pond and the collecting well. The collected water
samples allowed to evaluate the change of selected NSAIDs concentrations during the passage
of water through the ground. The analysis procedure included solid phase extraction (SPE) and
high-performance liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS).
Removal of the studied NSAIDs in the infiltration process occurred with variable effectiveness
throughout the year. Paracetamol was removed with annual efficiency equal to 42%, although no
significant removal of ketoprofen was observed.

Keywords: artificial infiltration; groundwater; ketoprofen; micropollutants; paracetamol; pharmaceuticals;

surface water; water treatment

1. Introduction

The pharmaceutical industry is among the most prosperous and rapidly developing
sectors [1]. Nonsteroidal anti-inflammatory drugs (NSAIDs) are a group of pharmaceuticals
used in very high quantities, most of which are available without a prescription. NSAIDs
include diclofenac, naproxen, ketoprofen and paracetamol. These drugs are used for
treatment of degenerative diseases and rheumatic syndromes.

As a result of increased uptake, a significant increase in the level of pharmaceuticals
present in surface waters has been observed during recent years [2-8]. Studies conducted
in many countries have indicated the occurrence of NSAIDs in sewage, surface waters as
well as tap water [9]. Municipal and hospital wastewater as well as improper disposal of
out-of-date drugs are an important source of NSAIDs in the environment [10].
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It should be highlighted that the occurrence of NSAIDs in natural waters is a serious
threat to the environment. Their presence in water is dangerous for aquatic organisms,
including fish, phytoplankton and zooplankton [11]. Furthermore, contamination of
drinking water with pharmaceuticals is dangerous for infants, young children, the elderly
as well as people with liver or kidney failure [12-15].

The European law has not yet set a limit for surface water contamination by drugs;
however, on the 12 August 2013, the European Commission proposed the addition of
15 chemical compounds to the list of 33 pollutants that should be monitored in EU waters.
These compounds include diclofenac [16] as the first NSAID pharmaceutical.

The natural surface waters are the source for production of drinking water. Removal
of pharmaceuticals from surface waters often requires the use of advanced technological
processes such as adsorption, membrane processes, oxidation or photodegradation process
in the presence of semiconductors, typically metallic oxides [17].

The natural process of artificial infiltration, often applied at surface water intakes, can
be a promising alternative. This solution is highly effective in water quality improvement
and requires no additional reagents. The process is based on feeding groundwater with
surface water through ponds and forcing the flow through the bottom of the pond and
further through the ground to the wells receiving water after infiltration [8,18-20].

The infiltration time ranges from several to several dozen days. Such a long residence
time of water in the ground allows to compare infiltration to slow filtration or a multi-
functional reactor with an extremely large volume [21,22]. Various physical, chemical,
physico-chemical and biochemical processes occur during the slow flow of water through
the ground [18-20,23].

The composition of surface water after infiltration resembles groundwater in terms
of quality. Implementation of the infiltration ponds into the treatment system allows to
notably reduce the color, turbidity, content of organic compounds and microbiological
parameters; however, the concentrations of iron and manganese may increase [24,25].
Artificial infiltration allows to notably simplify the treatment of surface water [5,26].

The infiltration process is commonly used in every region of the world, for example, in
Hungary [19], Germany (Zurich, Dusseldorf and Berlin) [23], Poland (Warszawa, Legnica,
Poznan, Bydgoszcz) [22], Australia [20] and Malaysia [18].

Many of these intakes have been operated since the beginning of the 20th century,
while others are new objects (e.g., Bydgoszcz, Poland). Years of operation and technolog-
ical observations confirmed the high efficiency of these techniques in terms of removal
of organic compounds measured by the reduction in TOC, COD and color [18,19,22-24].
Scientists are now interested in the ability of the infiltration process to remove micropollu-
tants, including pharmaceuticals [5,6,8,19,25]. This interest comes from understanding the
complexity of physical, chemical and biological processes in the soil. However, it should
be borne in mind that, despite the trials and proven rules of a general nature, each intake
has its own specificity, which is manifested in the variability of the quality of surface water
collected, hydrogeological parameters of the intake and its exploitation. For this reason,
it is important to determine the individual’s capacity to improve water quality in terms
of removing micropollutants. Research aimed at determining the effects of artificial infil-
tration should be carried out according to a known and confirmed research methodology,
implementing a sensitive and precise analytical technique.

The aim of the study was to determine the effects of the artificial infiltration process
on the removal of selected nonsteroidal anti-inflammatory and analgesic drugs (NSAIDs)
from treated water.

The novelty of the presented research comes from the combination of a hydrological
experiment, using a field research installation, that allows to track changes in water quality
during water flow through the ground as well as from the use of the experimental method
of determining the water retention time in the soil and a sensitive analytical method (based
on solid state extraction and LC-MS/MS technique), that allow to elucidate the actual
(considering the flow of the water) changes in the amount of analyzed compounds during
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infiltration. The removal efficiency of these contaminants was determined in relation to
raw river and infiltration water.

2. Materials and Methods
2.1. Study Area and Experimental Installation

During the study, eleven research series were carried out, which were focused on the
measurement of changes in the concentration of paracetamol and ketoprofen during the
process of artificial infiltration, by collecting water samples at 5 points along its flow from
the pond to the well.

The studies presented in this manuscript were conducted at the artificial infiltration
intake for the city of 500,000 inhabitants in central Europe. The river water is pumped
with no treatment to the infiltration ponds at the intake. The experimental installation
consisted of three metering wells (piezometers)—marked as PP-1, PP-2 and PP-3—which
were located on the way between the bank of the infiltration pond (one of 27 operating
ponds at the intake) and one of the intake wells included in the water collecting system—
levar II. The levar II collects water from 92 wells with average capacity of 1200 m3/h. The
infiltration pond is 750 m long and approximately 20 m wide at the bottom. The depth of
the metering wells is equal to 5.5, 7.5 and 9.5 m, respectively. The diameter of the metering
wells is equal to 10 cm. The depth of piezometers is correlated with the infiltration water
level in the ground. The cross section of the infiltration path is shown in Figure 1.

infitraton  HJ1-67 PP-1 PP-2 PP-3 5-48
Pond 2
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Figure 1. The cross section of the infiltration path [22].

The passage starts at the bottom of the pond as the infiltration water enters the ground
(aeration and saturation zones), with three piezometers on its way, and ends with the well
S-48. The passage direction is perpendicular to the line of the pond bank and the line of
collecting wells.

The retention time of infiltrated water in the ground was evaluated based on tempera-
ture measurements. The temperature of water was measured in the infiltration pond, in
the piezometers and in the collecting well 5-48, approximately two meters below the water
level, every 2 weeks.
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2.2. Analytical Methods

The NSAID analysis procedure included the separation and concentration of analytes
from water samples by means of solid phase extraction (SPE) and determination based
on high-performance liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS) using an UltiMate 3000 RSLC liquid chromatograph (Dionex, Sunnyvale, CA,
USA) coupled with an API 4000 QTRAP mass spectrometer (Biosystems MDS Sciex, Foster
City, CA, USA). A C18 cartridge (3 mL, 500 mg, J.T. Baker) was used for SPE. A Baker
vacuum system (J. T. Baker, The Netherlands) was used for the preconcentration step.
Firstly, the SPE cartridge was conditioned with 5 mL of methanol followed by 5 mL of
deionized water, at a flow rate of 1 mL/min. After the conditioning step, a 200 mL water
sample was percolated through the cartridge at a flow rate of 10 mL/min. The cartridge
was dried under vacuum for 20 min in order to remove excess water. Elution of the analytes
from the cartridges was performed by using two 2.5-mL aliquots of methanol. The extracts
were evaporated under a gentle stream of nitrogen and reconstituted in the mobile phase
to a final volume of 0.2 mL for further LC-MS/MS analysis.

LC analysis was performed using the UltiMate 3000 RSLC chromatographic system.
Five puL samples were injected into a 100 x 2.1 mm I.D. analytical column packed with
1.9 um Hypersil GOLD C18 RP from Thermo Scientific (Waltham, MA, USA). In the
experiments, the column was kept at 35 °C and the mobile phase consisted of 5 mM
ammonium acetate in water (A) and methanol (B), at a flow rate of 0.2 mL/min. The
following gradient was used: 0 min 30% B, 10 min 67% B, 12 min 100% B.

The LC system was connected with the API 4000 QTRAP triple quadrupole mass
spectrometer. The Turbo Ion Spray source operated in negative ion mode. The dwell time
for mass transition detected in the MS/MS multiple reaction monitoring mode (MRM) was
set at 70 ms. All the studied NSAIDs were detected using the following settings for the
ion source and mass spectrometer: curtain gas 10 psi, nebulizer gas 45 psi, auxiliary gas
45 psi, temperature 350 °C, ion spray voltage —4500 V and collision gas set to medium.
The MS/MS parameters used for quantitative determination of NSAIDs are presented in
Table 1. [M-H] complexes of tested NSAIDs were used as precursor ions.

Table 1. MS/MS parameters for the acquisition of NSAIDs.

MRM 1 Transitions— MRM 2 Transitions—

Compound PrecursorIon  Declus-Tering Quantitation Ion Cglllléflon Confirmation Ion Cglllléflon
4 [M-H]" m/z Potential (V) (Precursor Ion m/z — (V)gy (Precursor Ion m/z — (V)gy
Product Ion m/z) Product Ion m/z)
Paracetamol 150 -20 150 — 107 —24 150 — 60 —14
Ketoprofen 253 —50 253 — 209 -12 253 — 197 -10

The concentrations of NSAIDs were determined using the standard curve technique.

3. Results

Analysis of changes of water temperature in soil throughout the infiltration route
allowed to determine the infiltration time between the measuring points. Water which
infiltrated in the soil flows in time determined by waves with the same temperature. The
temperature was measured during the experiment at measuring points every 1-2 weeks.
The graph that presents the temperature of the water measured at the measuring points
is shown in Figure 2. The graphs of temperature changes during the measurement year
at each measurement point are sinusoidal. The distances between the curves’ maxima
(summer) and minima (winter) correspond to the times of travel of the wave of the same
temperature and the same times of water flow between the measuring points. The distances
of the measuring points from the bank of the pond and the average time when the water
overcomes this distance are presented in Table 2.
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Figure 2. Temperature changes in the sampling points during the research period from October 2018
to March 2020.

Table 2. The distance of measuring points from the bank of the pond and retention time.

Sampling Points (Figure 1) Distance from Pond Bank (m) Retention Time (Days)

PP-1 18.00 26.0
pPP-2 45.50 54.5
pPP-3 62.90 62.0
5-48 well 85.90 86.0

The concentrations of selected NSAIDs in water collected from the measuring points
were determined every month. Eleven research series were carried out during the entire
considered period. Values of paracetamol and ketoprofen concentrations measured at
measuring points throughout the test period are presented in Figure 3. The relationships
presented in Figure 3 were used to determine the approximate concentrations of the mea-
sured NSAID compounds at the given piezometer after the retention time corresponding
to the time of water flow to this metering point.

The concentration of pharmaceuticals in the infiltration pond was subjected to sig-
nificant fluctuations during the study period. The occurrence of NSAIDs (especially
paracetamol) in pond water is periodic and fluctuations result from increased use of anti-
inflammatory drugs during periods of colds. In order to determine the actual effect of
pharmaceuticals removal during filtration in the soil, it is necessary to consider the time
which is required for water to travel the distance from one measuring point to another.
Based on the data presented in those graphs, the concentration values of the tested phar-
maceuticals were approximated for a given initial concentration in the pond at subsequent
measuring points after the time corresponding to the retention of water in the soil (Table 2).
The approximated concentrations are presented in Table 3. The water characteristics at
measuring points during the study are presented in Table 4.

Table 3. Approximated concentrations of tested NSAID in water samples after the time of retention in the ground.

Paracetamol (ng/L) Ketoprofen (ng/L)
PP-1 PP-2 PP-3 Well PP-1 PP-2 PP-3 Well
Date of Sampling Pond Retention Retention Retention Retention Pond Retention Retention Retention Retention
26 Days 54.5 Days 62 Days 86 Days 26 Days 54.5 Days 62 Days 86 Days
29 March 2019 7.276 7.587 7.201 7.260 7.077 1.149 2.767 4.893 1.382 0.633
16 April 2019 7.310 7.525 6.632 7.225 6.528 0.649 3.271 2.625 0.151 0.945
14 May 2019 7.115 7.510 7.393 6.324 3.098 6.497 13.041 0.525 0.835 5.500
05 June 2019 7458 7.440 4.596 3411 0.780 2.667 5.678 1.736 2.869 8.042
09 July 2019 7.366 3.894 0.832 0.746 0.837 4.816 5.600 3.283 3.650 3.154
27 August 2019 0.720 0.799 0.616 0.790 0.706 8.280 1.679 4.020 4.130 3.136
23 September 2019 0.660 0.666 0.806 0.715 0.642 7.780 2.005 3.188 3.939 3.164
28 October 2019 0.270 0.810 0.752 0.527 0.642 2.580 4.460 2.827 2.490 4.604
26 November 2019  0.700 0.743 0.724 0.609 0.707 4.400 3.347 2.951 2.166 6.888
08 January 2020 0.630 0.705 0.847 1.034 1.774 7.490 4.189 3.419 2.636 8.854
21 January 2020 3.648 0.707 1.237 1.455 2.223 6.752 4974 4.097 3.799 9.211
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Figure 3. Concentrations of the studied pharmaceuticals in water collected from measuring points

during the experiments.
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Table 4. The average season values of water quality parameters measured at measuring points
during the research period.

Measurin Oxygen TOC Temperature
Point ® Season pH (m}é%L) (mg/L) (EC)
Spring 8.03 12.00 9.02 11.50
Summer 783 550 466 21.40
Pond Fall 8.06 8.30 6.51 16.30
Winter 8.09 11.50 631 6.00
Spring 7.62 440 4.89 8.40
Summer 736 120 0.79 19.00
PP-1 Fall 726 149 5.64 20.80
Winter 730 147 2.9 12.40
Spring 7.68 2.00 437 6.10
Summer 7.40 0.90 1.54 16.30
PP-2 Fall 730 103 582 20.40
Winter 732 0.83 3.07 15.50
Spring 7.60 2.00 429 6.20
Summer 758 0.70 194 15.40
PP-3 Fall 746 137 611 18.00
Winter 739 0.83 203 15.60
Spring 757 0.80 494 6.90
Summer 749 0.90 0.95 10.70
5-48 Fall 755 107 6.62 14.40
Winter 735 123 182 15.20

4. Interpretation and Discussion of Results

The concentrations of paracetamol and ketoprofen measured during the year, which
were presented above (Figure 3, pond), show that the content of paracetamol in water
collected from the pond ranged from 0.27 to 7.46 ng/L. It can be stated that the paracetamol
concentration fluctuated, giving higher values in winter and spring, which corresponds
with the higher NSAID consumption in these seasons. The content of ketoprofen in
water samples from the pond ranged from 0.65 to 8.2 ng/L. It can be observed that the
concentration of ketoprofen in surface pond water does not depend on the season, as in the
case of paracetamol (Figure 3, pond).

Graphs presented in Figure 4 were prepared after considering the retention for the
determined approximate concentrations of pharmaceuticals at the measuring points (pond,
piezometers and well). Values presented in Figure 4 are the average season values. In the
case of paracetamol, there is a clear decrease in concentration during infiltration in summer
when the temperature of water is higher (Figure 2). In the case of ketoprofen, a significant
decrease in concentration during infiltration was observed in fall. The air temperature
and pond water temperature in this particular fall were high, comparable with summer
temperatures (Table 4). In this season, the average concentration of ketoprofen decreased
from 6.84 to 3.63 ng. It can be observed that an increase in water temperature favors the
processes of removing paracetamol and ketoprofen from infiltrating water.

Figure 5 shows the average annual concentrations of the tested pharmaceuticals
at measurement points after the retention time in soil. During the assessment of the
annual average concentration of paracetamol, it should be noted that it decreases gradually
and steadily during the flow of infiltrating water. The annual ketoprofen concentration
decreases on the way from the pond to the PP3 piezometer. Then, an increase in ketoprofen
in the water taken from the well occurs. The greatest increase in ketoprofen in the well
occurred in winter (Figure 4). This resulted in a low average annual ketoprofen removal
efficiency. The detected increase in ketoprofen in the well may be the effect of the desorption
phenomenon. This phenomenon has been described in the literature devoted to the
migration of pharmaceuticals in the ground [12].
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Figure 5. Annual average concentrations of paracetamol and ketoprofen throughout the infiltration
route in subsequent measurement series.

The approximate values of paracetamol and ketoprofen concentrations (Figure 5)
were used to determine the average annual removal efficiency of these pharmaceuticals
from infiltration water. The average annual removal efficiency was calculated according to
the formula:

C —C
MJOO%

Cpond

Einf = @
where Cp,nq is the average concentration of the studied pharmaceutical in water from the
infiltration pond during the research period and Cgys is the average concentration of the
studied pharmaceutical in water from well S-48 during the research period.

The removal efficiency of the studied pharmaceuticals in the infiltration process
during the research period, along with their specific characteristic, is presented in Table 5.
The parameters presented in Table 5 are helpful for analysis of the obtained results and
evaluation of the ability of tested drugs to undergo biodegradation and adsorption. Many
contaminants, including NSAIDs present in the water, undergo biodegradation and/or
adsorption during the ground passage of infiltration [22].

Table 5. Paracetamol and ketoprofen characteristics and annual average removal efficiency in the
infiltration process during the research period.

Paracetamol Ketoprofen
Efficiency % 42.03 0.57
Molar mass * 151.163 254.281
Hydrophilicity logP * 0.46 3.12
Strength of an acid pKa * 9.7 4.8

7).

The logP value, shown in Table 5, is a log10 of partition coefficient—P. The compound
is more hydrophilic (which means it has a higher affinity for the aqueous phase) when the
logP has negative value. Logl0 value (logP) is the partition coefficient between octanol
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and water (P). Hydrophilicity is a measure of the tendency of chemical molecules to
associate with water. Compounds with logP > 3 are characterized by low hydrophilicity.
Among the two analyzed NSAID substances, paracetamol (logP = 0.46) is more hydrophilic,
which may suggest its higher biodegradability in comparison to ketoprofen. In turn,
ketoprofen, characterized by low hydrophilicity (more lipophilic) (logP = 3.12), has a
higher bioaccumulation potential and adsorbs better in sediments [7].

According to literature data, the acidic environment increases the susceptibility of
the studied pharmaceuticals to the sorption processes, which reduces the effectiveness of
microbiological decomposition [27]. In the infiltration process, the pH value decreased
along the ground passage (Table 4), which results in a gradual advantage of adsorption
at the expense of biodegradation as water flows. Adsorption may occur on soil grains,
especially on iron oxide coated soil grains near the well. The iron oxides may be considered
as a mesoporous adsorbent [28,29] with the ability to remove organics, including NSAIDs.

The strength of an acid, pKa, is a parameter which characterizes how weak or strong
an acid is. The pKa is defined as the negative base-10 logarithm of the acid dissociation
constant (Ka) of a solution. The lower the pKa value, the stronger the acid. Pharmaceuticals
characterized by an acidic nature are poorly adsorbed and circulate in the water phase [30].
Ketoprofen is a derivative of propionic acid and is acidic in nature. The pKa value for
ketoprofen is 4.8; therefore, it is poorly adsorbed and remains in the water phase [7].
In turn, paracetamol is a very weak acid and is characterized by a much higher value,
pKa = 9.7, which determines its better absorption ability [31]. This means that, apart from
biodegradation, paracetamol can also undergo a sorption process, thus increasing the
removal efficiency compared to ketoprofen.

The literature states that heterotrophic bacteria are present at the first stage of infiltra-
tion in the water rich of organics. The heterotrophic bacteria, which include Zoogleara migera,
Pseudomonas fluorescens, Pseudomonas putida, Achromobacter sp., Flavobacterium sp. (gram
negative bacteria), Micrococcus sp. as well as Bacillus sp. (gram positive bacteria), are
primarily aerobic (except for Micrococcus sp., which is an anaerobic, and Bacillus sp. which
is facultative anaerobic), mesophilic bacteria, for which the optimal growth temperature is
30-40 °C, while the optimal pH of the environment is approximately 7. The analysis of data
presented in Table 4 indicates that the water in the pond is well oxygenated. At the first
section of infiltration, from the pond to PP1, aerobic conditions prevail, and the organic
compounds are present, as shown in Table 4 by the TOC parameter. The concentration
of organic compounds, measured with the TOC value, decreased from (9.02 =+ 4.66) to
(5.64 + 0.79) on the way from the pond to PP1. The first part of the infiltration path is
characterized by the highest removal efficiency of organics. In the next section, from PP1 to
PP2, the oxygen level drops to a value lower than 2.0 mg/L. Consequently, there are good
conditions for the development of aerobic heterotrophic bacteria in the first section, while
in the second section, facultative and anaerobic heterotrophic bacteria may be responsible
for the removal of organics. In the first section of the infiltration route, paracetamol is
removed in summer from an average value of 7.41 to 5.67 ng/L. The overall efficiency of
paracetamol removal in summer is high, reaching 89% (decrease in concentration from 7.41
in the pond to 0.81 ng/L in the well, Figure 4). These high effects were favored by the
high water temperature in the pond, equal to 21.4 °C. The highest efficiency of ketoprofen
removal, equal to 46.86%, was observed in fall, with the average water temperature at this
time of year equal to 16.3 °C (in the pond).

As the water flows, the environment becomes depleted in organic matter, which
contributes to the death of heterotrophic bacteria.

The molar mass of paracetamol (Table 5) is much lower than that of ketoprofen. It
is an additional factor that increases the effects of paracetamol biodegradation compared
to ketoprofen.

Nonsteroidal anti-inflammatory drugs which do not belong to salicylate derivatives
(naproxen, ketoprofen, paracetamol and ibuprofen) are degraded to a high extent by fungi
using lignolytic enzymes and the cytochrome P-450 system [32]. In the process of pharma-
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ceutical transformation and degradation, the fungi belonging to the Cunninghamella elegans,
Beauveria bassiana and Cunninghamella echinulate species take action [33,34]. The optimal
temperature for the growth of these species is 25-30 °C and the pH is 6-8. The analysis
of data presented in Table 4 indicates that, in the first section, from the pond to PP1, in
summer and fall (with higher air and water temperatures in the pond), there are good
conditions for the development of these organisms, which increases the removal efficiency
of the tested NSAID compounds.

5. Conclusions

The concentration of both tested NSAIDs changed in river water during the research
year. The concentration of paracetamol ranged from 0.27 to 7.46 ng/L and clearly depends
on the seasons, giving higher values in winter and spring and showing a sinusoidal trend.
In turn, ketoprofen content changes in a similar concentration range from 0.65 to 8.2 ng/L;
however, the changes do not correlate with the seasons.

Temperature is a particularly important parameter in biodegradation processes, which
significantly affects the removal of pharmaceuticals. For paracetamol, there is a clear
decrease in concentration in summer when the temperature of water is higher. For ketopro-
fen, a significant decrease in concentration during infiltration was observed in fall, which
was relatively warm. In this season, the average concentration of ketoprofen decreased
from 6.84 to 3.63 ng. It can be observed that an increase in water temperature favors the
processes of removing paracetamol and ketoprofen from infiltrating water.

Paracetamol decreases gradually and steadily during the flow of infiltrating water. The
annual ketoprofen concentration decreases on the way from the pond to the PP3 piezometer.
Then, an increase in ketoprofen in the water taken from the well occurs especially in winter.
This resulted in a very low average annual ketoprofen removal efficiency. Desorption is a
phenomenon that may affect the final removal effect of NSAIDs during infiltration, which
was observed in the case of ketoprofen.

Paracetamol was removed during infiltration with the annual average efficiency equal
to 42%, but ketoprofen was not removed efficiently.

The characteristic chemical parameters of pharmaceuticals are helpful for predicting
the ability of tested drugs to undergo biodegradation and adsorption. Taking into account
the hydrophilic properties and logP criterion, paracetamol shows greater biodegradability
than ketoprofen. The lower molecular weight of paracetamol also contributes to its better
biodegradation compared to ketoprofen.

Taking into account the pKa parameter, paracetamol can also undergo a sorption
process (to a greater extent than ketoprofen), thus increasing its removal.

Further research should focus on the analysis based on molecular biology. The results
of such an analysis would allow to check the presence of microorganisms, including bacteria
and fungi, responsible for the biodegradation of pharmaceuticals present in the infiltrating
water. This, in turn, would allow for a more precise determination and experimentation of
the conditions for optimal biodegradation of pharmaceuticals.
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ABSTRACT

The goal of the research was to determine the effects of artificial infiltration as an initial water
treatment process at the river water intake. The effects were determined with respect to removal of
chemical admixtures as well as lowering microbiological parameters. The impact of the seasons and
operating conditions of the intake on the achievement of stabilized infiltration effects was inves-
tigated. The research was carried out on a water intake for a town with a population of 500,000
in Central Poland. The field research installation was used for the tests. The metering wells (pie-
zometers) were drilled along the water flow path from the pond to the collecting well. The effects
of infiltration were assessed in terms of the changes of the physical, chemical and microbiological
parameters of infiltration water, compared to river water. The test results confirmed that the infiltra-
tion process improves the physicochemical and microbiological parameters of water. The water after
the infiltration process exhibits similar characteristics to groundwater. The infiltration effects are
affected by the phase of the pond operation cycle. This was visible in the case of organic compounds,
the removal of which were the lowest at the beginning of pond operating cycle.

Keywords: Surface water treatment; Infiltration process; Filtration; Adsorption; Biodegradation;

Bacteria; Chlorophyll-a; Organics

1. Introduction

An increase of water deficiency and pollution can be
observed at a global scale. Groundwater is the most valu-
able source for the production of drinking water. In order to
increase the groundwater resources, which may be depleted,
the surface water infiltration process is carried out on the
intakes. Infiltration is based on forcing the flow of the surface
water into the ground as a result of the intake of the water
feeding the aquifer through deep wells. Artificial ground-
water replenishment is justified and effective in the areas
with favourable geological and hydraulic conditions [1-3].

* Corresponding author.

The surface water which feeds the infiltration intakes
contains the inorganic and organic compounds of natu-
ral origin in suspended and soluble forms. In most cases,
the surface water in rivers is contaminated with sewage,
chemicals, drugs, hormones, bacteria, viruses, fertilizers,
plant protection agents and their breakdown products [4,5].
Artificial infiltration of surface waters improves numer-
ous physicochemical and microbiological parameters of
water [6-10]. The improvement of the water quality in the
infiltration process occurs as a result of the filtration, sedi-
mentation, adsorption, biodegradation, and ion exchange
processes [2,11]. The infiltration process changes the quality

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.



J. Jez-Walkowiak et al. / Desalination and Water Treatment 226 (2021) 62-76

of surface water to that of groundwater with an elevated
concentration of iron and manganese [2,3].

The infiltration process is commonly used in every
region of the world. The effect of initial pretreatment at
the intake mainly is influenced by the raw water quality.
The infiltration intakes are supplied by the lake waters for
example in Finland, [12,13] and by river waters for exam-
ple in Germany (Zurich, Dusseldorf and Berlin) [2], Poland
(Warszawa, Legnica, Poznan, Bydgoszcz), Brazil [14], India
and USA [15].

It is important to situate the infiltration intake in favor-
able hydrogeological conditions [2]. The ground should
be permiable to an appropriate degree and create the
opportunity for effective filtration.

The other factor which influences the infiltration water
quality is the balance of raw groundwater and surface water
supplying the intake. The balance depends on the location
of the intake and the aquifer. The retention time of water
in the ground is a very important factor which affects the
pre-treatment efficiency.

The operation conditions and design approaches depend
on the water authority. In European infiltration intakes, the
ground retention time lasts from weeks to even months
giving the opportunity to eliminate the dissolved organic car-
bon, while in the USA the retention is usually much shorter
and effects are focused on the removal of pathogens [2].

The efficiencies in the order of several dozen percent
contribute to measurable benefits in terms of the treatment
costs of water treatment stations. A well designed infiltra-
tion intake situated at an appropriate hydrological site
may provide high quality water that needs much simpler
treatment [16].

For the efficiency of the treatment system, it is import-
ant that the effects of infiltration carried out on the intake
are kept at a stable level in order to maintain the required
treatment effects on the water treatment plant. The effect
of the infiltration might be affected by several operational
conditions such as sudden deterioration of the supply
water quality, increased water demand and the operating
phase of infiltration ponds.

The operation of infiltration ponds consists of four stages:

¢ the initial stage of pond operation (after periodic clean-
ing of the ponds), which includes a gradual improvement
of the infiltration water quality,

Table 1
TOC removal effectiveness at selected infiltration intakes

63

¢ the stage of operation with constant treatment efficiency,

e the final stage of operation, in which the infiltration
efficiency decreases,

¢ the stage of cleaning the bottom of the pond.

It is important to estimate the impact of operation con-
ditions for the certain infiltration intake to evaluate the
risk of lowering the elimination efficiency of organics and
microbial. The efficiency of the infiltration process decreases
over time, because detritus, organic and inorganic matter
accumulate at the bottom of the infiltration ponds. When
the filtration rate is too low, the upper filtration layer
must be removed. The process of cleaning the bottom of
the infiltration pond determines the pond operation cycle
analogously to the cycle of the rapid filters.

The total organic carbon (TOC) parameter is used in
many studies to evaluate the efficiency of organics removal
in infiltration process. The average efficiency of reducing
the TOC value achieved in the infiltration process reaches
values up to 70% [12-16]. The effectiveness of reducing
TOC in the infiltration process on selected infiltration
intakes in the world is presented in Table 1. The values in
the table show that the infiltration intakes are characterized
by a significant removal efficiency of organic compounds.
The efficiencies in the order of several dozen percent con-
tribute to measurable benefits for the treatment costs of
water treatment stations.

The study presents the results of water testing from
two operation periods of the test pond: immediately before
cleaning the bottom of the pond from accumulated sedi-
ments (stage I of research) and after cleaning it from bottom
sediments (stage II of research). The long stage II period
allowed elucidating the effects of infiltration and to deter-
mine the variability of infiltration water quality depend-
ing on the pond exploitation period, seasons and intake
efficiency.

The purpose of the research was to determine the
effects of artificial infiltration performed at the river water
intake as well as to evaluate the factors affecting this perfor-
mance, such as raw water quality changes during the year
and stage of infiltration pond operation. The effects were
determined with respect to removal of chemical admixtures
as well as lowering microbiological parameters.

The experiment was designed in accordance with the
research methodology of the infiltration process [7] in

Infiltration intake, location Raw water TOC, Average TOC removal Literature
(mg/L) efficiency, (%)

Hietasalo, Finland 12.1 20 [12]

Lake Vihnusjarvi, Finland 10 55 [13]

Vesijarvi 4.8 29 [13]

Louisville, USA - 60 [17]

Krajkowo-Mosina, Poland (vertical and horizontal wells) 14.25 22.5-25.7 [7]

USA - 35-67 [15,18]

Lagoa do Peri, Santa Catarina, Brazil 6.0 28 [14]
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order to determine changes in the quality parameters of the
infiltrating water during its flow through the ground.

2. Material and methods
2.1. Study area, research installation and measuring points

The research was carried out on a water intake for
a town with a population of 500,000 in Central Poland.
The infiltration intake is supplied by Warta River at the
247-251 km of the river course. Warta is the third longest
river in Poland, the second fully within its borders; and
the main, right tributary of the Oder River. Warta Dolna
(68.2 km, from Santok to the mouth of the Oder) is an ele-
ment of the International Waterway E70, established in
1996 in the AGN (European Agreement on Main Inland
Waterways of International Importance).

From the hydrogeological point of view, Debina intake
is located within quaternary uncovered groundwater res-
ervoir. It covers part of the floodplain terrace of the left-
bank Warta River valley. The ground of the reservoir is
made of Upper Miocene clays. The quaternary aquifer
consists of two age series — the younger from Holocene
and the older from Pleistocene. In total, they do not exceed
20 m in thickness. Holocene sediments reach 4-8 m deep
on average. They are strongly diversified. They are domi-
nated by fine-grained and dusty sands, but intercalations
of silt, peat and alluvion can also be countered. Holocene
sediments are the base of infiltration ponds. Pleistocene
sediments occur in the bottom part of the reservoir and
are more homogeneous. They consist of medium-grained
and coarse-grained sands with an admixture of gravel or
only gravel with pebbles. Finer deposits are rarely observed.
The most favourable infiltration conditions are in the south
of the reservoir in the region of Lubon - a bed in sands of
considerable thickness. Less favourable conditions occur
along the Starotecka edge — left-bank infiltration limited by
tertiary clays. The worst infiltration conditions occur along
the III siphon wells — large amount of organic sediments.

The balance of raw water directed from Debina intake
to the water treatment system is as follows: artificial infil-
tration — approx. 70%, riverbank infiltration — approx. 20%,
groundwater — 10% [19].

The river water is taken from the bay current intake
and pumped to infiltration ponds without pre-treat-
ment. Infiltration water is taken up by a system of siphon
wells located 60-90 m from the edge of the infiltration
ponds. The infiltration water is then treated at the water
treatment plant through the aeration, rapid filtration and
disinfection processes.

The experimental installation is located on the way
between the bank of the infiltration pond (one of 27 operated
ponds at the intake) and one of the intake wells included in
the water collecting system — levar II. The levar II collects
water from 92 wells with average capacity of 1,200 m*/h.

The retention time of water in the ground of field
experimental installation was determined on the basis of
temperature measurements in the pond, piezometers and
collecting wells. The retention time of water during infil-
tration corresponds to the travel time of a wave of water
of the same temperature [1]. The retention time for the

field installation is equal to 70 d. The retention time for
the entire intake is approx. 4-8 weeks [20].

Water-bearing formations in the infiltration intake are
characterized by very good permeability. The ground is an
excellent filter bed for acquiring groundwater from natural
and artificial water from infiltration ponds. The tempera-
ture of the water, which ranges from 0.5°C to 24°C, affects
the filtration speed. The coefficients of filtration and hydrau-
lic conductivity of the aquifer may vary. The maximum
filtration rate is 18.32 m3/h and the minimum is 3.2 m*h.

An on-site research installation which consisted of
3 piezometers drilled along the water flow path from the
pond to one of the siphon wells was built (Fig. 1). The line
drawn by piezometers is perpendicular to the edge of the
pond and the line of siphon wells. The metering wells (pie-
zometers) are 5.5, 7.5 and 9.5 m deep and have diameter
of 10 cm. The collecting well is 15.50 m deep. The infiltra-
tion pond is 600 m long and approximately 20 m wide at
the bottom. The water flow at the intake and in the research
installation together with measuring points is presented
in Fig. 1. The cross-section of the infiltration path is pre-
sented in Fig. 2. The conducted geological research shows
that in the subsurface layer of the ground up to a depth
of approx. 2.5 m below the ground level there are fine
sands. Below there are non-composites, including medi-
um-grained and coarse-grained sands with an admixture
of gravel. In the lowest tested cross-section, 8 m below the
ground level the presence of gravel with pebbles was found.

The measuring points for water testing included: the
Warta River (R), beginning of the pond (PB), middle of
the pond (PM), end of the pond (PE), piezometers (PP-
1, PP-2, PP-3) and the infiltration well (W). The distance
of the measuring points from the edge of the infiltration
pond is given in Table 2.

2.2. Stages and scope of the research

The studies were conducted from the 17th of January
2018 to the 23rd of September 2019. The experiments were
divided into two stages: initial and main research. The ini-
tial tests were conducted from January 2018 to July 2018.
They included the analysis of the water collected from five
measuring stations: from the Warta River (R), from three
infiltration pond positions (beginning of the pond - PB,

RAW WATER TRAIN

PB PM PE
R —
— LEGEND:
z R -Warta River
E PB -Beginning of the pond
= PP-2 PM - Middle of the pond
= PE - End of the pond
u PP3 ;
= PP-1 - Piezometer No. 1
@ PP-2 - Piezometer No. 2
& oW PP-3 - Piezometer No. 3

W -Well

Fig. 1. Water flow scheme on the intake with measuring points.
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Fig. 2. Cross-section of the infiltration path (Cierniak et al. [1]).

Table 2
Distance of measuring points from the bank of the infiltration
pond

Sampling points Distance from pond’s bank, (m)
PP-1 18.00
PP-2 45.50
PP-3 62.90
Well - 85.90

middle of the pond - PM, end of the pond— PE) and wells
(W station). Initial examinations were carried out during
the final period of the pond work cycle before the clean-
ing process in July 2018. Six research series were carried
out during the preliminary period. The samples were
collected by every month.

The experiments during the second stage were extended
in relation to the preliminary tests by the analyses of the
water collected from the piezometers located on the path of
infiltration water flow from the pond through the ground
to the well (measuring stations PP-1, PP-2, PP-3). The
second stage began with a new cycle of the pond opera-
tion after its cyclic cleaning. Thirteen research series were
carried out during the second main period of research
from October 2018 to September 2019. The samples were
collected every month. In the second stage, the water
analyses were performed for all 8 measuring points.

The effects of artificial infiltration were assessed in terms
of the changes of river and infiltration water quality param-
eters, such as: turbidity, colour, total suspension, nitrogen
and phosphorus, iron, organic compounds measured as
TOC, chemical oxygen demand (COD-Mn), microbiolog-
ical parameters (abundance of coliform, Escherichia coli,
enterococci, mesophilic and psychrophilic bacteria) and
Chlorophyll-a.

2.3. Sampling methods

The sampling of water for the bacteriological tests from
the Warta River and infiltration ponds was carried out from
the subsurface layer (approx. 30-50 cm under the water
surface).

The infiltration ponds are shallow and their depth is
equal to approx. 1.2-1.5 m. In order to avoid cloudiness of
the water by moving the bottom sediment by the bathome-
ter and at the same time not to collect water from the sur-
face, samples were collected from the subsurface layer, from
a depth of approx. 30-80 cm. Samples taken from several
depths of such a layer would not represent the variability
of the parameters tested. Therefore, 5 L water samples were
collected in order to average the water quality. In case of
the river, water samples were taken from a similar depth,
as there are pump inlets there, forcing the water to the infil-
tration ponds.

The water collection from piezometers and from the well
was carried out by means of a pump and a hose (sterile).
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Collection of water from PP-1, PP-2 and PP-3 for analysis
was carried out after pumping out two volumes of water
from the piezometer.

2.4. Field analyses

The retention time of infiltrated water in the ground
was evaluated by temperature measurements. The tem-
perature of water was measured in the infiltration pond, in
piezometers and in collecting well about two meters below
the water level, every 2—4 weeks.

2.5. Laboratory analyses

The physicochemical analyses of pH-value, tempera-
ture, conductivity, dissolved oxygen, COD-KMnO,, nitrogen
(ammonium, nitrate, nitrite), phosphorus (total, orthophos-
phate), iron, colour and turbidity, total suspended solids
(TSS) were carried out according to Standard Methods [21].
The TOC analyses were carried out using the Multi N/C®
3100, Analytik Jena, Germany. Total suspended solids were
determined after filtration through Whatman GF/F glass
fibre filters and desiccation at 105°C. Chlorophyll-a was
determined spectrophotometrically after filtration through
Whatman GEF/F glass fibre filters and extraction in 90% ace-
tone. The calculation of its concentration was carried out
using Lorenzen’s formula [22].

The microbiological sanitary analysis of water included
the determination of the total number of mesophilic bacte-
ria in a 1 mL water sample (culture at 36°C + 2°C for 48 h),
psychrophilic bacteria in a 1 mL water sample (culture at
20°C + 2°C for 72 h), coliform bacteria in a 100 mL water
sample (culture at 36°C + 2°C for 24-48 h), Escherichia coli
in a 100 mL water sample (culture at 44°C for 24-48 h) and
faecal enterococci (Enterococcus) in a 100 mL water sample
(culture at 36°C + 2°C for 24-48 h). The mesophilic and psy-
chrophilic bacteria were studied by means of pour plate
technique using nutrient agar, the coliform and Escherichia
coli bacteria by means of membrane filtration using Endo
FM Agar, while faecal enterococci were determined based
on membrane filtration and Slanetz and Bartley Medium
Enterococcus Agar [23-25]. Due to the different degree of
microbial water contamination, dilutions of water samples
were used during the tests, and the final result was calcu-
lated in the case of mesophilic and psychrophilic bacteria as
CFU/1 mL (CFU - colony forming unit), while in case other
microbiological parameters, CFU/100 mL was used.

TSS and Chlorophyll-a in the groundwater samples at
the initial stage of the tests were close to zero therefore, at
a further stage of research, the analysis of these parameters
were limited to the surface water samples only.

All field and laboratory analyses were performed in
triplicates.

3. Results
3.1. Preliminary research

Selected results of physicochemical analyses of water
from the Warta River and the infiltration pond from the
first stage of research are summarized in Table 3.

In the winter period of preliminary tests, the measured
parameters (COD, ammonia, nitrites, nitrates, turbidity,
colour, total phosphorus, orthophosphates and TSS) were
relatively stable in river water (R), at the beginning (PB)
and at the end (PE) of the pond. COD, turbidity, colour
and orthophosphates in the R-PB-PE flow path fluctuated
during the summer because biodegradation processes and
better sedimentation occur at higher temperatures.

In the initial period of research, from January to June
2018, variable values of Chlorophyll-a and TSS were mea-
sured at measuring points. In winter, the Chlorophyll-a
values were very low — below 7 pg/L, while in the spring,
along with the development of phytoplankton organ-
isms, they began to increase. In the Warta River in April
and June its concentration was high and reached >50 ug/L.
High values of this parameter indicated the eutrophi-
cation of the Warta River according to the criteria pro-
posed by Dodds et al. [26] and sampling points located in
the pond based on the Carlson’s Trophic State Index for
Chlorophyll-a — TSI(CHL) (mean values >50) [27,28].

During preliminary tests, the water samples for micro-
biological determinations were collected in the Warta
River (R) as well as at the beginning (PB) and at the end
(PE) of the infiltration pond. The total number of meso-
philic and psychrophilic bacteria in a 1 mL water sample
as well as coliform, Escherichia coli and enterococci bacteria
in a 100 mL water sample were analysed. The test results
are summarized in Table 4.

During the complete research period, significant fluc-
tuations in the number of all microorganisms were noted.
In all water samples, a higher number of the psychro-
philic compared to the mesophilic bacteria was usually
noted, while the presence of coliforms, Escherichia coli and
enterococci indicated faecal water contamination.

3.2. Second stage of research

On the basis of the measurement of the temperature
changes at measuring points in the period from October
2018 to July 2019, the residence time of water in the ground
was determined at 70 d [1]. The water quality parameters of
8 measuring points, including river, beginning, middle and
end of the pond as well as metering wells are presented in
the following charts. In the infiltration process, the amount
of easily oxidizable organic compounds is reduced, which
is measured by the reduction of COD-Mn. The COD-Mn of
water during infiltration decreased from 6.3-12.84 mg O,/L
(river) to 4.10-5.86 mg O,/L (well). The average COD-Mn
values calculated for individual seasons were presented
in Fig. 3. The change of the TOC value in river water, in
the pond and along the infiltration route to the tested
well was presented in Fig. 4. The concentrations of TOC
was much higher in the Warta River (3.55-10.06 mg C/L)
than in the well (0.00-4.92 mg C/L).

The following figures show the change of colour
(Fig. 5) and turbidity (Fig. 6) in raw and infiltrating water.

The colour of the water (Fig. 5) decreased in the flow
path from the river to the well to the value 8-16 mg Pt/L.

The infiltration results in a high removal of turbidity
(Fig. 6). The lowest turbidity values of 0.09-0.34 NTU were
recorded in the PP-3 piezometer. The total iron concentration



Table 3
Values of selected physicochemical parameters of water in the Warta River (R) as well as at the beginning (PB) and the end (PE) of the
infiltration pond during the initial study period

Station Date Average + standard
17.1.18 82.18 28318 24518 25.6.18 9.7.18 deviation

Turbidity (NTU)

R 15 2 2 6 15 10 83+6.0

PB ns 2 2 10 9 ns 58+4.3

PE 16 2 2 2 90 ns 22.4+38.3
Colour (mg Pt/L)

R 40 35 40 50 40 40 40.8+4.9

PB ns 35 40 50 40 ns 41.3+6.3

PE 45 30 45 35 40 ns 39.0+6.5

Chemical oxygen demand (COD-Mn) (mg O,/L)

R 7.8 4.6 8.9 119 10.5 ns 8.7+2.8

PB ns 44 9.4 10.3 10.2 ns 8.6 +2.8

PE 8.1 4.7 9.7 7.9 8.5 ns 78+19

Ammonium nitrogen (mg NH,/L)

R 0.48 0.46 0.38 0.31 0.00 0.00 0.27+0.2

PB ns 0.49 0.40 0.36 0.00 ns 0.31+0.2

PE 0.02 0.44 0.39 0.31 0.00 ns 023+0.2
Nitrites (mg NO,/L)

R 0.18 0.13 0.16 0.23 0.07 0.05 0.14 +0.07

PB ns 0.13 0.17 0.12 0.07 ns 0.12+0.04

PE 0.13 0.12 0.18 0.36 0.11 ns 0.18+0.10
Nitrates (mg NO,/L)

R 0.05 0.03 0.03 0.06 0.04 0.05 0.04 +0.01

PB ns 0.07 0.01 0.04 0.04 ns 0.04 £0.02

PE 0.08 0.06 0.02 0.03 0.05 ns 0.05+0.02

Orthophosphates (mg P/L)

R 0.0130 0.0053 0.0102 0.0253 0.0088 0.0203 0.0138 +0.008
PB ns 0.0048 0.0124 0.0182 0.0062 ns 0.0104 = 0.006
PE 0.0160 0.0037 0.0120 0.0106 0.0044 ns 0.0093 +0.005

Organic phosphorus (mg P/L)

R 0.0730 0.0267 0.0818 0.6947 0.0462 0.0827 0.1675 +0.259
PB ns 0.0282 0.0456 0.0708 0.0468 ns 0.0479 +0.018
PE 0.0420 0.0223 0.0770 0.7294 0.0866 ns 0.1915 +0.302

Total phosphorus (mg P/L)

R 0.0860 0.0320 0.0920 0.7200 0.0550 0.1030 0.1813 + 0.265

PB ns 0.0330 0.0580 0.0890 0.0530 ns 0.0583 +0.023

PE 0.0580 0.0260 0.0890 0.7400 0.0910 ns 0.2008 + 0.303

TSS (mg/L)

R 49 3.2 6.6 25.8 12.4 29.4 13.7+11.2

PB ns 44 7.0 25.6 14.6 17.4 13.8+8.5

PE 5.6 22 6.9 17.0 24 40.8 125+14.9
Chlorophyll-a (ug/L)

R 2.49 2.25 20.58 53.51 26.20 69.28 29.05+27.3

PB ns 3.61 15.72 55.38 17.59 46.19 27.70 £22.0

PE 4.74 6.42 4491 23.95 412 78.69 27.14+29.8

ns — not studied
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Results of preliminary microbiological tests of water in the Warta River (R), at the beginning (PB) and end (PE) of the infiltration pond

Station Date
17.1.18 8.2.18 28.3.18 24.5.18 25.6.18 9.7.18 Min. Max. Average + SD
Mesophilic bacteria (CFU/1 mL)
R 650 2,600 480 1,770 13,200 1,650 480 13,200 3,392 + 4,868
PB ns 1,500 750 8,500 2,850 11,600 750 11,600 5,040 + 4,763
PE 440 300 170 775 1,260 1,500 170 1,500 741 + 540
Psychrophilic bacteria (CFU/1 mL)
R 4,700 6,100 6,600 4,300 15,100 13,200 4,300 15,100 8,333 £ 4,625
PB ns 6,400 5,100 11,500 4,400 11,400 4,400 11,400 7,760 + 3,444
PE 4,500 5,200 1,350 450 2,400 2,050 450 5,200 2,658 + 1,837
Coliform (CFU/100 mL)
R 2,020 3,400 3,500 5,000 57,500 ns 2,020 57,500 14,284 + 24,181
PB ns 3,500 1,875 5,250 43,200 ns 1,875 43,200 13,456 + 19,877
PE 800 152 2,125 1,200 14,400 ns 152 14,400 3,735 + 6,004
Escherichia coli (CFU/100 mL)
R 360 240 1,750 85 22,000 ns 85 22,000 4,887 +9,590
PB ns 84 150 80 18,000 ns 80 18,000 4,579 + 8,948
PE 34 5 175 6 6,200 ns 5 6,200 1,284 +2,749
Enterococci (CFU/100 mL)
R 200 280 590 100 440 ns 100 590 322+£195
PB ns 120 190 140 420 ns 120 420 218 £138
PE 75 28 12 4 280 ns 4 280 80115

ns — not studied

in the water collected from all measuring points is presented
in Fig. 7. The iron present in surface water is removed in
the ground up to the last PP-3 piezometer. Iron is washed
out of the deep soil near the well.

The following charts show the changes in the concen-
tration of various forms of nitrogen (Fig. 8) and phosphorus
(Fig. 9) in raw and infiltrating water.

The highest concentrations of ammonium nitrogen
occurred in winter and spring (up to 0.95 mg NH,/L), in
turn, the lowest — in autumn (0.11 mg NH,/L). Higher con-
centrations of nitrates (NO,) occurred in spring and sum-
mer (up to 1.66 mg NO,/L), whereas they were very low
in autumn and winter at a level of 0.01-0.03 mg NO,/L.
The highest nitrite nitrogen concentrations occurred in
winter and spring (up to 0.54 mg NO,/L), while the lowest
were determined in summer (0.01-0.23 mg NO,/L).

The average total phosphorus remained in the range
of 0.02-0.39 mg P/L. As the infiltration proceeded, the
concentration of orthophosphates increased, while the con-
centration of total phosphorus fluctuated slightly. The con-
centration of TSS in the second stage of the study usually
was the lowest at the end of the pond (Fig. 10).

From October to February, low Chlorophyll-a values
(usually <10 pg/L) were observed in the river and in
the pond (Fig. 11). In turn, from March to September there
was a continuous increase in Chlorophyll-a concentration

in the Warta River. The values exceeding 30 pg/L recorded
in spring and summer indicated the eutrophication of the
Warta River waters according to the criteria proposed by
Dodds et al. [26]. In turn, mean year TSI(CHL) (trophic
state index) calculated for the pond indicated its eutrophi-
cation in the measuring station — PB (TSI(CHL) > 50) and
mesotrophy in other stations (TSI(CHL)) — the obtained
values were between 40 and 50) [27,28]. This indicated a
reduction of water trophy with the flow of water along the
pond. At the PM and PE stations, much lower Chlorophyll-a
values in comparison to the PB station were usually mea-
sured. The sample collected in early July was an exception,
in the case of which the Chlorophyll-a concentration was
very low in the pond at each site. During this time, inten-
sive zooplankton development was observed in the pond -
mainly of Cladocera, which are consumers of phytoplankton
organismes.

The microbiological analysis of water included the
same determinations that were carried out during the ini-
tial tests. The obtained results regarding mesophilic and
psychrophilic bacteria, coliforms, Escherichia coli and entero-
cocci were summarized in Figs. 12-16.

The abundance of mesophilic bacteria in the Warta
River and in the pond (Fig. 12) fluctuated significantly and
ranged from 20 (14.05. PM) to 37,800 (15.01. PB) CFU/1 mL.
More often, higher numbers were found in the river water



J. Jez-Walkowiak et al. / Desalination and Water Treatment 226 (2021) 62-76 69

COD-Mn

BR
mPB
5[5
BPM

mg 0,/L

@PP-1
@pPp-2
@PP-3
aw

AUTUMN

WINTER SPRING SUMMER

Fig. 3. COD-Mn in water at the infiltration intake.

Total organic carbon
12

BR
HPB

10

BPE
Baprm

@

TOC [mgC/L)

@PP-1
@PP-2
EPP3
BW

AUTUMN

WINTER SPRING SUMMER
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(R) or at the beginning of the pond (PB), while the lowest
values were measured at the end of the pond (PE) or in the
middle (PM). A similar relationship concerned the psychro-
philic bacteria (Fig. 13); however, their numbers were usu-
ally higher compared to the mesophilic bacteria. Coliform
bacteria, Escherichia coli and enterococci (Figs. 14-16),
which indicate the faecal contamination of water, were
also more commonly found in the river water (R) or at the
beginning of the pond (PB). Their numbers also fluctuated
significantly during the individual research periods.

The average values and standard deviations for chem-
ical and microbiological water quality parameters are
presented in Tables 5 and 6.

4. Discussion

The use of infiltration ponds at the water intake allows
the retention of surface water in the event of a sudden
deterioration in the quality of feed water or an ecological
disaster. The infiltration intake provides retention for a
period of approx. a month in the event of the need to stop
the flow of river water to infiltration ponds, for example,
in the event of an ecological disaster [19,20]. The residence
time of water in the infiltration ponds can result in the
stabilizing and averaging of water quality parameters in
relation to the usually high variability of the surface water
quality parameters [29]. High variability of surface water
may occur, for example, after intense atmospheric precip-
itation, and include an increase of nitrogen, phosphorus
and suspension concentrations due to the surface runoff
from agricultural areas [9,10,30]. Long-term observations
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of water quality at the intake confirm the averaging effect
of the ponds [20]. Such averaging of physicochemical
parameters was not observed during our research.

However, a change in the physicochemical param-
eters of water were observed during its retention in the
pond and flow from the beginning of the pond to its end
in both the initial and the second research period. During
the winter period of the initial study (January-March),
low air and water temperatures resulted in the termina-
tion of the biodegradation processes and the develop-
ment of microorganisms in the pond [2,31,32]. Similarly,
the rate of biodegradation processes in spring were
very low.

The second stage of research began after the bottom sed-
iments were removed from the ponds. During this period,
the hydraulic load of the pond is lower and filtration is
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carried out at a higher rate, until the sediment layer semi
mineral-biological filter membrane is formed at the bot-
tom. Most of the heterogeneous contaminants carried in
river water are retained in the sediment layer [20]. The

Fig. 11. Chlorophyll-a in water at the infiltration intake.

quality of the infiltrating water is also changed as a result
of adsorption and filtration in the bottom layer of the fil-
tration membrane [2,20,29,33]. The aeration zone under the
bottom of the pond also plays an important role in water
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Fig. 15. Escherichia coli (CFU/100 mL) in water at the infiltration intake.
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Fig. 16. Enterococci (CFU/100 mL) in water at the infiltration intake.

treatment. The bacteria and fungi present in this zone
mineralize organic compounds.

During the initial period of pond operation after
cleaning, the treatment effects are reduced and increase
over time until the processes stabilize [2,20]. This phe-
nomenon was observed during this study (Figs. 3 and 4).
Comparable effects of organic compounds removal were
also reported in the literature [29,32,34]. Biodegradation
in infiltration ponds includes the dissolved organic carbon
oxygen processes and denitrification.

The water colour in the well decreased throughout the
entire study period to 8-16 mg Pt/L. It can be concluded
that the effects of colour removal were favoured by the sum-
mer water temperature and the biodegradation processes
of humic substances during this season [35]. In turn, a sim-
ilar colour removal effect at low temperatures was achieved
as a result of soil adsorption [36,37]. It can be considered
that the remaining colour of the water in the well is a nat-
ural hydrogeological background of mixed infiltrating and
underground water. The colour does not pose a direct threat
to health, but indicates the presence of humic compounds
in water, which are precursors of Trihalomethanes [38,39].

The passage of water through soil results in a high
degree of turbidity removal from infiltrating water
[36,40]. In the case of the water collected from the well,
the increased turbidity appears with iron, the concentra-
tion of which increases in the well water. This increase in
iron in the well (the depth of the well is notably greater
than that of the analysed piezometers) may result from
an inflow of groundwater richer in iron or as a result of
leaching of iron(Ill) compounds from the soil in the vicin-
ity of the well, which is a common situation in many infil-
tration wells [41]. The phenomenon may occur due to an
increase of corrosivity of water, leading to iron compound
dissolution [42,43]. According to the hydrological estimate,
approx. 10% of the water taken in the intake is groundwater
with different chemical characteristics than surface waters.
The concentration of iron and manganese in groundwater
is higher than in the water flowing into the well through
the ground. Passage to PP-3 virtually deprives infiltra-
tion water of iron. The area where the wells are dug has
been exploited by the intake for approx. 100 y. The ground
around the well is clogged with, inter alia, iron compounds.

The presence of iron compounds in dissolved, colloidal
and suspended forms in water taken from the well affects
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the values of parameters such as: turbidity and colour, but
it does not affect the results of microbiological parame-
ters and the presence of organic compounds or nutrients.
Despite the fluctuations of turbidity of the water collected
from the well, the well should also be included in the inter-
pretation of changes in the quality of infiltrating water
because the presence of iron oxides in the ground increases
the adsorption effects in relation to pure quartz sand,
influencing further pre-treatment of infiltrating water [44].

During periods of higher pond water temperatures, an
increase of nitrification process intensity and an increase
in the concentration of nitrate nitrogen is observed [45].
These biological changes are influenced by several biolog-
ical factors such as nitrification in the pond, denitrifica-
tion in soil, denitrification at the bottom sediment [11,46],
which result in the increase or decrease in the concentration
of particular forms of nitrogen.

The decrease in the concentration of the TSS suspen-
sions observed in the second stage of research along the flow
path from the river to the end of the pond was most likely
a result of the water flow through the reservoir and sedi-
mentation of the particles.

The Warta River water pumped into the pond is eutro-
phic, as confirmed by earlier studies [47,48]. These studies
also established mass development of algae in the Warta
River — mainly diatoms and cyanobacteria in summer. Some
phytoplankton taxa abundant in river waters can adapt to the
pond conditions and cause water blooms. This was notice-
able at the end of the pond operation period, during initial
tests.

Low Chlorophyll-a values which occurred in the second
study period and in the winter season were the result of
the deteriorated conditions for photosynthesis and phyto-
plankton development (low temperature and low isolation,
ice cover on the pond), which is a typical change observed
in the surface waters in the temperate zone. The decrease
of the Chlorophyll-a concentration along the pond at the
beginning of new pond operation cycle may indicate that
phytoplankton has undergone significant changes. Its bio-
mass was reduced, probably due to the natural death of
phytoplankton (as in the case of bacteria) and its sedimen-
tation assisted by infiltration. The change of the flowing
water of the Warta River into infiltration pond water could
result in the elimination of some taxa which were not able
to move vertically in the water column and remain at the



Table 5

Average values and standard deviations for chemical water quality parameters

Average + SD

Total phosphorus

Orthophosphates

Total iron Ammonium Nitrates Nitrites

Turbidity

Colour

TOC

COD-Mn

0.075 + 0.050

0.015+0.010
0.014 + 0.006
0.012 +0.007
0.014 £ 0.008
0.024 + 0.006
0.026 +0.008
0.024 £ 0.007
0.033 +£0.013

0.17 +0.08
0.17 £ 0.07
0.29£0.17
0.31+£0.15
0.06 +0.05
0.09 +£0.06
0.23+0.17

0.29 +0.41
0.28 £ 0.40
0.31£0.44
0.56 £0.78
0.15+0.23
0.14£0.20
0.15+£0.19
0.46 £0.63

0.41+0.13
0.44+£0.19
0.37£0.14

0.39+0.27
0.35+0.26
0.19+0.16

3.15+£0.48
3.45+0.51
2.57 +£0.66
2.29 +£0.92
0.23+0.15
0.18 £0.11
0.19+£0.11
5.37 £5.39

30.31+12.83

6.00 = 3.00
6.31 +£2.53
5.55+2.48
5.69 +£1.70
3.63+1.88
3.46+£1.09
3.83+1.89
290 +2.07

9.12 +1.45
8.78 £ 1.50
8.25+0.22
7.98 +1.03
5.32 +0.40
4.70 £ 0.80
4.87 £0.59
4.95+0.30

R
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0.064 £ 0.024

30.96 +13.07
31.04 +6.98

PB
PE

0.059 + 0.042
0.066 +0.011

0.38£0.17

0.23+0.17
0.15+0.14
0.17+£0.19

28.44 +8.33

PM

PP-1

0.090 +£0.018

0.41+0.37
0.40+0.21
0.29£0.24
0.47 £0.30

13.02 +2.10

0.172 £ 0.145
0.126 + 0.066
0.087 +0.033

11.79 + 4.00
10.96 + 3.13

PP-2

0.12+0.17
0.67 £0.63

PP-3

0.08 +0.081

10.96 +3.13

W

surface. Consumers could also play an important role in the
formation of the phytoplankton community in the pond,
mainly zooplankton. The environmental conditions in the
pond are more favourable for the zooplankton growth
than in the river what can result in significant reduction
of the phytoplankton biomass [49,50].

The slow flow of water through the pond resulted in
a significant improvement of the water quality in terms
of the microbiological parameters at the final section of
the pond, as the vast majority of microorganisms died. In
some cases, the decrease of the number of microorganisms
in the pond was relatively low, but it should be noted that
the pond is exposed to the external environment (including
surface runoff from soil after precipitation, access by water-
fowl and other animals living in the vicinity of the pond),
which may have caused secondary water contamination and
an increase in the number of some microorganisms.

In the surface water and groundwater the number of
bacteria can be very different and vary notably. In the case
of heavily contaminated surface waters, it may even exceed
1 x 10” CFU/mL [51]. The coliform bacteria, Escherichia coli
and enterococci (Figs. 14-16) were more commonly found
in the river (R) or at the beginning of the pond (PB). It can
be assumed that the faeces of the animals living near the
intake area (birds, mammals) are additional source of all
studied microorganisms in the pond. At the same time, it
should be noticed that the water from the Warta River is
continuously pumped into the pond; hence, the level of the
pond contamination is influenced by the quality of river
water supplied to the pond within a few days prior the
water samples collection.

The bacterial diversity and composition in rivers are
influenced by water temperature, day length, pH, nutrients
and water retention time [52]. In contrast, the water in pie-
zometers and in a well (Figs. 12-16) is usually much better
in terms of microbiological parameters than that found in
the river and in the pond. The best effects of water purifi-
cation from microbial contaminants were noted for entero-
cocci. Faecal streptococci were present in the smallest
concentrations (ranging from 0 to 32 CFU/100 mL) in both
piezometers and wells.

According to Maran et al. [53] degradation and con-
tamination of groundwater are related to the depth and the
type of wells. The high temperature of some samples pro-
motes the development of microorganisms and changes their
organoleptic characteristics, such as taste, odour and colour.
Increased turbidity may be caused by suspended particles,
by the very nature of the rocks or by improper pipe main-
tenance, which is a problem for the consumers using wells.

The studies of Michatkiewicz et al. [54] indicated that
the inflows of point and area contaminants have a signif-
icant impact on the quality of water in the Warta River.
The bacteriological sanitary analysis of water indicated
an intensive inflow of faecal sewage, and concentrations
of Chlorophyll-a, dry matter of seston and the presence of
Cyanobacteria in the phytoplankton indicated that eutrophi-
cation of the river has occurred. Matecka and Donderski
[65] examined the Brda River, in a section of the city of
Bydgoszcz, and reported that the highest abundance of
microorganisms in the water was measured in June and
August, and the lowest in November and March. Among
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Table 6

Average values and standard deviations for microbiological water quality parameters
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Average + SD
Mesophilic bacteria Psychrophilic bacteria Coliform Escherichia coli Enterococci

R 5,513 + 8,569 6,107 + 5,082 14,917 £ 15,162 647 +791 278 + 365
PB 5,726 + 10,885 5,534 + 5,364 16,090 + 16,188 803 + 814 289 + 402
PE 2,376 + 3,432 3,857 + 3,168 13,747 + 18,654 547 + 1,130 198 +222
PM 1,248 £ 1,637 5,892 + 3,646 10,577 + 10,596 260 + 344 257 + 409
PP-1 845 +991 886 + 1,052 159 + 426 108 + 367 1+2

PP-2 1,333 £ 1,907 1,043 +1,327 232 +403 22+69 1£2

PP-3 867 + 1,506 988 + 1,308 49 +135 2+4 3+10

W 1,662 + 2,087 2,552 2,131 367 + 662 134 +352 2+6

bacteria, there were three times more psychrophilic bacte-
ria compared to the mesophilic bacteria (TVC 37°C). The
quantitative ratios of mesophilic and psychrophilic bacte-
ria were similar to our research in the Warta River, while
the dates of the highest and lowest numbers were slightly
different.

The autochthonous (natural) and allochthonous (foreign)
microflora flows into the pond along with the river water.
Natural microflora is involved in the processes of water
self-purification (both in the water column and at the bottom
of the pond), because it includes both autotrophic and hetero-
trophic microorganisms, which in surface waters carry out,
for example, the decomposition of numerous organic sub-
stances. On the other hand, the allochthonous microorgan-
isms originating from, for example, surface runoff, air and
domestic sewage, contaminate the water and are represented
mainly by bacteria found in the digestive tract of humans and
animals. These microorganisms do not reproduce in water
and die over time. For this reason, psychrophilic, mesophilic
and indicator bacteria were investigated in water, indicat-
ing faecal contamination of the water. The infiltration is a
preliminary treatment step. The achievement of essential
effects is the task of the water treatment plant. Final disin-
fection carried out at the water treatment plant effectively
inactivates microorganisms and allows to achieve chemical
stability of the water introduced into the network [20].

5. Conclusions
5.1. Effects in the pond

During the flow of water through the infiltration pond,
a gradual decrease in the bacterial numbers was found in
many cases due to natural cell death. Surface runoff from
the areas surrounding the pond and the droppings of ani-
mals (birds and mammals) living on the intake area may
be an additional source of bacteria in the pond. Therefore,
in some cases, the number of individual bacteria in the
pond was higher compared to the Warta River. The amount
of phytoplankton measured by the concentration of
Chlorophyll-a is also reduced. Seasons, and therefore tem-
perature, affect the intensity of the biodegradation processes,
which improves the quality of water in the pond during the
flow of water from the beginning of the pond to its end.

5.2. Effects in the ground passage

The analysis of microbiological parameters in the infil-
trating water indicated that the highest reduction of entero-
cocci and Escherichia coli was observed. The lowest reduction
was observed in the mesophilic and psychrophilic bacteria,
because the psychrophilic bacteria can be a natural micro-
flora found in water and in the ground. During the flow
of water through the soil, the colour decreases to a level
of approx. 10 mg Pt/L. Infiltration results in a high degree
of turbidity removal. The amount of organic compounds
is reduced in the infiltration process, which is measured
by the reduction of COD-Mn and the concentration of TOC.

6. Summary

The developed and applied methodology (using a field
research installation) of tracking the water stream in the
ground during infiltration process, combined with chem-
ical and biological analysis, makes it possible to evalu-
ate the effects of the infiltration process as a preliminary
stage of surface water treatment in the intake.

The quality of the infiltration water was enhanced in
terms of the microbiological contamination and the colour,
turbidity as well as the content of organic compounds were
decreased. The total suspended solids and phytoplankton
measured by Chlorophyll-a concentration were eliminated.

Determining the reliability of surface water pre-treat-
ment for drinking water production based on the artifi-
cial infiltration system requires long time tests that take
into account the seasonal changes in surface water qual-
ity, the change in the effects of the biodegradation pro-
cess (the process that determines the treatment effects), as
well as the operation phase of infiltration ponds. This is
particularly visible in the case of TOC removal, COD-Mn
and colour, as the removal effects were the lowest in the
second study period, in autumn, after cleaning the pond
bottom from sediments. As the pond operating condi-
tions were established, the effects of removal of organic
compounds were significantly improved and stable.

The infiltration intake, even in suboptimal conditions
(winter, the first phase of the pond operation), ensures
high treatment effects in terms of microbiological (algae
and bacteria) and organics removal. Research has shown
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that indicator organisms, such as Escherichia coli and
enterococci, were effectively removed during infiltration.
During the secondary stage of research even mesophilic
and psychrophilic bacteria were removed to a high extent.
The microbial activity measured by the number of colony
forming units declines along the pond-well path.

It is important to analyse the changes in iron concentra-
tion in the infiltration water during the assessment of the
quality of effects of preliminary surface water treatment in
the intake. In the examined intake, the iron contained in the
surface water is removed from it by the flow path from the
pond to the PP-3. It is most likely iron bound in complexes
with organic compounds. Removal of this form of iron is
important for a treatment technology based solely on aer-
ation and rapid filtration at the water treatment plant. The
iron that appears in the water collected from the well can
flow into it with groundwater or it can be dissolved from
the sediments of iron compounds collected in the ground
around the well. This iron is in the form of mineral com-
pounds, easily removable in reagent-free processes, typi-
cal for groundwater treatment (aeration followed by rapid
filtration). The phenomenon of dissolution (redox and pH
changes in the flow path) of iron and manganese is an inter-
esting issue that will be the subject of further research and
analysis.

In summary, it should be stated that the infiltration
process is a highly effective method of pre-treatment of
surface waters and is in line with the principle of sustain-
able development. The effects achieved during infiltra-
tion allow simplifying further treatment processes, often
resulting in a system of non-reactant groundwater treat-
ment. The use of infiltration minimizes the use of chemical
reagents (e.g., coagulants and flocculants) and thus leads
to a significant reduction of the sludge produced in the
course of the water treatment processes.
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Stabilnos¢ chemiczna wody

po procesie infiltracji.

Czesc 2

Chemical stability of water after the infiltration process.

Part 2

Aleksandra Makata
Eryk Polowczyk
Kinga Szeflinska

Joanna
Jez-Walkowiak

technologia wody

Streszczenie

Niniejszy artykul stanowi druga czesé cyklu artykuléw na temat zmian stabilnoSci chemicznej wody podczas
procesu sztucznej infiltracji. W pierwszej czesci zostaly opisane metody oceny stabilno$ci chemicznej i koro-

zyjno$ci uzdatnianej wody.

Abstract

This article is the second part of a series of articles on changes in the chemical stability of water during the
artificial infiltration process. The first part describes the methods of assessing the chemical stability and

corrosivity of the treated water.

1. Wprowadzenie

Proces sztucznej infiltracji prowadzi do
wzbogacenia warstwy wodonoénej wodami po-
wierzchniowymi za pomoca obiektu zasilajgce-
go, jakim sg stawy infiltracyjne. Jednocze$nie
infiltracja stanowi wstepny proces uzdatniania
wody powierzchniowej. Zastosowanie sztucz-
nej infiltracji zwieksza niezawodno$é ujecia
w sytuacjach naglego i znacznego pogorszenia
jako$ci wody ujmowanej. Stawy infiltracyjne po
odcieciu zasilania z rzeki stanowia zapas wody
na okres nawet kilku tygodni. Schemat ujecia
infiltracyjnego przedstawiono na rys. 1.

Podczas przeplywu wody przez grunt
dochodzi do zmian jakoSci wody powierzch-
niowej. Jej sklad zmienia sie i woda nabiera
cech wody podziemnej. Na skutek procesoéw
chemicznych i biologicznych, obok obnizenia
zawartoS$ci zwigzkéw organicznych, metnoéci,
wskaznikéw mikrobiologicznych, zmieniaja sie
rowniez warto$ci parametréow wplywajacych
na stabilno$¢ chemiczng wody, w tym kwaso-
wosci, zasadowosci i odezynu.

Ocene zmian chemicznej stabilno$ci wody
i korozyjno$ci w czasie infiltracji wykonano na
podstawie wynikéw badan przeprowadzonych
na terenowej instalacji badawczej (rys. 2), skla-

Staw Staw Staw Rurociag H
infiltracyjny infiltracyjny infiltracyjny dopowadzajacy
wode do !
stawow
Studnie —_infiltracyjnych
P -

’”@7(@?@

)

2],

Rys. 1. Schemat ujecia sztucznej infiltracji

N
~_Lewar

Ciek wodny e
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zbiorcza

\

e

1/2021



STABILNOSC CHEMICZNA WODY PO PROCESIE INFILTRACII

21

..........................................................................................................................................................................................................................................................

Rurocie
tloczny

PP-7

Infiltracja © © © ©

STUDNIA
PI TRY 2o
FIEZOMETRY LEWAROWA
PP-2  PP-3 5-48

..........................................................................................................................................................................................................................................................

Rys. 2. Schemat instalacji badawczej

dajacej sie z nastepujacych punktoéw
pomiarowych:

ujecie wody rzecznej,

staw infiltracyjny,

3 piezometry rozmieszczone na
linii prostopadlej do linii brzegu
stawu i linii lewara studni ujmu-
jacych wode infiltracyjna,
studni nalezacej do systemu
lewarowego.

W tab. 1 przedstawiono odleglo-
$ci od stawu kolejnych punktéw po-
miarowych instalacji badawcze;j.

2. Zmiany jakosci wody
podczas procesu infiltracji

Wyniki badan przedstawione
w niniejszym artykule pochodza
z okresu od czerwca 2018 do stycz-
nia 2020 r. W tab. 2 zamieszczono
zakresy i wartoS$ci §rednie badanych
parametréw w wodzie pobieranej
w punktach pomiarowych.

Na rys. 3-5 przedstawiono zmia-
ny érednich wartoéci odezynu, dwu-

Tab. 1. Odlegtosci pomiedzy brzegiem
stawu infiltracyjnego a kolejnymi
punktami pomiarowymi

pomiarowe [m]
PP-1 18,00
45,50
62,90
S-48 well 85,90

tlenku wegla wolnego i zasadowo$ci
w wodzie na trasie przeplywu przez
grunt.

Z uzyskanych rezultatéw wynika,
ze $rednie stezenie wolnego dwutlen-
ku wegla ro$nie wraz z przeplywem
wody infiltrujacej przez grunt, osia-
gajac najwyzsza warto$¢ w studni
s-48. Wyniki badan wskazuja, ze za-
sadowo$¢ ogblna wzrasta po procesie
infiltracji (rys. 4).

Parametrem, ktéry w istotny spo-
sob wplywa na stopien korozyjnoéci
wody jest jej odczyn. Po procesie infil-
tracji warto$¢ odczynu maleje (rys. 5).

W celu sprawdzenia zmian sta-
bilnoSci chemicznej wody infiltruja-

Tab. 2. Wartosci Srednie i zakresy badanych parametréw jakosci wody

cej postuzono sie indeksem Langelie-
ra obliczanym wg wzoru:

IL = pH - pH;, @
w ktorym:
pH — warto$¢ odczynu badanej prob-
ki wody,

pH, — warto$¢ odczynu w stanie na-
sycenia, pH, = 11,39 — 2-log(Z,,),
— zasadowo$¢ ogodlna wody
[mg CO,/1].

Zog

Ocene korozyjnych wlasciwosci
wody dokonuje sie na podstawie war-
toSci IL i wg interpretacji przedsta-
wionej w tab. 3.

Wyniki obliczen przedstawiono
na rys. 6 w formie Srednich warto-
$ci dla kazdego punktu pomiarowego
w calym okresie badan. W wodzie uj-
mowanej z rzeki i ze stawu warto§¢é IL
osigga warto$ci dodatnie, natomiast
w wodzie pobieranej z piezometréow
i ze studni wartoS$ci IL sa ujemne.
Swiadczy to o zmianie charakteru
wody z niekorozyjnego na korozyjny
po pasazu przez grunt.

Punkt pomiarowy
Parametr Jednostka m Staw Srodek BEl
wbossk | i | e | s | 5w
Zasadowos¢ mvalfl 3,62 3,57 3,78 3,73 3,93 3,97
ogdlna (2,60-4,15) (2,45-5,10) (3,20-4,90) (3,0-5,20) (3,40-4,70) (3,50-4,70)
6,07 6,83 13,83 14,21 15,25 16,03
Wolny €O, me/I (0,0-15,40) (0,0-22,0) (5,30-24,0) (5,5-22,0) (6,6-30,8) (6,10-32,0)
odezyn . 8,20 8,03 7,45 7,40 7,48 7,48
(7,80-8,68) (7,51-8,59) (6,86-7,95) (7,0-7,74) (7,10-7,93) (7,09-7,80)
Tlen mg 0,/1 10,95 10,95 2,62 2,12 1,15 1,17
rozpuszczony e (7,80-15,0) (4,80-13,0) (1,0-6,60) (0,60-6,60) (0,60-2,40) (0,60-2,20)
. ) 0,86 0,27 0,12 0,058 0,086 1,18
Zelazo ogdine AT (0,36-1,19) (0,13-0,54) (0,0-0,11) (0,0-0,11) (0,0-0,16) (0,74-2,70)
mg Fe(l)/! 0,36 0,13 0,06 0,05 0,05 0,35
(0,17-0,54) (0,06-0,22) (0,0-0,12) (0,0-0,10) (0,0-0,16) (0,07-0,51)
mg Fe(ll)/! 0,50 0,14 0,06 0,01 0,03 0,83
(0,20-0,65) (0,05-0,32) (0,0-0,21) (0,0-0,021) (0,0-0,09) (0,15-2,32)
0,18 0,09 0,15 0,13 0,06 0,11
1/2021 technalogia wody
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Rys. 3. Srednie stezenie wolnego dwutlenku wegla w wodzie po-
bieranej z punktow pomiarowych terenowej instalacji ba-

dawczej w okresie badan

14,00 -
8,00
6,00
4,00
2,00+
0,00+
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Studnia Warta

3,90 -
3,80 -
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3,30 - :

Staw $rodek PP1

........................................

Studnia

Rys. 4. Srednie wartosci zasadowosci ogélnej wody pobleranej
z punktéw pomiarowych terenowej instalacji badawczej

w okresie badan

Tab. 3. Ocena wody na podstawie wartosci Indeksu Langeliera

IL<0

Wartos¢ wskaznika Wiasciwos¢ wody

Nienasycona w stosunku do CaCOj3 i ma wtasciwosci agresywne
(zawiera agresywny CO,)

Stabilna, nie ma charakteru agresywnego, ale réwniez sktonnosci
do wytwarzania ochronnych warstw CaCO;

W czasie infiltracji dochodzi do
zuzywania tlenu na procesy bioche-
miczne zachodzace w wodzie. Na
rys. 7 przedstawiono zmiane stezenia
tlenu w wodzie na trasie przeplywu.

Zmniejszenie stezenia tlenu ra-
zem z pojawiajaca sie korozyjnoscia
wody powoduje sprzyjajace warun-
ki do rozpuszczania zwigzkow zela-
za i manganu obecnych w gruncie
i wzrostu ich stezenia w wodzie. Na
rys. 8 przedstawiono zmiany stezen
zelaza w wodzie na trasie infiltracji.

Stezenie zelaza ogblnego ulega
obnizeniu w czasie infiltracji na tra-
sie od stawu do piezometru PP-3, na-
stepnie zelazo pojawia sie w wodzie

..................................................................................

=3

........................................

Ma sktonnosci do wytwarzania osadéw CaCOs, jest nieagresywna

ujmowanej ze studni. Analiza danych
wskazuje, ze zelazo pojawiajace sie
w studni jest rozpuszczane i wymy-
wane z gruntu bezposrednio przyle-
gajgcego do studni (przewaga Fe(III))
i/lub dopltywa do niej z woda pod-
ziemng, poniewaz gleboko§¢ studni
lewarowej jest znacznie wieksza od
glebokoSci piezometréw ujmujacych
wylgcznie wode infiltrujaca ze stawu.

3. Podsumowanie i wnioski

Sztuczna infiltracja jest wysoko-
efektywna i bezreagentowa metoda
wstepnego podczyszczania ujmowa-
nych wbéd powierzchniowych. Efek-

k=]
=3
=3

.......................................

ty poprawy jako$ci wody ujmowanej
zaleza od warunkow hydrogeolo-
gicznych, sposobu eksploatacji uje-
cia oraz od czasu przebywania wody
w gruncie. Proces infiltracji wplywa
na poprawe licznych parametréw fi-
zykochemicznych i mikrobiologicz-
nych wody. Dzieki infiltracji tempe-
ratura wody ulega stabilizacji, nie
wystepuja roczne wahania tempera-
tury typowe dla wéd powierzchnio-
wych, co ulatwia procesy dalszego
uzdatniania wody. Przeplyw przez
warstwy geologiczne gruntu powo-
duje zmiany parametréow jakosci uj-
mowanej wody powierzchniowej na
charakterystyczne dla wod podziem-
nych. Zmniejszaja sie takie parame-
try, jak barwa, metno$c¢ i zawarto$é
zwigzkow organicznych. Ta poprawa
jako$ci w duzej mierze jest wynikiem
tlenowych proceséw biochemicz-
nych, prowadzacych do zuzycia tlenu
i powstania dwutlenku wegla. Wraz
ze wzrostem dwutlenku wegla maleje

...................................................................................
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(=]
=
o

-0,10+

-0,20

-0,30+

8,00
7,80
T 7,601
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Rys. 5. Srednie wartosci odczynu w wodzie pobieranej z punktéw  Rys. 6. Warto$¢ indeksu Langeliera w wodzie pobieranej z punk-

pomiarowych terenowej instalacji badawczej w okresie

badan

technologia wody

sie badan

tow pomiarowych terenowej instalacji badawczej w okre-
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Rys. 7. Srednie stezenie tlenu rozpuszczonego w wodzie poblera-
nej z punktéw pomiarowych terenowej instalacji badaw-

czej w okresie badan

odczyn wody. Zostaje zatem naruszo-
na rbwnowaga weglanowo-wapniowa
wody. Oceniajac stabilno$¢ chemicz-
ng wody ujmowanej z Warty na pod-
stawie warto$ci indekséw Langeliera,
mozna stwierdzi¢, ze jest to woda nie-
agresywna. Z kolei woda infiltrujaca
charakteryzowala sie mniejszymi od
zera wartoSciami indeksu Langeliera,
co $wiadczy o wladciwoéciach koro-
zyjnych, pojawiajgcych sie podczas
przeplywu przez grunt.

Przemiana charakteru wody
z utleniajacego na redukujacy i utrata
stabilno$ci chemicznej na rzecz wia-
Sciwosci korozyjnych, powoduje, ze
w wodzie rozpuszczaja sie tlenki ze-
laza i manganu. Domieszki te wraz
znadmiarem dwutlenku wegla zosta-
ng usuniete z wody podczas procesow

©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000:¢
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PP3 Studnia Warta

badan

napowietrzania i filtracji pospiesznej,
realizowanych na stacji uzdatniania
wody. Proces napowietrzania przy-
wroci wodzie stabilno$¢ chemiczna
oraz dostarczy tlenu potrzebnego do
utlenienia zelaza i manganu, ktore
w formie zwigzkow Fe(III) i Mn(IV)
moga by¢ zatrzymane w zlozach fil-
trow pospiesznych.
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Abstract: The pharmaceutical active compounds: non-steroidal anti-inflammatory drugs (NSAIDs),
antibiotics, hormones, as well as detergents and pesticides that help improve human life are con-
sidered a source of water contamination. The amount of pharmaceutical active compounds in the
environment is constantly increasing due to their widespread use by humans. Medicines sales
in Poland are very high and rank sixth among European countries; moreover, sales are growing
dynamically. Analysis of water samples from Warta River made it possible to study the dependence
of NSAIDs, analgesics, and antibiotics concentrations in water due to season, month, and pandemic
time. Analytes from the surface water were separated and concentrated by solid phase extraction
(SPE) and determined by high-performance liquid chromatography coupled with tandem mass
spectrometry technique (LC-MS/MS). The concentration of pharmaceuticals in the Warta River was
subject to significant (or moderate) fluctuations during the study period. Concentrations depended
on weather conditions and disease periods (seasonal, epidemic).

Keywords: pharmaceuticals; non-steroidal anti-inflammatory drugs; antibiotic; monitoring;
contamination; surface water

1. Introduction

The main sources of pharmaceutical active compounds (PhACs) in the environment
are wastewater treatment plants (WWTPs) effluents, uncontrolled spills during drug pro-
duction and landfills. PhACs enter WWTPs as residues from industrial production at
pharmaceutical companies, from improper disposal of expired or unused pharmaceuti-
cals (municipal waste, toilets) and as PhACs metabolites (after ingesting PhACs, humans
and animals produce and release metabolites) [1-3]. WWTPs remove contaminants using
activated sludge; however, they do not remove pharmaceuticals completely from the wa-
ter [4,5]. In the 1970s, clofibric acid was first detected in treated wastewater in the United
States at levels of 0.8-2 ug/L. At the end of the 20th century, Germany carried out the
first monitoring of rivers. The results were also confirmed in other countries of Europe
(Spain, Switzerland, France, Norway, Poland) [6-11]. In the aquatic environment, we
can most often detect non-steroidal anti-inflammatory drugs, drugs from the beta-blocker
group, hormones, antibiotics, regulators of lipid metabolism, and antiepileptic drugs. The
most common non-steroidal anti-inflammatory drugs (NSAIDs) are ibuprofen, ketoprofen,
the analgesic drug paracetamol, and the antibiotic sulfamethoxazole (their structures are
presented in Table S1). It is not possible to determine the exact amount of drugs that have
been consumed worldwide. More than 4000 different pharmaceuticals are currently used
in the European Union [1,12,13].
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The concentrations of various types of PhACs in water oscillate only in the order of
ng/L or even ug/L. Such contamination can cause danger to water organisms (fish feminiza-
tion, increased vulnerability of fish to predation, fish activity /boldness/sociality/feeding
rate) and, indirectly, humans (through the selection of antibiotic-resistant bacteria) [14-18].

It is important to control the concentrations of pharmaceuticals, metabolites and
transformation products in surface water. Over the years, scientists have determined
pharmaceuticals in water, and the results from some studies conducted in Europe are
shown in Table 1.

Table 1. Concentration of selected PhACs in surface waters and rivers in Europe.

Concentration

Type Name Location [ng/L] References
Poland (surface waters) 50-100 [15]
Poland (Gdarnsk-sea water) 170 [19]
Poland (lake in Somonino) 55 [19]
Ibuprofen Poland (lake in Gdarisk) 104 [19]
France (surface waters) <45 [15]
Italy (Po River) 17.4
Germany (Elbe River) 70-87 [20]
Greece (Saronikos Gulf and the Elefsis Bay) >1.4-16.3 [21]
Diclofenac Estonia (river Parnu) 11-53 [22]
Poland (river Rokitnica) 12-2200 [22]
Germany (Tollense river) 0-350 [22]
Germany (surface waters) 120 [23]
Czech Republic (Leba River) 929.8 [24]
Non-steroidal Ketoprofen Spain (.Ebro RiYer? 70 [25]
anti-inflammatory drugs Poland (river Rokitnica) 2.4-280 [22]
Estonia (river Parnu) >2.1 [22]
Germany (Tollenseriv-er) 0-2.13 [22]
Poland (Warta River) 100 [26]
Poland (river Rokitnica) 5.7-56 [22]
Hungary (Danube River) 5.7-62 [27]
Slovenia (surface waters) 17-80 [28]
Naproxen . .
Greece (Aisonas River) 72 [29]
Greece (Saronikos Gulf and the Elefsis Bay) >0.01-0.8 [21]
Germany (Tollense river) 0-35 [22]
Estonia (river Parnu) 1.0-12 [22]
Germany (Leba River) 2-54 [30]
Poland (river in Straszyn) 84 [19]
Fenoprofen Poland (river in Somonino) 55 [19]
Poland (lake in Somonino) 20 [19]
Poland (lake in Gdarisk) 24 [19]
Analgesic and antipyretic Paracetamol Spain (Madrid’s surface waters) 188-2813 [31]
Greece (Saronikos Gulf and the Elefsis Bay) >40.5 [21]
France (Seine River) 75 [32]
Portugal (Douro River) 53.3 [33]
Portugal (The Tejo estuary) 1.11-2.01 [13]
Antibiotics Sulfamethoxazole Poland (Paprocany resort, 75 88 [34]
the Gostynia Stream) ) -
Poland (Mikotéw-rural location) 34.18 [34]
Greece (Saronikos Gulf and the Elefsis Bay) >0.1-6.3 [21]
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Table 1. Cont.
. Concentration
Type Name Location [ng/L] References
France (Seine River) 20 [32]
Portugal (Douro River) 15.7 [33]
. . Portugal (The Tejo estuary) 457-5.18 [13]
ibioti T th
Antibiotics rmethoptim Estonia (river Parnu) <1.2 [22]
Poland (river Rokitnica) 0-54 [22]
Germany (Tollense river) 0-5.7 [22]

Contamination by PhACs has been shown to have negative effects on the whole
environment—living organisms in water, and humans [7,21,22]. Acquired resistance of
bacteria to antibiotics is one of the significant problems. Bacteria change their metabolic
pathways or produce enzymes that reduce the effect of antibiotics and can cause about
700,000 deaths per year globally [23]. The presence of hormones in water can also increase
the risk of cancer of the reproductive organs in both men and women [1,35].

Non-steroidal anti-inflammatory drugs work in a similar way to steroidal drugs
while offsetting unwanted side effects [24]. These pharmaceuticals inhibit cyclooxygenase
enzymes (COX-1 or COX-2) reversibly or irreversibly. NSAIDs in surface water do not cause
visible side effects but the contaminants formed by drug mixtures and their transformation
products could have several side effects; for example, a mixture of four drugs: caffeine,
ibuprofen, carbamazepine, and diclofenac increases their toxicity up to 100% [36] and a
mixture of Prozac, carbamazepine, and venlafaxine can adversely affect the fetus [14,37].
Antibiotics under the influence of temperature, pH, and radiation can increase their toxicity.
Such conditions also promote the transformation of PhAC into more harmful metabolites.
Even if several transformation products of lower molecular weight and lower toxicity
are formed, their mixture makes them more toxic than the original pharmaceutical [38].
Pharmaceutical concentrations in the water should be subjected to monitoring. New
methods for their purification should be developed [2].

The pharmaceutical industry is growing significantly from year to year, all over the
world. One could say that it is one of the fastest-growing industries. That growth is also
associated with the wide availability of over-the-counter drugs (OTC), which are widely
used in modern times because people like to treat themselves alone at home [6]. Some of
the most popular drugs are non-steroidal anti-inflammatory drugs. In Central and Eastern
Europe, Poland is the country with the largest pharmaceutical industry which includes the
hospital and pharmacy segments. The largest companies in Poland are Biofarm, Delpharm,
Novartis, GSK, Polpharma, Roche, Farmacol, Sanofi-Group, and Jelfa [25]. In 2020, the best-
selling drugs were immune-boosting drugs and non-steroidal anti-inflammatory drugs.
The profit from drug sales was up to 37.7 billion PLN [26,27].

According to the IQVIA report, the use of medicine in 2021 reach 409 billion defined
daily doses (DDD) for Western Europe and 400 billion for Eastern Europe. The report
showed a rapid increase in medication consumption in 2021. This is a delayed effect of the
COVID-19 pandemic. In 2022, drug consumption fell to the levels before pandemic [39].

From 2010 to 2021, the antimicrobial consumption of sulfonamides and trimethoprim
in the total care (community and hospital) sector in Europe changed from 0.540 DDD per
1000 inhabitants per day in 2010 to 0.583 DDD per 1000 inhabitants per day. Over the
years, the changes are negligible. However, from 2012 to 2013, there was a significant
increase in antibiotic use (0.725 and 0.738 DDD per 1000 inhabitants per day). In contrast,
in Poland from 2014 to 2021, there was a decrease in antibiotic consumption from 0.574 to
0.294 (Figure 1) [40].
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Figure 1. Trend of the consumption of sulfonamides and trimethoprim in the total care (community
and hospital) sector in Poland, from 2010 to 2021 [40]. Reprinted with permission from Ref. [40].
Copyright European Centre for Disease Prevention and Control. Antimicrobial consumption in the
EU/EEA (ESAC-Net)—Annual Epidemiological Report 2021. Stockholm: ECDC; 2022.

The research presented in this paper was carried out on Warta River in Poznan (near
500,000 citizens supplied with drinking water mostly originated from Warta), Poland.
Warta is the third longest river in Poland, the second fully within its borders, and the main,
right tributary of the Oder River. Warta Dolna (68.2 km, from Santok to the mouth of the
Oder) is an element of the International Waterway E70, established in 1996 in the AGN
(European Agreement on Main Inland Waterways of International Importance) [28].

The aim of this work is to determine changes in the degree of contamination of the
Warta River waters with the following non-steroidal anti-inflammatory drugs: ketoprofen,
naproxen, ibuprofen, fenoprofen, paracetamol, and the following antibiotics: sulfamethoxa-
zole and trimethoprim, based on the measurements made by LC-MS/MS method, taking
in consideration three time periods, the first one in 2012, second one in 2013/2014, and the
third one during pandemic 2019-2022.

2. Materials and Methods
2.1. Chemicals and Materials

Acetonitrile, methanol, ammonia (28%), and ammonium acetate (99.9%) were obtained
from Sigma-Aldrich; hydrochloric acid (30%) and formic acid (90%) were obtained from
Merck. NSAIDs: ibuprofen (>98%), ketoprofen (>98%), paracetamol (>97%), naproxen
(98%), and fenoprofen (>98%) and antibiotics: sulfamethoxazole (>99%) and trimethoprim
(>99%) were obtained from Sigma-Aldrich. SPE polypropylene columns: C18 (pore size
60 A) were obtained from Baker and Oasis; HLB column (pore size 60 A) were obtained
from Waters.

2.2. Instrumentation

NSAIDs and antibiotics were determined by LC-MS/MS technique. Chromatographic
separation of analytes was performed on a Hypersil Gold C18 RP chromatography column
(100 mm x 2.1 mm).

An API 4000 QTRAP tandem mass spectrometer (Biosystem/MDS Sciex) was used for
the detection of all compounds. The mobile phase used was a mixture of 5 mM ammonium
acetate (A) and methanol (B) for NSAIDs and a mixture of 5 mM solution of formic acid (A)
and acetonitrile (B) for antibiotics. The gradient program for NSAIDs was 30% B at 0 min,
increased to 67% B in 10 min, and stepped to 100% in 2 min. Isocratic elution was used for
the antibiotics (A:B ratio, 4:6). The flow rate was 0.2 mL/min. The injection volume was
5 pL. The process temperature was 35 °C and the analysis took 20 min for NSAIDs and
antibiotics. Operating conditions of an APU 4000 QTRAP tandem mass spectrometer are
shown in Table 2. MS/MS parameters for the acquisition of NSAIDs and antibiotics are
shown in Table 3.
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Table 2. Operating parameters of the tandem mass spectrometer for NSAIDs and antibiotics.

Name Operating Parameters for Operating Parameters for
NSAIDs Antibiotics
Mode of ionization ESI ESI
Mode of operation Negative Positive

Temperature [°C] 400 600
Curtain gas [psi] 20 20
Nebulizer [psi] 50 40
Auxiliary gas [psi] 50 45

Ion spray voltage [V] —4500 5500

Table 3. MS/MS parameters for the acquisition of NSAIDs and antibiotics.

Precursor Ion . . MRMl. . . . MRMZ. . .
Compound IM—H]- m/z Declus.terlng Transition-Quantitation Ion Collision Transitions-Confirmation Collision
13 Potential (V) (Precursor Ion m/z — Energy (V) Ton (Precursor Ion m/z — Energy (V)
[M+H]* * 8y 8y
Product Ion m/z) Product Ion m/z)
Naproxen 229 —45 229 — 161 —12 205 — 159 —8
Ketoprofen 253 -50 253 — 209 —12 253 —+ 197 -10
Ibuprofen 205 —50 205 — 161 -12 205 — 159 -8
Paracetamol 150 -20 150 — 107 —24 150 — 60 —14
Fenoprofen 241 —40 241 — 197 —12 241 - 93 —52
Trimethoprim * 291 11 291 — 230 33 291 — 123 35
Sulfamethoxazole * 254 76 254 — 156 21 254 — 108 31

Note: * is for Trimethoprim and Sulamethoxazole.

2.3. Method Validation

The newly developed LC-MS/MS method for the determination of four NSAIDs, one
analgesic and two antibiotics in water samples was validated. Table 4 shows the resume of
optimization and validation procedure.

Table 4. Validation parameters.

Compound Linearity Correlation LOD LOQ Recovery Concentration
[ng/L] Coefficient [ng/L] [ng/L] [% £+ RSD] Factor

Naproxen 6.0-750 0.9994 1.96 5.88 100.5 £ 6.97 2000
Ketoprofen 2.5-750 0.9999 0.67 2.02 100.0 & 5.00 2000
Ibuprofen 9.5-750 0.9996 3.02 9.04 100.3 £ 5.98 2000
Paracetamol 0.21-750 0.9996 0.07 0.21 81.2 £+ 3.69 2000
Fenoprofen 6.5-750 0.9999 2.14 6.41 100.5 £ 7.96 2000
Trimethoprim 100-1.0 x 10° 0.9994 5 100 82.4 £4.85 100
Sulfamethoxazole 250-1.0 x 10° 0.9942 20 250 71.0 £4.93 100

2.4. Sample Collection

Water samples (n) were collected in the middle stream flow region of Warta River
(location: 52.352447, 16.917856) (Figure 2) in accordance with the Polish standard PN-EN
ISO 5667-6:2016-12 [41]. The sampling site was located close to the infiltration ponds
of the city of Poznan. Apart from the wastewater treatment plant, there are two large
pharmaceutical companies nearby and one hospital. Samples were collected in 2012
(n=10), 2013 (n = 2), 2014 (n = 4), 2019 (n = 6), 2020 (n = 5), and 2021 (n = 3). Three periods
each were selected for the winter, spring, summer, and fall seasons. Each time, 2 L of water
was collected. Selective water collection in the 2020/2021 period was related to restrictions
due to the coronavirus pandemic. Samples were stored at 4 °C in the dark and treated
immediately as described in SPE procedure section. All water samples were subjected to
a filtration process. The water was filtered through a paper filter ($125 mm). The first
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50 mL (saturation of the filter and glass with analytes from the filtrate) were discarded. The
remaining filtrate was collected and subjected to SPE extraction.

Figure 2. Location of sampling site (52.352447, 16.917856).

2.5. SPE Procedure

NSAIDs extraction of the samples was carried out in few steps. The C18 columns
were washed and activated with 5 mL of methanol and 5 mL of H,O. A total of 400 mL of
the previously filtered test sample was added to the prepared column. The cartridge was
dried for 20 min under a gentle stream of nitrogen. Then, the analyte was eluted with 5 mL
of methanol.

To extract antibiotics, Oasis HLB columns were washed and activated with 5 mL of
methanol and 5 mL of H,O. A total of 100 mL of previously filtered test sample was added
to the prepared columns with HCl to correct the pH to 2.5. The column was washed with
5 mL H;O and dried for 20 min under a gentle stream of nitrogen. The analyte was eluted
with 7 mL of methanol with NH 3,4 to change the pH.

Two different columns were used because HLB columns are more expensive than C18
columns. The extraction process differs depending on the analyte group. For NSAIDs,
extraction and elution were carried out without pH adjustment, whereas for antibiotics
extraction and elution were carried out with pH adjustment.

The difference in the volume of the analyzed samples is due to sensitivity. The final
determination method for antibiotics is more sensitive—lower LOQ); therefore, extraction
can be performed from a smaller sample volume.

3. Results

Sampling dates and water samples temperatures are presented in Table 5.
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Table 5. Water parameters.

Water Temperature

Date °Cl
2012 March
2012 April
2012 May
2012 June
2012 July
2012 August -
2012 September
2012 October
2012 November
2012 December
2013 November 8.9
2013 December 49
2014 January 4.8
2014 February 4.8
2014 March 14.6
2014 April 16.0
2019 May 13.1
2019 June 25.9
2019 August 24.4
2019 September 14.6
2019 October 10.9
2019 November 5.3
2020 January 2.1
2020 March 5.1
2020 July 21.5
2020 August 20.2
2020 October 11.8
2021 January -
2021 May 15.5
2021 June 26.1

Concentrations of drugs in the water were recalculated so that the final value corre-
sponded to the amount of individual pharmaceuticals in 1 L of analyzed water. The results
obtained are shown in Table 6.

The highest concentration of pharmaceuticals was recorded for ibuprofen in January
2014 (495.95 ng/L). High concentrations of ibuprofen in water were also recorded in July
2020 in samples taken from the Warta River (251.17 ng/L), December 2013 (180.92 ng/L),
and June 2012 (99.30 ng/L). Attention should also be paid to the concentrations of parac-
etamol in May and June 2012, which were 67.60 ng/L and 51.60 ng/L. The concentrations
of ketoprofen were greatest in February 2014 (47.86), June 2012 (41.4 ng/L), and July 2020
(19.66 ng/L). Antibiotics monitoring was conducted only for samples taken in May 2019,
June 2019, July 2020, August 2020, October 2020, January 2021, May 2021, and June 2021.
The highest concentration of sulfamethoxazole was in June 2019 (107.31 ng/L).

The lowest concentrations of pharmaceuticals in water were recorded in October 2012,
October 2019, and October 2020, whereas the highest concentrations were recorded in June
2012, July 2020, August 2020, and June 2021.

The results obtained during the Warta water study indicate similar/lower PhACs
concentrations than those shown in Table 1.
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Table 6. Concentrations of pharmaceuticals in water samples taken from the Warta River.

Drug Ketoprofen Paracetamol Naproxen  Ibuprofen Fenoprofen Sulfamethoxazole Trimethoprim

Date [ng/L]

2012 March 2.00 4.60 12.10 23.20 7.10 - -
2012 April 1.80 13.50 65.00 28.50 6.10 - -
2012 May 12.30 67.60 8.20 25.00 5.30 - -
2012 June 41.40 51.60 12.60 99.30 19.10 - -
2012 July 12.30 2.90 14.70 16.80 18.10 - -
2012 August 0.40 18.60 9.60 13.10 9.00 - -
2012 September 5.20 9.50 54.70 20.20 3.40 - -
2012 October 2.50 3.30 11.10 22.10 1.10 - -
2012 November 2.90 3.90 13.00 25.90 1.30 - -
2012 December 20.70 107.20 13.70 34.40 9.10 - -
Median 2012 4.05 11.50 12.80 24.10 6.60 - -
2013 November 37.64 - 30.57 14.79 4.15 - -
2013 December 11.83 - 21.30 180.92 13.24 - -
2014 January 29.45 - 43.32 495.95 12.06 - -
2014 February 47.86 - 103.78 90.79 0.22 - -
2014 March 10.00 - 7.58 8.08 12.29 - -
2014 April 7.14 - 14.73 15.05 1.73 - -
Median 2013-2014 20.64 - 25.94 52.92 8.11 - -
2019 May - - - - - 105.90 1.24
2019 June - - - - - 107.31 2.53
2019 August 16.46 0.01 0.01 3.51 - - -
2019 September 591 1.46 1.46 12.28 - - -
2019 October 7.09 3.91 3.91 5.60 - - -
2019 November 4.04 9.39 9.39 7.33 - - -
2020 January 4.35 0.37 10.83 9.48 - - -
2020 March 5.39 0.52 11.08 32.33 - - -
2020 July 19.66 3.91 9.03 251.17 3.17 1.90 670
2020 August 5.46 4.33 11.96 59.17 3.27 1.00 9.80
2020 October 8.33 3.66 10.42 13.62 3.26 9.60 6.40
2021 January 8.51 3.97 17.27 15.92 3.31 55.70 8.80
2021 May 19.51 3.68 13.90 5.33 3.06 3.40 11.10
2021 June 9.36 3.54 8.88 23.22 3.35 7.30 5.80
Median 2019-2021 7.71 3.67 9.91 12.95 3.27 8.45 6.55

Figures 3 and 4 show example chromatograms for water samples from the Warta River
in Poznan.
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Figure 3. Example of NSAIDs MRM chromatograms.
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Figure 4. Example of antibiotics MRM chromatograms.

4. Discussion

In different months, various concentrations of non-steroidal anti-inflammatory drugs
and antibiotics were detected. It can be caused by specific atmospheric conditions, difficult
conditions for the biodegradation process, and people’s sickness periods. Important aim of
this study was to check whether the pandemic period affected water pollution or not.

To observe the changes in concentrations in time, the graphs of relationships of con-
centration vs. time for tested pharmaceuticals are presented (Figures 5-7). The research
was conducted during three time periods: the first one in 2012, second one in 2013/2014,
and the third one during pandemic. Analyzing these periods allows us to compare how
the concentration of pharmaceuticals have changed in selected months and years. The
interpretation of data also allows us to determine whether the pandemic influenced selected
NSAIDs and antibiotics occurrence in natural waters.
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Figure 5. Concentration of NSAIDs in the Warta River in 2012.
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The highest concentrations of ketoprofen were observed in February 2014. From 2019
to 2021, the fluctuations in concentrations were smaller, ranging from 4.04 to 19.66 ng/L.
The median during this period was equal to 7.71, which was higher than the median for
the 2012 period of 4.05 and lower for the median of the 2013/2014 period, which was
20.64 ng/L. The high values marked in 2012 may indicate poor biodegradation effects in
municipal wastewater treatment plants located above the water intake points for analysis
or may indicate contamination of natural waters with wastewater from the pharmaceutical
industry or from animal breeding farms using feeds enriched with pharmaceuticals as
well as from the runoff of fields fertilized with manure. The relatively high and less
fluctuating concentration of ketoprofen (4.04-19.66 ng/L) throughout the pandemic period
indicates some increase in consumption of this pharmaceutical in 2019-2021 compared
to 2012, when an incidentally high concentration of 41.4 ng/L was observed, with other
average and low concentrations compared to those determined during the pandemic period.
The detected concentrations of ketoprofen are smaller than those shown in Table 1. The
highest concentration of this compound detected in Polish waters, presented by Helene Ek
Henning et al. (2020), was 280 ng/L [22].

Paracetamol is one of the most popular pharmaceutical active compounds. The lowest
concentration of paracetamol was detected in August 2019. The concentration of paraceta-
mol in the 20192021 period in the Warta River has remained constant at 0.01-9.39 ng/L. In
2012, the concentration of paracetamol was higher; it was 2.90-107.20 ng/L. In December
2012, the highest concentration of paracetamol was detected—107.20 ng/L, which indicates
a higher consumption of the PhACs during the cold season. In comparison with the results
obtained by Valcarcel et al. (2011), the Warta River in Poznan is cleaner than the surface
waters of Madrid in terms of paracetamol concentrations [31].

A similar pattern was observed for naproxen. A steady increase with slight fluctua-
tions in naproxen concentrations in the Warta River was observed from August 2019 to
spring 2021.

Analysis of ibuprofen content in the Warta River showed the highest concentration of
the drug in January 2014 (495.95 ng/L). Such a high value can be caused by the illness period
occurring during the winter. The second highest value was detected in July 2020, at the end
of the first high wave of COVID-19 cases. As of August 2019, ibuprofen concentrations in
the Warta River increased steadily from a value of 3.51 to a maximum value of 251.17 ng/L.
This was followed by a decrease in the concentration of ibuprofen in the analyzed water
to a constant value, but higher than immediately before the onset of the pandemic in
Poland (end of 2019). Results obtained by Guzik et al. (2013), Debska et al. (2005),
and Winkler (2001) for waters in Poland, France, Italy, and Germany did not exceed
concentrations greater than 170 ng/L [15,19,20]. This indicates the deteriorating state of
Poland’s water supply.

The case of fenoprofen concentrations is different from the previously discussed
drugs. In the period 2012-2014, there were very large fluctuations in the concentration of
fenoprofen in the Warta River. During the pandemic period, analyses showed an almost
constant concentration of fenoprofen in the water in the range of 3.06-3.35 ng/L. Thus,
it can be concluded that it was not a drug whose consumption increased during the
COVID-19 pandemic.

It is also important to compare the determined concentrations according to the season.
For this purpose, the following periods were selected. January 2014, 2020, and 2021 were
chosen to compare drug concentrations during the winter season. For paracetamol, the
highest PhACs concentrations in January were in 2021. The significantly higher concen-
trations of the others PhACs in January 2014 may indicate a higher flu season in 2014.
Medicine consumption in 2014 was lower than in 2021, according to IQVIA data, which
may indicate inadequate wastewater treatment in 2014.

The spring season is represented by March 2012, 2014, and 2020, with average temper-
atures in selected periods. We can see a correlation indicating higher PhACs pollution in
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2012-2014. Among the measured results, only the concentration of ibuprofen in March 2020
stands out, which may indicate the effect of the first wave of the coronavirus pandemic.

In summer (August 2012, 2019, and 2020), the relationship is different from the winter
and spring seasons. High concentrations of naproxen and ibuprofen in August 2020 may be
due to the coronavirus pandemic. In contrast, high concentrations of ketoprofen in August
2019 may be due to its accumulation in water.

During the autumn period (October 2012, 2019, 2020), drug concentrations oscillated
between 1.10 ng/L and 22.10 ng/L, indicating the constant presence of pharmaceuticals in
water in connection with the autumn flu season.

Sulfamethoxazole concentrations increased from summer to spring. The lowest concen-
trations of this compound in summer may be related to its photodegradation process [42,43].
Fenoprofen, on the other hand, is found in the environment in similar concentrations re-
gardless of the season.

Figure 8 shows the change in median concentrations of the analyzed NSAID drugs
over the three study periods.
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Figure 8. Median concentrations of tested NSAIDs.

Summarizing the results of the concentrations of NSAIDs in those study periods, it can
be concluded that the consumption of NSAIDs apparently increased during the 2013-2014
period, which was manifested by an increase in the concentration of this drug in natural
waters regarding the 2012 and 2019-2021 periods.

It can be concluded that during the pandemic period (2019-2021), in the water of the
Warta River the highest median concentrations of the analyzed drugs were recorded for
ibuprofen (12.95 ng/L), and the lowest for fenoprofen (3.27 ng/L).

The antibiotics sulfamethoxazole and trimethoprim were also included in the 20192021
study (Figure 9). The concentration of sulfamethoxazole in the Warta River water reached
a maximum value in June 2019. The data on sulfonamides and trimethoprim showed in
Figure 1 are coherent with detected concentrations. Since 2019, the consumption of those
antibiotics is increasing. Higher concentration value of sulfomethaxazole in January 2021
can be effected by pandemic wave. However, antibiotics have proven ineffective against
viral infections and should not be used for treating viral infections such as COVID-19.

High concentrations of antibiotics, but also of NSAIDs during the summer months,
can be caused by low water flow due to drought. The dilution factor is very low during a
drought, so the water straight from the wastewater treatment plant makes up the largest
portion of the water in the river [44].

Similar effects can be seen in results from winter periods. The ice cover slows down
the flow of water in the river, which causes the accumulation of PhACs in the river [45].



Water 2023, 15, 2716

13 of 16

An additional factor affecting the concentration of antibiotics and NSAIDs in water
can be their sorption into the sediments. This occurs in the process of resuspension [46].
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Figure 9. Concentration of selected antibiotics in the Warta River from 2019 to 2021.

5. Conclusions

The presence of pharmaceuticals in the Warta River in Poznan at similar levels over
three time periods (2012, 2013/2014, and 2019/2021) testifies to its constant and unchanging
pollution with PhACs. This indicates an ineffective process for treating pharmaceuticals in
wastewater treatment plants or the uncontrolled discharge from pharmaceutical companies,
or even from the agricultural point and surface discharge to the Warta River. The need is
demonstrated for the comprehensive natural water monitoring including all mentioned
above sources of pharmaceutical contamination.

There were five waves of the SARS-CoV-2 in Poland: the first one was in the middle
of 2020, the second one was at the end of 2020, and the third one was at the beginning of
2021. The concentrations of detected drugs are various during those waves. Restrictions
that were in place at the time of the pandemic made it difficult to access doctors, which
caused people’s fear of becoming infected and people tended to self-medicate. The results
of the study indicate that the public readily took NSAIDs as a result of the pandemic,
especially ibuprofen.

Non-steroidal anti-inflammatory drugs and antibiotics are consistently present in the
Warta River in Poznan in concentrations of the order of ng/L. Diseases, changes in water
flow, and seasons affect the pharmaceutical concentrations in water.

Wide fluctuations in drug concentrations in natural waters and the occurrence of
peak values are characteristic of pharmaceuticals from the NSAID group and antibiotics,
the consumption of which increases during periods of increased illness of influenza and
colds. The pandemic caused a decrease in the fluctuation of concentrations of the analyzed
pharmaceuticals of the NSAID group in the Warta River, which indicates a steady increase
in the consumption of these drugs in 2019-2021.

The increased consumption manifests itself in increased concentrations of these sub-
stances in rivers. Wastewater goes to a wastewater treatment plant, whose task is to remove
pollutants through physical (sedimentation) as well as chemical (chemical precipitation)
and biological (biodegradation in activated sludge processes) processes. Pharmaceuticals,
due to their chemical nature and purpose (control of microorganisms), sometimes show
very high resistance to biodegradation processes. This, of course, limits the effects of
wastewater treatment in municipal treatment plants. Pharmaceuticals that are not disposed
of enter natural waters. Moreover, difficult weather conditions influence the biodegra-
dation process. It is important to focus on enhancing the treatment effects and improve
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ineffective wastewater treatment processes. The best way to improve natural water condi-
tions is to enhance wastewater treatment plants effectiveness and control other sources of
contamination.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/w15152716/s1, Table S1: Structures of NSAIDs and antibiotics.
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ABSTRACT

Surfactants present in natural surface waters negatively affect the self-purification processes of water
due to foaming, oxygen deficiency and eutrophication of water reservoirs. Consumed with water,
they adversely affect human health. The purpose of the research conducted in the period from 2019
to 2022 was to determine the effectiveness of removing anionic and non-ionic surfactants in the
process of artificial infiltration carried out at surface water intakes. The research was carried out on
an experimental field installation located at the surface water infiltration intake. The experimental
installation consisted of three metering wells (piezometers) located on the way between the infil-
tration pond and the collecting well. Water samples collected from the pond, from piezometers and
from the well allowed to assess the change in concentrations of selected surfactants during the flow
of water through the ground from the pond to the well. The analysis of the content of non-ionic
surfactants was carried out by the method of iodobismutane determination with the final measure-
ment of bismuth-thiourea (BiAS-thio) absorbance. A simplified method for the determination of
anionic surfactants using methylene blue (MBAS) was used to measure the concentration of anionic
surfactants. The presented studies carried out during the pandemic in 2019-2022 show a signif-
icant increase in the concentration of non-ionic surfactants in water collected from the infiltration
pond. The presented research results indicate that artificial infiltration can be treated as a robust and
effective barrier eliminating surfactants from treated water before the treatment plant technology.
The main effect of surfactant removal occurs in the first section of the ground flow. Interpretation
of the results allowed to conclude that the sediment layer at the bottom of the infiltration pond
plays a major role in the removal of surfactants. Biodegradation is the main process responsible
for the removal of non-ionic and ionic surfactants in the infiltration process.

Keywords: Water intake; Artificial infiltration; Anionic surfactants; Non-ionic surfactants; MBAS;
BiAS-thio

1. Introduction

The use of surface-active substances based on natural
ingredients is known since ancient times, while synthetic
surfactants appeared in common use only in the middle of

* Corresponding author.

the 20th century. In the early 1940s, the widespread of syn-
thetic surfactants has been increased by making industrial
and household products for example pesticides, deter-
gents, and cosmetics [1-3]. Nowadays we can observe
the continuous increase of the demand for surfactants by
both households and industry.

Presented at the 15th Scientific Conference on Micropollutants in the Human Environment, 14-16 September 2022, Czestochowa, Poland
1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



A. Makata et al. | Desalination and Water Treatment 315 (2023) 190-204 191

It is now well established that once surfactants reach
water resources they can affect terrestrial and aquatic
organisms as well as humans [4,5]. The prolonged effect of
anionic and non-ionic surfactants on aquatic bodies gener-
ally appears at concentrations higher than 0.1 mg/L as stated
[6-10]. According to numerous research, the effects of surfac-
tant on aquatic life are notable and exposure in case of water
organisms, mostly fish, may accelerate serum transaminases
and alkaline acid phosphatase activity [11]. Afterwards they
cause unfavorable effects on human health by producing
inhibitors to various enzymes in their body. Furthermore,
the growth of algae and other microorganisms is affected
by discharge of surface-active agents in water as stated by
the study of Yuan et al. [4]. On the other hand, the metab-
olites of non-ionic surfactants, especially alkylphenols, are
recognized as dangerous because of high resistance to bio-
degradation, toxicity and strong estrogenic action [12-17].

Surface-active agents are among the common examples
of amphiphilic molecules; they are soluble in both organic
and water solution, which allows them to reduce surface
tension, and hence be used in the cleaning and laundry.
The molecular structure of surfactants consists of two parts,
namely hydrophilic and lipophilic groups that are bonded
in a single molecule [4,18-23]. The biggest group of the
produced surfactants are anionic compounds, which cover
almost 50% of the total global production — they are used as
foaming agents, emulsifiers, antistatic agents and dispersants
whereas the non-ionic are mostly toxic [4]. The share of the
non-ionic surfactants is approx. 30% and still rising.

Studies over the past two decades have provided
important information on how every year Western Europe
has become the greatest user of detergents and softener
products with 4.2 and 1.2 million tons, respectively [24,25].
Moreover, previous researches have shown that in 2000, the
annual production of surfactants worldwide was 7million
tons [25], while over the past 6 y, there has been a dramatic
increase of production by approx. two times as reported by
Johnson et al. [26] and Chen et al. [27]. Numerous scien-
tific reports confirm the presence of surfactant residues in
surface and even groundwaters [13,28,29].

Many, especially large, water treatment plants work on
the basis of a multi-barrier approach, which is able to ensure
a high degree of operational safety in removing biological
and chemical contaminants from water during both normal
operation and emergency situations [30-32]. However, the
most commonly used simple processes for surface water
treatment are usually ineffective with respect to micropollut-
ants, especially those belonging to the group of contaminants
of emerging concern (CEC) [30,33,34]. An effective method
of removing CEC from water is the adsorption process.
It allows to achieve a high degree of removal of contami-
nants, but the effectiveness depends on the type of adsorbent
and parameters such as pH and contact time [35-38].

To deal with surfactants removal, combined advanced
treatment method (e.g., membrane filtration and advanced
oxidation process) became a promising solution to microp-
ollutants removal [39,40]. However, the operational cost of
using both methods is high. Based on numerous scientific
research, the combination or alternative treatment methods
are a compromising solution [41-43].

Artificial infiltration is a promising alternative and effec-
tive method for improving some physical, chemical, and
biological characteristics of surface water due to non-use
of additional reagents; it is an underground process that
uses soil media for treatment [44-47]. Artificial infiltration
is a very effective and sustainable method of surface water
treatment worldwide [48,49].

During the infiltration process, surface water enters aqui-
fers through recharge, thus reducing or removing differ-
ent physico-chemical parameters such as turbidity, colour,
organic matters and microbiological parameters, as a result
it became an efficient measure for turbidity removal as has
proven by numerous researchers [31,32,48,50,51] and it was
also confirmed that total and fecal coliforms were decreased
or eliminated by infiltration [52,53]. The time of water pas-
sage through the ground causes water retention lasting
a few or even a dozen weeks. The temperature of water is
more stable throughout the year. The water quality is more
averaged throughout the whole year. The technology based
on infiltration processes is much simpler than that used
in systems for typical surface water. It usually consists of
only processes typical for groundwater treatment.

Different geochemical, biological, and hydrologic fac-
tors influence the efficiency of artificial infiltration. Seepage
velocity of water and the concentration of pollutants should
be taken into account during evaluation of the artificial
infiltration development due to the huge difference between
concentration of filtered water and their patterns [54]. The
composition of surface water after infiltration becomes
similar to the quality of groundwater. Penetrating into the
ground, water has to pass the layer of sediment formed at
the bottom of infiltration ponds, usually a few centimetres
thick. The sediment is a natural mineral and biological mem-
brane where mechanical filtration, ion exchange, adsorption
and biological processes take place causing retention of most
heterogeneous contaminants [48,55]. Then water passes
through aeration and saturation zones. Biochemical pro-
cess, ion exchange or adsorption occur in the aeration zone
resulting in the removal of organic matter and micropollut-
ants. Afterwards, the concentration of organics and oxygen
are diminished, autotrophic bacteria provide the process
of biodegradation and the carbon dioxide concentration
is increased. The variety of treatment processes occurring
during infiltration allow for the removal of different con-
taminants, including CEC.

2. Goal of the research

The aim of the research conducted in the period from
2019 to 2022 was to determine the effectiveness of the
removal of anionic and non-ionic surfactants in the process
of artificial infiltration carried out in surface water intakes.

The goal of the research and interpretation of the results
was also to determine the nature of the processes that
reduce the concentration of surfactants in water infiltrating
through the ground.

Analysis of changes in the quality of the intake water in
the context of the surfactant content would allow to deter-
mine whether artificial infiltration can be the first, reliable
and effective barrier in the water treatment system.
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The aim of the study was establishing the correlation of
surfactant removal with other water quality parameters.

The additional goal of presented research was to refer
to the impact of the pandemic on the concentration of
surfactants in natural waters.

3. Materials and methods, experimental installation

The research was carried out on an experimental field
installation located at an infiltration intake of surface water.
The intake is located at Warta River in Poland.

The water collected in the intake mostly comes from
infiltration ponds (70%). The riverbank infiltration supplies
the intake with 20%. The rest 10% come from groundwater
reservoir [56].

The experimental installation consists of 5 measuring
points including: infiltration pond, three metering wells
(piezometers) — marked as PP-1, PP-2 and PP-3 and the
deep well 5-48. The cross-section of the infiltration path is
shown in Fig. 1 [45]. The metering points form a line per-
pendicular to the edge of the pond and to the line of the
collecting wells. Landform and the forest influenced the
exact position of the PP1, PP2 and PP3 metering wells thus
the distances between the piezometers are not equal. The
depth of piezometers is correlated with the infiltration water
level in the ground.

Monitoring
well
Infiltration
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The distance between the pond’s bank and each of the
measuring points is given in Table 1.

The water samples were collected monthly since January
2019 until September 2022. The chemical analyses of water
samples were carried out in the laboratory of the Institute of
Environmental Engineering and Building Installations and
the Institute of Chemistry and Technical Electrochemistry
at the Poznan University of Technology, Poland.

3.1. Simplified MBAS method procedure to determine anionic
surfactants

In order to conduct the determination, 250 mL of the
filtered sample, which contained anionic surfactants, was
placed in a 500 mL separating funnel, then 5 mL of an acid

Table 1
Distance of measuring points from the bank of the pond

Sampling points (Fig. 1) Distance from pond’s bank (m)

PP-1 18.00
PP-2 45.50
PP-3 62.90
S-48 well 85.90
|
Monitaring Monitoring Callecting
well well well |
PP-2 PB3 5-43
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Fig. 1. Cross-section of the infiltration path [45].
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solution of methylene blue (0.65 g of methylene blue and
6.5 mL of sulfuric acid with a density of 1.84 g/mL, made
up to 1 L with demineralized water was added) and 10 mL
of chloroform [57,58]. The funnel was shaken for 5 min and
the phases were allowed to separate. The lower chloroform
layer was filtered through filter paper into a glass measuring
cuvette. Absorbance was measured using a spectropho-
tometer at wavelength A__ = 652 nm with respect to chlo-
roform. The LOD method has a detection limit of 1.38 g
in a sample and a LOQ limit of quantification of 4.13 ug in
a sample. The results were reported relative to the refer-
ence anionic surfactant sodium dodecylbenzene sulfonate.
The general scheme of the method is shown in Fig. 2.

The precision of determinations of the simplified MBAS
method was determined for model samples (at the level of
10 and 50 pg of sodium dodecylbenzenesulfonate in the
sample) and environmental samples for water from the
Warta River. The results are listed in Tables 2-4. The rela-
tive standard deviation — RSD value included in tables is
expressed by Eq. (1):

RSD = {SD} x100% 1)
X

where: SD - standard deviation and x — mean.

3.2. BiAS-thio procedure for the determination of non-ionic
surfactants

The content of non-ionic surfactants in surface waters
is generally not high, therefore SPE columns were used to

isolate and concentrate them. A 200 mL sample of filtered
surface water was passed through an SPE column (Supelco
Discovery DSC-18 LT, 6 mL), then the adsorbed non-ionic
surfactants were eluted from the bed with 8 mL of metha-
nol, which was evaporated in quartz beakers at 70°C. The
modified BiAS-thio (bismuth active substances) method
was used for determination of non-ionic surfactants. The
method is based on the formation of an oxyethylate pre-
cipitate using the Dragendorff’s reagent which, after wash-
ing with glacial acetic acid, dissolves in an acidic thiourea
solution and is subjected to spectrophotometric determi-
nation of bismuth as an equivalent of non-ionic surfactants.
Approximately 1 mL of the solution including non-ionic
surfactants and 1 mL of the modified Dragendorff reagent

Table 2

Results of the determination of anionic surfactants precision by
the simplified MBAS method for a model sample containing
10 ug of sodium dodecylbenzenesulfonate in the sample

Lp. Absorbance Content in the sample (ug)
1 0.19126 9.98

2 0.19165 10.00

3 0.19221 10.03

4 0.20026 10.45

5 0.22195 11.58

Average 10.52

Standard deviation 0.74

Relative standard 7.04%

deviation of the RSD

Model or real sample containing anionic surfactants

!

Addition of methylene blue — 5 ml

!

Addition of chloroform — 10 ml

!

)

Phase separation

!

Water phase separation — waste ]

o N s N e N e N T

]
]
)
)
)
}

4

[ Organic phase separation

J

{ Filtration into glass couvette

U

[Absorbance measurement — A=468 nm]

Fig. 2. Scheme of the simplified MBAS method for the determination of anionic surfactants.
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were introduced into centrifuge tubes. Next, the tubes
were centrifuged (type 352 MPW, 12,000 rpm for 5 min).
After precipitation and separation of the oxyethylate pre-
cipitate using the modified Dragendorff reagent, the solu-
tion was decanted, and the orange precipitate was rinsed
3 times using 1 mL of glacial acetic acid in order to remove
the residual Dragendorff reagent. The precipitate was dis-
solved in 2 mL of the dissolving-complexing solution (15%
solution of thiourea in 1 M HNO,) and placed in 1 cm
glass cuvette. Absorbance was measured for A__ =468 nm
against demineralized water. The results were calculated
using a non-ionic surfactant model — Triton X-100 [47-50].
The LOD method has a limit of detection of 1.54 ug per
sample and the LOQ limit of quantification is 4.59 pg
per sample. The general scheme of the method is shown
in Fig. 3.

The precision of the determination of the BiAS-thio
method was determined for model samples (at the level
of 10 and 50 pg of Triton X-100 in a sample) and environ-
mental samples for water from the Warta River). The results
are listed in Tables 5-7.

The effect of the infiltration process on organic con-
taminants removal was evaluated based on the follow-
ing parameters: chemical oxygen demand with potassium
permanganate (COD-KMnO,) and total organic carbon
(TOC). The TOC analyses were done using the Multi N/
C® 3100, Analytik Jena, Germany apparatus and MultiWin

Table 3

Results of the determination of anionic surfactants precision by
the simplified MBAS method for a model sample containing
50 ug of sodium dodecylbenzenesulfonate in the sample

software. The other water quality parameters were analysed
in accordance with Standard Methods.

During the research, the retention time of infiltrating
water in the ground was evaluated. The basis for deter-
mining the retention time were cyclic temperature mea-
surements of water at measurement points. Temperature of
water was measured every 2 weeks.

4. Results, interpretation and discussion

During the research period from 2019 until 2022 the
raw water quality in the infiltration pond was constantly
monitored. The water samples were collected every month.
The values of selected water quality parameters including
surfactants are presented in Table 8 as averages and the
range (minimum and maximum).

During the entire research period from January 2019
until September 2022, analytical series for surfactant analysis
were carried out. The obtained concentration values of anio-
nic and non-ionic surface-active agents are listed in Table 9.

The values of chemical oxygen demand with potassium
permanganate used as chemical oxidant (COD-KMnO,)
and the dissolved oxygen concentration are presented in
Table 10. The values COD-KMnO, indicate the concentra-
tion of organic compounds in the collected water samples.
Results presented in tables are the averages values calcu-
lated from two independent analyses.

Table 5

Precision results of the determination of non-ionic surfactants
by the BiAS-thio method for a model sample containing 10 ug
of Triton X-100 in the sample

Lp. Absorbance Content in the sample (ug) Lp. Absorbance Content in the sample (ug)
1 0.95354 49.77 1 0.12288 9.78
2 0.97052 50.65 2 0.12545 9.99
3 0.9788 51.09 3 0.12745 10.15
4 0.99071 51.71 4 0.13069 10.41
5 1.0052 52.46 5 0.13248 10.55
Average 51.48 Average 10.27
Standard deviation 0.79 Standard deviation 0.25
Relative standard 1.53% Relative standard 2.45%
deviation of the RSD deviation of the RSD

Table 4

Results of the precision of determination of anionic surfactants by the simplified MBAS method for environmental samples

(water from the Warta River)

Lp.  Sample volume (mL)  Absorbance  Absorbance after blanking  Content in the sample (ug)  Concentration (ug/L)
1 250 0.15644 0.13799 7.20 28.81

2 250 0.15854 0.14009 7.31 29.25

3 250 0.16223 0.14378 7.50 30.02

4 250 0.16562 0.14717 7.68 30.72

5 250 0.17673 0.15828 8.26 33.04

Average 30.76

Standard deviation 1.64

Relative standard deviation of the RSD

5.33%
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Solid phase extraction of non-ionic surfactants — SPE tube

!

Desorption of non-ionic surfactants — 8 ml of methanol

-

Evaporation of methanol at a temperature of 70°C

(—

(—

Transfer the mixture to centrifuge tube and sediment centrifugation

-

Decantation the solution and rinsing with glacial acetic acid — 3x1 ml

(—

Addition of dissolving-complexing solution — 15% solution of thiourea in 1M HNO;

Addition of modified Dragendorff‘s reagent — 1 ml ]

!

Absorbance measurement — A=468 nm ]

Fig. 3. Scheme of the BiAS-thio method for the determination of non-ionic surfactants from surface water samples.

Table 6

Precision results of the determination of non-ionic surfactants by
the BiAS-thio method for a model sample containing 50 pg of
Triton X-100 in the sample

Lp. Absorbance Content in the sample (ug)
1 0.59352 47.25
2 0.61718 49.14
3 0.62682 49.91
4 0.62982 50.14
5 0.64768 51.57
Average 50.19
Standard deviation 1.01
Relative standard 2.02%
deviation of the RSD

Table 7

The interpretation of the research results presented in
this study included:

* determination of the retention time in the soil by the
method of cyclic measurements of the temperature of
infiltrating water,

e assessment of the effects of artificial infiltration in
terms of anionic and non-ionic surfactants removal,

* biodegradation vs. adsorption classification evaluated
using the Eberhardt, Madsen, Sontheimer (EMS) method.

4.1. Infiltration retention time

Analysis of changes of water temperature in soil
throughout the infiltration route allowed to determine
the infiltration time between the measuring points. Water
which infiltrated in the soil flows in time determined by

Precision results of non-ionic surfactant determinations for an environmental sample (water from the Warta River)

Lp. Sample volume (mL)  Absorbance  Absorbance after blanking  Content in the sample (ug)  Concentration (ug/L)
1 200 0.49437 0.45970 36.60 183.00

2 200 0.49546 0.46079 36.69 183.44

3 200 0.49736 0.46269 36.84 184.19

4 200 0.50138 0.46671 37.16 185.79

5 200 0.50354 0.46887 37.33 186.65

Average 185.02

Standard deviation 1.47

Relative standard deviation of the RSD

0.79%
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Table 8
Water quality of infiltration pond during the research period
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Parameters Units Maximum Minimum Average
pH - 8.97 7.15 8.05
Orthophosphates mg-P/L 1.10 0.00 0.16
Nitrate mg-NO,/L 6.57 0.00 0.85
Nitrite mg-NO,/L 0.65 0.02 0.24
Ammonium mg-NH 4/L 1.04 0.07 0.42
Total organic carbon mg/L 11.69 3.92 7.50
Turbidity NTU 19.10 0.67 4.07
COD-KMnO, mg-O,/L 10.70 5.70 8.15
Colour mg-Pt/L 62.08 20.72 37.05

Table 9

Anionic (AS) and non-ionic (NS) surfactants’ concentration (ug/L) in all sampling points
Series Date Pond PP-1 PP-2 PP-3 5-48
No. AS NS AS NS AS NS AS NS AS NS
1 18.01.2019 25.58 36.17 15.18 16.82 12.42 14.96 8.42 4.85 13.61 13.13
2 01.03.2019 43.50 100.47 10.36 98.33 17.20 91.97 14.23 83.8 11.44 92.83
3 15.03.2019 39.51 28.50 26.46 9.88 26.1 6.91 22.89 8.04 18.00 7.7
4 09.04.2019 57.91 50.65 27.07 34.21 36.7 31.13 35.49 27.51 30.17 21.81
5 16.04.2019 66.20 53.09 25.95 17.04 29.02 12.08 25.19 8.88 X X
6 14.05.2019 64.57 50.04 28.03 1.40 28.85 11.56 31.04 4.09 35.37 2.48
7 05.06.2019 49.90 50.18 25.56 4.90 30.00 5.01 30.67 7.08 29.24 8.64
8 09.07.2019 34.20 50.29 14.30 8.46 20.59 3.80 20.71 5.27 20.06 16.58
9 27.08.2019 44.04 87.90 13.55 12.13 19.52 13.78 17.98 11.40 27.21 26.24
10 23.09.2019 54.83 57.36 20.96 15.31 22.50 20.24 24.42 17.37 27.49 21.83
11 28.10.2019 24.71 78.71 17.29 7.14 17.40 7.64 15.07 7.51 17.83 10.71
12 26.11.2019 26.98 58.05 14.19 25.36 16.36 22.01 16.89 17.36 17.75 34.81
13 16.12.2019 34.21 66.70 14.90 12.93 11.73 13.53 17.34 15.08 19.91 23.13
14 08.01.2020 33.00 55.20 12.73 3043 18.36 16.85 22.49 31.26 23.37 31.83
15 04.03.2020 39.12 73.05 16.63 44.18 20.53 26.92 19.19 25.91 21.34 53.02
16 26.05.2021 35.29 116.22 21.43 50.64 19.99 38.22 18.55 32.52 17.40 32.33
17 21.06.2021 35.63 96.23 17.73 42.75 15.84 39.89 15.09 30.80 15.59 36.58
18 27.07.2021 39.37 80.09 19.18 51.12 20.47 31.35 18.42 30.34 10.19 26.84
19 24.01.2022 X X 17.54 55.02 16.35 45.21 15.30 36.16 14.35 45.95
20 07.03.2022 32.17 119.28 18.78 51.21 17.33 42.44 15.50 35.60 14.66 31.74
21 04.04.2022 64.68 191.70 38.64 112.1 35.44 90.43 35.72 79.88 35.70 88.86
22 16.05.2022 29.22 149.88 19.78 66.52 18.99 65.32 18.09 52.19 17.65 57.58
23 21.06.2022 39.22 117.38 22.87 59.33 19.74 53.48 25.56 50.61 21.61 51.28
24 22.07.2022 29.19 102.73 19.59 49.63 17.37 47.29 15.30 42.46 17.06 45.02
25 12.09.2022 44.27 148.13 24.86 99.97 20.67 86.21 20.04 69.12 22.48 63.46

waves with the same temperature. The temperature was
measured during the experiment at measuring points every
1-2 weeks. The graph that presents the temperature of the
water measured at the measuring points is shown in Fig. 4.
The graphs of temperature changes in time at each mea-
surement point are sinusoidal. The distances between the
curves’ maxima (summer) and minima (winter) correspond
to the times of travel of the wave of the same temperature
and the same times of water flow between the measuring

points. The distances of the measuring points from the
bank of the pond and the average time when the water
overcomes this distance are presented in Table 11.

4.2. Assessment of the effects of artificial infiltration in terms of
anionic and non-ionic surfactants removal

The artificial infiltration creates the treatment condi-
tions similar to slow sand filtration. During the passage of
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Table 10
COD-KMnO, values and oxygen concentrations in all sampling points at the time of research
Date Pond PP-1 pPP-2 PP-3 5-48
COD Oxygen COD Oxygen COD Oxygen COD Oxygen COD Oxygen
(mg/L)  (mg/L)  (mg/lL) (mglL)  (mg/L) (mg/L)  (mglL) (mglL)  (mg/L) (mg/L)
15.01.2019 6.8 12 5 4.5 5.1 4.2 4.8 12 4.1 1
3.02.2019 7.41 10.4 521 6.6 5.56 44 4.05 24 4.98 1.6
19.03.2019 8.8 12 55 44 5 6 4.5 2 4.7 0.8
16.04.2019 8.2 8.2 52 52 5 5 5 5 - 1
5.06.2019 8.6 6.2 4.8 1.4 4.6 1 6.1 0.6 4.5 0.8
9.07.2019 8.35 4.8 8.9 1 5.25 0.8 5.15 0.8 5.6 1
27.08.2019 10.1 7.1 4.45 1.56 4.95 0.6 5.5 1.6 5.2 12
23.09.2019 8.55 12.6 41 17 5.1 15 5.15 14 4.95 12
28.10.2019 9.7 5.2 2.6 12 4.5 1 44 1.1 12 0.8
26.11.2019 5.8 9.5 3.4 12 3.7 0.6 4.45 0.7 5.2 11
16.12.2019 6.2 12 3.2 14 3.5 0.8 3.8 0.8 4.7 1.6
8.01.2020 5.7 13 2.8 1.8 2.8 1.1 3.4 1 3.9 1
4.03.2020 8.5 14 2.5 1 2.6 0.6 2.9 0.2 3.7 1
26.05.2021 9.9 7.6 5.1 2.3 5.5 4 6.6 2.8 5.8 1.4
21.06.2021 10.7 6.4 5.9 1 5.4 12 5.8 0.8 5.5 3
27.07.2021 10.0 8.2 52 0.6 49 1 54 1.2 53 0.6
24.01.2022 - - 6.1 - 53 - 55 - 52 -
7.03.2022 - 10.6 - 4 - 44 - 4.6 - 0.8
4.04.2022 - 9.4 - 2.7 - 55 - 3.1 - 14
16.05.2022 10.6 10.2 6.7 1.98 5.7 3.66 6.1 213 5.4 3.3
21.06.2022 8.4 3.17 6.2 0.34 5.75 0.34 5.6 0.1 5.8 2.25
12.07.2022 9.3 4.3 7.15 0.32 6.8 0.53 6.6 0.63 6.3 0.22
12.09.2022 8.3 - 5.2 - 3 - 43 - 3.7 -
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Fig. 4. Temperature changes in the sampling points during the research period from October 2018 to March 2020 [55].

water, the biological, physical and chemical processes occur
in the ground. The main role is played by biodegradation,
filtration, adsorption and ion exchange [45,55,59,61-63].

The surfactant concentration results presented in
Table 10 were collected over a long period of time from
January 2019 to September 2022 corresponding with the
pond operation cycles. At that time, the Covid-19 pandemic

began. Safety rules applied in water supply systems in
Poland caused interruptions in water sampling from the
field installation. Stricter hygiene requirements at the intake
meant that no one from outside the waterworks could
stay at the intake area and therefore sampling and chemi-
cal analyzes could not be performed and regular monthly
water sampling at the water intake was not possible. This
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resulted in the division of all set of results (January 2019 to
September 2022) into the following 3 periods of time cre-
ating 3 measurement series listed below in which samples
for analysis were taken almost regularly:

e Serie 1: 15.01.2019 - 4.03.2020 - before pandemic,
e Serie 2: 26.05.2021 - 27.07.2021 - beginning the pandemic,
e Serie 3: 24.01.2022 - 12.9.2022 - late phase of pandemic.

The average concentrations of surfactants in the infil-
tration pond for selected series are presented in Fig. 5.

The values presented in the graph indicate that there
was a significant increase in the concentration of non-ionic
surfactants in the infiltration pond during the pandemic.
The infiltration pond is supplied directly from the Warta
River, therefore, an increase in the concentration in the
pond indicates an increase of surfactants in the natural
water supplying the infiltration intake.

The increase in the concentration of surfactants was and
is caused by the increased consumption of cleaning agents
in order to maintain hygiene related to the prevention of
Covid-19. Anionic and non-ionic surfactants are toxic to
some strains of bacteria and algae and are therefore used
as an active ingredient in disinfecting preparations. These
conclusions are consistent with the data regarding the
increase in the production of surfactants in Poland and in
Europe [60].

The presented data indicate a much greater increase
in the concentration of non-ionic surfactants compared
to anionic ones. This phenomenon can be explained by a
greater increase in the production of cleaning agents with

Table 11
Distance of measuring points from the bank of the pond and
retention time

Sampling points Distance from pond Retention
(Fig. 1) bank (m) time (d)
PP-1 18.00 26.0
PP-2 45.50 54.5
PP-3 62.90 62.0
S-48 well 85.90 86.0

160.00
— 140.00
~
% 120.00
§ 100.00
® 80.00
S 60.00
8
c 40.00
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Fig. 5. Average concentrations of surfactants in infiltration pond
during the research time from January 2019 to September 2022.

non-ionic detergents or better biodegradability of anionic
detergents, which are much more effectively removed at
wastewater treatment plants.

The surfactants present in the water in the infiltration
pond at the intake are subject to the infiltration process
during which biological, chemical and physical processes
take place, causing their concentration to decrease as the
water flows through the ground.

The relationships between the surfactants concentra-
tions and the infiltration distance for each sampling date
are presented in Figs. 6 and 7. The values shown in these
graphs take into account the flow time of water in the
ground.

The average concentrations of the tested surfactants
determined in all 3-research series at given measuring
points are presented in Fig. 8.

It is visible that the most effective removal of both
anionic and non-ionic surfactants occurred in the first part
of the infiltration path between the pond and the monitor-
ing well PP-1 (Figs. 6-8). To quantify the results of infiltra-
tion with respect to the reduction of surfactant content,
the removal efficiency of anionic and non-ionic surfactants
was calculated. The results presented in Table 12 show the
pond water temperature and total efficiency of surfac-
tants removal for a given sampling data achieved in the
whole distance (from pond to the well 5-48, named E-total).
The efficiency was calculated according to Eq. (2):

average pond - Caverage 548 % 100% (2)

average pond

total —

where ¢ average concentration of surfac-
tant in water from the infiltration pond for each series,
Coverage 515 — Average concentration of surfactant in water
from well S-48 for each series.

The effectiveness of anionic and non-ionic surfactants
removal for the whole distance (E-total) from the pond to
the collecting well are presented in Table 12. The relation-
ship of E-total value and pond water temperature during
all research is presented in Fig. 9. The total effect of removal
of anionic and non-ionic surfactants is correlated with
temperature. The total removal of analysed surfactants
increases with the increase of water temperature. This cor-
relation indicates the possible significant role of biodegra-
dation in the removal of the surfactants from the infiltrating
water.

The first phase of water purification in the process of
artificial infiltration occurs during the flow of water through
sediment layer formed at the bottom of infiltration ponds.
This layer is usually characterized by a thickness of a few
centimetres. The sediment is a natural mineral and biolog-
ical membrane at which filtration, ion exchange, adsorp-
tion and biological processes occur and the majority of
contaminants are separated [33,56]. The values presented
in Table 8 as well as Figs. 6-8 indicate that the first part of
the infiltration distance is crucial for removal of surfactants.
The role of the first distance from the pond to the PP-1 well
is more visible in case of anionic surfactants than non-ionic
surfactants. Then, water passes through aeration and satu-
ration zones where further biodegradation and adsorption
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Fig. 6. Relationship between anionic surfactants concentration and infiltration distance.
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Fig. 7. Relationship between non-ionic surfactants concentration and infiltration distance.
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Fig. 8. Average concentrations of anionic and non-ionic surfactants determined in research series at given measuring point.

Table 12

Durfactant removal efficiency

Data Temperature at Anionic Non-ionic
the pond (°C) E-total (%) E-total (%)
18.01.2019 1.0 0.00 47.35
01.03.2019 4.0 26.38 94.19
15.03.2019 6.0 25.71 66.40
09.04.2019 119 48.13 69.57
16.04.2019 10.5 54.50 68.02
14.05.2019 124 56.08 55.05
05.06.2019 24.8 45.41 48.68
09.07.2019 18.0 27.69 62.91
27.08.2019 23.1 59.66 65.12
23.09.2019 14.3 63.14 58.36
28.10.2019 11.5 7.47 52.83
26.11.2019 5.5 19.17 17.13
16.12.2019 10.5 37.81 6.25
08.01.2020 2.2 36.14 0.00
04.03.2020 4.9 47.38 0.00
26.05.2021 14.4 69.56 74.71
21.06.2021 26.2 68.18 66.59
27.07.2021 21.2 69.10 55.09
07.03.2022 3.2 40.99 55.46
04.04.2022 5.5 69.09 74.88
16.05.2022 18.7 38.79 66.51
Anionic surfactants
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occurs. The aerobic environment favors further aerobic
biodegradation of the organic matter. On the other hand,
organic matter and other microelements may be adsorbed
in the soil. Reducing the content of oxygen and organic
substances in the infiltrating water allows autotrophic
bacteria to carry out the biodegradation process and the
concentration of carbon dioxide increases.

The above-mentioned processes which occur during
the infiltration allow for the removal of different even
emerging contaminants, including surfactants and phar-
maceuticals [45,59,61]. The infiltration route might be then
considered as a type of biological and chemical reactor.
In the case of the described field installation, this reactor
can be divided into sections corresponding to the water
flow path to the subsequent measurement points. The field
installation divides the infiltration route into 4 sections
(reactors): pond-PP1; PP1-PP2; PP2-PP3, PP3-well. To deter-
mine whether sorption or biodegradation processes prevail
in a given reactor, the EMS test was used. In this test, the
coefficient S is calculated as a quotient of the decrease in
the value of the chemical oxygen demand in the infiltrat-
ing water in the reactor - ACOD-KMnO, and the decrease
in the concentration of dissolved oxygen — AO, on the same
infiltration route. The value of the S coefficient indicates
the dominance of one of the processes: adsorption or bio-
degradation as listed in Table 13 [61].

The classification of processes at each infiltration dis-
tance according to the EMS test is presented in Table 14.
The values of the S coefficient, ACOD-KMnO, and AO, pre-
sented in the table show that the biodegradation process

Non-ionic surfactants
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Fig. 9. Correlation between the removal of anionic and non-ionic surfactants and temperature.
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Table 13
Classification of processes according to the EMS test

201

S=1

S<1

S>1

S=0, ACOD-KMnO, =0, AO, >0

S undetermined, ACOD-KMnO, >0, AO, =0
ACOD-KMnO, =0, AO, =0

Adsorption and biodegradation happen with identical intensiveness
Biodegradation dominates

Adsorption dominates

Sorption and biodegradation processes stopped

Sorption present, biodegradation absent

Sorption and biodegradation absent

Table 14

Classification of processes at each infiltration distance according to the EMS test

Infiltration distance ACOD-KMnO, AQ, S Classification

Pond-PP1 6.7 3.5 0.52 Biodegradation dominates

PP1-PP2 0 0.2 0 Sorption and biodegradation processes stopped
PP2-PP3 0.7 0 Undetermined Sorption present, biodegradation absent
PP3-Well 0.3 0 Undetermined Sorption present, biodegradation absent

dominates over adsorption in the first section of infiltration
from the pond to PP1. This most likely occurs due to the
greater oxygenation of the water. Under anaerobic condi-
tions, biodegradation processes are limited. In the following
sections the biodegradation does not occur and the process of
adsorption dominates. The adsorption process is an effective
method of removing CEC from water but its performance
depends on the type of adsorbent and parameters such as
temperature, pH and contact time [64,65]. The undoubted
advantage is that adsorption is a physical process, which
does not promote the formation of by-products that may be
more toxic compared to the parent compounds [66-68].

It is noteworthy that the total removal efficiency of both
types of surfactants in the infiltration process is compara-
ble. It should be noted, however, that the concentration of
non-ionic surfactants in the pond increased significantly
during the pandemic and the efficiency of their removal
remained at a comparable level (series 2 and 3). This indi-
cates good conditions for the biodegradation of non-ionic
surfactants in the infiltration process.

It should be noted that before the pandemic period
anionic surfactants usually dominated in surface waters in
comparison to non-ionic surfactants. In the first series of
studies, the concentrations of both surfactants in the pond
were comparable. Production of surfactants is steadily
increasing, and production of non-ionic surfactants has
begun to outperform anionic production especially within
the pandemic period. Our studies also confirm this and show
the dominant content of non-ionic surfactants (140 pg/L
on the average) compared to the average concentration of
anionic surfactants (43 ug/L in infiltration pond).

The majority of the commonly utilised anionic surfac-
tants are relatively easily removed during pretreatment pro-
cesses simultaneously with other pollutants. They are also
readily biodegradable under aerobic conditions, resulting
in low concentrations in the effluent from the wastewater
treatment plant [69]. However, non-ionic surfactants, mainly
oxyethylates, are only partially biodegradable by shortening
their oxyethylene chain, which allows for the formation of

more stable and toxic products. These metabolites are char-
acterised by significant activity which disrupts the hormonal
balance due to their similarity to natural estrogens [17,70].
The fact also draws attention to the need for further ana-
lyzes to determine the possible formation of intermediate
biodegradation products of the tested surfactants.

5. Conclusions

Increasing concentrations of surfactants in natural waters
(surface and groundwaters) encourage research and develop-
ment of methods for their removal [13,45,71]. Evaluation of the
effectiveness of different methods for removing surfactants
from water taken in for human consumption is important
because of the insufficient removal of surfactants by commonly
used wastewater treatment systems and formation of biodeg-
radation metabolites, which are often much more hazard-
ous for the environment than the parent pollutants. Usually,
they are also more resistant to further biodegradation [70].

Presented studies carried out during the pandemic in
2020-2022 show a significant increase in the concentration
of non-ionic surfactants in water taken from the infiltra-
tion pond. The research results presented here indicate that
artificial infiltration can be treated as a robust and effective
barrier for elimination of surfactants from treated water
before the treatment plant technology. The interpretation of
results allowed to establish the following conclusions:

e the development of the production of surfactants
results in increased levels of such compounds in natural
waters; this was visible especially during the pandemic
in 2020-2022, when the concentration of non-ionic sur-
factants more than doubled,

* interpretation of the test results allowed to determine
that the effectiveness of removal of anionic surfactants
in the process of artificial infiltration ranged from 41%
to 69% and in case of non-ionic surfactants from 33% to
67%; the total removal efficiency of both types of sur-
factants in the infiltration process is comparable,
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the results of the study of changes in the concentration
of surfactants in relation to the length of the infiltration
path indicate that the first sector of infiltration path is
the most important; the major treatment effect occurs
on the way from the pond to the first metering point —
the PP-1 well; this can be associated with greater water
oxygenation at the initial stage of infiltration, explained
by the significance of the sediment layer of at the bot-
tom of infiltration pond and because of greater oxygen
content in the water at the initial stage of infiltration,
further passage improves the quality of infiltrated water
to a lower extent with respect to surfactants removal,

the processes evaluation by EMS test showed that the
processes of biodegradation prevail over the processes
of adsorption at the first section of infiltration path from
the pond to the metering well PP1; in further sectors
of the infiltration route conditions for adsorption pre-
vail and biodegradation processes stop; this means that
in the processes of water purification, the initial high
efficiency is associated with the presence of biological
decomposition processes of organic pollutants in the first
sector of the infiltration path. The effect of surfactants
removal increases with the temperature, which is typical
for the biodegradation processes.

The monitoring of micropollutants, including surfac-

tants, in the environment and protecting against their migra-
tion to soil and water is very important from the point of
view of water production [30,71]. Another concern is the
proper monitoring of produced metabolites. The products
of biodegradation may be toxic due to significant biologi-

cal

activity which disrupts the hormonal balance of organ-

isms. The qualitative and quantitative characterisation of
metabolites is a goal for future studies.

Acknowledgments

The research was financed from the PUT Research

Project 01/13/SBAD/0913.

References

(1

[2]

(3]

[4]

[3]

(6]

M.I. Levinson, Surfactant Production: Present Realities and
Future Perspectives, Vol. 142, U. Zoller, P. Sosis, Ed., Handbook
of Detergents, Part F: Production, Surface Science Series,
CRC Press, Boca Raton, 2008, pp. 1-38.

CESIO Industry Statistics, European Committee of Surfactants
and their Organic Intermediates, 2017, Available at: https://
www.cesio.eu/index.php/information-centre/industry-data
(Accessed 30 June 2019).

C. Cowan-Ellsberry, S. Belanger, P. Dorn, S. Dyer, D. McAvoy,
H. Sanderson, D. Versteeg, D. Ferrer, K. Stanton, Environmental
safety of the use of major surfactant classes in North America,
Crit. Rev. Env. Sci. Technol., 44 (2014) 1893-1993.

C.L. Yuan, Z.Z. Xu, M.X. Fan, H.Y. Liu, Y.H. Xie, T. Zhu, Study
on characteristics and harm of surfactants, J. Chem. Pharm.
Res., 6 (2014) 2233-2237.

G. Konnecker, J. Regelmann, S. Belanger, K. Gamon, R. Sedlak,
Environmental properties and aquatic hazard assessment of
anionic surfactants: physico-chemical, environmental fate
and ecotoxicity properties, Ecotoxicol. Environ. Saf., 74 (2011)
1445-1460.

M.A. Lewis, Chronic and sublethal toxicities of surfactants
to aquatic animals: a review and risk assessment, Water Res.,
25 (1991) 101-113.

[7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

M. Lechuga, M. Fernandez-Serrano, E. Jurado, ]J. Nunez-Olea,
F. Rios, Acute toxicity of anionic and non-ionic surfactants to
aquatic organisms, Ecotoxicol. Environ. Saf., 125 (2016) 1-8.

F. Rios, A. Fernandez-Arteaga, M. Fernandez-Serrano,
E. Jurado, M. Lechuga, Silica micro- and nanoparticles reduce
the toxicity of surfactant solutions, J. Hazard. Mater., 353 (2018)
436-443.

A. Shukla, S.P. Trivedi, Anionic surfactant, linear alkyl benzene
sulphonate induced oxidative stress and hepatic impairments
in fish Channa punctatus, Proc. Zool. Soc., 71 (2018) 382-389.

T. Cserati, E. Forgacs, G.Oros, Biological activity and
environmental impact of anionic surfactants, Environ. Int.,
28 (2002) 337-348.

S.H. Venhuis, M. Mehrvar, Health effects, environmental
impacts, and photochemical degradation of selected surfactants
in water, Int. J. Photoenergy, 6 (2004) 115-125.

E. Jurado, M. Fernandez-Serrano, J. Nanez-Olea, G. Luzon,
M. Lechuga, Acute toxicity and relationship between
metabolites and ecotoxicity during the biodegradation process
of non-ionic surfactants: fatty-alcohol ethoxylates, nonylphenol
polyethoxylate and alkylpolyglucosides, Water Sci. Technol.,
59 (2009) 2351-2358.

G.G. Ying, Fate, behavior and effects of surfactants and their
degradation products in the environment, Environ. Int.,
32 (2006) 417-431.

G. Buttiglieri, T.P. Knepper, Removal of Emerging Contaminants
in Wastewater Treatment: Conventional Activated Sludge
Treatment, D. Barcel6, M. Petrovic, Eds., Emerging
Contaminants from Industrial and Municipal Waste, Springer,
Berlin, Heidelberg, 2007, pp. 1-35.

D. Barceld, M. Petrovic, Emerging Contaminants from Industrial
and Municipal Waste: Removal Technologies, Vol. 5, Part S/2,
Springer, Berlin, Heidelberg, 2008.

S.K. Khetan, Endocrine Disruptors in the Environment, John
Wiley & Sons, Hoboken, NJ, 2014.

S. Siddique, C. Kubwabo, S.A. Harris, A review of the role of
emerging environmental contaminants in the development of
breast cancer in women, Emerging Contam., 2 (2016) 204-219.
M.R. Porter, In: Handbook of Surfactants, 2nd ed., Blackie
Academic & Professional Press, Springer, London, 1994.

M. Sanchez-Polo, J. Rivera-Utrilla, G. Prados-Joya,
M.A. Ferro-Garcia, I. Bautista-Toledo, Removal of pharma-
ceutical compounds, nitromizadoles, from waters by using the
ozone/carbon system, Water Res., 42 (2008) 4163—-4171.

H. Hidaka, T. Oyama, T. Horiuchi, T. Koike, N. Serpone, Photo-
induced oxidative synergistic degradation of mixed anionic/
cationic surfactant systems in aqueous dispersions. A detailed
study of the DBS/HTAB system, Appl. Catal, B, 99 (2010)
485-489.

A.A. Siyal, M.R. Shamsuddin, N.E. Rabat, M. Zulfigar, Z. Man,
A. Low, Fly ash based geopolymer for the adsorption of
anionic surfactant from aqueous solution, ]. Cleaner Prod.,
229 (2019) 232-243.

M.A. Aboulhassan, S. Souabi, A. Yaacoubi, M. Baudu, Removal
of surfactant from industrial wastewaters by coagulation
flocculation process, Int. J. Environ. Sci. Technol.,, 3 (2006)
327-332.

Market Wired, Surfactants Market to Be Worth $46.20 Billion by
2022: Grand View Research, Inc., 2017. Available at: http://www.
marketwired.com/press-release/surfactants-market-to-be-
worth-4620-billion-by-2022-grandview-research-inc-2074859.
htm (Accessed 13 December 2017).

T. Ivankovi¢, J. Hrenovi¢, Surfactants in the environment,
Arch. Ind. Hyg. Toxicol., 61 (2010) 95-110.

A. DPettersson, M. Adamsson, G. Dave, Toxicity and
detoxification of Swedish detergents and softener products,
Chemosphere, 41 (2000) 1611-1620.

P. Johnson, A. Trybala, V. Starov, V. Pinfield, Effect of
synthetic surfactants on the environment and the potential
for substitution by biosurfactants, Adv. Colloid Interface Sci.,
288 (2021) 102340, doi: 10.1016/j.cis.2020.102340.

Q. Chen, M. Tian, R. Kasomo, H. Li, H. Zheng, S. Song,
H. Luo, D. He, Depression effect of Al(III) and Fe(Ill) on



[28]

[29]

(30]

(31]

[32]

[33]

[34]

(35]

(36]

[37]

(38]

(39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

A. Makata et al. | Desalination and Water Treatment 315 (2023) 190-204

rutile flotation using dodecylamine polyxyethylene ether as
collector, Colloids Surf., A, 603 (2020) 125269, doi: 10.1016/j.
colsurfa.2020.125269.

RI. Eggen, ]. Hollender, A. Joss, M. Schédrer, C. Stamm,
Reducing the discharge of micropollutants in the aquatic
environment: the benefits of upgrading wastewater treatment
plants, Environ. Sci. Technol., 48 (2014) 7683-7689.

M. Lewis, D. Suprenant, Comparative acute toxicities of
surfactants to aquatic invertebrates, Ecotoxicol. Environ. Saf.,
7 (1983) 313-322.

Y. Yu, Y.H. Choi, ]J. Choi, S. Choi, S.K. Maeng, Multi-barrier
approach for removing organic micropollutants using mobile
water treatment systems, Sci. Total Environ., 639 (2018) 331-338.
R.R. Dash, J. Mehrotra, P. Kumar, T. Grischek, Lake bank
filtration at Nainital, India, Hydrol. J., 16 (2008) 1089-1099.

PJ. Dillon, M. Miller, H. Fallowfield, J. Hutson, The potential
of riverbank filtration for drinking water supplies in relation
to microsystin removal in brackish aquifers, J. Hydrol.,
266 (2002) 209-221.

S. Griinheid, G. Amy, M. Jekel, Removal of bulk dissolved
organic carbon (DOC) and trace organic compounds by bank
filtration and artificial recharge, Water Res., 39 (2005) 3219-3228.
K. Dragon, J. Gorski, R. Kru¢, D. Drozdzynski, T. Grischek,
Removal of natural organic matter and organic micropollutants
during riverbank filtration in Krajkowo, Poland, Water,
10 (2018) 1457, doi: 10.3390/w10101457.

WJ. Weiss, EJ. Bouwer, R. Aboytes, M.W. LeChevallier,
Ch.R. O'melia, B.T. Le, K.J. Schwab, Riverbank filtration for
control of microorganisms: results from field monitoring,
Water Res., 39 (2005) 1990-2001.

I. Skoczko, J. Piekutin, K. Ignatowicz, Efficiency of manganese
removal from water in selected filter beds, Desal. Water Treat.,
57 (2016) 1611-1619.

S. Kotaska, J. Jez-Walkowiak, Z. Dymaczewski, Experiment in
infiltration studies as a water treatment process, E3S Web Conf.,
59 (2018) 00015.

M. Koga, Y. Yamamichi, Y. Nomoto, M. Irie, T. Tanimura,
T. Yoshinaga, Rapid determination of anionic surfactants by
improved spectrophotometric method using methylene blue,
Anal. Sci., 15 (1999) 563-568.

J.L. Acero, FJ. Benitez, FJ. Real, E. Rodriguez, Elimination
of selected emerging contaminants by the combination of
membrane filtration and chemical oxidation processes, Water
Air Soil Pollut., 226 (2015) 139, doi: 10.1007/s11270-015-2404-8.
J.J. Rueda-Mérquez, M.G. Pintado-Herrera, M.L. Martin-Diaz,
A. Acevedo-Merino, M.A. Manzano, Combined AOPs for
potential wastewater reuse or safe discharge based on multi-
barrier treatment (microfiltration-H,0,/UV-catalytic =~ wet
peroxide oxidation), Chem. Eng. J., 270 (2015) 80-90.

S. Sudhakaran, S. Lattemann, G.L. Amy, Appropriate drinking
water treatment processes for organic micropollutants removal
based on experimental and model studies—a multi-criteria
analysis study, Sci. Total Environ., 442 (2013) 478-488.

Z. Noorimotlagh, I. Kazeminezhad, M. Ahmadi, Z. Ramezani,
Improved performance of immobilized TiO, under visible light
for the commercial surfactant degradation: role of carbon doped
TiO, and anatase/rutile ratio, Catal. Today, 348 (2019) 277-289.

S. Rebello, A.K. Asok, S. Mundayoor, M.S. Jisha, Surfactants:
toxicity, remediation and green surfactants, Environ. Chem.
Lett., 12 (2014) 275-287.

J. Filter, V. Zhiteneva, C. Vick, A.S. Ruhl, M. Jekel, U. Hubner,
J.E. Drewes, Varying attenuation of trace organic chemicals
in natural treatment systems — a review of key influential
factors, Chemosphere, 274 (2021) 129774, doi: 10.1016/j.
chemosphere.2021.129774.

D. Cierniak, Z. Dymaczewski, J. Jez-Walkowiak, A. Makala,
B. Wyrwas, Impact of artificial infiltration on removal of
surfactants in surface water treatment process, Desal. Water
Treat., 199 (2020) 241-251.

B. Wyrwas, Methodological Aspects of Surfactant
Biodegradation Under Laboratory and Environmental
Conditions, PUT Publisher, Poznan, 2012.

[47]

(48]

[49]

[50]

(51]

[52]

[53]

(54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

203

K. Huszla, D. Cierniak, M. Wysokowski, B. Wyrwas, Non-
biological methods for degradation non-ionic surfactants in
the aquatic environment, Chem. Ind., 97 (2018) 2022-2025.

M. Ronghang, A. Gupta, I. Mehrotra, P. Kumar, P. Patwal,
S. Kumar, T. Grischek, C. Sandhu, Riverbank filtration: a case
study of four sites in the hilly regions of Uttarakhand, India,
Sustainable Water Resour. Manage., 5 (2019) 831-845.

R.R. Dash, E.B. Prakash, P. Kumar, I. Mehrotra, C. Sandhu,
T. Grischek, River bank filtration in Haridwar, India: removal
of turbidity, organics and bacteria, Hydrogeol. J., 18 (2010)
973-983.

K. Ghodeif, T. Grischek, R. Bartak, R. Wahaab, J. Herlitzius,
Potential of riverbank filtration (RBF) in Egypt, Environ.
Earth Sci., 75 (2016) 1-13.

M. Shamrukh, A. Abdel-Wahab, Water Pollution and
Riverbank Filtration for Water Supply Along River Nile,
Egypt, Published in: Riverbank Filtration for Water Security
in Desert Countries, Dordrecht, Springer, 2011, pp. 5-28.

AK. Abdella Ahmed, T.F. Marhaba, Review on riverbank
filtration as an in situ water treatment process, Cleaner Technol.
Environ. Policy, 19 (2017) 349-359.

I. Skoczko, Water Filtration in Theory and
Publishing, Series of Monographs of
Engineering Committee, Warsaw, 2019.

A. Hoffmann, G. Gunkel, Bank filtration in the sandy
littoral zone of Lake Tegel (Berlin): structure and dynamics
of the biological active filter zone and clogging processes,
Limnologica, 14 (2011) 10-19.

A. Makata, Z. Dymaczewski, J. Jez-Walkowiak, A. Strykowska,
J. Zembrzuska, Impact of artificial infiltration on the removal
of nonsteroidal anti-inflammatory drugs during treatment
of surface water, Energies, 14 (2021) 8406, doi: 10.3390/
en14248406.

J. Jez-Walkowiak, A. Makata, B. Madrecka-Witkowska,
M. Michalkiewicz, N. Kolwicz, Effect of initial treatment of
surface water at an artificial infiltration intake, Desal. Water
Treat., 226 (2021) 62-76.

B. Wyrwas, A. Zgota-Grzeskowiak, A new iodobismuthate
method with a low volume filtration device as a new tool
for the determination of microgram oxyethylate amounts,
Tenside, Surfactants, Deterg., 52 (2015) 213-218.

B. Wyrwas, L. Chrzanowski, L. Lawniczak, A. Szulc,
P. Cyplik, W. Biatas, A. Szymanski, A. Hotderna-Odachowska,
Utililization of Triton X-100 and polyethylene glycols during
surfactant-mediated biodegradation of diesel fuel, J. Hazard.
Mater., 197 (2011) 97-103.

M. Biel-Maeso, C. Gonzalez-Gonzalez, P.A. Lara-Martin,
C. Corada-Fernandez, Sorption and degradation of contami-
nants of emerging concern in soils under aerobic and anaerobic
conditions, STOTEN, 666 (2019) 662—671.

Concise Statistical Yearbook of Poland, GUS, (2020-2022)
Warsaw ISSN 1640-3630.

D. Papciak, J. Kaleta, A. Puszarkiewicz, C. Tchorzewska-Cieslak,
The use of biofiltration process to remove organic matter from
groundwater, Ecol. Eng., 17 (2016) 119-124.

A. Tahar, J.M. Choubert, C. Miege, M. Esperanza, K. Le
Menach, H. Budzinski, C. Wisniewski, M. Coquery, Removal
of xenobiotics from effluent discharge by adsorption on
zeolite and expanded clay: an alternative to activated carbon?,
Environ. Sci. Pollut. Res., 21 (2014) 5660-5668.

T. Thiebault, R. Guégan, M. Boussafir, Adsorption mechanisms
of emerging micro-pollutants with a clay mineral: case of
tramadol and doxepine pharmaceutical products, J. Colloid
Interface Sci., 453 (2015) 1-8.

M. Grassi, G. Kazkioglu, V. Belgiorno, G. Lofrano, Removal
of Emerging Contaminants From Water and Wastewater by
Adsorption Process, Published in: Emerging Compounds
Removal From Wastewater, Netherlands, Springer, 2012,
pp- 15-37.

S.C. Azimi, A. Pendashteh, Green Technologies for Wastewater
Treatment, Second International Conference in New Research
on Chemistry & Chemical Engineering, Iran, 2016.

Practice, PAN
Environmental



204

[66]

[67]

[68]

A. Makata et al. /| Desalination and Water Treatment 315 (2023) 190-204

A.C. Sophia, E.C. Lima, Removal of emerging contaminants
from the environment by adsorption, Ecotoxicol. Environ. Saf.,
150 (2018) 1-17.

K. McDonough, K. Casteel, N. Itrich, ]. Menzies, S. Belanger,
K. Wehmeyer, T. Federle, Evaluation of anionic surfactant
concentrations in US effluents and probabilistic determination
of their combined ecological risk in mixing zones, Sci. Total
Enyiron., 572 (2016) 434-441.

J. Sima, V. Holcova, Removal of non-ionic surfactants from
wastewater using a constructed wetland, Chem. Biodivers.,
8 (2011) 1819-1832.

[69]

[70]

[71]

F. Riva, S. Castiglioni, E. Fattore, A. Manenti, E. Davoli,
E. Zuccato, Monitoring emerging contaminants in the drinking
water of Milan and assessment of the human risk, Int. J.
Hyg. Environ. Health, 221 (2018) 451-457.

M. Palmer, H. Hatley, The role of surfactants in wastewater
treatment: impact, removal and future techniques: a critical
review, Water Res., 147 (2018) 60-72.

N. Bolong, AF. Ismail, M.R. Salim, T. Matsuura, A review
of the effects of emerging contaminants in wastewater and
options for their removal, Desalination, 239 (2009) 229-246.



Aleksandra Makata

(imie i nazwisko doktoranta)

OSWIADCZENIE

. MO %,
Poznanndn. 0.0 00T
(miejsce i data)

o wkladzie procentowym autordéw publikacji pt.:

Influence of artificial infiltration on the removal of surfactants from surface waters

Desalination and Water Treatment -2023, 315, 190-204

DOI: 10.5004/dwt.2023.30126

Wykaz autoréw Wktad procentowy Podpis autora
Aleksandra Makata 20 % f/////// ey )- / %j/ri/Q//
FasilateUwimpaye 30 %
Zbystaw Dymaczewski 10 % 7 /(/; 7/~,— o
Joanna Jez- Walkowiak 10 % /;/ b/ % / [;;7']: ZE
Agnieszka Strykowska 10 % /
Vanessa Machnicka 10 %
Bogdan Wyrwas 10 % //ny /;j‘(/'l /i/‘// {J)
4 A
Wktad doktoranta:

Przeglqd literatury na temat przedmiotu badar, zebranie i interpretacja wynikéw badan, opracowanie

metodyki badarn, wykonanie analiz i pomiaréw, korekta i sformutowanie finalnego tekstu.




PODPIS ZAUFANY

VANESSA WANDA
MACHNICKA

Aleksandra Makala Poznan dn. )
(imig i nazwisko doktoranta) (miejsceidata) (/5 ( & 2

OSWIADCZENIE

o wkiadzie procentowym autoréw publikacji pt.:
Influence of artificial infiltration on the removal of surfactants from surface waters
Desalination and Water Treatment -2023, 315, 190-204
DOI: 10.5004/dwt.2023.30126

Wykaz autorow Wkiad procentowy Podpis autora
Aleksandra Makata 20 %
FasilateUwimpaye 30 %
Zbystaw Dymaczewski 10 %
Joanna Jez- Walkowiak 10 %
Agnieszka Strykowska 10 %
Vanessa Machnicka 10 %
Bogdan Wyrwas 10 %
Wktad doktoranta:

Przeglqd literatury na temat przedmiotu badan, zebranie i interpretacja wynikéw badan, opracowanie

metodyki bada#, wykonanie analiz i pomiarow, korekta i sformutowanie finalnego tekstu.



Alcksandra Makala

(imig i nazwisko doktoranta)

OSWIADCZENIE

Poznadidn. U0 (5 Oy
(miejsce i data)

o wkiadzic procentowym autoréw publikacji pt.:
Influence of artificial infiltration on the removal of surfactants from surface waters
Desalination and Water Treatment -2023, 315, 190-204

DOI: 10.5004/dwt.2023.30126

Wykaz autorow Wkiad procentowy Podpis autora
Aleksandra Makata 20%
FasilateUwimpaye 30%
Zbystaw Dymaczewski 10%
Joanna Jez- Walkowiak 10%
Agnieszka Strykowska 10% %m%&%m
Vanessa Machnicka 10% U
Bogdan Wyrwas 10%
Wkiad doktoranta:

Przeglqd literatury na temat przedmiotu badarn, zebranie i interpretacja wynikow badas, opracowanie

metodyki badan, wykonanie analiz i pomiaréw, korekta i sformulowanie finalnego tekstu.

TZaoaclkannwane w CamQerannar



Zalacznik A9

Warunki hydrogeologiczne ujecia infiltracyjnego i ich wplyw na efekty usuwania

zwigzkow organicznych w procesie infiltracji

Tres¢ publikacji
Oswiadczenie autorow

Opis wkladu doktoranta



DOI: 10.15199/17.2024.6.1

Warunki hydrogeologiczne ujecia infiltracyjnego i ich wptyw na
efekty usuwania zwigzkow organicznych w procesie infiltracji

Hydrogeological conditions of the infiltration intake and their impact on the effects
of removing organic compounds in the infiltration process

Fasilate Uwimpaye, Aleksandra Makata, Natalia Kolwicz, Zbystaw Dymaczewski, Joanna Jez-Walkowiak*

Stowa kluczowe: Ujecie infiltracyjne, parametry hydrogeologiczne, zwigzki organiczne

Streszczenie

W pracy przedstawiono dwie metody wyznaczania parametréw hydrogeologicznych, dotyczacych procesu infiltracji na ujeciu
wod powierzchniowych: predkosci infiltrujgcej wody i czasu retencji wody w gruncie. Pierwsza metoda jest oparta o interpre-
tacje wynikéw pomiaréw terenowych, druga bazuje na wzorach teoretycznych. Terenowa instalacja badawcza sktadata sie
z trzech piezometréw, znajdujacych sie na drodze infiltracji miedzy brzegiem stawu a studnia, nalezaca do ciggu zbiorczych
studni lewarowych. Oceniono wptyw parametréw hydrogeologicznych na efekty usuwania zwigzkdw organicznych z infiltruja-
cej wody. Do oceny zmiennosci jakosci ujmowanej wody powierzchniowej oraz efektéw procesu infiltracji, w odniesieniu do
zanieczyszczen organicznych, postuzyt ogélny wegiel organiczny. Na podstawie przyjetych kryteriéw okreslono intensywnosé
i charakter proceséw dominujacych w usuwaniu zwigzkéw organicznych, z ujmowanej wody powierzchniowej.

Keywords: Infiltration intake, hydrogeological parameters, organic matter

Abstract

The paper presents two methods for determining the hydrogeological parameters referred to the infiltration process at the sur-
face water intake: the velocity of infiltrating water and the retention time of water in the ground. The first method is based on the
interpretation of the results of field measurements, the second on formulas and models. The field research installation consisted
of three piezometers located on the infiltration path between the pond and a well belonging to a levar siphon wells. The influence
of hydrogeological parameters on the effects of removing organic compounds from infiltrating water was assessed. Total organic
carbon was used to assess the variability of the quality of abstracted surface water and the effects of the infiltration process in
relation to organic pollutants. Based on the adopted criteria, the intensity and nature of the dominant processes in the removal of

organic compounds from surface water were determined.

1. Wprowadzenie

Wraz z rozwojem cywilizacji obserwuje si¢ systematyczne zwigksza-
nie niedoboréw wody oraz wzrost stezenia zanieczyszczen w wodach
powierzchniowych. Jest to sytuacja ujemnie wptywajaca na bezpie-
czenstwo zaopatrzenia ludzi w wodg do spozycia i na cele gospodarcze.
Aby zapewni¢ bezpieczenstwo wodne liczne duze i nowoczesne stacje
uzdatniania wody pracuja w oparciu o systemy wielostopniowych barier.
Systemy te zapewniaja niezawodna efektywnos¢ usuwania zanieczyszczen
z wody, zar6wno podczas normalnych warunkow pracy, jak 1 w sytuacjach
awaryjnych m.in. naglego i znacznego pogorszenia si¢ jakosci wody
ujmowanej [1, 3, 8].

Efektywnie dzialajacy proces infiltracji, realizowany na wielu
duzych ujgciach wod powierzchniowych w Polsce i na §wiecie, powi-
nien by¢ traktowany jako pierwsza bariera technologiczna usuwajaca
domieszki biologiczne i chemiczne, w tym mikrozanieczyszczenia
[1,4, 12,13, 15].

Stosowany od dziesigcioleci proces sztucznej infiltracji polega na
zasilaniu warstwy wodonosénej w wody powierzchniowe za posrednic-
twem sztucznych zbiornikéw — stawow infiltracyjnych. Po procesie in-
filtracji, podczas wymuszonego przeplywu wody przez grunt, nastepuje
zmiana charakteru jakosci wody z powierzchniowej na podziemna [9,
10]. Infiltracja wykorzystuje naturalne procesy zachodzace w stawach
infiltracyjnych, warstwach przydennych oraz w gruncie, w strefie aera-
cji i saturacji. Do procesoéw tych nalezy sedymentacja, biodegradacja,

filtracja, adsorpcja oraz wymiana jonowa [2, 6]. Polepszenie jakosci
ujmowanej wody w procesie infiltracji pozwala na znaczace uproszcze-
nie systemu technologicznego jej uzdatniania, w stosunku do systemow
ujmujgcych wodg wprost ze zrodta wody powierzchniowe;.

Na jako$¢ wod infiltracyjnych wplywa bilans wod gruntowych i wod
powierzchniowych zasilajacych ujgcie. Bilans zalezy od lokalizacji uje-
cia i warstwy wodonosnej. Wpltyw na lokalizacje ujgcia infiltracyjnego
maja kryteria morfologiczne, geochemiczne, hydrogeologiczne oraz
ekonomicznotechniczne. Na efekty podczyszczania ujmowanej wody
wplywa réwniez czas retencji wody w gruncie, budowa geologiczna,
uziarnienie, migzszo$¢ gruntu oraz warunki hydrodynamiczne [11].

Aby zdefiniowa¢ i matematycznie opisac rzeczywiste srodowisko
hydrogeologiczne, konieczne jest ustalenie warto$ci parametréw hy-
drogeologicznych. Zgodnie z definicja [11], parametry te definiuja
ilosciowo zachowanie si¢ systemow hydrogeologicznych, w aspekcie
ich zdolno$ci do magazynowania, przewodzenia, transportu w wodach
masy i energii, oddziatywania mi¢dzy wodg a skatg oraz przenoszenia
naprezen pochodzacych od otoczenia.

W hydrogeologii metody bezposredniego, eksploatacyjnego wy-
znaczania parametrow uznaje si¢ jako bardziej warto$ciowe od metod
posrednich, czyli opartych na wzorach — modelach matematycznych.
Oznacza to, ze bardziej miarodajne wyniki uzyskamy z badan przepro-
wadzonych w terenie (np. probne pompowania) niz z obliczen matema-
tycznych, bazujacych m.in. na danych granulometrycznych. Wynika to
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z konieczno$ci wprowadzania uproszczen i usrednien w tych metodach
i skutkuje czesto nie tylko rozbieznosciami migdzy wartoscig obliczona
azmierzong w terenie, ale takze wyraznymi réznicami wartosci parame-
trow obliczonych wg. poszczegdlnych wzordéw. Osiagnigeie miarodaj-
nych wynikow obliczen jest uwarunkowane doktadnym rozpoznaniem
warunkow hydrogeologicznych oraz uktadow eksploatacyjnych na
badanym obszarze, w celu dokonania wyboru odpowiedniej metody
obliczeniowej lub weryfikacji metody empiryczne;.

Metodyka badan

Cel i zakres badan

Celem przedstawionych wynikéw badan jest wyznaczenie parame-
trow hydrogeologicznych ujecia infiltracyjnego, w tym czasu retencji
infiltrujacej wody w gruncie. Postuzono si¢ dwoma metodami: oblicze-
niowa oraz pomiarow3 (bazujaca na analizie zmian temperatury infiltru-
jacej wody w gruncie). Dokonano rowniez oceny wptywu parametrow
hydrogeologicznych ujecia infiltracyjnego na efektywnos$¢ usuwania
zwiazkdéw organicznych z wody oraz wskazano procesy dominujace
podczas podczyszczania ujmowanej wody.

Do wyznaczenia parametrow hydrogeologicznych postuzyly :

» wyniki pomiaréw wysokosci zwierciadel w punktach pomiarowych
terenowej instalacji badawczej,

» wyniki pomiaréw temperatury wody na drodze przeptywu infiltru-
jacej wody,

* badania granulometryczne probek z glebokosci gruntu uzyskanych
podczas odwiertow piezometrow,

¢ wzory teoretyczne.

Ujecie infiltracyjne, bedace przedmiotem badan, jest zasilane glow-
nie wodami powierzchniowymi z rzeki Warty, infiltrujagcymi w grunt
za posrednictwem systemu stawow i studni lewarowych. Wydajnos¢
nominalna ujecia wynosi Q= 75 000 — 80 000 m*/d z czego:

* ok. 65— 75 % stanowi woda pochodzaca ze sztucznej infiltracji po-
przez stawy rozsaczajace,

» ok. 16 —27% stanowi infiltracja brzegowa bezposrednio z rzeki Warty,

* ok. 8 — 12% stanowig doptywy gruntowe.

Woda z rzeki jest pompowana za pomoca pomp i systemu rurocia-
gow tlocznych na stawy rozsaczajace. Na ujeciu znajduje si¢ 317 studni
wierconych, ktére umieszczone sa wzdhuz trzech ciggéw lewarowych,
rozmieszczonych od 60 do 80 m od brzegu stawow i rzeki.

Terenowa instalacja badawcza

Terenowa instalacja badawcza sktada si¢ z trzech piezometrow
— oznaczonych jako PP-1, PP-2 i PP-3 — ktore znajduja si¢ na
drodze migdzy brzegiem stawu (jeden z 27 eksploatowanych sta-
woOw), a studnig S-48 nalezaca dociggu studni lewarowych (rys. 1).

Lewar II odbiera wodg¢ z 92 studni o $redniej wydajnosci 1200
m’/h. Staw infiltracyjny zasilajacy instalacje badawczg ma dhugo$é
750 m i szerokos$¢ dna ok. 20 m, glebokosé jest rowna ok. 1,80 m.
Glebokosci piezometrow wynosza odpowiednio 5,5, 7,51 9,5 m.
Kolumny filtrowe zbudowane sa z rur PVC-U o $rednicy zewngtrz-
nej ¢ 110 mm. Kazdy otwdr obserwacyjny (piezometr) zabezpie-
czony jest zamknigciem w postaci rury ostonowej GRP @ 168 mm
z zamknigciem na $ruby dociskowe, posadowiony w fundamencie
betonowym na glebokosci 2,0 m p.p.t. Odlegtosci miedzy punktami
pomiarowymi zostaly przedstawiona w tab. 1.

Tabela 1. Odlegtosci migdzy punktami pomiarowymi terenowej instalacji badawczej
Table 1. Distances between measurement points of the field research installation

Odcinek Odlegtosé, [m]
Staw-PP-1 18,00
PP1-PP-2 27,50
PP2-PP-3 17,40
PP3-S-48 23,00
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Rys. 1. Przekrdj podtuzny instalacji terenowej na ujeciu infiltracyjnym
Fig.1. Cross-section of the field installation at the infiltration intake
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Pomiar poziomu zwierciadet i temperatury

W punktach pomiarowych co 1-2 tygodnie mierzono poziom
zwierciadet za pomocg $wistawki oraz temperatur¢ (okoto 2 m pod
poziomem zwierciadta).

Parametry granulometryczne gruntu

Parametry granulometryczne ustalono na podstawie analizy
sitowej probek gruntu pobranych z glgbokosci podczas wiercenia
piezometrow.

Empiryczna metoda wyznaczania czasu retencji wody w gruncie

Empiryczne wyznaczenie czasu retencji wody w gruncie, podczas
przeptywu pomigdzy punktami pomiarowymi, polegato na analizie
zmian temperatury wody w gruncie na trasie jej przeptywu. W tym
celu na odcinku, od stawu infiltracyjnego 9/10 do studni S-48, wy-
znaczono wielomianowe linie trendu zmian temperatury wody dla
poszczegblnych punktow. Nastepnie wskazano czas, w ktorym tem-
peratura wody osiagala ekstrema w punktach pomiarowych. Na pod-
stawie minimalnych i maksymalnych temperatur wody infiltracyjnej
obliczono czas przetrzymywania wody w gruncie, jako odcinki czasu
pomiedzy ekstremami w kolejnych punktach pomiarowych na drodze
przeptywu wody.

Obliczenia czasu retencji w gruncie

Do obliczenia teoretycznego czasu retencji t w gruncie zastoso-
wano wzor:

t=L/v,[d] )

w ktorym:
L — odleglos¢ migdzy punktami pomiarowymi instalacji terenowe;j,
w ktorych dokonujemy pomiaru zwierciadta wody [m] (tab.1.),
v — predkos¢ filtracji [m/d] obliczona na podstawie wzoru opisujacego
prawo Darcy (2):

@

w ktorym:

I spadek hydrauliczny wyznaczony na podstawie pomiar6w zwier-
ciadet w punktach pomiarowych,

k — wspotczynnik filtracji, m/s, Ah — strata ciSnienia podczas prze-
plywu wody na odcinku pomiarowym o dtugosci L.

5

Do obliczenia wspotczynnika filtracji —k zastosowano:

1. Wzér Hazena (3) — stosowany do obliczania wspotczynniki filtracji
(k) dla gruntéw niespoistych (sypkich) o $rednicy miarodajnej 0,1
mm <d10<3,0mmio wskazniku réwnouziarnienia U=d,/d, <5

K=C " (dy)? [m/d] 3)

w ktorym:

d,,— $rednica miarodajna, wyznaczona na podstawie analizy sitowej,

C — wspotczynnik empiryczny zalezny od porowatosci, okreslany

za pomoca wzoru (4):

C =400 + 40(n-26) 4

w ktorym n to porowato$¢ [%] obliczona na podstawie gestosci

objetosciowej szkieletu gruntowego (pd) wyznaczonej w badaniu

laboratoryjnym.

2. Uproszczony wzor Hazena (5)

K =0,0116 (d,,)* [m/d] 5)
3. Wzor Seelheima (6)
K = 0,357 (ds)? [m/d] (6)

d, — $rednica miarodajna, ponizej ktorej zawarto$¢ ziaren wynosi
50% masy gruntu.

Powyzsze wzory zakladajg temperature wody rowng 10°C. W oblicze-
niach uwzgledniono wplyw temperatury stosujac nastepujacy wzor (7):
k, =%k(0,7+0,03 - t) @)
w ktorym:
k, — skorygowana warto§¢ wspotczynnika filtracji, t-temperatura
wody, k — wspotczynnik filtracji obliczony ze wzoru podstawowego.

Wyniki badan i interpretacja

Empiryczna metoda wyznaczania czasu retencji wody w gruncie

Temperature wody infiltrujacej mierzono w punktach pomiarowych
co 1-2 tygodnie przez 2 lata. Wykres przedstawiajacy zmiany tempe-
ratury przedstawiono na rys. 2. Wykresy zmian temperatury w kaz-
dym punkcie pomiarowym majg charakter sinusoidalny. Odlegtosci
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Rys. 2. Zmiana temperatury infiltrujgcej wody w punktach pomiarowych instalacji badawczej w okresie od lutego 2018 do marca 2020 r.
Fig.2. Change in the temperature of infiltrating water at the measurement points of the research installation in the period from February 2018 to March 2020.
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Tabela 2. Zestawienie wyznaczonych czaséw retencji wody w gruncie dla okresu zimowego i letniego

Table 2. List of designated water retention times in the ground for the winter and summer periods

Okres zimowy - minimalna temperatura

Okres letni - maksymalna temperatura

Odcinek Data Doba Temperatura wody  Czas retencji Data Doba Temperatura wody  Czas retencji
[ [d] lcl [d] [ [d] lcl [d]

Staw Srodek  4.01. 331 4,6 8.08. 547 21,1

PP -1 1.02. 359 39 28 1.09. 571 22,6 24

PP -1 1.02. 359 39 1.09. 571 22,6

PP=2 3.03. 389 4,6 30 28.09. 598 21,9 27

PP -2 3.03. 389 4,6 28.09. 598 21,9

PP -3 397 6,1 8 5.10. 605 19,0 /

PP -3 397 6,1 5.10. 605 19,0

Studnia S-48 5.04. 422 57 25 28.10. 628 153 23

pomi¢dzy maksimami krzywych (temperatury latem), oraz minimami
(temperatura zima) odpowiadaja czasom przemieszczania si¢ fali tem-
peratury i tym samym czasom przeplywu wody pomig¢dzy punktami
pomiarowymi.

Na podstawie wyznaczonych maksymalnych i minimalnych tempe-
ratur infiltrujacej wody, obliczono czas przetrzymania wody w gruncie
na odcinkach drogi infiltracji terenowej instalacji badawczej. Wyniki
przedstawiono w tab. 2 i 3. Na podstawie otrzymanych wynikow mozna
zauwazy¢, iz czas retencji wody na kazdym odcinku pomiarowym jest
krotszy dla okresu letniego, co wynika z wigkszego zapotrzebowania na
wode w okresie letnim. Sredni czas przetrzymywania wody w gruncie
na odcinku od stawu infiltracyjnego 9/10 do Studni S—48 dla okresu
zimowego wynosi 91 dni, natomiast dla okresu letniego 81 dni. W tab. 3
przedstawiono $redni odcinkowy czas retencji wody w gruncie, wyzna-
czony dla pomiaréw temperatury wody na terenowe;j instalacji w catym
okresie badawczym. Pomiary temperatury okresu zimowego i letniego
wypadaty w drugim okresie cyklu pracy stawu infiltracyjnego, czyli
w okresie ustabilizowanej predkosci filtracji.

Tabela 3. Zestawienie wyznaczonych wartosci $redniego czasu retencji wody na po-
szczegdlnych odcinkach pomiarowych oraz odlegtosci pomiedzy punktami pomiarowymi
Table 3. A summary of the determined values of the average water retention time on
individual measurement sections and the distances between measurement points

Sredni czas Odlegtosé pomiedzy
Odcinek retencji punktami pomiarowymi
[d] [m]
Staw Srodek — P-1 26 18,00
PP-1 - PP-2 28,5 27,50
PP-2 - PP-3 7.5 17,40
PP-3 - Studnia S-48 24 23,00
Suma 86 85,90
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Rys. 3. Zmiany temperatury wody zasilajacej ujecie i wody po infiltracji w latach 2013-2020

Przedstawione na rys. 2 zmiany temperatur wskazuja, ze woda
infiltracyjna posiada znacznie mniejsza amplitud¢ zmian temperatur
od wody warcianskiej.

Na rys. 3. przedstawiono pordwnanie zmienno$ci temperatury
wody zasilajacej ujecie, ze zmiennos$cia temperatury wody po pro-
cesie infiltracji. Wyniki pomiaréw temperatury wody pochodza z lat
2013 — 2020 . W zaleznosci od pory roku temperatura w wodzie
powierzchniowej wahala si¢ od 1,5 — 26°C, natomiast w wodzie po
procesie infiltracji wnosita 8 — 16,5°C.

Na rys. 3 mozna zauwazy¢, ze maksima i minima temperatur
w obu wodach (z rzeki i ze studni zbiorczej) sa wzglgdem siebie
przesuniete. Przesunigcie to wskazuje na $rednig dla catego ujecia
warto$¢ czasu przetrzymania wody w gruncie podczas infiltracji
(W czasie okreslonym prowadzeniem pomiaréw). Z otrzymanych
wynikdw mozna wnioskowac, iz czas retencji wyznaczony dla
catego ujecia oscyluje w przedziale od 34 do 77 dni (5 — 11 ty-
godni). Sredni czas retencji wody w gruncie wynosi 53 dni, czyli
7,6 tygodnia.

Metoda obliczeniowa wyznaczania czasu retencji wody w gruncie
*  Wspolczynnik filtracji

W tab. 4 zamieszczono wartosci parametrow granulometrycznych,
wyznaczonych podczas analizy sitowej gruntow, w miejscu odwier-
tow piezometrow na glebokosci warstwy wodonos$ne;.

Tabela 4. Parametry granulometryczne gruntéw warstwy wodonosnej
Table 4. Granulometric parameters of soil in the aquifer

Fig. 3. Changes in the temperature of water supplying the intake and water after infiltration in 2013-2020
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Piezometr  d,,, mm dsp, mm  dg, mm dge,mm  WR=dgy/d,,
PP1 1,80 2,50 2,75 3,00 1,5
PP2 2,50 2,60 2,80 3,00 1,1
PP3 1,70 2,00 2,25 3,00 13
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W tab. 5 zamieszczono wartosci obliczonych wspotczynnikow
filtracji wg wzorow podanych w metodyce badan.

Tabela 5. Wartosci obliczonych wspétczynnikéw filtracji dla poszczegdlnych odcin-
kow infiltracji

Table 5. Values of calculated filtration coefficients for individual infiltration sections

Wzér Uproszczony

Hazena (3) wzor Hazena (5) B Sl ()
[m/s] [m/s] [m/s]
S-PP1 0,00048 0,00046 0,00026
PP1-PP2 0,00072 0,00070 0,00026
PP2-PP3 0,00043 0,00042 0,00026
PP3-S48 0,00081 0,00078 0,00028
Srednia k 0,00061 0,00059 0,00027

Warto$ci wspotczynnikow filtracji dla poszezegolnych odcinkow
instalacji badawczej roznia si¢ znaczaco, ze wzgledu na odmienna
charakterystyke granulometryczng gruntow odwierconych piezo-
metréw. Nalezy przyjacé, ze powstate na tym etapie niescistosci, wy-
nikajace z przyjetych zatozen, maja wptyw na doktadnos$¢ obliczen
kolejnych parametrow hydrogeologicznych.

» Predkos¢ filtracji

W tab. 6 zamieszczono obliczone §rednie wartosci spadkow hy-
draulicznych oraz predkosci filtracji na poszczegdlnych odcinkach
instalacji badawczej, obliczone wg trzech stosowanych wzorow.

Tabela 6. Wartosci spadkéw hydraulicznych oraz predkosci filtracji na poszcze-
gdélnych odcinkach instalacji badawczej w okresie badan
Table 6. Values of head loss and filtration rates on individual sections of the re-

search installation during the research period

Spadek Predkosé¢ Predkosc Predkos¢
hydrauliczny filtracji, filtracji, filtracji,
=5 vim/dlzkwg  vim/dlzkwg  v[m/d]zkwg.
[m/m] Hazena (3) upr. Hazena (5) Seelheima (6)
S-PP1 0,82 342 331 1,86
PP1-PP2 0,015 0,91 0,88 033
PP2-PP3  0,0096 0,36 0,35 0,22
PP3-S48 0,015 1,04 1,01 0,36

* Obliczeniowy czas retencji na podstawie predkosci filtracji

W tab. 7 przedstawiono obliczone wartosci czaséw retencji na
poszczegodlnych odcinkach instalacji badawczej, uwzgledniajac $red-
nie predkosci przeplywu wody przez grunt dla okresu badawczego,
uwzgledniajac warto$ci wspotczynnika filtracji obliczone wg stoso-
wanych trzech wzorow.

Tabela 7. Zestawienie obliczonych czaséw retencji na poszczegdlnych odcin-
kach instalacji badawczej
Table 7. Summary of calculated retention times on individual sections of the re-

search installation

Obliczony czas retenciji, [d]

Odcinek drogi Dla k Dla k obliczonego Dla k
infiltracji obliczonego wg wzoru obliczonego wg

wg wzoru uproszczonego wzoru
Hazena (3) Hazena (5) Seelheima (6)

Staw - PP1 527 5,45 9,70

PP1-PP2 30,34 31,38 83,97

PP2-PP3 48,17 49,71 80,00

PP3-S48 22,08 22,84 63,89

Suma: staw — S-48 105,85 109,39 237,56

Ocena metod wyznaczania czasu retencji infiltrujagcej wody
W gruncie

Czas retencji wody w gruncie jest podstawowym parametrem
hydrogeologicznym, wplywajacym na efekty podczyszczania ujmo-

wanej wody, w zakresie usuwania makro i mikro domieszek. Wiadomo,
ze efekty uzdatniania w procesie infiltracji sa wprost proporcjonalne
do czasu przeplywu infiltrujacej wody przez grunt.

W tab. 2 i 7 przedstawiono warto$ci czasu retencji w gruncie wy-
znaczone dwoma metodami, metodg pomiaru zmian temperatury wody
na drodze infiltracji i metodg obliczen na podstawie wzoréw uwzgled-
niajacych granulometri¢ gruntu. Obie metody daty rozbiezne wyniki
wartosci $rednich czaséw retencji wody w gruncie. Wyznaczony na
podstawie pomiar6w temperatury czas retencji przyjmuje mniejsze
wartosci na kazdym odcinku instalacji badawczej, w pordwnaniu do
czasu obliczonego na podstawie granulometrii gruntu. Znaczne réznice
uzyskanych wynikow $redniego czasu retencji wystepuja dla pierw-
szego odcinka infiltracji, od stawu do pierwszego piezometru PP1.
Roéznica wynika z przyjetego zatozenia jednorodnosci gruntu warstwy
wodonos$nej w obliczeniach dotyczacy odcinkéw pomiarowych. Takie
zalozenie nie uwzglgdnia oporéw przeplywu, jaki stawia drobnody-
spersyjna warstwa osadow sedymentujacych i kolmatujacych dno
stawu infiltracyjnego. Pominigcie wptywu warstwy osadow dennych
powoduje, ze w wyniku obliczen otrzymano znacznie nizsze wartosci
czasu retencji wody na pierwszym odcinku drogi infiltracji (tab.7).

Poréwnywalne wartosci czasu przetrzymania w gruncie otrzymano,
stosujac oba wzory Hazena do obliczania wspotczynnika filtracji i me-
tody pomiaru temperatury dla odcinkéw PP1-PP2 oraz dla ostatniego
odcinka PP3-Studnia S-48. Mozna wnioskowac, ze na tych odcin-
kach warstwe gruntu kontaktujacego si¢ z woda infiltracyjng mozna
uzna¢ za jednorodng. Odcinek PP2-PP3 wykazuje duze rozbieznosci
wynikoéw czasu retencji, wyznaczonego obiema metodami. Mozna
przypuszczaé, ze na drodze przeptywu pomiedzy drugim i trzecim
piezometrem zachodza zjawiska, wptywajace na rzeczywisty przeptyw
wody, ktory empirycznie wykazuje nizsza warto$¢. Przyczyna moze
by¢ przewarstwienie gruntu warstwa grubego piasku o nizszym oporze
hydraulicznym.

Analizujac wyniki zmian temperatury wody z rzeki i ze studni zbior-
czej (rys.3) wykazano rozbiezno$¢ pomig¢dzy $rednim czasem retencji
calego ujecia i czasem retencji wyznaczonym na przekroju gruntu
instalacji badawczej. Sredni czas retencji wyznaczony dla ujecia jest
wypadkowa rzeczywistych czasow retencji w gruncie, wystepujacych
w roznych obszarach ujecia infiltracyjnego, na ktory to czas wptywa
réznorodno$¢ gruntdéw i co za tym idzie parametréw hydrogeologicz-
nych rozlegltego terenu ujgcia. Pelny obraz istniejacych warunkow
hydrogeologicznych na rozlegtym ujeciu infiltracji sztucznej wymaga
opracowania planu monitoringu. Monitoring powinien uwzgledniaé
opomiarowanie drog przeptywu wody infiltrujacej, za pomocg od-
powiedniej iloéci piezometréw, celem wyznaczenia czasow retencji
w réznych obszarach ujecia na wzor opisanej instalacji badawcze;j.
Monitoring warunkow przeptywu powinien by¢ uzupetniony monito-
ringiem jakosci wody w studniach lewarowych, co umozliwitoby wska-
zanie obszar6w o mniej korzystnych warunkach hydrogeologicznych
i gorszych efektach podczyszczania wody w gruncie.

Wykorzystanie parametréw hydrogeologicznych do oceny
efektéw oczyszczania wody w procesie infiltracji

W przypadku projektowania i eksploatacji uje¢ infiltracyjnych waz-
ne jest prawidlowe rozpoznanie parametrow hydrogeologicznych,
wplywajacych na poprawe jakosci ujmowanych wod powierzchnio-
wych. Podczas interpretacji badan do oceny zmiennosci jakosci uj-
mowanej wody powierzchniowej oraz efektow procesu infiltracji,
w odniesieniu do zanieczyszczen organicznych, wybrano parametr
ogolny wegiel organiczny (OWO).

Dane analizowano z podzialem na okres letni i zimowy. Podziat
ten zostat dokonany w oparciu o temperatur¢ wody w stawie infiltra-
cyjnym. Wartosci temperatur w porze letniej 1 zimowej w badanych
latach przedstawiono w tab. 8.

Zmiennos$¢ wartosci OWO w wodzie ze stawu infiltracyjnego i na
trasie infiltracji analizowano w okresie letnim i zimowym. Wykresy
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na rys. 4 przedstawiajg $rednie wartoSci OWO w wodzie pobrane;j
z pigciu punktow badawczych na przestrzeni lat 2018-2022.

Tabela 8. Temperatury wody powierzchniowej w stawie infiltracyjnym
Table 8. Surface water temperatures in the infiltration pond

Temperatura, °C

$rednia minimum maksimum
Pora letnia 19,1 12,3 26,2
Pora zimowa 6,8 1,1 11,4

Najwigksze wahania wartosci OWO wystepowalty w wodzie
w stawie infiltracyjnym. Na drodze infiltracji dochodzi do stopniowe;j
stabilizacji zawarto$ci zwigzkow organicznych w wodzie.

Najwigksze efekty usuwania OWO nastepowaly na pierwszym
odcinku infiltracji od stawu do piezometru PP1. Dla wszystkich
odcinkow infiltracji obliczono warto$¢ sredniej efektywnosci usu-
wania OWO — Eo.

Efektywnos$¢ obliczono wedtug nastepujacego wzoru (8):

Cy—=,
Eo = <4—2.
cd

100% 8)
w ktorym:
¢y — Srednie stgzenie OWO w wodzie doptywajacej do danego od-
cinka drogi infiltracji,
c,— $rednie stezenie OWO w wodzie odplywajacej z danego odcinka
drogi infiltracji.

Wartosci obliczonych efektywnosci usuwania OWO na poszcze-
gblnych odcinkach infiltracji terenowe;j instalacji badawczej w porze
letniej i zimowej zamieszczono w tab. 9.

Tabela 9. Efektywnosci usuwania OWO z wody w okresie badan na poszczegodl-
nych odcinkach drogi infiltracji terenowej instalacji badawczej
Table 9. Efficiency of TOC removal from water during the research period on indi-

vidual sections of the infiltration route of the field research installation

Staw-PP1 PP1-PP2 PP2-PP3 PP3-studnia
Pora letnia 46% 22% 0,82% 15%
Pora zimowa 46% 10% 0,59% 1,4%

Wartosci podane w tab. 9 wskazuja, ze najwyzsza efektywn-
08¢ usuwania zwigzkow organicznych jest osiggana na pierwszym
odcinku od stawu do pierwszego piezometru. Do oceny intensywn-
osci procesu infiltracji w usuwaniu OWO, zaproponowano wskaznik
WE-OWO, wyznaczony jako iloraz efektywnos¢ Eo i czasu przetrzy-
mania wody w gruncie. W tab. 10 przedstawiono wartosci wskaznika
WE-OWO, obliczone dla kolejnych odcinkow drogi infiltracji. Wg
zaproponowanej klasyfikacji, najwigksza intensywnos$¢ usuwania
OWO wystepuje na pierwszym odcinku infiltracji, zar6wno w porze
letniej jak 1 zimowej. Intensywnos$¢ usuwania zwiazkoéw organicz-
nych jest wyzsza w porze letnie;.

Pora letnia

: _-__-

1

WO, mgC/L
&=
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Tabela 10. Wskaznik efektywnosci WE-OWO usuwania OWO na poszczeg6lnych
odcinkach drogi infiltracji

Table 10. WE-OWO efficiency index for TOC removal on individual sections of the
infiltration route

Staw-PP1 PP1-PP2 PP2-PP3 PP3-studnia
WE-OWO, [%/d]
Pora letnia 1,92 0,83 0,12 0,39
Pora zimowa 1,65 0,34 0,07 0,05

Pierwsza faza oczyszczania wody, w procesie sztucznej infiltracji,
zachodzi podczas przeptywu wody przez warstwe¢ osadow, utworzong
na dnie stawow infiltracyjnych. Warstwa ta powstaje na skutek poste-
powania procesow kolmatacyjnych, w poczatkowym okresie pracy
stawu po czyszczeniu i ma zazwyczaj grubos¢ kilku centymetrow.
Osad jest naturalng btong mineralno-biologiczna, na ktorej zacho-
dza procesy filtracji, wymiany jonowej, adsorpcji i biodegradacji,
w wyniku ktorych nastgpuje separacja wielu zanieczyszczen, przede
wszystkim organicznych [8, 9]. Wartosci obliczonych efektywno-
$ci potwierdzaja, ze na pierwszym odcinku infiltracji dochodzi do
najwigkszego spadku zawartosci zwigzkéw organicznych. Po prze-
sigknieciu infiltrujacej wody przez warstwe osadu dennego, woda
przechodzi przez strefy napowietrzenia i saturacji, gdzie nastepuje
dalsza biodegradacja i adsorpcja. Srodowisko tlenowe sprzyja dalszej
biodegradacji materii organicznej. Domieszki sa rowniez adsorbowane
w glebie. Trasg infiltracji mozna uznaé za rodzaj reaktora biologiczno-
-chemicznego. W przypadku opisywanej instalacji terenowej, reaktor
ten mozna podzieli¢ na sekcje odpowiadajace drodze przeptywu wody
do kolejnych punktow pomiarowych. Aby okresli¢, czy w danym re-
aktorze przewazaja procesy sorpcji, czy biodegradacji, wykorzystano
test EMS (Eberhardt, Madsen, Sontheimer). W badaniu tym oblicza
si¢ wspotczynnik S, bedacy ilorazem spadku wartosci chemicznego
zapotrzebowania tlenu wyznaczanego metoda z nadmanganianem po-
tasu w wodzie infiltrujacej w danym reaktorze ACOD-KMnO, i spadku
stezenia tlenu rozpuszczonego — AO, na tym samym odcinku infiltracji.
Wartos$¢ wspolczynnika S wskazuje na przewage jednego z procesow:
adsorpcji lub biodegradacji, co przedstawiono w tab. 11 [14].

Tabela 11. Klasyfikacja proceséw wedtug testu EMS
Table 11. Classification of processes according to the EMS test

S=1 adsorpcja i biodegradacja zachodza
z identyczng intensywnoscia

S<1 dominacja biodegradacji

S>1 dominacja adsorpcji

S=0, zatrzymanie adsorpcji i biodegradacji

ACOD-KMn0,=0, AO, > 0
S nieokreslone,
ACOD-KMn0,>0, AO, = 0
ACOD-KMnO, = 0, AO, = 0

zachodzi adsorpcja, brak biodegradaciji

brak adsorpcji i biodegradacji

Pora zimowa
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Rys.4. Srednie wartosci OWO w 5 punktach pomiarowych w porach letnich i zimowych okresu badawczego
Fig.4. Average TOC values at 5 measurement points in the summer and winter seasons of the research period
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Klasyfikacj¢ procesow na poszczegodlnych odcinkach infiltracji
wedtug testu EMS przedstawiono w tab. 12. Przedstawione w ta-
beli wartosci wspotczynnika S, ACOD-KMnO, i AO, wskazuja, ze
w pierwszym odcinku infiltracji od stawu do PP1 dominuje proces
biodegradacji nad adsorpcja. Sprzyja temu natlenienie wody. W wa-
runkach beztlenowych procesy biodegradacji przebiegaja wolniej.

Biorac pod uwagg wartosci wskaznika WE-OWO i wyniki testu
EMS mozna stwierdzié, ze wysoka efektywno$¢ i intensywnos$¢
usuwania OWO na pierwszym odcinku drogi infiltracji jest wynikiem
tlenowej biodegradacji. Kolejne odcinki infiltracji charakteryzuje
znacznie mniejsza efektywno$¢ usuwania OWO. Wg testu EMS, na
kolejnych odcinkach infiltracji biodegradacja nie zachodzi, ro$nie
wplyw adsorpcji w usuwaniu OWO z wody infiltrujace;j.

Tabela 12. Klasyfikacja proceséw na poszczegdlnych odcinkach infiltracji we-
dtug testu EMS
Table. 12. Classification of processes in individual infiltration sections according
to the EMS test

Odcinek ACOD- A0, S Ocena

infiltracji KMnO,

Pond-PP1 6,7 3,5 0,52 Dominacja
biodegradacji

PP1-PP2 0 0,2 0 Zatrzymanie
biodegradacji
i sorpcji

PP2-PP3 0,7 0 nieokreslone  Zachodzi
sorpcja, brak
biodegradacji

PP3-Studnia 0,3 0 nieokreslone Zachodzi
sorpcja, brak
biodegradaciji

Wyzsze warto$ci wskaznika WE-OWO oraz efektywnosci usu-
wania OWO wskazuja, ze na ostatnim odcinku infiltracji od PP3
do studni w porze letniej zachodzi efektywna sorpcja zwigzkow
organicznych. Na efekty sorpcji ma wplyw rodzaj adsorbentu i pa-
rametrow, takich jak temperatura, pH i czas kontaktu [7]. Na odcin-
ku PP3-studnia woda infiltruje przez grunt otaczajacy studni¢, do
ktorej doplywaja wody podziemne, zawierajace zelazo i mangan.
Domieszki te w czasie infiltracji sa zatrzymywane na ziarnach piasku
otaczajacych studni¢. Wytracone tlenki Zzelaza i manganu na ziarnach
gruntu tworzg material mezoporowaty, o dobrych wtasciwosciach
adsorpcyjnych [5]. Latem ujgcie pracuje z wyzsza wydajno$cia, do-
plyw wod podziemnych jest wowczas wigkszy 1 sprzyja to adsorpcji
na $wiezych wytraconych tlenkach Fe i Mn.

Whioski

Z przedstawionego poréwnania metod wyznaczania warto$ci
czasu retencji wody infiltrujacej w gruncie wynika, ze lepszym
sposobem sg dobrze zaplanowane, ciagte i prowadzone z wyma-
gang czestotliwos$cia pomiary zmienno$ci temperatury infiltrujace;j
wody. Warunkiem niezbgdnym jest posiadanie na ujgciu systemu
opomiarowania w postaci dziatajacych otwordéw piezometrycznych,
umozliwiajacych $ledzenie zmian temperatury w kilku miejscach na
drodze przeptywu wody od stawu (rzeki) do studni zbiorczych. Sys-
temy monitoringu powinny by¢ rozmieszczone w wielu obszarach
ujecia, o charakterystycznych, czgsto odmiennych warunkach hydro-
geologicznych. Zaplanowany w ten spos6b monitoring, potaczony
z pomiarami efektow uzdatniania, pozwala wskaza¢ obszary ujecia
o pogarszajacej si¢ hydraulice i efektywnosci podczyszczania oraz
podjecie dziatan eksploatacyjnych, prowadzacych do intensyfikacji
procesow infiltracji w zakresie usuwania makrozanieczyszczen i mi-
krozanieczyszczen z uyjmowanej wody. Efektem monitoringu moze
by¢ interpretacja zebranych danych, przy pomocy specjalistycznych
programéw komputerowych i okreslenie rzeczywistych charak-

terystyk przeptywow wody w gruncie (z okresleniem wektorow
przeptywow i stopnia odzysku wod wprowadzanych do gruntu)
i weryfikowanie wynikéw pomiaréw terenowych.

Wyznaczone na podstawie doswiadczen czasy przetrzymania
wody w gruncie oraz efektywnos¢ obnizania OWO w procesie infil-
tracji, postuzyly do zaproponowania wspétczynnika intensywnosci
procesu infiltracji, wyznaczonego jako iloraz tych dwoch parame-
trow. Pordwnanie obliczonych wartos$ci wspotczynnika WE-OWO,
z wynaczonymi na podstawie testu EMS wartosciami wspotczynnika
S, wskazuje na wysoka intensywno$¢ procesu tlenowej biodegrada-
cji na pierwszym odcinku infiltracji. Zastosowanie obu kryteriow
postuzy¢ moze do klasyfikacji procesow zachodzacych podczas
infiltracji oraz ich intensywnosci, dajac mozliwos¢ oceny efektow
infiltracji pod katem ich statosci i niezawodnosci oraz mozliwosci
optymalizacji eksploatacji ujecia pod katem efektywnosci proceséw
podczyszczania.
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