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1. Zestawienie artykulow naukowych
rozprawe doktorska

Opracowanie wytycznych do projektowania i eksploatacji oraz wdrozenie

skladajacych

chemisorpcyjnego modutowego systemu usuwania fosforu

w wybrang oczyszczahni $ciekow
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2. Streszczenie i stowa kluczowe

Celem niniejszej pracy byto opracowanie wytycznych do projektowaniai eksploatacji
oraz wdrozenie modulowego systemu usuwania fosforu ze $ciekow z zastosowaniem
materiatu  Rockfos®. W czesci laboratoryjnej badan opracowano model P-filtra
z przeptywem meandrowym, w ktérym przegrody pionowe wymuszaty pionowe wydtuzaly
czas kontaktu $ciekow. Wykazano, ze w warunkach przeptywu laminarnego spadek
ci$nienia opisuje rownanie Kozeny’ego-Carmana. W ramach badan przeanalizowano
réwniez wpltyw warunkow i parametréw eksploatacyjnych na skuteczno$¢ sorpcji fosforu,
uwzgledniajgc rozne stezenia poczatkowe fosforu w roztworze, temperature oraz granulacje
materiatu sorpcyjnego. Stwierdzono, ze zar6wno wyzsza temperatura, jak i wigksze stezenie
poczatkowe sprzyjaty sorpcji, natomiast wptyw wielkosci ziaren nie byl jednoznaczny.
Analiza izoterm sorpcji wykazata dobra zgodnos$¢ procesu z modelem Langmuira.
Dodatkowo, wyniki parametrow termodynamicznych oraz wspotczynnik separacji
potwierdzity, ze sorpcja ma charakter w duzym stopniu nieodwracalny (chemisorpcja),
a proces przebiega spontanicznie i endotermicznie w calym badanym zakresie temperatur.
Badania kinetyki sorpcji fosforu wykazaty, ze proces najlepiej opisuje model kinetyczny
pseudo-drugiego rzedu, co wskazuje na dominacje chemisorpcji.

W etapie wdrozeniowym, po roku eksploatacji oczyszczalni $ciekow, zmodyfikowano
pracujacy w peinej skali P-filtr poprzez wprowadzenie przegréd wymuszajacych przeptyw
meandrowy. Analiza hydrauliczna wykazata, ze w filtrze pelnoskalowym przed modyfikacja
obecno$¢ stref martwych ograniczata skutecznos¢ usuwania fosforu ($rednio 9,4%).
Po modernizacji efektywno$¢ wzrosta do 40,1%, a w calym okresie badan
(maj 2022 — lipiec 2025) osiagneta 42,6%. Dodatkowo wykazano istotny wplyw filtra na
pH, metnos$¢, przewodnos¢ elektrolityczng, zasadowo$¢ ogdlng i1 BZTs, natomiast nie
stwierdzono oddziatywania na st¢zenie azotu ogdolnego i ChZT.

Uzyskane wyniki potwierdzaja przydatno$¢ materiatu Rockfos® jako aktywnego ztoza
sorpcyjnego. Zastosowanie filtra z przeptywem meandrowym zwicksza efektywno$é
retencji fosforu, a wyznaczone parametry sorpcyjne Rockfos® moga byé podstawa
do projektowania skutecznych systemow filtracyjnych w matych i $rednich oczyszczalniach

sciekow, zapewniajacych zgodno$¢ z wymaganiami srodowiskowymi.

Stowa Kkluczowe: oczyszczanie $ciekoéw, usuwanie fosforu, material Rockfos®,

przeptyw meandrowy, sorpcja fosforu



3. Abstract

The aim of this study was to develop guidelines for the design, operation, and
implementation of a modular system for phosphorus removal from wastewater using
Rockfos® material. In the laboratory phase, a P-filter model with meander flow was
developed, in which vertical baffles forced the wastewater to extend its contact time. It was
demonstrated that under laminar flow conditions, the pressure drop is described by the
Kozeny-Carman equation. The study also analyzed the effect of operating conditions and
parameters on phosphate sorption efficiency, taking into account different initial phosphate
concentrations in the solution, temperature, and granulation of the sorption material. It was
found that both higher temperature and larger initial concentration favored sorption, while
the effect of particle size was ambiguous. Analysis of sorption isotherms demonstrated good
agreement with the Langmuir model. Furthermore, the results of thermodynamic parameters
and the separation coefficient confirmed that sorption is largely irreversible (chemisorption),
and that the process proceeds spontaneously and endothermally throughout the entire
temperature range studied. Phosphorus sorption kinetics studies showed that the process was
best described by a pseudo-second-order kinetic model, indicating the dominance
of chemisorption.

During the implementation phase, after a year of operation of the wastewater treatment
plant, the full-scale P-filter was modified by introducing baffles forcing a meandering flow.
Hydraulic analysis showed that in the full-scale filter before the modification, the presence
of dead zones limited phosphorus removal efficiency (average 9.4%). After the
modernization, efficiency increased to 40.1%, reaching 42.6% throughout the entire study
period (May 2022 — July 2025). Additionally, a significant effect of the filter on pH, turbidity,
electrolytic conductivity, total alkalinity, and BODs was demonstrated, while no effect
on total nitrogen or COD concentrations was observed.

The obtained results confirm the suitability of the Rockfos® material as an active
sorption bed. The use of a meander flow filter increases the efficiency of phosphate retention,
and the determined Rockfos® sorption parameters can be the basis for designing effective
filtration systems in small and medium-sized wastewater treatment plants, ensuring

compliance with environmental requirements.

Keywords: wastewater treatment phosphorus removal; Rockfos® material, meander-flow,

phosphorus sorption



4. Wstep

Fosfor jest jednym z kluczowych pierwiastkow biogennych, petnigcym fundamentalng
role w funkcjonowaniu organizméw zywych oraz procesach biochemicznych zachodzacych
w $rodowisku. W cyklu przyrodniczym pierwiastek ten wystepuje w réznych formach
chemicznych, zaréwno organicznych, jak i1 nieorganicznych. W $ciekach bytowych
i komunalnych fosfor obecny jest gtownie jako fosfor organiczny, pochodzacy z fekaliow
1 resztek zywnosciowych, oraz w postaci fosforanow — bedacych pozostaloscig po
detergentach i produktach degradacji zwigzkdéw organicznych [Feng i in. 2023, Zahed 2022].
Wsrod form mineralnych dominujg orto- 1 mono-fosforany, stanowigce okoto 40%
catkowitego fosforu ogolnego, zarowno w fazie rozpuszczonej, jak 1 zawiesinowe]
[Feng 1 in. 2020].

Nadmierna obecnos¢ fosforu w s$rodowisku wodnym prowadzi do szeregu
negatywnych zjawisk ekologicznych. Najpowazniejszym z nich jest eutrofizacja, skutkujaca
wzrostem produkcji pierwotnej, zakwitami glondw, obnizeniem zawarto$ci tlenu w wodzie
oraz degradacjg jakosci ekosystemow wodnych. Z tego wzgledu Scieki odprowadzane do
wod powierzchniowych sg obecnie objete restrykcyjnymi wymaganiami legislacyjnymi
dotyczacymi dopuszczalnych tadunkow fosforu, warunkowanymi m.in. rownowazng liczba
mieszkancéw (RLM) obstugiwanych przez oczyszczalni¢ [Rozporzadzenie 2019].
Skuteczne usuwanie fosforu ze $ciekéw stalo si¢ wigc nie tylko kwestig technologiczng,
ale 1 obowigzkiem wynikajacym z przepisOw prawa ochrony srodowiska.

W praktyce inzynierii sSrodowiska stosuje si¢ roznorodne metody ograniczania fadunku
fosforu w $ciekach. Jedng z nich jest usuwanie biologiczne, oparte na wykorzystaniu bakterii
polifosforanowych, ktore akumulujg fosfor wewnatrzkomorkowo. Proces ten jest przyjazny
dla $rodowiska, jednak wymaga prowadzenia w warunkach beztlenowych, a nastgpnie
tlenowych, przy zachowaniu stabilnych warunkow pracy oraz odpowiedniego stosunku
BZTs do fosforu ogoélnego w Sciekach surowych. W przypadku matych oczyszczalni,
w ktorych ilo$¢ 1 jakos¢ doptywajacych $ciekow moga ulega¢ duzym wahaniom,
skuteczno$¢ biologicznego usuwania fosforu bywa ograniczona [Kataki i in. 2021,
Stefanakis 2019]. Stosowane sg takze metody chemiczne, polegajace na wytracaniu trudno
rozpuszczalnych soli fosforu za pomoca soli zelaza i glinu (np. PIX, PAX), wapna lub
poprzez Kkrystalizacj¢ w formie mineratow, takich jak struwit czy hydroksyapatyt
[Soares i1 in.. 2017, Rayshouni H, i Wazne 2022]. Metody te cechuja si¢ wysoka

skuteczno$cia, a dodatkowo umozliwiaja odzysk fosforu do ponownego wykorzystania
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w rolnictwie [Kasprzyk i Gajewska 2019, Muys i in. 2021]. Alternatywa sa metody
fizykochemiczne, oparte na procesach adsorpcji i wymiany jonowej, realizowane najczesciej
w aktywnych zlozach filtracyjnych [Letshwenyo i Mokokwe 2021]. Technologia ta znajduje
zastosowanie przede wszystkim w koncowym doczyszczaniu $ciekoéw, kiedy zostaty one juz
pozbawione zanieczyszczen organicznych, a dominujaca forma zwigzkow fosforu
s fosforany.

Szczegdlne znaczenie w nowoczesnych technologiach przypisuje si¢ adsorpcji, ktora
jest procesem prostym, efektywnym oraz relatywnie tanim [Bonilla-Petriciolet 1 in. 2017,
Tran 2023]. Adsorpcja polega na wigzaniu jonow lub czasteczek na powierzchni materiatu
statego, a jej skuteczno$¢ zalezy w gldwnej mierze od wilasciwosci adsorbenta, w tym
zawartosci aktywnych chemicznie skladnikow (Ca, Mg, Fe, Al), rozwini¢tej sieci
mikroporéw oraz grup funkcyjnych obecnych na powierzchni [Vohla 1 in. 2011, Strawn
2021]. Mozliwa jest szczegdlnie do zastosowania przy usuwaniu zwigzkéw fenolowych
[Puszkarewicz 1 in. 2018] oraz mikrozanieczyszczen, a szczegdlnie rdéznego rodzaju
zwigzkow rakotworczych [Wisniowska E. 1 Wilodarczyk-Makuta 2011]. Kluczowe dla
praktycznych zastosowan procesu sorpcji jest mozliwos¢ pozniejszego zagospodarowania
sorbentow lub ich regeneracji. Dobranie odpowiedniej metody regeneracji moze pozwalaé
na uzyskiwanie adsorbenta w kolejnych cyklach o nie gorszych parametrach
[Skoczko 1 in. 2021].

Wsérod materiatow  badanych jako potencjalne sorbenty fosforu duzym
zainteresowaniem cieszg si¢ produkty wapniowo-krzemionkowe, zwlaszcza te otrzymywane
na bazie opoki — skaty weglanowo-krzemionkowej. Do tej grupy naleza m.in. Polonite®,
Rockfos®, Filtralite® czy Leca® [Hylander i in. 2006, Kietlinska i Renmann 2005,
Pytka-Woszczytto 1 in. 2022]. Materialty te, dzieki wysokiej zawarto§ci wapnia
1 powstawaniu reaktywnych faz mineralnych w procesie kalcynacji, wykazuja znaczng
zdolno§¢ do immobilizacji fosforu poprzez wytracanie trudno rozpuszczalnych soli
wapniowych [Okano i in. 2013, Zhang 1 in. 2019].

Rockfos® jest produktem powstajacym w wyniku wypalania opoki w temperaturze
okoto 900°C. Kalcynacja prowadzi do dekarbonizacji, czyli rozktadu weglanu wapnia do
tlenku wapnia 1 dwutlenku wegla, co zwigksza reaktywnos$¢ materialu wobec jonow
fosforanowych w poréwnaniu do surowej skaty [Bus i in. 2014, Jozwiakowski 1 in. 2017].
Wysoka zawartos¢ Ca, Mg, Fe i Al sprzyja tworzeniu trudno rozpuszczalnych zwigzkow
fosforanowych, a dotychczasowe badania wskazuja na wysoki potencjal sorpcyjny

Rockfos®. W warunkach laboratoryjnych uzyskiwano nawet ponad 90% redukcji fosforu,
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a maksymalna pojemno$¢ sorpcyjna wyznaczona na podstawie izotermy Langmuira si¢gala
256 mg/g [Zhang i in. 2019, Jucherski i1 in. 2022]. W warunkach rzeczywistych, w skali
technicznej, skuteczno$¢ ta byta jednak nizsza 1 miescila si¢ zazwyczaj w przedziale
30 — 40% [Pytka-Woszczyltto i in. 2022, Zawadzka i in. 2023B]. Rozbieznosci te mozna
thumaczy¢ réznicami w granulacji materiatu, jakosci $ciekéw, warunkach hydraulicznych
oraz sposobie eksploatacji filtréw. Bardzo wazny jest rodzaj materialu, szczegolnie
materialu kopalnego, a w tym przypadku jego pochodzenie i przygotowanie. W zalezno$ci
od rodzaju 1 sktadu dominowa¢ moga rdzne procesy sorpcji, jak wymiana jonowa lub
powierzchniowa chemisorpcja [Soco 1 in. 2023].

Opisane powyze] wyniki badan prowadzonych zaréwno w skali laboratoryjnej, jak
1 technicznej dotyczg filtrow o konstrukcji wymuszajacej pionowy przeplyw Sciekow.
W takich warunkach S$cieki przeplywaja przez cata warstwe materiatu filtracyjnego,
co umozliwia optymalne wykorzystanie jego potencjatu. Stosowanie filtrow pionowych ma
jednak ograniczenia zwigzane z przepustowoscig oczyszczalni Sciekow. W klasycznych
filtrach poziomych problemem jest powstawanie preferencyjnych drog przeptywu,
co ogranicza wykorzystanie catej objetosci ztoza 1 obniza efektywno$¢ procesu sorpcji.

Uwzgledniajac wspomniane ograniczenia i problemy eksploatacyjne podjeto probe
opracowania konstrukcji filtra poziomego, zapewniajacej wydluzenie drogi przeptywu
sciekow przez ztoze filtracyjne 1 czasu kontaktu §$ciekdw z materialem sorpcyjnym.
Dodatkowo okreslono optymalne parametry materiatu sorpcyjnego oraz warunki jego

stosowania w ztozach filtracyjnych w petnej skali techniczne;.
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5. Problem naukowy, hipotezy i cel badan

5.1. Problem naukowy i hipotezy badawcze

Problem naukowy rozprawy zostat wyrazony w postaci nastepujacego stwierdzenia:
konieczno$¢ ochrony jakosci wod powierzchniowych, zagrozonych eutrofizacja wymaga
rozwigzania problemu skutecznego usuwania fosforu ze Sciekow, zwlaszcza w matych,
oczyszczalniach, ktore czesto nie radzg sobie z efektywnym usuwaniem tego sktadnika.
Z tego wzgledu niezbedne jest opracowanie 1 wdrozenie nowych, $rodowiskowo
przyjaznych rozwigzan technologicznych, mozliwych do zastosowania w matych
oczyszczalniach $ciekow, ktore pozwolg na efektywne usuniecie fosforu ze Sciekow.

Na podstawie problemu naukowego sformutowano nast¢pujace hipotezy badawcze:

1. Modul filtracyjny, przy odpowiednich warunkach hydraulicznych przeptywu
I dostosowang granulacji materiatu sorpcyjnego, wykazuje wysoka skuteczno$é
dodatkowego usuwania fosforu ze §ciekow wstgpnie oczyszczonych.

2. Wigzanie fosforu przez material Rockfos® w znaczacym udziale odbywa si¢ na
drodze chemisorpcji.

3. Temperatura i st¢zenie fosforu w Sciekach determinujg zdolnos$ci sorpcyjne materiatu

Rockfos®, wytworzonego na bazie skaly weglanowo-krzemionkowej (opoki).

5.2. Cel badan

Gléwnym celem rozprawy bylo opracowanie wytycznych do projektowania
1 eksploatacji oraz wdrozenie modutowego systemu usuwania fosforu ze S$ciekow
z zastosowaniem materiatu Rockfos®.

W yjeciu naukowym cel badan obejmowat okreslenie pojemnosci sorpcyjnej materiatu
Rockfos® wzgledem fosforu oraz mechanizmu i szybkoéci wigzania fosforanéw przez
material Rockfos®. Ponadto przeanalizowano hydrauliczne warunki przeptywu wody przez
ztoze o przeplywie meandrowym.

Celem wdrozeniowym rozprawy bylo zaprojektowanie 1 wdrozenie modutu
sorpcyjnego  wypetnionego materiatem Rockfos® do usuwania fosforu ze wstepnie
oczyszczonych $ciekow bytowych. W czgsci aplikacyjnej ocenie poddano efektywnos¢ filtra
meandrowego wypetnionego Rockfos® podczas trzyletniej eksploatacji w pelnej skali
technicznej, oceniajac nie tylko zdolno$§¢ do usuwania fosforu, ale réwniez wplyw
rozwigzania na redukcj¢ innych wskaznikow zanieczyszczen, takich jak BZTs, ChZT,

zawiesina ogdlna i zwigzki azotu.

13



Cele szczegolowe badan zostaly zdefiniowane w publikacjach, ktore weszty w sktad

rozprawy doktorskig i obejmuja:

ocene przydatnosci opoki i jej pochodnych do usuwania fosforu ze sciekow (P1),
okre$lenie maksymalnej chtonnoéci materialu Rockfos®, pozwalajacej na okreslenie
objetosci ztoza filtracyjnego i sumarycznego czasu jego pracy (P2),

okre$lenie mechanizmu sorpcji fosforu na materiale Rockfos® oraz szybkosci tego
procesu (P3),

okreslenie hydraulicznych warunkow przeptywu w filtrze meandrowym (P4),

ocene praktycznego zastosowania filtra do usuwania fosforu ze $ciekéw z materiatem

Rockfos® w pelnej skali technologicznej (P5).
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6. Materialy i metody

6.1. Charakterystyka materialu Rockfos®

Zastosowany w badaniach materiat Rockfos® wytwarzany jest na bazie skaly
weglanowo-krzemionkowej (opoki), wydobywanej w poblizu miejscowosci Piaski, w woj.
lubelskim. Materiat powstaje w wyniku obrébki termicznej skaty w temperaturze 900°C.
Charakteryzuje si¢ zawarto$cig CaO na poziomie 43,336% wagowych oraz SiO>— 36,047%
(tab. 1). Znaczny udzial w skladzie materiau Rockfos® ma réwniez Al,Os okoto
6% wagowych. Pozostale zwigzki wystepuja w niewielkich ilosciach, ponizej 3% wagowych
(tab. 1). Komercyjna granulacja materialu wynosi 2 — 5 mm. Materiat Rockfos® ma
porowato$¢ na poziomie 54%. Odczyn materialu jest zasadowy, a jego pH wynosi
11 — 12 [Pytka-Woszczyto i in. 2022, Zawadzka i in. 2023A, http://www.ceramika-
kufel.pl/rockfog/, Zawadzkai in. 2023B].

Tabela 1. Sklad chemiczny materialu Rockfos® [PytkaWoszczytto i in. 2022,
Zawadzkai in. 2023, http://www.ceramika-kufel .pl/rockfod/]

Skiadnik Proc[eoztv‘\’/"gfwy
Ca0 43336
SO, 36,047
Al,Os 5,932
N2:0 2,856
Fe 1,340
MgO 0,938
TiO, 0,960
S 0,654
K0 0,489
p 0,480
Cl 0,237
MnO 0,117

Badania laboratoryjne sorpcji fosforu na materiale Rockfos® prowadzono dla trzech
granulagji: 1,0 — 1,6 mm, 1,6 — 2,5 mm oraz 2,0 — 5,0 mm. Material przesiano przez sita
o odpowiedniej granulacji oraz kilkukrotnie przemyto woda w celu usunigcia czastek
przylegajacych do powierzchni, nastgpnie suszono w suszarce laboratoryjnej w temperaturze

100°C przez 8 godzin.
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6.2. Wodny roztwor fosforanu

Roztwér podstawowy fosforanu o stezeniu 50,00 mg/l do badan laboratoryjnych
materiatu  Rockfos® przygotowano poprzez rozpuszczenie 0,220 g bezwodnego
dwuwodorofosforanu potasu (KH2PO.), czystos¢ analityczna, Chempur) w 1000 ml wody
destylowang. Roztwor podstawowy wykorzystywano do sporzadzenia roztworow
roboczych o stezeniach 0,5; 1,0 oraz 2,0 mg/I.

6.3. Zakres i metodyka badan izoterm sorpcji

Badania izoterm sorpcji przeprowadzono w kolbach Erlenmeyera (200 ml), dodajac
100 ml roztworu KH2PO4 0 odpowiednim st¢zeniu do probek zawierajacych rézne masy
sorbentu (0,05 — 0,80 g) w trzech frakcjach granulometrycznych (1,0 — 1,6 mm,
16 — 25 mm, 2,0 — 50 mm). Probki wytrzasano przez 24 godziny (230 rpm) w
temperaturach 5 — 25°C, po czym przesgczano roztwory i pobrano probki do analiz. W
przesaczach oznaczano fosfor ogdlny metodg spektrofotometryczng po uprzednim
utlenieniu probki w termoreaktorze (120°C, 30 minut) zgodnie z normg PN-EN SO
6878:2006 + Ap1:2010 + Ap2:2010. W kazdej probce mierzono réwniez warto$¢ pH metoda
potencjometryczng zgodnie z PN-EN ISO 10523:2012. W wybranych probkach oznaczano
dodatkowo twardo$¢ ogo6lng 1 st¢zenie wapnia przy uzyciu testow probowkowych
NANOCOLOR (Macherey-Nagel, Niemcy). Wszystkie analizy wykonano w trzech
powtorzeniach, a do dalszych obliczen przyjeto wartosci srednie. Wyniki analiz postuzyty
do obliczania dwoch kluczowych parametréw, st¢zenia fosforu zatrzymanego na
adsorbencie Ce i masy fosforu zatrzymanej na adsorbencie g. W obliczeniach wykorzystano

zaleznosci 11 2.

Co=Co—C (1)
Ce'V
9= 2

gdzie:

Co, C — stezenia fosforu w roztworze przed i po procesie [mg/I],

g — pojemnos¢ sorpcyjna/masa fosforu zwigzanego przez adsorbent [mg/g],
V — objetos¢ roztworu [1],

m — masa nawazki adsorbenta [g].
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Modelowanie procesu przy pomocy izoterm Langmuira w postaci ogdlnej (wzor 3)
realizowano przy wykorzystaniu postaci liniowych, w ktorych wykonano wykresy
CJdq = f(g) — w linearyzacji Langmuira (wzor 4), 1/q = f(UCe¢) w linearyzagji
Lineweavera-Burke (wzor 5), g/Ce =f(q) w linearyzacji Scatcharda (wzor 6) oraz q = f(g/Ce)
w linearyzacji Eadie-Hoffgsie (wzor 7) [Tran i in. 2016].

_ Gmax " Ki - Ce (3)
1 + KL " Ce

C, 1 C. (4)
—€ _ +

q Gmax "KL Qmax
101 11 ®)
49  Gmax Ki Ce  Qmax

q 6
C_Z_KL'q+Qmax'KL ()
-1
q= (K_L) .Cie + Gmax (7)

gdzie:
Omax — Maksymal na masa zatrzymana na adsorbencie [mg/g],

KL — stata rownowagi adsorpcji Langmuira [l/mg].

Punkty na wykresach aproksymowano funkcjg liniowa, w ktorej wspotczynniki
nachylenia oraz punkt przeciecia z osig pionowa pozwalal na obliczenie
charakterystycznych parametrow jakimi sg stata izotermy Langmuira K. oraz maksymalna
pojemno$¢ sorpcyjna tj. masa jakg moze zwigza¢ analizowany adsorbent qmax. Dla oceny
stopnia dopasowania liniowej funkcji trendu podany zostal wspotczynnik determinacji R2.
Ponadto obliczano wspotczynnik separacji, zwany takze parametrem réwnowagi R
(wzor 8).

R - 1 (8)
(1+K,-Cpy)

Interpretacja R. podawana w literaturze jest nastgpujaca: jesli RL < 1 adsorpcja jest
korzystna; R.~0 wskazuje, ze adsorpcja jest nieodwracalna; R. = 1 wskazuje, ze izoterma
adsorpcji jest liniowa, aR. > 1, ze adsorpcjajest niekorzystna[Kaam i in. 2021]. W bardzo
wielu publikacjach powielane jest niezbyt precyzyjnie, iz adsorpcja jest nieodwracalna
wowcezas, gdy RL = 0 [Gupta i Bhattacharyya 2006, Ghodbane i in. 2008, Foo i Hameed
2010, Soliman i in. 2016, Ayawel i in. 2017, Hassani i in. 2024]. Taka sytuacja nie moze
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wystapi¢, gdyz mianownik musiatby osigga¢ nieskonczono$¢. W przypadku wysokich
warto$ci mianownika (Wzor 8) warto$¢ R. bedzie bardzo mata, bliska zeru. Rowniez wysoce
watpliwa jest sytuacja, aby R > 1. Moze to wystapi¢ tylko, jesli iloczyn Co - KL < 0O,
co przektada si¢ na ujemng wartosc¢ statej K, bo Co nie moze by¢ ujemne.

Analize termodynamiki procesu wykonano wykorzystujac zaleznosci 9-11

[Soliman i in. 2016, Hassani i in. 2024]:

q
K =
“c (9
AG=—-R-T-InK, (10)
b _hs_aH
" TR TRT (12)

gdzie

Kq — stata rozktadu wyprowadzona ze zdolnos$ci adsorpcji q i stezenia rownowagowego Ce,
AG — standardowa energia swobodna [Jmol],

AS — standardowa entropia [ Ymol],

AH — standardowa entalpia [Jmol 1. K],

R — stata gazowa 8,314 [Jmol 1KY,

T — temperatura bezwzgledna [K].

Do wyznaczenia odpowiednich parametréw wykorzystano liniowa zalezno$¢

(wzor 12):

e =1 (%) (12)

ktorej wspotczynnik kierunkowy wyraza AH/R, a rzedna punktu przecigcia osi pionowej
ASIR.

Andize¢ dopasowania punktow pomiarowych i poszczegélnych modeli wykonano
wykorzystujac wspotczynnik determinacji R?, sume kwadratéw btedow ERRSQ (wzér 13),
ztozong utamkowa funkcje btedu HYBRD (wzor 14), sredni btad wzgledny ARE (wzér 15),
test Fishera F (wzor 16) i test 42 (wzér 17) [Chutkowski i in. 2008].

k
ERRSQ = Z(Qex'p - QCaEc)Z
=1 (13)
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k 2
HYBRD = 100 Z (Qexp - Qr:alc)
k — p 4 Qexp

= (14)
k

ARE = 1002 Qexp — Ycalc

k -1 qup (15)
2
v (k—p)- E (qexp 1 1 qexp)
= 2
(k—1)- E;’:l(Qexp - qL"alc)
(16)
k
Z ((qup QCaIc )
— Qcaic

=t (17)

gdzie:

Oexp — SOrpcja otrzymana z pomiarow [mg/g],

Ocalc — Sorpcja otrzymana z obliczen przy wykorzystaniu modelu w postaci ogélnej [mg/g],
k — liczba punktéw pomiarowych [-],

p — liczba parametréw modelu [-].

6.4. Zakres i metodyka badan Kinetyki sorpcji

Badania kinetyki sorpcji przeprowadzono w zestawie kolb Erlenmayera (200 ml),
w ktorych odwazono statg mase sorbentu, tj.: 2,000 g o granulacjach: 1,0 — 1,6, 1,6 — 2,5,
2,0 — 5,0 mm, dodajgc po 100 ml roztworu o stezeniu fosforu 1,00 mg/l. Probki wytrzgsano
w wytrzasarce laboratoryjnej w czasie od 1 min do 48 h, w temperaturze 20°C, po czym
przesgczano roztwory i pobrano probki do analiz. W przesaczu oznaczanO stezenie fosforu
ogolnego oraz warto$¢ pH, w taki sam sposéb jak w przypadku badan izoterm sorpcji.

Kinetyke sorpcji fosforu analizowano w oparciu o cztery modele kinetyczne
przedstawione ponizej w postaciach ogoélnych i liniowych: pseudo-pierwszego rzedu (PFO)
(wzor 18) i (wzér 19) oraz pseudo-drugiego rzedu (PSO) (wzor 20) i (wzor 21),
Webbera-Morrisa (W-M) (wzor 22) i Elovicha (E) (wzor 23).

q = qo(1—efat) (18)
In ("2 e‘” —kyt (19)
_ qg'kz't (20)
q= 1+qg-kot
L (21)

a  kza?  qe
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g =K, tz+C (22)
1, : 1
=73 In(a-B) + ﬁlnt (23)

gdzie:

t—czas|9,

g — masa adsorbatu zwigzanego przez adsorbent w czasie t [mg/g],

Je — masa adsorbatu zwigzanego przez adsorbent w stanie rownowagi [mg/g],
k1— stata szybkosci procesu w modelu pseudo-pierwszego rzedu [1/min],
ko — stata szybkosci procesu w modelu pseudo-drugiego rzedu [g-mg*min?],
K — stala szybkosci dyfuzji wewnatrzczasteczkowej [mg-gt-min®°],

C — grubos¢ warstwy granicznej [mg/g],

o — poczatkowa szybkosé¢ adsorpcji [mg-gt-min?],

[ — parametr zwigzany z zakresem pokrycia powierzchni i energig aktywacji w odniesieniu
do chemisorpcji (stata desorpcji) [g/mg].

Model kinetyczny PFO Lagergrena opisuje proces adsorpcji na granicy fazy ciato
state-ciecz. Model kinetyczny (PSO) opisuje szybkos$¢ procesu adsorpcji w odniesieniu do
roznicy pomigdzy rownowagows, a aktualng iloscig zaadsorbowanego adsorbatu. Model W-
M moze natomiast wskaza¢ wystgpowanie mechanizmu dyfuzji wewnatrzczasteczkowe;.
Ostatnim analizowanym modelem byt model E, ktory zaktada, ze rzeczywiste powierzchnie
ciat stalych sg energetycznie niejednorodne i ze ani desorpcja, ani interakcje migdzy
Zaadsorbowanymi substancjami nie moga znaczaco wplyna¢ na kinetyke adsorpcji przy
niskim pokryciu powierzchni (28) oraz, ze powierzchnia ciata stalego jest energetycznie
heterogeniczna. Na podstawie wykresow oraz rownan postaci liniowych wyznaczono state
parametry modeli, takie jak: stala szybkosci reakcji (k), pojemno$¢ sorpcyjna (q),

wspdtczynnik determinacji (R?) oraz wspétczynnik korelacji Pearsonar (wzor 24).

_ _Ix-DO-Y)
VI(x—%)23(y-7)?

(24)

gdzie:

X — zmiennax,

X — $rednia arytmetyczna zmiennej X,
y —zmiennay,

§ — $rednia arytmetyczna zmiennej y.
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6.5. Zakres i metodyka badan filtra meandrowego w skali laboratoryjnej

6.5.1. Budowa modelu labor atoryjnego

Do analizy hydraulicznej i technologicznej filtroéw z opoka wybudowano stanowisko
w skali laboratoryjng (rys. 1). Model filtra wykonano w formie prostopadtosciennego
zbiornika o wymiarach: dtugos$¢ — 0,80 m, szerokos$é — 0,20 m, wysoko$¢ — 0,50 m (rys. 1).
Zbiornik w cato$ci wykonano z ptyt z przezroczystego tworzywa sztucznego (PLEXI).
Wnetrze zbiornika podzielono 3 przegrodami, na 4 komory o wymiarach w planie 0,20x0,20
m. Przegrody pomiedzy komorami A i B oraz C i D zostaly zamontowane tak, ze nad dnem
zbiornika do krawedzi przegrody pozostawat wolny przelot o wysokosci 0,05 m. Przegrody
te, w gérnej czesci siggaly do gornej krawedzi zbiornika. Przegroda pomigdzy komorami
B 1 C siggata od dna zbiornika do wysokosci 0,25 m. Potaczenia przegréd z dnem i Scianami
bocznymi zbiornika wykonano jako szczelne. W tylnej $cianie zbiornika, na wysokosci
0,30 m wykonano otwér odptywowy o s$rednicy 25 mm. Na potrzeby eksperymentow
wszystkie komory zbiornika wypelniano do wysokosci 0,25 m materialem filtracyjnym,
jakimi byly piasek oraz Rockfos®. Zasilanie modelu woda w czasie badan hydraulicznych
odbywalo si¢ przez komore A, z ktorej woda przeptywata kolgjno przez komory B, C, D az
do otworu odptywowego. Podzial zbiornika na komory 1 uktad przegréd wymuszat

meandrowy przeplyw wody, w komorze A 1 C — w dot ztoza filtracyjnego, w komorze

BiD-wgore.
Pomiar wysoko$ci zwierciadta wody

Wilot q / /
A = =
' i

W E Wylot

50
cm = - =

[

20 cm a \ 20 CW 20 cm 20 cm

/" 800cm
Przegrody

A
v
A
v

A
v

Rysunek 1. Schemat budowy filtraw skali laboratoryjne
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Wyglad stanowiska podczas pracy ze ztozem piaskowym i skala Rockfos® zostal

pokazany narysunku 2.

Rysunek 2. Model filtra w skali laboratoryjnej wypelnionego piaskiem (A)

i materialem Rockfos® (B)

6.5.2. Metodyka badan modelu labor ator yjnego

Celem badan modelu laboratoryjnego byto okreslenie hydraulicznych warunkoéw
przeplywu wody przez ztoze o przeptywie meandrowym, a przede wszystkim wyznaczenie
relacji miedzy natgzeniem przeplywu wody, a wysokosciami warstwy wody w komorach:
A 1 D. Zalezno$¢ ta ma istotne znaczenie w projektowaniu kubatury i wysokosci $cian
w stosunku do wysokosci ztoza. Ta relacja jest istotna w dostosowaniu przepustowosci filtra
do wymagan konkretnej oczyszczalni Sciekow.

Jako poziom odniesienia przyjeto piasek kwarcowy, ze wzgledu na fakt, Ze jest to
minerat o dobrze okreslonych warunkach filtracji [Siwiec 2007]. W Kklasycznym
modelowaniu warunkow filtracyjnych przeplyw przez materiat porowaty opisywany jest
wzorem Erguna (wzér 25), jako uniwersalne rozwigzanie obejmujace zarowno ruch

laminarny, jak 1 przejSciowy oraz burzliwy.

%:kl-,u-(l—go)z( 6 T'V+k2(1_80)'( 6 J'VZ

,0f°9°603 W'dz 9'503 W'dz

(25)

gdzie:

H — strata ci$nienia (r6znica poziomow zwierciadel wody w sgsiednich komorach) [m],
L — wysokos¢ warstwy filtracyjnej [m],

ki i ko — state, odpowiednio 150/36 oraz 1,75/6 [Radoici¢ i in. 2014, Gibsoni in. 2018]
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u — dynamiczny wspotczynnik lepkosci wody (zalezny od temperatury) [kg/(m-s%)],
& — porowato$¢ ztoza w stanie ustalonym (bez przeptywu) [-],

g — przyspieszenie ziemskie [m/s7],

pr— gestosé wody [kg/m?],

¥ — sferycznos¢ ziaren ztoza [-],

d; — rownowazna $rednica ziaren zloza, czesto wyznaczana jako $rednia geometryczna

dwoch skrajnych wymiarow d, = \/dpmax * Amin [M],

V — predkos filtracji V = % [m/g],

Q — natezenie przeptywu [m®/d],

F — pole przekroju poprzecznego ztoza w kierunku przeptywu [m?].

Wz6ér Erguna sktada si¢ z dwoch cztonow. Czlon pierwszy jest liniowag funkcja
predkosci filtracji V 1 odnosi si¢ do przeptywu laminarnego, czton drugi — jest kwadratowa
funkcja predkosci filtracji V? i odnosi sie do przeptywu burzliwego. Granice poszczegolnych
typoOw przepltywow wyznacza liczba Reynoldsa (Re€) wyrazajaca zalezno$¢ migdzy
predkoscig przepltywu przez ztoze, rownowazng $rednicg ziaren, gestoscig cieczy oraz jej
lepkos$cig dynamiczng (wzor 26):

_Vppds
u

(26)

e

W praktyce rzadko kiedy warunki filtracji odpowiadajg ruchowi burzliwemu. Z reguty

jest to ruch laminarny (liczba Reynoldsa Re < 6) lub przejsciowy (6 > Re < 500), przy ktérym

nie wystepuje wyrazna dominacja ani przepltywu laminarnego ani burzliwego

[Cleasby i Fan 1981]. Jesli w badanym filtrze wystepuje ruch laminarny, czyli przy niskich
wartos$ciach Re wykorzystuje si¢ wzoru Kozeny-Carmana[Abbas 2011] (wzor 27):

H _ 180-p-(1-)% ( 1 2 .
L pfg-&’ (ll)'dz) v (27)

W pierwszym etapie badan hydraulicznych model laboratoryjny wypetniono piaskiem
kwarcowym o $rednicy ziaren 1,0 — 1,6 mm. Badania polegaty na pomiarach wysokos$ci
zwierciadel wody w kazdej komorze modelu w funkcji natezenia przeptywu wody. Warunki
przeplywu wody przez warstwy filtracyjne w poszczegdlnych komorach modelu
analizowano przy poziomach natezenia przeptywu wody od 0,023 — 0,096 m*/h,

W badaniach kazdego wariantu nat¢zenia przeptywu obowiazywat ten sam tryb

postepowania. Obejmowat on w pierwszej kolejnosci ustalenie natezenia doptywu wody do
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modelu o zadanej wartos$ci. Odczekanie na tyle dlugiego czasu, az osiggano ustabilizowanie
pozioméw zwierciadet wody w kazdej z komoér modelu. Niezmienno$¢ poziomoéw
zwierciadet wody w kazdej z komoér oznaczatazrownanie si¢ strumienia wody doptywajace;j
do modelu oraz odptywajacej z niego. Po ustabilizowaniu zwierciadel wody w kazdej
komorze dokonywano odczytu ich wysokosci, wykorzystujac mierniki zamontowane ha
sciankach modelu. Po dokonaniu odczytow wysokosci zwierciadet wody mierzono
natezenie przeplywu wody przy uzyciu cylindra miarowego i Czasomierza. Pomiar
przeplywu wykonywano w 5 powtorzeniach przyjmujac do dalszych obliczen s$rednig
arytmetyczng. W taki sam sposob postgpowano przy badaniu kolejnych wariantéw natezenia
przeplywu wody.

W drugim etapie badan dokonano wymiany zloza w modelu. Jako wypetnienie
zastosowano rozdrobniony material Rockfos® o granulagji 1,0 — 1,6 mm, takigj samej jak
piasek testowany w pierwszym etapie. Identyczna byta roéwniez wysoko$¢ ztoza
filtracyjnego — 0,25 m. R6znica miedzy piaskiem a materiatem Rockfos® polegata na innych
ksztaltach ziaren i porowatosci ztoza (33), co jest skutkiem innych zrodet pozyskiwania.
Piasek jest naturalnym sktadnikiem otoczenia wykazuje ksztatt bliski kulistemu
[Siwiec 2007], natomiast Rockfos® jest skata kopalna, ktora musiala byé rozdrobniona,
wypaona i przesiana do uzyskania odpowiedniej wielko$ci ziaren. PO przygotowaniu
modelu przeanalizowano zalezno$¢ pomiedzy wysokosciami zwierciadet wody
w poszczegolnych komorach modelu a natezeniem przeplywu wody stosujac ten sam tryb
postepowania, jak w pierwszym etapie eksperymentu. Przeanalizowano 6 wariantow
nat¢zenia przeptywu wody. Wyniki pomiaréw poréwnano z wynikami uzyskanymi dla

piasku kwarcowego.

6.6. Zakresi metodyka badan filtra meandrowego w skali technicznej

6.6.1. Budowa w pelnej skali technologicznej

Gléwne zatozenia konstrukcji modelu laboratoryjnego, to jest uktad przegrod,
proporcje wymiaré6w 1 wysoko$ci zl0z zastosowano w pelnej skali technicznej
w oczyszczalni §ciekow eksploatowanej w miejscowosci Biatka, w gminie Debowa Ktoda.
Oczyszczalnia funkcjonuje od 2020 roku i jest przeznaczona do unieszkodliwiania $ciekow
bytowych doplywajacych siecig kanalizacyjna z miejscowosci Biatka oraz dowozonych
taborem asenizacyjnym ze zbiornikow bezodptywowych. Srednia przepustowos¢

oczyszczalni wynosi 180 m3/d. Proces oczyszczania $ciekow oparty jest na 0czyszczaniu
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mechanicznym w Sito-piaskowniku i osadniku wstepnym oraz na 0czyszczaniu
biologicznym w 6 hybrydowych uktadach z16z gruntowo-ros§linnych z pionowym
i poziomym przeptywem $ciekow. Na koncu ciggu technologicznego oczyszczalni, przed
wprowadzeniem $ciekoOw do odbiornika zastosowano rowniez filtr do usuwania fosforu ze
$ciekow oczyszczonych biologicznie (rys. 3).

Filtr do usuwania fosforu ze $ciekéw sklada si¢ z trzech rownoleglych komor
w Kksztalcie prostopadtosciennych zbiornikow. Kazdy ze zbiornikow wykonany jest
w konstrukcji zelbetowej | ma wymiary: dlugos$¢ — 6,0 m, szerokos¢ 2,0 m, wysokos¢ 2,0 m.
Wypetnione zostaly materiatem Rockfos® o granulacji 2,0 — 5,0 mm, a wysokoéé zt6z
filtracyjnych wynos 1,0 m. Doptyw $ciekow do kazdego ze zbiornikow odbywa si¢ rurami
perforowanymi utozonymi przy dnie wzdluz S$ciany czotowej. Odplyw Sciekow
oczyszczonych do odbiornika znajduje si¢ w S$cianie tylnej kazdego ze zbiornikdw,
na wysokosci okoto 1,0 m nad dnem zbiornika.

Zgodnie z zalozeniami projektowymi $cieki doprowadzane cisnieniowo do filtramialy
przeplywa¢ réwnomiernie przez catg warstwe wypehienia do przelewu odptywowego.
W trakcie rocznej eksploatacji okazato si¢, ze filtr nie do konca speinia swoje zadanie
w zakresie eliminacji fosforu ze $ciekow, co moglto mie¢ zwigzek z charakterem przeptywu.
W duzej masie wypelnienia poszczegolnych zt6z filtracyjnych najprawdopodobniej
wytworzytly sie kanaly, ktorymi S$cieki przeptywaty do$¢ szybko przy ograniczonym
kontakcie z ziarnami materialu Rockfos®. Obserwacja pracy filtra pozwolita stwierdzi¢,
ze Scieki po wyplynieciu z perforowanej rury wlotowej dos¢ szybko przeptywaty do gory,
a nastepnie ptynety na catej dtugosci filtra gornymi warstwami ztoza filtracyjnego lub nawet
cze$ciowo nad jego powierzchnig ztoza az do wylotu (rys. 4A). Konsekwencja tego byty

niskie efekty usuwania fosforu.
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Rysunek 3. Schemat oczyszczalni §ciekow w Bialce, gmina Debowa Ktoda

7 uwagi na powyzsze, w konstrukcji filtra wprowadzono modyfikacje. W kazdeg
komorze zamontowano 3 przegrody poprzeczne. Pierwsza przegrode zamontowano
w odlegtosci 1,0 m od Sciany czolowej (wlotowej), druga — w odlegtosci 3,0 m,
a trzecig — 5,0 m. Przy instalacji przegrod stosowano te same zatozenia, jak w modelu
laboratoryjnym. Pierwszg i trzecig przegrod¢ zamontowano 0,4 m nad dnem zbiornika, aich
gorna krawedz siggata ponad zwierciadto $ciekéw. Druga przegroda zostata zainstalowana
przy dnie, a jej wysokos¢ wynosi 0,6 m.

Montaz przegrod spowodowal wymuszony przeplyw meandrowy $ciekéw pomiedzy
wlotem a wylotem (rys. 4B). Wydtuzenie drogi przeptywu, wymuszenie zmian kierunkow
1 predkosci (zmienne pola przekroju poprzecznego strumienia $ciekow) miaty spowodowac
wydtuzenie czasu kontaktu $ciekow z wypehieniem (materiat Rockfos®), a w rezultacie

zwigkszy¢ efekty usuwania fosforu ze Sciekow.
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Rysunek 4. Schemat filtra do usuwaniafosforu przed modyfikacja (A) i po modyfikacji (B)

6.6.2. Metodyka badan efektywnosci pracy filtru z przeplywem

meandrowym w pelnej skali technologiczneg

Badania efektywnosci pracy P-filtra w pelnej skali technicznej przeprowadzono
w latach 2020 — 2025. Obejmowaty one okres przed modyfikacjg konstrukcji filtra
(X 2020 . — 11 2022 r.) oraz po jgf modyfikacji (V 2022 r. — V11 2025r.). Proby sciekow do
analiz pobierano raz w miesigcu z dwoch punktow: 1. studzienka rewizyjna przed wlotem
do P-filtra oraz 2. wylot Sciekow z P-filtra. W badanym okresie wykonano 55 serii analiz
(16 przed modyfikacja i 39 po modyfikacji filtra) i pobrano 110 probek sciekow.
W badanych probach oznaczano pH oraz stezenie fosforu ogolnego. Dodatkowo
w okresie VIII 2024 r. — VII 2025 r. rozszerzono zakres badan laboratoryjnych zgodnie
z tabela 2. Pobieranie probek, transport i przetwarzanie probek oraz ich analizy zostaly
wykonane zgodnie z polskimi normami (tab. 2). Analizy laboratoryjne w okresie
X 2020 r. — VI 2024 r. wykonywano w laboratorium Katedry Inzynierii Srodowiska
Uniwersytetu Przyrodniczego w Lublinie. Badania jakosci $ciekow w  okresie
VIII 2024 r. — VII 2025 r. wykonywano w akredytowanym Laboratorium Uslug Badawczych
Lubelskiej Spotdzielni Ustug Mleczarskich w Lublinie. Wykaz norm i procedur badawczych

podano w tabeli 2.
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Tabela 2. Normy i procedury stosowane w analizie $ciekow

Badany
Metoda pomiaru Numer normy Jednostka
parametr
- Pobieranie probek PN-ISO 5667-6:2016-12 -
pH Metoda PN-EN SO 10523:2012 i
potencjometryczna
Zawiesina ogdlna Metoda wagowa PN-EN 872:2007 + Ap1:2007 mg/l
ChZT Metoda PN-ISO 15705:2005 mg O/l
spektrofotometryczna
BZTs: Metoda PN-EN 5815-1:2019-12 | mg Oyl
elektrochemiczna
Fosfor oz6ln Metoda PN-EN SO 6878:2006 p.7 me/l
gomy spektrofotometryczna + Apl: 2010 + Ap2:2010 &
Metoda .
Azot amonowy spektrofotometryczna PN-ISO 7150-1:2002 mg/1
Metoda
Azot azotanowy spektrofotometryczna PN-82/C-04576.08 mg/1
Metoda
Azot azotynowy spektrofotometryczna PN-EN 26777:1999 mg/l
Azot ogdlny Metoda obliczeniowa PB/E?S;OS Ovﬁ]f'l z mg/l
Metnosé Metoda PN-EN ISO 7027-1:2016-09 | NTU
nefelometryczna
Przewodnos¢ Metoda
elektryczna PN-EN 27888:1999 uS/cm
. konduktometryczna
wiasciwa
Zasadowos¢ . PN-EN ISO 9963-
ogolna Metoda miareczkowa 1:2001+Apl:2004 mmol/l
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7. Wyniki badan i ich dyskusja
7.1. |zotermy sorpcji

7.1.1. Zmiany sorpcji w funkcji stezenia rownowagowego fosforu
w roztworze dla réznych granulacji materialu Rockfos®

Na rysunkach 5 — 7 przedstawiono zalezno$¢ pomigdzy pojemnoscia sorpcyjna
g materiatu Rockfos® a ubytkiem stezenia fosforu w roztworze. W analizie uwzgledniono
rozne stezenia poczatkowe roztworu oraz granulacje materiatu. Wykresy przedstawiono dla
wybranych trzech temperatur, tj. 5°C, 15°C i 25°C. Kazda seria danych sktada si¢

Z 9 punktéw odpowiadajacych roznym nawazkom sorbentu.

0.12 1,6-2,5 mm; 5°C 012 2,0-5,0 mm; 5°C
° °
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Rysunek 5. Zmiany sorpcji (q) w funkcji stgzenia rownowagowego fosforu w roztworze (Ce) dla
roznych granulacji materiatu Rockfos® w temperaturze 5°C
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Rysunek 6. Zmiany sorpcji () w funkgji stezenia rownowagowego fosforu w roztworze (Ce) dla
roznych granulacji materialu Rockfos® w temperaturze 15°C
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Rysunek 7. Zmiany sorpcji (q) w funkcji stezenia rownowagowego fosforu w roztworze (Ce) dla
roznych granulacji materiatu Rockfos® w temperaturze 25°C

Wyniki pokazuja, ze masa usunigtego fosforu wzrasta w sposob krzywoliniowy wraz
ze zwigkszaniem masy sorbentu, a na przebieg procesu silnie wptywa poczatkowe stezenie
roztworu. Przy najmniejszym stezeniu roztworu podstawowego (0,5 mg/l P-POs>) i dla
najwiekszej nawazki (0,800 g) ubytek nie przekraczat 0,4 mg/l. W przypadku wyzszych
stezen poczatkowych fosforu 1,0 mg/l i 2,0 mg/l maksymalne ubytki osiggaly odpowiednio
0,9 mg/l i 1,24 mg/l. Badania materiatu Rockfos® prowadzone przez Kasprzyk i Gajewska
[2019] oraz Kasprzyk i in. [2018] rowniez wykazaly duze zréznicowanie zdolnosci
sorpcyjnej materiatu w zaleznosci od poczatkowego stezenia fosforu w roztworze.

O wptywie stezenia poczatkowego adsorbatu w roztworach na sorpcj¢ pisali réwniez

Hoi in. [2004], Reczek i in. [2014], Trani in. [2016] oraz Wang i in. [2010].

7.1.2. Wplyw wielkoS$ci ziaren na efektywnos$¢ sorpcji fosforu

Rysunek 8 przedstawiawptyw wielkosci ziaren na efektywno$¢ sorpcji. Na podstawie
wykresow q = f(Ce) dla zatozonych wartosci Ce: 0,1 mg/l i 0,3 mg/l, wyznaczono wartosci
q w temperaturach 10°C oraz 20°C. Uzyskane punkty wykazuja chaotyczny rozklad,
co uniemozliwia jednoznaczne wskazanie, ktora frakcja ziaren sprzyja sorpcji. W badaniach
Kasprzyk i in. [2018] zasugerowano istnienie wptywu wielkosci ziaren na efektywnos¢
sorpcji, jednak dokladniejsza analiza tej pracy nie potwierdza jednoznacznie takiej
zalezno$ci. Znaczace roéznice w efektywnosci usuwania fosforu w zaleznosci od wielkosci
ziaren ztoza wykazat JoZzwiakowski i in. [2017]. Autorzy wykazali, Zze $rednia skuteczno$é
usuwania fosforu na ziarnach 1-2 mm osiagne¢ta nawet 97%, a na ziarnach 5 — 10 mm byta
nizsza niz 60%. Do uzyskania tak wysokiej efektywnosci przyczynito si¢ mate obcigzenie

hydrauliczne (0,72 1/d) oraz dtugi czas przetrzymania (24 h). Wprawdzie mozna zauwazy¢,
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Ze mnigjsze ziarna W Swojg masie maja wicksza sumaryczng powierzchni¢, co moze
zwiekszac pojemnos¢ sorpeyjng [Kasprzyk i in. 2018, Brogowski i Renman 2004, Cucarella
i in. 2007], w przypadku chemisorpcji wigksze znaczenie maja chemicznie aktywne obszary
ziaren niz ich catkowita powierzchnia. Dlatego w przypadku niejednorodnych materiatlow
oraz mechanizmu wymiany jonowej, wielko$¢ ziaren w zastosowanych zakresach nie

odgrywa istotngj roli.

®10°C-1,0-1,6 mm @10°C-1,6-2,5mm @10°C-2,0-5,0 mm
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Rysunek 8. Masafosforu (q) zatrzymanych przez material Rockfos® przy roznej granulacji ziaren w

temperaturach 10°C i 20°C

7.1.3. Wplyw temperatury na efektywnos$¢ sorpcji

Temperatura jest jednym z kluczowych czynnikow wptywajacych na efektywnos¢
sorpcji fosforu na materiale Rockfos®. Rysunek 9 przedstawia zalezno$¢ stezenia
rownowagowego fosforu od pojemnosci sorpcyjnej w roznych temperaturach prowadzenia

procesu dlagranulagji 2,0— 5,0 mm przy poczatkowym stezeniu fosforu w roztworze 2 mg/l.
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Rysunek 9. Masa zaadsorbowanego fosforu (q) na ziarnach o granulagji 2,0 — 5,0 mm przy réznych

temperaturach prowadzenia procesu i stezeniu fosforu w roztworze
wyjsciowym 2 mg/l

Wyniki przedstawione na rysunku 9 wskazujg na wzrost sorpcji wraz ze wzrostem
temperatury — najnizsze wartosci odnotowano przy 5°C, a najwyzsze przy 25°C.
W niniejszych badaniach rozrzuty punktow w dang temperaturze moga wynikac
z niejednorodnosci materiatu Rockfos® pod wzgledem zawartosci centrow aktywnych
w poszczegolnych porcjach sorbentu. Jako pochodna naturalngj skaly material moze
charakteryzowa¢ si¢ zmienno$cig skladu mineralnego determinowang warunkami
naturalnych przemian i krystalizacji jak roéwniez procesu wytwarzania (wypaanie,
kruszenie, przesiewanie).

Badanie wptywu temperatury na efektywno$¢ sorpcji byta w zakresie zainteresowania
wielu autorow. Soliman i in. [2016] badajac wplyw temperatury na sorpcje jonow otowiu na
weglu aktywnym wykazat wyrazny wzrost maksimum sorpcji qmex W zakresach temperatur
29°C, 39°C i 56°C wykazujac dobra spdjnos¢ z izotermg Langmuira. Wpltyw temperatury
na sorpcj¢ w niektérych przypadkach moze by¢ tlumaczony glebszymi przemianami
zachodzacymi zarowno na powierzchni adsorbenta jak i w masie adsorbatu, co wykazali
Cao i in. [2022] badajac sorpcje oleinianu sodowo-wapniowego na powierzchni kwarcu.
Wykazali oni, ze wraz z temperaturg wzrastala liczba miejsc aktywnych na powierzchni
kwarcu oraz tworzyly si¢ efektywne formy wapnia Takie przemiany adsorbatu moga silnie
si¢ zmienia¢ przy analizie sorpcji adsorbatu wielosktadnikowego jak ropa naftowa, gdzie
temperatura wptywa zaréwno na sorpcj¢ i desorpcje poszczegélnych sktadnikéw, ich
przemieszczanie Si¢ w réznych wielko$ciach porow adsorbenta, jak i rozdzielanie si¢ form
adsorbatu [Chen i in. 2022].
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Rysunek 10. Efektywno$¢ usuwania fosforu przy réoznych temperaturach prowadzenia procesu

Narysunku 10 przedstawiono wplyw masy sorbentu na efektywnos$¢ usuwania fosforu
z roztworu przy roznych temperaturach procesu. Punkty 1 — 9 na osi poziomej odpowiadaja
kolejnym nawazkom sorbentu opisanym w rozdziale 6.3. We wszystkich przypadkach
obserwuje si¢ niemal proporcjonalng zalezno$¢ miedzy masg sorbentu a efektem usuwania
fosforu, przy czym osiggane wartosci byly silnie zalezne od temperatury. W temperaturach
5°C, 10°C i 15°C efekty byly zblizone i mieScity si¢ w przedziale od 1,5 — 2,6% do
37,2 — 41,7%. Znacznie wyzsze efekty uzyskano przy 20°C i 25°C — odpowiednio od 1,1%
do 61,0% oraz od 3,1% do 66,0%. Wzrost efektywnoSci procesu w zaleznosci od
temperatury nie zawsze jest jednoznaczny. Jak wykazano w badaniach Hassani i in. [2024],
efektywno$¢ usuwania barwnika czerni eriochromowe wzrastala wraz z temperatura,
natomiast w przypadku biekitu Maxilon malata. Aby statystycznie uzasadni¢ wplyw
temperatury na warto$¢ sorpcji q oraz stezenie rownowagowe Ce, przeprowadzono analize
z wykorzystaniem modelu liniowego uogolnionego GLM. Przyktadowe wyniki tej analizy
przedstawiono narysunku 11.
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Rysunek 11. Przyktadowe wyniki modelowania GLM wplywu temperatury na sorpcje
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Model wykazal istotny statystycznie wplyw temperatury na sorpcje fosforu na
materiale Rockfos® z prawdopodobienstwem ponizej 0,001, czyli mniejszym od zalozonego

poziomu istotnosci 0,05.

7.1.4. Wplyw nawazKki sorbentu na pH

Dla oceny wplywu procesoOw wymiany jonowej na sumaryczny efekt sorpcji
wykonano dodatkowe pomiary pH, twardosci sorptywu oraz st¢zenia wapnia. Twardos¢
roztworu podczas badan wzrastala, jej Srednia wartos¢ przy najmniejsze]
nawazce sorbentu wynosita 27,86 + 14,11 mg CaCOzs/l, za$ przy najwickszej nawazce
126,09 + 35,36 mg CaCOxs/I. Stezenie wapnia wzrastato odpowiednio z 12,76 + 5,47 mg Ca/l
do 46,27 + 11,87 mg Call. Swiadczy to o znaczacym udziale wymiany jonowej, podczas
ktorej nastepuje reakcja fosforanow z wapniem, co prowadzi do wytracenia fosforanu
wapnia w postaci osadu. Wynika stad, ze przy zastosowaniu materiatu Rockfos® nie mozna
poming¢ procesu chemisorpcji. CzgSciowym potwierdzeniem tego rozumowania jest wzrost
pH w kolejnych probkach, czyli przy wzrastajacych nawazkach sorbentu. Ze wzgledu na
niejednorodnos$¢ sktadu samych skat zmiany pH roztworu nie byly jednakowe chociaz w
zdecydowanej wiekszo$ci zmieniaty si¢ od ok. 7,2 do ok. 8,3. Przyktadowe wyniki

zmiennosci pH przy réznych nawazkach sorbentu pokazano narysunku 12.
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.90
T 85
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Masa nawazki sorbentu, g

Rysunek 12. Przykladowe zmiany pH w funkcji nawazki Rockfos® - A saria
Z ngimnigiszymi zmianami pH, B — seria z najcz¢$ciej wystgpujacym zakresem zmian pH,

C —seria o duzych zmianach pH

W wigkszosci przypadkdéw wartosci pH przy zastosowanych nawazkach sorbentu nie
przekraczaly 9,0. Jednak w 4 przypadkach pH przekroczyto t¢ warto$¢, a nawet zblizyto si¢

do 10,0 (rys. 12). Przy tak wysokich wartosciach pH wigzanie si¢ fosforanow z sorbentem
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wzmacniane jest przez stracanie wapnia. W ciggach przerobki osadow w obecnosci jonow
wapnia i magnezu oraz zwigzkéw azotu amonowego obserwuje si¢ wytrgcania materialow
takich jak struwit lub hydroksyapatyt, ktore stanowig znaczacy problem eksploatacyjny
przyczyniajac si¢ do tworzenia twardych osadow utrudniajacych przeptywy Sciekow

w rurociggach [Soaresi in. 2017, Rayshouni i Wazne 2022].

7.1.5. Wyniki modelowania sorpcji fosforu mna ziarnach materialu

Rockfos®

Kluczowymi parametrami przy stosowaniu filtrow do podczyszczania $ciekow
w oczyszczalniach sg wielkosSci projektowe opisywane przez izotermy sorpcji. Otrzymane
w ninigiszych badaniach wyniki pomiar6w mozna wigza¢ z tymi parametrami zard6wno
w postaci ogoélnej, jak 1 w postaciach po linearyzacji, ktore utatwiaja znalezienie
charakterystycznych danych. Wykorzystujac linearyzacje¢ izotermy Langmuira w 4 wergach
wyznaczano statg Langmuira oraz maksymalng warto$¢ sorpcji, czyli chtonnos¢ badanego

materiatu. Przyktadowe wyniki linearyzacji pokazano na rysunku 13.
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Rysunek 13. Przykladowa izoterma Langmuira w temperaturze 5°C dla frakcji Rockfos®
1,0 - 1,6 mm w linearyzacji: Langmuira — A; Lineweaver-Burke’a — B; Scaicharda — C;
Eadie-Hoffgsie’go — D
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Dane na rysunku 13 wskazuja, ze linearyzacja Langmuira najlepiej przybliza model
do wynikéw pomiaréw eksperymentalnych. Wspolczynnik determinacji R? pokazuje
najwyzsze wartosci, powyzej 0,95. Pelne wyniki modelowania badan sorpcji fosforu na
ziarnach materialu w funkcji temperatury, st¢zenia fosforu w roztworze poczatkowym oraz

wielkosci ziaren adsorbenta Rockfos® zostaty pokazane w tabeli 3.

Tabela 3. Parametry adsorpcji izotermu Langmuira

T, K Qmax Ry R? Ke qmax Ry R? Ko Qmax Ry R?
°C [dm?/g] | [mg/g] - - [dm*/g] | [mg/g] - - [dm*/g] | [mg/g] - -
Co 0,5 mg/dm? 1,0 mg/dm? 2,0 mg/dm?

LI - Izoterma Langmuira w linearyzacji Langmuira [Tran i in., 2016]

1,0-1,6 | 45,74 | 0,0221 | 0,04 | 0,967 | 54,92 | 0,0330 | 0,02 | 0,975 9,67 0,1157 | 0,05 | 0,959

5°C | 1,6-25 81,50 | 0,0392 | 0,02 | 0987 | 20,88 | 0,0399 | 0,05 | 0,931 6,23 0,0664 | 0,07 | 0,926
2,0-5,0 | 3501 0,0400 | 0,05 | 0,987 | 185,17 | 0,0530 | 0,01 | 0,995 12,99 | 0,0921 | 0,04 | 0,978

1,0-1,6 70,17 | 0,0208 | 0,03 | 0987 | 67,98 | 0,0313 | 0,01 | 0,955 17,91 0,1304 | 0,03 | 0,980
10°C | 1,6-2,5 83,40 | 0,0340 | 0,02 | 0,971 13,64 | 0,0617 | 0,07 | 0,904 | 23,52 | 0,1107 | 0,02 | 0,981

2,0-50 | 37,85 | 0,0314 | 0,05 | 0,957 | 60,14 | 0,0578 | 0,02 | 0,995 13,38 | 0,1016 | 0,04 | 0,982
1,0-1,6 | 2895 | 0,0262 | 0,06 | 0,939 19,73 | 0,0722 | 0,05 | 0,964 15,48 | 0,1312 | 0,03 | 0,996
15°C | 1,6-25 30,54 | 0,0246 | 0,06 | 0953 | 66,17 | 0,0551 | 0,01 | 0,993 17,33 | 0,1099 | 0,03 | 0,988
2,0-5,0 | 88,00 | 0,0258 | 0,02 | 0,979 | 42,42 | 0,0718 | 0,02 | 0,995 | 28,26 | 0,1066 | 0,02 | 0,991
1,0—-1,6 | 45,60 | 0,0436 | 0,04 | 0,956 | 111,32 | 0,0687 | 0,01 | 0,976 16,93 | 0,1179 | 0,03 | 0,995
20°C | 1,6-2,5 24,51 0,0506 | 0,08 | 0,981 37,04 | 0,1309 | 0,03 | 0,952 11,87 | 0,1535 | 0,04 | 0,995
2,0-50 | 27,65 | 0,0353 | 0,07 | 0,959 6,65 0,1327 | 0,13 | 0,947 | 32,30 | 0,1535 | 0,02 | 0,982
1,0-1,6 | 24,66 | 0,0443 | 0,08 | 0,984 | 32,87 | 0,0961 | 0,03 | 0,998 11,39 | 0,1491 | 0,04 | 0,992
25°C | 1,6-2,5 21,44 | 0,0520 | 0,09 | 0,985 19,79 | 0,1234 | 0,05 | 0,994 10,26 | 0,1650 | 0,05 | 0,993
2,0-50 | 21,23 | 0,0369 | 0,09 | 0,917 | 20,38 | 0,1246 | 0,05 | 0,970 13,25 | 0,1335 | 0,04 | 0,963

LII - Izoterma Langmuira w linearyzacji Lineweavera-Burke [Tran i in, 2016]

1,0-1,6 | 192,08 | 0,0150 | 0,01 | 0,662 | 218,69 | 0,0289 | 0,00 | 0,496 | 48,43 | 0,0850 | 0,01 | 0,360

5°C | 1,6-25 63,98 | 0,0491 | 0,03 | 0,908 | -26,63 | 0,0427 0;)4 0,577 -5,99 0,0646 | -0,09 | 0,697

2,0-50 | 94,53 | 0,0321 | 0,02 | 0,889 | 130,72 | 0,0533 | 0,01 | 0,779 | 51,95 | 0,0726 | 0,01 | 0,802
1,0-1,6 | 184,56 | 0,0170 | 0,01 | 0,571 | 230,73 | 0,0286 | 0,00 | 0,346 | 25,33 | 0,1237 | 0,02 | 0,967

10°C | 1,6—-2,5 | 108,50 | 0,0412 | 0,02 | 0,726 | -32,41 | 0,0746 0.03 0,387 | 70,94 | 0,0994 | 0,01 | 0,096

2,0-5,0 | 348,48 | 0,0238 | 0,01 | 0,268 | 134,38 | 0,0546 | 0,01 | 0,795 50,19 | 0,0832 | 0,01 | 0,735
1,0-1,6 | 166,47 | 0,0162 | 0,01 | 0,815 | 92,58 | 0,0601 | 0,01 | 0,739 | 29,04 | 0,1193 | 0,02 | 0,903
15°C | 1,6-2,5 | 143,34 | 0,0159 | 0,01 | 0,688 | 228,17 | 0,0518 | 0,00 | 0,588 | 46,92 | 0,0988 | 0,01 | 0,888
2,0-5,0 | 177,66 | 0,0229 | 0,01 | 0,622 | 92,05 | 0,0676 | 0,01 | 0,679 | 69,61 0,1005 | 0,01 | 0,854
1,0-1,6 27,88 | 0,0475 | 0,07 | 0,987 | 31,93 0,0835 | 0,03 | 0,967 | 29,93 | 0,1079 | 0,02 | 0,961
20°C | 1,6-2,5 46,03 | 0,0410 | 0,04 | 0,824 15,21 0,1427 | 0,06 | 0,998 17,06 | 0,1459 | 0,03 | 0,996
2,0-5,0 | 141,66 | 0,0253 | 0,01 | 0,632 | 36,33 0,0869 | 0,03 | 0,622 24,65 | 0,1543 | 0,02 | 0,856
1,0-1,6 63,58 | 0,0337 | 0,03 | 0,984 | 67,71 0,0905 | 0,01 | 0,998 32,38 | 0,1287 | 0,02 | 0,992
25°C | 1,6-2,5 57,85 | 0,0381 | 0,03 | 0,922 | 34,64 | 0,1159 | 0,03 | 0,968 | 26,99 | 0,1428 | 0,02 | 0,957
2,0-5,0 | 109,60 | 0,0239 | 0,02 | 0,113 50,61 0,1145 | 0,02 | 0,476 11,51 0,1321 | 0,04 | 0,517
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LIII - Izoterma Langmuira w linearyzacji Scatcharda [Tran i in, 2016]

1,0-1,6 77,54 | 0,0205 | 0,03 | 0,523 | 64,63 | 0,0350 | 0,02 | 0,243 14,77 | 0,1139 | 0,03 | 0,317

5°C | 1,6-25 30,22 | 0,0595 | 0,06 | 0,904 | -19,26 | 0,0375 0;)5 0,303 -5,47 0,0610 | -0,10 | 0,960

2,0-50 | 56,58 | 0,0371 | 0,03 | 0,730 | 90,73 | 0,0552 | 0,01 | 0,707 | 28,93 | 0,0817 | 0,02 | 0,641

1,0-1,6 94,57 | 0,0205 | 0,02 | 0,527 | 28,65 | 0,0449 | 0,03 | 0,070 | 20,28 | 0,1301 | 0,02 | 0,823
10°C | 1,6 -2,5 47,07 | 0,0481 | 0,04 | 0,313 | -18,55 | 0,0653 | 0,06 | 0,537 2,24 0,3180 | 0,18 | 0,005
2,0-50 | 6949 | 0,0304 | 0,03 | 0,234 | 92,05 | 0,0565 | 0,01 | 0,717 | 22,34 | 0,1133 | 0,02 | 0,607

1,0-1,6 67,28 | 0,0218 | 0,03 | 0,543 | 46,94 | 0,0661 | 0,02 | 0,552 | 22,49 | 0,1256 | 0,02 | 0,841
15°C | 1,6-2,5 60,89 | 0,0212 | 0,03 | 0,479 | 11599 | 0,0542 | 0,01 | 0,517 | 35,11 0,1029 | 0,01 | 0,755

2,0-50 | 91,18 | 0,0265 | 0,02 | 0,562 | 61,06 | 0,0707 | 0,02 | 0,637 | 52,63 | 0,1030 | 0,01 | 0,767
1,0-1,6 38,43 | 0,0455 | 0,05 | 0,879 | 22,34 | 0,0919 | 0,04 | 0,505 | 24,35 | 0,1128 | 0,02 | 0,868
20°C | 1,6-2,5 32,21 0,0525 | 0,06 | 0,750 12,91 0,1504 | 0,07 | 0,826 16,47 | 0,1472 | 0,03 | 0,957

2,0-5,0 | 53,62 | 0,0319 | 0,04 | 0,464 11,89 | 0,1214 | 0,08 | 0,434 17,58 | 0,1642 | 0,03 | 0,740
1,0-1,6 | 4246 | 0,0395 | 0,04 | 0,851 54,57 | 0,0926 | 0,02 | 0,846 | 21,42 | 0,1383 | 0,02 | 0,713

25°C | 1,6-2,5 33,71 0,0475 | 0,06 | 0,769 | 30,17 | 0,1184 | 0,03 | 0,917 18,40 | 0,1534 | 0,03 | 0,757
2,0-5,0 | -10,64 | -0,023 | -0,22 | 0,032 17,86 | 0,1330 | 0,05 | 0,352 -6,92 0,1102 | -0,08 | 0,899

LIV - Izoterma Langmuira w linearyzacji Eadie-Hoffgsie’go [Tran i in, 2016]

1,0-1,6 | 149,25 | 0,0172 | 0,01 | 0,533 | 263,16 | 0,0290 | 0,00 | 0,317 | 46,51 0,899 | 0,01 | 0,243

5°C | 1,6—-2,5 | 100,00 | 0,0474 | 0,02 | 0,303 | -21,32 | 0,0400 0;)5 0,904 -5,70 0,0647 | -0,10 | 0,960

2,0-50 | 77,52 | 0,0345 | 0,03 | 0,730 | 128,21 | 0,0536 | 0,01 | 0,707 | 45,05 | 0,0754 | 0,01 | 0,641
1,0-1,6 | 178,57 | 0,0179 | 0,01 | 0,527 | 416,67 | 0,0284 | 0,00 | 0,700 | 24,63 | 0,1255 | 0,02 | 0,823
10°C | 1,6-2,5 | 149,25 | 0,0406 | 0,01 | 0,313 | 34,60 | 0,0786 | 0,03 | 0,537 | 476,19 | 0,969 | 0,00 | 0,005
2,0-5,0 | 294,12 | 0,0246 | 0,01 | 0,234 | 128,21 | 0,0549 | 0,01 | 0,717 | 45,05 | 0,0855 | 0,01 | 0,607
1,0-1,6 | 123,46 | 0,0184 | 0,01 | 0,543 | 84,75 | 0,0612 | 0,01 | 0,552 | 26,74 | 0,1220 | 0,02 | 0,841
15°C | 1,6-2,5 | 126,58 | 0,0169 | 0,02 | 0,479 | 222,22 | 0,0520 | 0,00 | 0,517 | 46,51 0,0994 | 0,01 | 0,755
2,0-5,0 | 161,29 | 0,0239 | 0,01 | 0,562 | 96,15 0,677 | 0,01 | 0,637 | 68,49 | 0,1007 | 0,01 | 0,767
1,0-1,6 | 43,67 | 0,0439 | 0,04 | 0,879 | 44,25 | 0,0803 | 0,02 | 0,505 | 28,09 | 0,1100 | 0,02 | 0,868
20°C | 1,6-2,5 46,95 | 0,0443 | 0,04 | 0,750 15,63 | 0,1434 | 0,06 | 0,826 17,21 0,1459 | 0,03 | 0,957
2,0-5,0 | 116,28 | 0,0270 | 0,02 | 0,464 | 27,40 | 0,0984 | 0,04 | 0,434 | 23,87 | 0,1567 | 0,02 | 0,736
1,0-1,6 50,00 | 0,0377 | 0,04 | 0,851 64,52 | 0,0911 | 0,02 | 0,846 | 30,03 | 0,1314 | 0,02 | 0,713
1,6 -25 43,86 | 0,0440 | 0,04 | 0,769 | 32,89 | 0,1170 | 0,03 | 0,917 | 24,33 | 0,1466 | 0,02 | 0,757

25°C

2,0-5,0 | 333,33 | 0,0218 | 0,01 | 0,032 | 50,76 | 0,1160 | 0,02 | 0,352 77101 0,1176 | -0,07 | 0,899

Wyniki przedstawione w tabeli 3 pokazuja, ze sposob linearyzowania modelu
og6lnego Langmuira ma bardzo istotny wptyw na wyniki gtéwnych parametrow, jakimi sg
KL — czyli stala adsorpcji Langmuira, ktora jest zwigzana z energig sorpcji
[Ehimogulei in. 2021] oraz maksymalna sorpcja na powierzchni ziaren ztoza Qmax. Andiza
poszczegolnych wartosci z tabeli 3 pokazuje do$¢ nieregularne rozrzuty statej Langmuira
KL, ktore sg trudne do opisu metodycznego, gdy zmienng niezalezng ma by¢ wielkos¢ ziaren.
Niemal we wszystkich badaniach zauwaza si¢ odbiegajace wartosci w przypadku ziaren

o wielko$ciach od 1,6 — 2,5 mm. Ten problem zostal takze zauwazony przez innych autorow
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[Bus i Karczmarczyk 2014, Kasprzyk i in. 2018]. Jednak chtonnos¢ ziaren ztoza
Omax Wyraznie zwigksza si¢ wraz ze wzrostem temperatury oraz wraz ze wzrostem stezenia
fosforu w roztworze. Najistotniejszym parametrem majacym wymiar praktyczny jest
maksymalna ilo$¢ fosforu, jakamoze by¢ pochlonigta przez gram analizowanego materiatu.
Srednie warto$ci w funkcji temperatury w zaleznosci od wielkosci ziaren adsorbentu dla
wszystkich 4 linearyzacji zostaty pokazane na rysunku 14.

Uzyskane wyniki badan wskazuja, ze sposob linearyzacji modelu Langmuira ma duzy
wplyw na koncowe wartosci parametrow. Dotyczy to przede wszystkim dwoch kluczowych
wskaznikow: K (okreslajacego tatwos¢ przylaczania czgsteczek fosforu do powierzchni
sorbentu) oraz Qmax (maksymalnej pojemnosci sorpcyjnej). Cho¢ uzyskane dane
charakteryzuja si¢ pewnym rozproszeniem 1 trudno je jednoznacznie opisa¢ jedng metoda,
mozna zauwazy¢ wyrazng prawidlowos$¢: wraz ze wzrostem temperatury oraz stezenia
fosforu w roztworze zwigksza si¢ ilo$¢ zaadsorbowanego fosforu.

Uzyskano bardzo niskie wartosci wspotczynnika Ry, gdyz mieszcza si¢ w zakresie
0,0 — 0,1. Warto$¢ RL mieszczaca si¢ od 0,0 — 1,0 $wiadczy o trafnhosci modelu.
Foo i Hameed [2010] uwazaja, ze nizsza wartos¢ R. wykazuje korzystnigsze warunki
adsorpcji, a jesli Ry jest rowne zeru adsorpcja jest nieodwracalna, czyli wigzania sg bardzo
silne, a takie wystepuja w przypadku chemisorpcji. Podobne rozumowanie prezentujg inni
autorzy [Ghaemi i in. 2011, Dada i in. 2012, Ayawei 2017]. Mozna stwierdzi¢, ze
w badanym przypadku bardzo niskie wartosci R. $§wiadczg o bardzo istotnym znaczeniu

procesu chemisorpcji, a adsorpcja fizyczna ma wzglednie maty udziat.
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Rysunek 14. Maksymalna pojemno$¢ sorpcyjna (Qmax) W zaleznosci od temperatury
i stezenia poczatkowego fosforu dla linearyzacji Langmuira Ll i Lineweavera-Burke LIl (A) oraz
Scatcharda LIl i Eadie-Hoffgsie LIV (B)
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Anaizarysunku 14 pozwala przyjaé, ze w okresie zimowym, gdy temperatura §ciekOw
spada ponizej 10°C, 1 g badanego materiatu adsorbuje fosfor w ilosci 0,06 — 0,08 mg/g
fosforu, natomiast latem, przy temperaturach 20 — 25°C, ilo$¢ ta wzrasta do 0,08 — 0,1 mg/g.
W literaturze naukowej podkresla si¢ jednak duze zréznicowanie zdolnosci sorpcyjnych
opoki i jej modyfikacji. Istotne znaczenie maja zaréwno rodzaj skaly, jak i miejsce jej
pozyskania. Co wigcej, wyniki badan laboratoryjnych nie zawsze w petni odzwierciedlaja
efektywnos¢ sorbentdow w rzeczywistych warunkach pracy, np. w koncowym stopniu
oczyszczalni $ciekow.

Analiza termodynamiczna polegata na wykorzystaniu qmax i Co do obliczenia Kg,
a nastepnie wykonaniu wykresow funkcyjnych InKq = f(1/T). Przyktadowe zaleznos$ci dla
granulacji 1,0-1,6 mm i 2,0-5,0 mm oraz st¢zen poczatkowych fosforu w roztworze

0,5i 1,0 mg/l zostaty pokazane na rysunku 15.
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Rysunek 15. Przykladowe zaleznosci termodynamiczne procesu sorpcji:  granulacja

1,0 — 1,6 mm, stezenie fosforu 0,5 mg/l (A) oraz granulacja 2,0 — 5,0 mm, stezenie fosforu

1,0mg/l (B)

Wspotczynniki kierunkowe oraz rz¢dne przecigcia osi pionowej byly podstawa do

obliczenia standardowsej entropii (AS), standardowej entalpi (AH) oraz standardowej energii

swobodng (AG). Wyniki sumaryczne zamieszczono w tabeli 4.
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Tabela 4. Wartosci funkcji termodynamicznych

Frakcja ziaren Stezenie fosforu Co AS AH AG
[mm] [mg/l] [Jmol] [FJmol ™K [Fmol ™K
1,0-16 0,5 77,321 -29099,00 -7254,18 + -6073,08
1,0-16 1,0 108,980 -38475,53 -7953,77 + -5947,07
1,0-16 2,0 1,238 -7015,85 -6720,82 + -6419,69
16-25 05 52,998 -21633,86 -6346,95 + -5601,56
16-25 1,0 132,284 -32214,26 -7603,71+ -5256,99
16-25 2,0 87,970 -32214,26 -8151,18 + -6229,76
20-50 05 0,853 -6992,24 -6146,72 + -6673,73
20-50 1,0 92,028 -32647,42 -6835,24 =+ -5440,45
20-50 2,0 28,528 -15138,13 -7258,97 + -6816,61

Wyniki w kolumnie AG podane sa w zakresie badanych temperatur. Pierwsza liczba
odpowiada temperaturze 5°C, druga temperaturze 25°C, a wewnatrz zakresu mieszczg si¢
wartosci dla temperatur posrednich.

Dodatnia wartos¢ entropii wskazuje, ze niektére zmiany strukturalne zachodza na
powierzchni adsorbenta i ujawniajg obecno$¢ przypadkowych zaklocen na granicy faz ciato
state-ciecz. Swiadcza o zwiekszaniu stopnia nieuporzadkowania czastek i rozproszenia
energii w catym zakresie temperatur. Ujemna warto$¢ entalpii $wiadczy o tym, ze sorpcja
ma charakter egzotermiczny. Ujemne warto$ci energii swobodnej §wiadczg o tym, ze proces
adsorpcji fosforu jest spontaniczny w calym badanym zakresie temperatur. Mozna takze
zauwazyc¢, iz AG wzrasta wraz ze wzrostem temperatury roztworu, co mozna wythumaczy¢
faktem, ze adsorpcja staje si¢ nieco trudniejsza wraz ze wzrostem temperatury
[Hassani i in. 2024]. Sorbowanie fosforanéw na podtozu kompozytowym z solami
pojedynczych metali: cyrkonu, lantanu i Zzelaza jako surowcami oraz alginianem sodu jako
srodkiem sieciujacym nie wykazato podobnych tendencji [Li i in. 2022]. Mimo ze w
temperaturach 25°C, 40°C i 55°C energia swobodna Gibsa takze przyjmowata wartosci
ujemne, swiadczgce o spontaniczno$ci przebiegu adsorpcji to zmiany entalpii i entropii nie
wykazywaly zmienno$ci w funkcji temperatury.

Aby bardziej precyzyjnie okresli¢ dobro¢ dopasowania funkcji do wynikéw pomiarow
wyznaczono dla wszystkich przypadkow opisanych w tabeli 4 funkcje bledu jako kryteria
optymalizacyjne. Wyznaczono wielkosci charakterystyczne przy pomocy wzorow (13-17)
i pokazano w tabeli 5. Wartosci zamieszczone w tabeli 5 wyznaczono z wykorzystaniem
wzoru ogblnego jako bazy pozbawionej dodatkowych btedow, ktore sa nieuniknione przy

linearyzacji i aproksymagji.
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Tabela 5. Analiza funkcji bledow dopasowania modeli

Frakcja
T Co
Ziaren ERRSQ HYBRYD ARE Fisher x?
[°C] [mg/1]
[mm]
05 LI 357105 Ll 5961072 Ll 183 LI 7,04 LI 417103
10-16 1,0 LIl 1,11-10% LI1 546102 | L1942 | LIV 134 LIl 3,82:103
2,0 LI 204103 LI 449101 Ll 17,7 Ll 1,89 LI 3,14102
05 LIV 5,06.10% LIV 153103 | LI1132 | LIV181 | LIV 107102
5°C | 1,6-25 1,0 LIV 281103 LIl 465101 | L1184 | LIV 229 LIl 3,25.102
2,0 LIl 1,93102 L111,23 LIl 16,5 LIl 3,79 LIl 8,61-102
05 LI 598105 Ll 509107 Ll 10,6 Ll 11,7 LI 356.10°
2,0-50 1,0 LIV 660105 | LIl 1,97102 | LI1426 | LIV 338 LIl 1,38103
2,0 LIl 528104 | LIl 1,2810" | LI1 426 | LIV 338 LIl 1,38103
05 LI 3,20-105 LI 4,62:102 Ll 12,2 LIl 455 LI 3,23103
1,0-16 1,0 LIV 1,9410% LIl 935102 | L1128 | LIV 1,05 LIl 6,55102
2,0 LIl 915104 | LIV 1,2210% | LI1729 | LI 636 | LIV 854103
05 LIV 22910* | LIV 884102 | LII11,5 | LIV158 | LIV 619103
10°C | 16—25 1,0 LIl 3,80-103 LIl 52710 | LIl 20,0 LI11,19 L1l 3,69-102
2,0 LIl 216103 L1l 3,90-10* LI 125 | LI195910" | LIl 273102
0,5 LIV 1,1610*% | LIl 694102 | LI1137 | LIV 123 L1l 486103
2,0-50 1,0 LIV 6,6310° | LIV 181102 | LI1429 | LIV347 | LIV12710°
2,0 LIV 62310 | LIV 1,1210" | LI1 101 | LIV 275 LIV 7,85103
0,5 LI 4,9610° LI 738102 | LI 19,1 L1 6,00 Ll 517-10°
1,0-16 1,0 LIV 31310* | LIV 687102 | LII 697 | LIV212 | LIV 481103
2,0 LIl 3,76:10% | LIl 636102 | LI 595 L1113 | LIl 445103
0,5 LI 34510°% Ll 646102 | LIl 189 L1913 Ll 452103
15°C | 16—25 1,0 LIV 612105 | LIl 1,75102 | LI 385 | LIV 189 L1l 1,22:103
2,0 LIV 36610 | LIl 559102 | LI1591 | LIV 410 L1l 391103
0,5 Ll 576105 LI 552102 | LIl 11,1 LI 371 LI 386103
2,0-50 1,0 LIV 1,1310* | LIl 287102 | LIl 477 L1l 323 L1l 2,01.103
2,0 LIV 15910 | LIl 229102 | LI1313 | LIV39 | LIV 160103
0,5 LIl 9,77-10% | LIl 435102 | LI 970 LIl 164 | LIl 305103
1,0-16 1,0 LIV 94810* | LIV 1,81:10% | LI114,1 | LIV284 | LIV 1,27.102
2,0 LIl 392104 | LIl 716102 | LI1620 | LIII103 | LIl 501103
0,5 LI 993105 Ll 602102 L1113 Ll 17,1 Ll 4,21.103
20°C | 16-25 1,0 LIV 1,9310% | LIl 21610 | LI1 962 | LIV 654 L1l 1,52:102
2,0 LIl 302104 | LIl 350102 | LII371 | LI 266 LIl 2,45.103
0,5 LIl 1,4210% | LIV 1,00101 | LI1156 | LI 237 | LIV 702103
2,0-50 1,0 LI 1,6310°3 Ll 429101 L1 20,0 LI 4,56 LI 3,00.102
2,0 LIV 1,3210% | LIV 1,52101 | LI1 816 | LIV 464 L1l 1,07-102
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05 Ll 4,0110° Ll 3,07-10? LI11,3 LI 292 Ll 2,1510%

1,0-16 1,0 LI 1,14-10* LIV 2,05102 | LIl 3,82 LI 7,21 LIV 1,44.10°8

2,0 LIl 827-10* LIl 1,17:10% | LI 8,84 LIl 4,84 LIl 8220-10°

0,5 Ll 6,92:10° LI 4,81:10 LI11,7 LI 241 LI 3,37-10°

25°C 16-25 1,0 LIl 1,9410* LIl 275102 | LII 3,96 LIl 138 LIl 1,92:10°
2,0 LIl 9,9810% LIl 1,29-107 LIl 895 LI 577 LIl 9,02:10°

0,5 LIl 6,52.10* LI 3,3210* LI 233 LIl 887 LI 2,33102

2,0-50 1,0 LIV 1,32.10° LIl 1,7310* LIl 9,06 LIV 152 LIl 1,21-10

2,0 LIV 341102 LIV 2,67 LIV 259 LIV 1,42 LIV 1,87-10?

W poszczegdlnych komoérkach tabeli 5 zamieszczono oznaczenia L z odpowiednig
cyfra rzymska, odnoszace si¢ do okreslonego sposobu linearyzacji. Przyktadowo,
W pierwszym wierszu najnizsze wartosci ERRSQ, HYBRD, ARE i y? uzyskano przy
zastosowaniu linearyzacji Langmuira oznaczongj jako LI. Ta sama sytuacja jest
w przypadku testu Fischera, jednakze ten test okresla najlepsze dopasowanie, gdy wartos¢
jest jak najwigksza. Analiza wszystkich dopasowan wraz z typowym 1 powszechnie
stosowanym R? jest dobrym sposobem wyboru najlepszego dopasowania do wynikéw, aco
za tym idzie okre$lenia wlasciwych wartosci K1, gmax Oraz R.. Jednak wymienienie w tabeli
jakiego$ dopasowania jako najlepszego nie powinno zmyli¢, gdyz dla ERRSQ nalezatoby
zaakceptowaé wyniki z mnoznikiem nie wiekszym niz 10>, dlaHYBRD ponizej 5-102, ARE

ponizej 10, testu Fishera powyzej 5, a dla testu 2 ponizej 5-10°3.

7.2. Wplyw granulacji materialu Rockfos® na kinetyke sorpcji fosforu

7.2.1. Efektywno$¢ usuwania fosforu w funkcji czasu

Podczas badan kinetyki adsorpcji zaobserwowano istotny wptyw granulacji materiatu
Rockfos® na stopien usuwania fosforu. Jak przedstawiono narysunku 16 najwyzszy stopien
redukcji uzyskano dla granulacji 2,0 — 5,0 mm i wyniést on 97,1 %. Dla pozostatych
granulagji tj. 1,0— 1,6 mmoraz 1,6 — 2,5 mm warto$¢ ta wynosita odpowiednio 74,3% oraz
92,4%. W poczatkowym etapie procesu adsorpcji zachodzil gwaltowny wzrost liczby
zaadsorbowanych czasteczek, szczegdlnie w przypadku frakcji 1,0 — 1,6 mm oraz
1,6 — 2,5 mm. Po 10 minutach stopien usuwania fosforu wynosit odpowiednio 16,5% oraz
23,0%. W przypadku granulacji 2,0— 5,0 mm po 10 minutach efektywno$¢ procesu wyniosta

7,8%. Wydhuzanie czasu kontaktu powodowato regularny wzrost stopnia eliminacji fosforu.
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Po 240 minutach kontaktu wynidst on dla poszczegdlnych frakcji poczynajac od
najdrobnigszej 44,5%, 64% i 49,0% (rys. 15). W przypadku granulacji 1,0 — 1,6 mm oraz
16 — 2,5 mm wraz z wydluzeniem czasu kontaktu, szybko$¢ adsorpcji spadata az do
momentu doj$cia uktadu do stanu rownowagi dynamicznej. Z kolei dla frakcji 2,0 — 5,0 mm
nastagpit dalszy wzrost stopnia usuwaniai po 720 minutach wyniost on 87,9 %. Rownowage
usuwania fosforu dla wszystkich trzech granulacji zaobserwowano po 1440 minutach.
Dhuzszy czas kontaktu adsorbentu z adsorbatem nie wpltywal na znaczacy wzrost
efektywnosci usuwania fosforu. Gwaltowny przebieg procesu adsorpcji w pierwszym etapie
zwigzany byl z duza liczba dostepnych miejsc aktywnych na powierzchni adsorbentu
zdolnych do adsorpcji fosforu. Natomiast spowolnienie adsorpcji w koleging fazie mogto
wynika¢ z wysycenia migsc aktywnych oraz dzialania sit odpychajacych pomiedzy
czastkami adsorbatu zaadsorbowanymi na powierzchni adsorbentu i czgstkami obecnymi

W roztworze.

100 . —o
S 80 . .
2 60
o)
=)
E
5
D20
0
0 500 1000 1500 2000 2500 3000
Czas[min]
—&— Granulacja 1,0-1,6 mm Granulacja 1,6-2,5 mm —®— Granulacja 2,0-5,0 mm

Rysunek 16. Efektywno$¢ usuwania fosforu ogélnego w funkcji czasu dla roznych

granulacji Rockfos®

Kasprzyk i in. [2018], analizujac dwie frakcje materialu Rockfos® z wykorzystaniem
roztworéw syntetycznych stwierdzili nieco odmienng tendencje. Efektywnos$¢ usuwania
fosforu dlagranulacji 2,0 — 8,0 mm wyniosta od 2,9 do 6,0 % dla stezen fosforu w roztworze
w zakresie 5 — 100 mg/l. Przy tych samych stezeniach fosforu w roztworze efekty jego
usuwania w materiale o granulacji 0,0 — 2,0 mm oscylowaty w granicach 94,7 — 97,8%.
Warto nadmieni¢, ze pomiary te wykonywano jednak w nieco innych warunkach tzn.
po 5 minutach mieszania probki adsorbentu z roztworem i 1 godzinie sedymentacji Kasprzyk

i in. [2018].
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7.2.2. Kinetyka sorpcji fosforu

W celu okreSlenia predkosci wigzania fosforu z materiatem Rockfos® o rdznych

granulacjach (1,0 — 1,6 mm, 16 — 25 mm oraz 2,0 — 50 mm) uzyskane dane

eksperymentalne dopasowywano do modeli kinetycznych. Na rysunku 17 przedstawiono
wyniki dopasowania do modelu PFO i PSO, a narysunku 18 do modelu Webbera-Morrisa

(W-M) i Elovicha (E).
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Rysunek 17. Kinetyka adsorpcji P-PO,* na materiale Rockfos® o granulagjach ziaren 1,0 — 1,6 mm,
1,6 — 2,5 mm, 2,0 — 5,0 mm z wykorzystaniem modelu pseudo-pierwszego (PFO) i pseudo-drugiego

rzedu (PSO)
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Rysunek 18. Kinetyka adsorpcji P-PO,> na materide Rockfos® o granulagjach ziaren
1,0-16 mm, 1,6 — 25 mm, 2,0 — 5,0 mm z wykorzystaniem modeli Webbera-Morrisa (W-M)
i Elovicha (E)

W tabeli 6 przedstawiono, wyznaczone dla wszystkich trzech granulacji parametry
kinetyczne dla modelu PFO oraz PSO, aw tabeli 7 dla modelu W-M, zas w tabeli 8 dla

modelu E.

45



Tabela 6. Parametry kinetyczne adsorpcji fosforu dla modelu pseudo-pierwszego i pseudo-drugiego

rzedu
Model pseudo-pierwszego rzedu (PFO) Mode pseudo-drugiego rzedu (PSO)
Frakcja
Ziaren Ge o R? r Ge ke 1 R? r
o | lmorgl | [Umin (mgf] | [e'mgg]

1,0-1,6 | 0,0229 | 0,00101 | 0,947 | -0,973 | 0,0330 0,2993 0,992 | 0,996

16-25 | 00247 | 0,00094 | 0,764 | -0,874 | 0,0432 0,4345 0,997 | 0,999

2,0-50 | 0,0368 | 0,00102 | 0,901 | -0,949 | 0,0479 0,1349 0,990 | 0,995

Tabela 7. Parametry kinetyczne adsorpcji fosforu dla modelu Webber-Morrisa

Wielkosci ziaren ztoza [mm]
Czgsci modeli Parametry
10-16 16-25 20-50

Kww [Mg-g-min®s] 0,0006 0,0007 0,0009
Calosé C [mg-g] 0,0077 0,0135 0,0054
R?[-] 0,919 0,783 0,901
Kwwm [mg-gtmin©%] 0,001 0,0021 0,0014
| faza C[mggl] 0,0043 0,0046 0,0009
R?[-] 0,968 0,991 0,970
Kwwm [mg-gt-min©%] 0,0005 0,0008 0,0002
Il faza C[mg-g?Y] 0,0116 0,0198 0,0344
R?[-] 0,919 0,973 0,802

Kwwm [Mg-gtmin®%] 0,0001 0,0001 -

Il faza C[mg-g?Y] 0,0259 0,0364 -

R*[] 0,987 0,445 ]

Tabela 8. Parametry kinetyczne adsorpcji fosforu dlamodelu Elovicha

Wielko$ci ziaren zloza o § R?

[mm] [mg-g™-min] [gmg’] []
1,0-16 0,0229 0,00101 0,947
16-25 0,0247 0,00094 0,764
2,0-50 0,0368 0,00102 0,901

46



Dane w tabeli 6 wskazuja, ze model kinetyczny pseudo-pierwszego rzgdu stosunkowo
dobrze pasuje jedynie do najdrobniejszg frakcji 1,0 — 1,6 mm, o czym $wiadczy wysoka
warto$¢ R2 powyzej 0,9. Model kinetyczny pseudo-drugiego rzedu wykazuje dobrg
zgodno$¢ z uzyskanymi wynikami dla kazdej granulacji materiatu Rockfos®. Wspétczynniki
determinacji R? osiggaja wysokie wartosci powyzej 0,99, co $wiadczy o bardzo dobrym
dopasowaniu uzyskanych wartosci eksperymentalnych do modelu pseudo-drugiego rzedu.
Jest to zgodne z tezami Ho i McKay [1999], ktorzy przeanalizowali dane kinetyczne sorpgji
w ukladzie ciato state—ciecz 1 wykazali, ze w wigkszo$ci przypadkow szybkos$¢ procesu
sorpcji dobrze opisuje rownanie pseudo-drugiego rzedu. Kasprzyk i in. [2021],
wykorzystujac material Rockfos® o granulagji 0,0 — 2,0 mm réwniez wykazali, ze model
PSO najlepig opisuje kinetyke sorpcji fosforu. Podobny przebieg kinetyki sorpcji fosforu
zaobserwowano w przypadku materiatu Polonite®, wytwarzanego nabazie opoki [Bus 2017]
czy innych naturalnych adsorbentow, takich jak trociny, gleba, tuski ryzowe, pyt
marmurowy czy widkna palmowe [Eljamal i in. 2013, Osama i in. 2012, Riahi i in. 2017,
Ozacar 2003].

Wysokie wartosci wspotczynnikéw korelacji uzyskanych w badaniach Jucherskiego
i in. [2022] oraz Kasprzyk i in. [2021], réwniez potwierdzajg dopasowanie do modelu
kinetycznego pseudo-drugiego rzedu. Dopasowanie wynikéw badan do modelu kinetyki
pseudo-drugiego rzedu sugeruje, ze sorpcjafosforu naskale Rockfos® opiera si¢ na procesie
chemisorpcji [Cieslik i Konieczka 2017]. W jg trakcie dochodzi do jonowego lub
kowalencyjnego wigzania chemicznego pomigdzy czgsteczkami adsorbatu a okreslonymi
grupami funkcyjnymi znajdujacymi si¢ na powierzchni adsorbentu, a co za tym idzie, do
zmiany konfiguracji elektronowej zardéwno adsorbatu, jak i adsorbentu [Guo i in. 2023, Gao
i in. 2020]. Sa to wigzania silne i wysoce specyficzne, a gtdbwng cechg chemisorpcji jest jej
nieodwracalny i selektywny charakter. [Fui in. 2021].

Wielkoéé granulacji materiatu Rockfos® wykazuje wpltyw na szybko$é procesu
sorpcji. Stata szybkosci pseudo-drugiego rzedu ko najwyzsza warto$¢ osiagneta dla
granulacji 1,6 — 2,5 mm. Najnizszg warto$¢ ko uzyskano natomiast dla granulagji
2,0 — 50 mm. Wartosci te maja istotny zwigzek z mechanizmem sorpcji fosforu, przy
mniejszej granulacji materialu dostgpna jest wigksza ilos¢ miejsc aktywnych, przez co
wzrasta szybkos$¢ reakcji.

Doktadne okreslenie maksymalnej chlonnosci ztoza Qe szczegélnie w przypadku
modelu PFO nie jest tatwe, gdyz jak zauwaza si¢ w wielu przypadkach wplyw proceséw

adsorpcji fizycznej i chemisorpcji powoduje, ze W poczatkowe] fazie nastepuje Szybki
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ubytek adsorbatu w roztworze, ale dalsze wigzanie adsorbatu mocno spowania i trudno
ustali¢, w ktérym momencie rOwnowaga zostata osiggnigta [Zamri i in. 2021]. W przypadku
wielu procesow adsorpcji model pseudo-pierwszego rzedu Lagergrena okazuje si¢
odpowiedni tylko dla poczatkowych faz interakgji, najczesciej okoto 20 — 30 minut, aniezbyt
dobrze sprawdza si¢ dla catego czasu kontaktu [Ho i MsKay 1999, Ho i in. 2004].

Rownowagowa pojemnos¢ adsorpcji uzyskana z modelu PSO byla najwyzsza dla
granulacji 2,0 — 5,0 mm (0,0479 mg/g), niewiele nizszg warto$¢ uzyskano dla granulacji
1,6 — 2,5 mm (0,0432 mg/g). Dotychczas przeprowadzono wiele badan dotyczacych sorpcji
fosforu na opokach naturalnych i modyfikowanych, ktore sg materialem wyj$ciowym do
produkcji Rockfos® [Gubernat i in. 2020, Busi Karczmarczyk 2014, Guoi in. 2023, Fuii in.
2021, Brogowski i Renman 2004, Cucarellai in. 2007, Johansson 1999]. Stosujac roztwory
syntetyczne zawierajace fosfor, potwierdzono, ze obrobka termiczna znacznie zwigkszyta
pojemnos¢ sorpcyjng ze wzgledu na obecnos$¢ produktéw rozktadu weglanu wapnia, takich
jak tlenek wapnia i dwutlenek wegla. Brogowski i Renman [2004], wykazali, ze obrobka
termiczna opoki w temperaturze 1000°C powoduje wzrost pojemnosci sorpcyjnej POs>-P
nawet do 119,6 mg/g. Jeszcze wyzszg zdolno$¢ sorpcyjng opoki wyprazanej w temperaturze
900°C stwierdzili Cucarella i in. [2007] 181,81 mg/g. Dla opoki naturanej, nie
kalcynowanej zdolno$ci sorpcyjne byty wyraznie nizsze, od zaledwie 0,1 mg/g [Johansson
L, Hylander L. 1998] do 19,6 mg/g [Gao i in. 2020].

Materiat Rockfos® poddawany byt nielicznym badaniom pod katem jego zdolnosci
sorpcyjnych. Kasprzyk i in. [2021] okreslili rownowagowa zdolno$¢ adsorpcji fosforu na
materiale Rockfos® o granulacji 0,0 — 2,0 mm napoziomie 4,5 mg/g. Wczesniejsze badania
Kasprzyk i in. [2018] wykazaly, Zze zdolno$¢ sorpcyjna tego materiatu jest do$¢
zroznicowana i osigga poziom od 0,03 do 9,6 mg/g w zaleznosci od granulacji materiatu
1 wlasciwosci roztworu.

Prezentowane w pracy wyniki wskazuja na wyraznie nizszg zdolno$¢ sorpcji materiatu
Rockfos® w porownaniu do danych literaturowych. Przyczyng moze byé stezenie
poczatkowe fosforu w roztworze, przyjete na bardzo niskim poziomie 1 mg/l. Tymczasem
zgodnie z wynikami badan Kasprzyk i in. [2018] moze istnie¢ dodatnia korelacja pomigdzy
zdolnoscig sorpcyjng materiatu a stgzeniem fosforu w roztworze [Kietlinska i Renman 2005,
Jozwiakowski i in. 2017].

Zgodnie z wynikami prezentowanymi w literaturze wyzsza zdolno$¢ adsorpcji fosforu
przez materiat Rockfos® moze by¢ zwigzana z bardzo drobng granulacjg (frakcja

proszkowa), co daje duza powierzchni¢ wlasciwg wigzania fosforanow [Busi in. 2014, Gao
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i in. 2020, Fu i in. 2021]. W przedmiotowych badaniach ta teza nie zostata potwierdzona,
agranulacja 1,0 — 1,6 mmm charakteryzowata si¢ najnizszg zdolnoscia sorpcyjng zarowno
w modelu kinetycznym pseudo-pierwszego, jak i pseudo-drugiego rzedu (tabela 6).

Przebieg poszczegdlnych stopni sorpcji w modelu W-M nie daje jednoznaczne)
odpowiedzi odno$nie wptywu wielko$ci ziaren sorbentu. Zgodnie z tym modelem [ Campos
i in. 2018], gdy wykres g w funkgji t%° daje w wyniku prosta przechodzaca przez poczatek
uktadu wspotrzednych, szybkos$¢ procesu sorpcji mozna uznaé za ograniczong przez proces
dyfuzji wewnatrzczastkowej. Poniewaz w tym przypadku tak nie jest, powstaly wykresy,
ktore zostaty podzielone na 3 czesci dlagranulacji 1,0 — 1,6 mm oraz 1,6 — 2,5 mm oraz na
dwie czesci dla granulacji 2,0 — 5,0 mm (rys. 18). W takim przypadku nalezy przyjac, ze
proces adsorpcji nie jest kontrolowany wylacznie przez etap dyfuzji wewnatrzczastkowej,
a zachodzi w wigkszej liczbie etapow. Etap poczatkowy (oznaczenia czerwone) reprezentuje
wplyw warstwy granicznej z zewnetrznym przenoszeniem masy. Po okoto 180 minutach
adsorpcji (1,0 — 1,6 mm) i 120 minutach (1,6 — 2,5 mm) zmniejszyta si¢, co spowodowato
drugg faze, ktora trwata do, odpowiednio 1440 minut i 720 minut. Jest to prawdopodobnie
dyfuzja do wewnetrznych czesci adsorbenta. Rownowaga zostata osiggnigta W trzecig fazie,
co doprowadzito do spadku dyfuzji wewnatrzczasteczkowej, ze wzgledu na mniejsza
dostepnos¢ miejsc adsorpcji. Porownujac trzy state dyfuzji modelu Webera-Morrisa mozna
stwierdzi¢, ze Kw-m w kolejnych fazach jest malejace, czyli dyfuzja czasteczek wewnatrz
adsorbentu jest decydujacym etapem procesu adsorpcji, co potwierdza najmniejsza wartos¢
w 11 fazie.

Liniowy model Elovicha (rys. 18) niezbyt dobrze korelowat z wynikami badan. State
kinetyczne 1 wspotczynnik determinacji pokazano w tabeli 8. Mimo wysokich warto$ci
R? uktad punktéw pomiarowych poczatkowo jest wyraznie liniowy, a w dalszej czesci
uktada si¢ krzywoliniowo. Analiza wielu badan pozwolita zaobserwowaé, ze przy dtugim
czasie badan wystepuje odbiegajace od praw fizyki zachowanie rownania modelu E, ktore
wynika z zaniedbania szybkos$ci jednoczesnej desorpcji. Tak wiec w praktyce stosowalnos¢
réownania Elovicha ogranicza si¢ do poczatkowej czgsci procesu oddzialywania adsorbat—
adsorbent, gdy uktad jest stosunkowo daleko od stanu réwnowagi [Gupta i Bhattacharyya
2006]. Rownanie Elovicha jest spetnione w procesach adsorpcji chemicznej i nadaje si¢ do
uktadow z heterogenicznymi powierzchniami adsorpcyjnymi [Lopez-Luna i in. 2019].
Istotnym elementem modelu jest wtasciwe okreslenie statej czasowej to pomiarow 1 tak jesli

jest zbyt mata krzywa jest wypukla, jesli zbyt duze wklgsta [Johannson i Hylander 1998].
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Tabela 9. Ocena dopasowaniamodeli kinetycznych sorpcji do punktéw pomiarowych

Wielkosci 5
ziaren ztoza Model R (Pearson)

PFO 0,957 -0,973 2,11.10° 0,850 25,9 0,706 2,15

1,0-16 PSO 0,992 0,996 2,19.10* 0,169 80,8 5,89 0,140
mm W-M 0,919 0,958 1,31.10* 0,065 19,2 9,88 7,13-10°

E 0,925 0,962 1,0510* 0,076 20,2 | 1,24-102 0,080

PFO 0,734 -0,874 7,52:10° 1,80 14,8 0,379 5,74

16-25 PSO 0,998 0,999 2,03-10* 0,130 83,0 12,4 0,087

mm W-M 0,783 0,885 5,88.10* 0,243 32,0 4,29 0,026

E 0,960 0,980 1,09-10* 0,060 14,4 | 1,3810°% 0,021

PFO 0,896 0,901 2,60-10° 0,761 30,4 1,53 0,827

2,0-50 PSO 0,990 0,995 1,79.10* 0,105 89,0 20,4 0,063

mm W-M 0,901 0,949 3,91:10* 0,220 43,3 9,32 0,021

E 0,887 0,942 3,0410° 2,59 145,0 | 2,0410% | 0,104

R ERRSQ | HYBRD | ARE | Fisher %

W tabeli 9 poszczegdlne oceny dopasowania nie sg wrazane jednakowo.
Wspotezynniki determinacji R? i korelacji Pearsona R oraz wyniki testu Fishera im majg
wickszg warto$¢ tym pokazuja lepsze dopasowanie. Pozostate, a wigc ERRSQ, HYBRD,
ARE i y? w takim przypadku powinny mieé¢ wartosci jak najmniejsze. Ocena najlepszego
modelu dopasowania kinetycznego, ktory opiera si¢ jedynie na wspotczynniku regresji
liniowej, moze by¢ obcigzona bledem, stad potrzebne jest zastosowanie dodatkowych miar
statystycznych. Obserwuje si¢, ze im wicksza zgodno$¢ miedzy zaadsorbowang
eksperymentalng masg fosforu q a obliczong, tym blizsze oczekiwanym wartosci tych
narzedzi statystycznych i lepszy model. Model mozna uporzadkowac¢ w kolejno$ci malejace;j
wzgledem przypadkéw najwyzszych wartosci miar: PSO > W-M = E > PFO.

Jak wida¢ wartosci R? dla PSO mieszcza si¢ w zakresie od 0,99 do jednosci,
co dowodzi najlepszego dopasowania przez PSO, sugerujagc mechanizm chemisorpcji
[Vidal i in. 2018]. Stosowanie réznych modeli i ich analiza jest uzasadniona, gdyz rzadko
powierzchnie sorbentéw sg jednorodne, a takze dlatego, ze skutki zjawisk transportu i reakcji

chemicznych sg czgsto eksperymentalnie nieroztaczne.

7.3. Hydrauliczne warunki przeptywu w filtrze meandrowym

Budowa modelu laboratoryjnego z plyt przezroczystych pozwolita uzyska¢ dodatkowe
informacje natemat charakteru i stabilno$ci strumienia wody w poszczegdlnych komorach

modelu. Zauwazono, ze mimo ustalonego natgzenia przeptywu predkos¢ strumienia
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w réznych cze$ciach komoér i w przelotach ulega cigglym zmianom. Wynika to ze zmian
przekroju poprzecznego i wptywu dtawienia strumienia w przelotach na predko$¢ wewnatrz
kazdej z komor. Przebieg 1 polozenie strumienia przeplywu przez poszczegodlne komory
modelu zostaly przedstawione w postaci stopklatek na rysunku 19. W celu zobrazowania
przebiegu i obszarow przesaczania si¢ wody w modelu wykorzystano wode zabarwiong
niebieskim barwnikiem firmy Blueway. Jak wida¢ w gomej cze$ci pierwszej komory
przeptyw wody jest rOwnomierny i odbywa si¢ cala powierzchnig ztoza. Dalej ze wzgledu
na przewezenia dolne (miedzy komorami A 1 B oraz C 1 D) 1 gérne (migedzy komorami
B i C) w przegrodach strumien przeptywu zaweza si¢ i koncentruje przed i za
przewezeniami. Warto zwroci¢ uwage, ze przeptyw pomiedzy komorami B 1 C odbywa si¢
bezposrednio nad przegroda, natomiast gorna warstwa cieczy w niewielkim stopniu bierze
udzialu w cyrkulacji. Taki obraz wyjasnia roznice wysokosci zwierciadet wody migdzy
komorami A — B i C — D. Nigednakowe pola przekroju poprzecznego w stosunku do
strumienia przeptywajacej wody wptywaja na zmiany predkosci filtracji, a w konsekwencji

na rézne wysokosci strat cisnienia.

Rysunek 19. Przeptyw wody z barwnikiem przez komory modelu filtra o przeptywie meandrowym

Straty cis$nienia przy takim ruchu wody w funkcji nat¢zenia przeplywu przez piasek
pokazano na rysunku 20, a przez skate Rockfos® na rysunku 21. Ze wzgledu na ciagle
zmiany pola przekroju poprzecznego, a co za tym idzie ciagle zmiany predkosci 0§ pozioma
zostala zwymiarowana jako natezenie przeplywu, a nie predkosé¢ przeptywu. Punktami
niebieskimi oznaczono punkty obliczone przy wykorzystaniu wzoru Erguna (wzor 25).
Kluczowym parametrem wzoru Erguna, jak kazdego wzoru na straty ciSnienia strumienia
dowolnego ptynu jest predkosé przeptywu. W takich przypadkach jak tu, przy zmiennych
przekrojach poprzecznych predko$¢ ulega cigglym zmianom, dlatego w obliczeniach

zastosowano zasade superpozycji. Sumaryczne wartosci strat ci$nienia na zalozonych
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odcinkach przepltywu sa réwne sumie strat czastkowych poszczegdlnych odcinkow.
Przyjeto w tym przypadku, ze skokowe zmiany p6l przekrojow poprzecznych strumienia
wody wystepuja co 1 cm. Stad na wykresach rzgdne tych punktéw sg sumg wszystkich strat
ci$nienia na wszystkich przekrojach o wysokosci 1 cm. Jak wida¢ obliczone straty ci$nienia
s bliskie warto$ciom uzyskanym z pomiaréw, zaréwno dla piasku, jak i materialu Rockfos®.
Wykorzystujac t¢ mozliwos¢ obliczenia wzorem Erguna wykonano oddzielnie dla kazdego
cztonu. Zauwazono, ze dominujaca czgs¢ stanowi czton I, ktorego udziat wynosit okoto
99,9%, za$ cztonu Il jedynie okoto 0,1%. Poniewaz w cztonie I predkos¢ wystepuje
w pierwszej potedze swiadczy to, ze przy tych warunkach woda przeptywata ruchem

laminarnym i do obliczen mozna wykorzysta¢ wzor Kozeny-Carmana (wzor 27).
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Rysunek 20. Straty ci$nienia podczas przeptywu wody przez piasek z komory A do B
w funkcji natgzenia przeptywu
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Rysunek 21. Straty ci$nienia podczas przeptywu wody przez Rockfos® z komory A do B

w funkcji natezenia przeptywu
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Sumaryczne straty ci$nienia obrazowane przez rdznic¢ zwierciadet wody miedzy
komorami A i D w funkcji natezenia przeptywu zostaly pokazane na rysunku 22. Punkty
w kolorze niebieskim przedstawiaja wartosci dla piasku, za§ w kolorze czerwonym dla
materiatu Rockfos®. Jak pokazuje wykres wptyw rodzaju materiatu na sumaryczne straty

ci$nien jest znikomy.
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Rysunek 22. Sumaryczne straty cisnien w komorze A i D w funkcji natezenia przeptywu

7.4. Skuteczno$¢ usuwania zanieczyszczen w filtrze z przeplywem

meandr owym w pelnej skali technologicznej

7.4.1. Efektywnos$¢ usuwania fosfor u ogolnego

Praktyczny, wdrozeniowy charakter badan polegat na analizie i ocenie skuteczno$ci
doczyszczania $ciekow wyplywajacych z oczyszczalni §ciekow w Bialce. Szczeg6lng cecha
tych badan jest uwzglednienie rzeczywistych warunkow eksploatacyjnych, takich jak
nierdownomiernosci doptywu $ciekow, por roku, rozktadu oraz natezenia opaddow, udziatu
sciekow dowozonych, wystepowaniem awarii. Charakterystyczne wyniki stezenia fosforu
w strumieniu wlotowym i wylotowym w P-filtrze w oczyszczalni $ciekow w Biatce
analizowano od pazdziernika 2020 roku do lipca roku 2025. Ten okres badawczy obejmuje
dwie czesci. Pierwsza obejmowata okres od uruchomienia oczyszczani i P-filtra do konca
pierwszego kwartalu 2022 roku. W okresie tym obserwowano znaczaca zmienno$¢
efektywnosci P-filtra w zakrese usuwania fosforu. Poczatkowo nowa warstwa zloza
filtracyjnego Rockfos® wykazywala wysokg efektywno$¢ wigzania fosforu, ale wraz

z uptywem czasu zloze ulegato zbryleniu i skutecznos¢ pracy zaczeta sukcesywnie spadac.
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Po doktadneg andizie warunkow przeptywu podjeto decyzje
0 modernizacji konstrukcji filtra, wprowadzajagc dodatkowe przegrody wymuszajace
meandrowy przeplyw $ciekdbw. Do czasu modyfikacji przeprowadzono 16 serii
pomiarowych, zas po modyfikacji — 39 serii. Wyniki badan zestawiono w tabeli 10, azmiany
efektywnosci usuwania fosforu ogdlnego w wyniku wprowadzenia przegrod pokazano

narysunku 23.

Tabela 10. Podstawowe parametry statystyczne stezenia fosforu ogdlnego oraz pH w $ciekach na
wlociei nawylocie z P-filtraz materiatem Rockfos®

Przed modyfikacja (n=16) Po modyfikacji (n=39)
Miary Fosfor ogolny H Fosfor ogolny H
statystyczne [mg/1] P [mg/] P
Wilot Wylot Wilot Wylot Wilot Wylot Wilot Wylot
Srednia 0,90 0,82 7,16 7,56 3,66 2,10 7,05 7,80
Mediana 0,48 0,47 7,24 7,73 3,26 1,80 7,10 7,98
Min 0,18 0,14 6,81 6,86 0,13 0,11 6,45 6,94
Max 4,62 3,80 7,91 8,55 12,2 7,21 7,83 10,43
SD 1,04 0,89 0,309 0,455 2,82 1,72 0,356 0,739
CV [%] 1151 109,7 60,8 126,4 77,1 81,9 75,2 125,3
45,0
40,0
35,0
Q\'? 30,0
g 25,0
é 20,0
=
“;3) 15,0
10,0
50 94
0,0
Przed modyfikacja Po modyfikacji

Rysunek 23. Srednia efektywno$é usuwania fosforu ze $ciekow w filtrze z materiatem Rockfos® w
petne;j skali technologiczne;j

W okresie przed modyfikacja $cieki doptywajace do filtra z materiatem Rockfos®
zawieraly $rednio 0,90 mg/l fosforu ogdlnego, przy bardzo szerokim zakresie stezen

(0,18 — 4,62 mg/l). Mediana wynoszaca 0,48 mg/l wskazywala na prawostronng asymetri¢
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rozktadu, a wysoka warto$¢ odchylenia standardowego (1,04 mg/l) i wspotczynnika
zmienno$ci (115,1%) potwierdzaty duza niejednorodno$¢ danych (tab. 10). W strumieniu
odptywowym z filtra stezenia fosforu ksztattowaty si¢ $rednio na poziomie 0,82 mg/l,
co przektadato si¢ na niskg $srednig efektywnos$¢ jego eliminacji wynoszaca 9,4% (rys. 23).
Zjawisko to mozna ttumaczy¢ konstrukcja filtra, sprzyjajaca powstawaniu preferencyjnych
drog przeptywu i martwych stref, w ktérych proces sorpcji nie zachodzit.

W drugim etapie badan, po modyfikacji, Srednie stezenie fosforu ogoélnego w $ciekach
doptywajacych wzrosto do 3,66 mg/l, przy duzej zmiennosci wynikow (SD = 2,82 mg/l,
CV =77,1%). Na odplywie obnizyto si¢ ono do 2,10 mg/l, a $rednia efektywnos$¢ usuwania
osiggneta 42,6% (tab. 10, rys. 23). Poprawe mozna wigza¢ z modyfikacja konstrukcji filtréw
poprzez wprowadzenie przegrdd 1 przeptywu meandrowego, co zwigkszyto objetos¢ czynnie
wykorzystywanego zloza.

Analiza danych obejmujaca stezenie fosforu w $ciekach doptywajacych do filtra
z materiatlem Rockfos® testem t-Studenta wykazala, ze réznica pomiedzy tymi parametrami
jest istotna statystycznie (p<0,05). Wynik ten $wiadczy o wptywie P-filtra na obnizenie
zawartosci fosforu w S$ciekach 1 potwierdza zasadno$¢ jego zastosowania w celu
ograniczenia eutrofizacji rowu melioracyjnego, do ktorego odprowadzane sg Scieki

0CzyszCZone.

7.4.2. Zmiany pH

Materiat Rockfos®, ze wzgledu na wysoka zawarto$¢ CaO powoduje silng alkalizacje
roztworu, co skutkuje wzrostem pH powyzej 10, a nawet powyzej 11 [Kasprzyk 1 Gajewska
2019, Vohla 1 in. 2011, Pytka - WoszczyHto 1 in. 2022, Kasprzyk i in. 2018, Brogowski
1 Renman 2004. Cucarella i in.. 2007, Gubernat i in. 2020]. Mimo wysokiej skutecznosci
usuwania fosforu podwyzszanie wartosci pH do tak wysokich poziomdéw ostabia mozliwosci
zastosowania tego materialu do oczyszczania S$ciekéw. Zgodnie z wymaganiami
legislacyjnymi [Rozporzadzenie 2019] $cieki odprowadzane do s$rodowiska powinny
wykazywa¢ pH w zakresie 6,5 — 9,0. Doniesienia wcze$niejszych publikacji
[Kasprzyk 1 Gajewska 2019] pokazuja, ze wraz uptywem czasu pH w strumieniu wylotowym
obniza si¢ 1 nie stanowi krytycznego ograniczenia w stosowaniu takiego materiatu. Kasprzyk
1 Gajewska [2019] wykazaly, ze przy poczatkowej warto$ci pH ok. 12,5 juz po ok. 120
godzinach eksperymentu pH obnizylo si¢ do warto$ci ponizej 10, a po ok. 240 godzinach do
ponizej 9,0, pokazujac incydentalnie niewielkie wahania. Z tego wzgledu w niniejszych

badaniach zwrocono szczeg6lng uwage na zmiany pH w warunkach naturalnych przy
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uwzglednieniu wszelkich zmienno$ci wynikajacych z dzialania oczyszczalni $ciekow.

Wyniki pomiaréw w catym okresie badan pokazano na rysunku 24.
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Rysunek 24. Wartosci pH w $ciekach na doptywie i odptywie z P-filtra w poszczegdlnych miesigcach
badan

Wzrost pH w wyniku doczyszczania $ciekow w filtrze z materiatem Rockfos® przed
jego modyfikacja nie byt znaczacy (rys. 24). Moze to wskazywac¢ na ograniczony kontakt
sciekéw z materialem sorpcyjnym i niski stopien alkalizacji.

Badania przeprowadzone po modyfikacji P-filtra wykazaly, ze podczas przeptywu
przez materiat Rockfos® poczatkowo nastapit wzrost pH do wartoéci ok 10,5 (V 2022).
W kolejnych seriach pomiarowych odnotowano wyrazny spadek pH [Zawadzka 1 in. 2023].
Juz w czerwcu pH obnizyto si¢ do ok. 9,7, a od pazdziernika 2022 obnizyto si¢ trwale do
warto$ci ponizej 9,0. Od tego miesigca do konca badan pH utrzymywato si¢ w zakresie
akceptowalnym dla $ciekow odprowadzanych do $rodowiska. Od polowy 2023 roku
nastapilo wyrazne zblizenie si¢ do siebie punktéw pomiaru pH przed filtrem i za nim, a od
polowy 2024 roku wptyw filtra na zmiany pH byl na tyle znikomy, ze mozna go uznac
za pomijalny.

Wzrost wartosci pH bezposrednio po modyfikacji P-filtra mogt by¢ spowodowany
faktem, ze podczas montazu przegrod nastgpito przemieszanie zloza i1 rozbicie bryl, jakie
powstaty podczas wezesniejszej eksploataciji. Srednia warto$é pH na doplywie $ciekoéw do
P-filtra wynosita 7,05, natomiast na odptywie 7,80 (tabela 10). Zmiennos$¢ pH (obliczona na

podstawie stezen jondw wodorowych [H']) w $ciekach odprowadzanych do srodowiska byta
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wysoka (CV na poziomie ok. 125%), co §wiadczy o niestabilno$ci chemicznej warunkow
procesowych 1 istotnych zmianach kwasowo-zasadowych wywotanych przez materiat
filtracyjny. Srednie pH obliczono jako wartoéé odpowiadajaca logarytmowi ujemnemu
sredniego stezenia jonow wodorowych [H'], uwzgledniajac logarytmiczny charakter skali
pH. Rozktad wynikéw ze wzglgdu na swoja normalnos$¢ zostal zweryfikowany testem dla
par wynikéw t-Studenta wykazal, Zze r6znice pH miedzy wlotem i wylotem z filtru byly
statystycznie istotne (p = 0,038).

Wiekszos$¢ publikacji naukowych wskazuje na istnienie dodatniej zaleznosci/korelacji
pomiedzy efektywnoscig usuwania fosforu ze $ciekéw a pH filtratu [Pytka-Woszczyto 1 in.
2022, Zwadzka 1 in. 2023, Vidal i1 in. 2018, Renman 1 Renman 2010]. Analiza wynikéw
niniejszych badan dlugookresowych, wskazuje, ze silna alkalizacja srodowiska nie jest
warunkiem koniecznym do efektywnej eliminacji fosforu. Spadek pH filtratu nie
spowodowat obnizenia efektywnos$ci usuwania fosforu, a w ostatnim roku badan, byta ona
nawet wyzsza niz $rednia z catego okresu. W tej sytuacji mozna wnioskowac, ze wieksze
znaczenie moglo mie¢ wydtuzenie czasu kontaktu Sciekow z materialem sorpcyjnym,
co sugerowal rowniez Vidal 1 in. [2018]. W przypadku niniejszego badania efekt ten mogt
by¢ wywotany meandrowym przeptywem $ciekow w filtrze. W swoich badaniach Nilsson
1 in. [2013] stwierdzili, ze za brak korelacji pomigdzy stopniem usuwania fosforu i pH

prawdopodobnie odpowiada niska warto$¢ BZTs w $ciekach doptywajacych do filtra.

7.4.3. Sezonowa zmiennos¢ stezen fosforu ogélnego

Ze wzgledu na turystyczny charakter gminy 1 znaczacy przyrost ilosci doptywajacych
do oczyszczalni $ciekdw w okresie wakacji analizie poddano skuteczno$¢ pracy filtra
z materiatem Rockfos® w zakresie usuwania fosforu ogdlnego w réznych porach roku.
Obliczono charakterystyczne wielko$ci statystyczne w czasie wiosny, lata, jesieni i zimy,
to jest: warto$ci minimalne, maksymalne, $rednie, mediany, odchylenia standardowe (SD),
wspolczynniki zmiennosci (CV) oraz efektywno$¢ usuwania fosforu ogdlnego (tab. 11).
Dla kazdej pory roku przyporzadkowano 3 serie pomiarowe, wykonane w okresie
VII 2024 — VII 2025. Okres wiosenny obejmowal miesigce marzec — maj, letni:
czerwiec — sierpien, jesienny: wrzesien — listopad, zimowy: grudzien — luty. Aby uwypukli¢
wplyw zmiennosci doplywu $ciekdéw oraz wielko$¢ ewapotranspiracji uwzgledniono $rednie
natezenia przeptywu Sciekow doplywajacych do P-filtra w poszczegdlnych miesigcach
(rys. 25), co umozliwito oceng wptywu warunkéw hydraulicznych na efektywno$¢ procesow

oczyszczania.
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Rysunek 25. Srednie miesieczne stezenia fosforu ogolnego na doptywie i odptywie z P-filtra oraz
$rednie natezenie doptywu $ciekéw w okresie VIII 2024 — V11 2025

W okresie wiosennym $rednie stezenie fosforu ogdlnego w sciekach doptywajacych
do P-filtra wynosito 6,78 mg/l, przy zakresie od 6,26 do 7,70 mg/l. Mediana byta zblizona
do $redniej (6,39 mg/l), co sugeruje wzglednie symetryczny rozkiad danych. Odchylenie
standardowe wyniosto 0,65 mg/l, a wspotczynnik zmiennosci CV — 9,62%, co wskazuje na
niskg zmienno$¢ sktadu Sciekow. W Sciekach oczyszczonych $rednie stezenie spadto do
1,70 mg/l, a efektywno$¢ oczyszczania w tym okresie wyniosta 74,86%, co wynikato
z umiarkowanych przeplywow sSciekow (ok. 5,9-7,3 m?/d). Wspdlczynnik zmiennoSci
stezenia fosforu w $ciekach odplywajacych byt wysoki (42,06%), co wskazuje na pewnag
zmienno$¢ dziatania systemu, ale przy zachowaniu ogdlnie wysokiej skutecznosci.

Latem zanotowano nizsze st¢zenia fosforu ogdlnego w $ciekach doptywajacych do
filtra — $rednia wyniosta 5,75 mg/l, a mediana byla identyczna (5,75 mg/l), co sugeruje
symetryczny rozktad danych. Odchylenie standardowe osiagneto podwyzszong wzgledem
poprzedniego okresu warto$¢ 2,02 mg/l, a CV — 33,93%, co $wiadczy o umiarkowanej
zmiennosci sktadu $ciekow. Scieki odptywajace zawieraly $rednio 3,67 mg/l fosforu,
a skuteczno$¢ oczyszczania w tym okresie byla nizsza — 46,52%. Warto odnotowa¢ wysoki
wspotczynnik zmiennosci na odptywie (40,40%), wskazujacy na niestabilno$¢ procesu
oczyszczania w warunkach letnich, co moze by¢ wynikiem wysokich temperatur,

intensywnego parowania lub zmiennego charakteru dopltywu. Prawdopodobng przyczyna
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byty wysokie natezenia przeptywu (do 14-15 m?/d), ktére ograniczaty czas kontaktu sciekow
z materialem filtracyjnym i pogarszaty efektywno$¢ procesu sorpcji fosforu.

Jesienig odnotowano nizsze st¢zenia fosforu w $ciekach doptywajacych — $rednio
4,02 mg/l, przy duzym rozproszeniu danych (CV = 50,37%). Mediana byta réwna s$redniej
(4,02 mg/l), co wskazuje na wzglednie symetryczny rozktad, cho¢ wysoka wartos¢ CV
sugeruje wystepowanie pojedynczych skrajnych pomiaréw. Po oczyszczeniu stezenie spadto
do 2,14 mg/l, a efektywno$¢ wyniosta 46,77%. Wspodtczynnik zmiennosci na odptywie byt
bardzo wysoki (67,53%), co wskazuje na duza niestabilno$¢ procesu jesienia.

W warunkach zimowych $rednie stezenie fosforu ogoélnego na doptywie wyniosto
6,64 mg/l, przy umiarkowanej zmiennosci (CV = 25,50%). Mediana byta rowna Sredniej
(6,64 mg/l), co potwierdza symetryczny rozktad danych. Na odplywie stgezenie fosforu
zmniejszyto si¢ do 1,01 mg/l, a efektywnos$¢ oczyszczania wyniosta 72,82%. CV na
odptywie bylo wysokie (86,78%), co wskazuje na duzg zmienno$¢ procesu w warunkach
zimowych, jednak mimo tego skuteczno$¢ oczyszczania utrzymywata si¢ na wysokim
poziomie.

Otrzymane wyniki wskazuja, ze zarowno sezonowos$¢, jak 1 warunki hydrauliczne

maja istotny wptyw na prace P-filtra z materialem Rockfos®.

Tabela 11. Podstawowe statystyki opisowe st¢zenia fosforu ogdlnego w Sciekach

wplywajacych i wyptywajacych z filtra z materialem Rockfos® w zaleznosci od pory roku

Min | Max | Srednia | Mediana| SD | CV | §rednia efektywnosé
Pora roku
[mg/1] (%] (%]
_ Wlot | 6,26 | 7,70 6,78 6,39 0,65 9,62
Wiosha 74,86
Wylot | 0,69 | 2,24 1,70 2,18 0,72 42,06
Wilot | 3,58 | 8,51 5,75 5,75 2,02 33,93
Lato 46,52
Wylot | 1,48 | 4,45 3,67 3,67 1,28 40,40
Wilot | 1,54 | 6,50 4,02 4,02 2,02 50,37
Jesien 46,77
Wylot | 0,37 | 3,91 2,14 2,14 1,45 67,53
) Wilot | 4,43 | 8,50 6,64 6,64 1,66 25,50
Zima 72,82
Wylot | 0,39 | 3,92 1,01 1,01 1,54 86,78

59



7.4.4. Skuteczno$¢ usuwania pozostalych zanieczyszczen

Po analizie st¢zen fosforu w latach 2022 — 2024 uznano, ze filtr jest na tyle
wpracowany, ze mozna uznac jego stabilne dziatanie. W zwigzku z tym rozszerzono badania
sciekow o zawiesing ogdlng, ChZT, BZTs, azot amonowy, azotynowy i azotanowy, a takze
przewodno$¢ wiasciwg, metnos¢ i zasadowosé. W tabeli 12 przedstawiono podstawowe
statystyki opisowe (minimum, maksmum, mediang, $rednig, odchylenie standardowe
1 wspotczynnik zmiennosci) oraz Srednig efektywno$¢ oczyszczania dla pozostatych
wskaznikow zanieczyszczen w okresie od sierpnia 2024 do lipca 2025 roku, a takze istotnos¢
wplywu filtra na cechy jakosciowe $ciekéw przy pomocy testu t-Studenta dla préb
zaleznych. Na rysunku 26 przedstawiono dynamike stezen badanych zanieczyszczen

fizykochemicznych w/w okresie badan.
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Tabela 12. Podstawowe

statystyki

opisowe

w $ciekach wptywajacych i wyptywajacych z filtra z materialem Rockfos®

stezenia parametrow fizykochemicznych

Srednie
. . . . cv efekty | t-Studenta
Min Max | Srednia | Mediana sD [%] [%] D-wartosé
iesi Wilot 10 30 17,25 | 1550 6,19 | 3590
Zawiesina © 36,86 | z=2803
ogoblna D = 0,005*
[mg/l] Wylot | 5,6 17 10,89 | 10,00 | 323 | 29,67 ’
Wilot 39 82 63,13 | 62,25 | 12,47 | 19,75
ChzT 6,93 | z=0561
mg O/l =0,575
(Mg OM | \yrot | a4 95 | 5875 | 5550 | 1371 | 2334 P
Wilot 8 30 16,29 | 13,50 6,56 | 40,26
BZTs 3581 | z=2,449
mg O/l =0,015
[mg O Wylot 7 16 10,46 | 10,00 2,39 | 22,88 P
Azot Wlot | 12,70 | 41,60 | 24,82 | 23,05 8,18 | 32,95
amonowy - -
[mg/l] Wylot | 12,00 | 37,30 | 24,20 | 2395 | 7,30 | 30,16
Azot Wiot | 0,01 | 0,98 0,33 0,22 0,33 | 102,08 1156
azotynowy ’ -
[mg/l] Wylot | 0,15 | 046 | 0,29 0,30 0,08 | 27,72
Azot Wiot | 021 | 29,40 | 8,86 8,48 7,96 | 89,85
azotanowy - -
[mg/l] Wylot | 1,32 | 27,40 | 10,64 8,89 748 | 70,33
Azot In 2590 | 103,00 | 54,90 | 53,75 | 18,90 | 34,42 0255
ogolny 18,37 ; ; O, 799
[mg/l] Out | 21,30 | 83,70 | 4482 | 4430 | 1568 | 34,98 ’
Przewodnose | In | 1264,0 | 2198,0 | 1861,1 | 19153 | 268,11 | 14,41 2803
whasciwa 1975 | 775005 +
[uS/cm] Out | 1013,0 | 1901,0 | 1493,6 | 14935 | 243,27 | 16,29 '
N In 621 | 16,7 | 10,89 | 1045 3,92 | 3597
Metnosé 3551 z= 2,497
[NTU] ’ p=0,013
out | 4,78 9,4 7,02 7,08 1,34 | 19,07
Zasadowosé In 700 | 16,30 | 1250 | 12,95 252 | 20,16 2803
ogolna 39,57 pZ:‘O phad
[mmol/l] Out | 4,70 | 1000 | 7,55 8,25 1,82 | 24,14 ’

* statystycznie istotne réznice pomigdzy wartosciami parametréow dla $ciekow przed i po oczyszczeniu
,test dla par obserwacji t-Studenta” — obszar krytyczny R = (-0, -2,764)\ (2,764, )
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W okresie badan $cieki doptywajace do filtra z materiatem Rockfos® zawieraty
zawiesing o0go6lng o S$rednim stezeniu 17,25 mg/l. Notowane wartosci oscylowaty
w granicach 10 — 30 mg/l, natomiast na odptywie $ciekdow z oczyszczalni warto$ci miescity
si¢ w granicy 5,6 — 17 mg/l, przy s$redniej 10,89 mg/l. Mediana dla zawiesiny ogolnej
wynosita odpowiednio 15,50 mg/l dla §ciekdéw przed filtrami oraz 10,00 mg/I dla Sciekow
za filtrami. W P-filtrze uzyskano efektywnos$¢ usuwania zawiesiny ogolnej na poziomie
37%. Zblizony efekt zaobserwowano w przypadku metnosci, ktéra zmniejszyta si¢ srednio
z 10,89 do 7,02 NTU, przy efektywnosci 35,51%. Wskazuje to na zdolnos¢ P-filtra do
zatrzymywania czgstek zawieszonych 1 koloidalnych, co wptywa pozytywnie na klarownos$¢
Sciekow. Scieki oczyszczone o takich parametrach moga byé bez przeszkod odprowadzane
do srodowiska.

Chemiczne zapotrzebowanie tlenu (ChZT) w $ciekach doptywajacych do P-filtra
oscylowato w granicach 39 — 82 mg O/l, natomiast na odptywie w granicach
44 — 95 mg O/1. Srednie wielkosci ChZT wynosily odpowiednio: 63,13 i 58,75 mg O/l.
Natomiast wartosci biologicznego zapotrzebowania tlenu (BZTs) przed P-filtrem
oscylowato w granicach 8 — 30 mg Oa/1i 7 — 16 mg Oy/1 za filtrem. Srednie wielkosci BZTs
dla $ciekow przed i za P-filtrem wynosily odpowiednio 16,29 i 10,46 mg O2/l. Srednia
efektywnoéé zmniejszania BZTs w filtrze wypetnionym materiatem Rockfos® wyniosta
35,81%, natomiast w przypadku. ChZT 6,93%. Jest to stosunkowo niewielka wartos¢,
jednak P-filtr ma za zadanie usuwa¢ zwiazki fosforu, stad niska skuteczno$¢ redukcji
zanieczyszczen organicznych jest oczekiwana. Wskazuje to, ze P-filtr nie jest
ukierunkowany na eliminacj¢ substancji organicznych, chociaz pewna poprawa jakosci
scieckow w tym zakresie zostala zaobserwowana. Ta poprawa wynikata z zatrzymywania
zawiesin, ktorych czes¢ stanowily zawiesiny organiczne.

W przypadku zwigzkow azotu efekty byly zréznicowane. Azot amonowy nie wykazat
istotnych zmian, a jego $rednie stezenie pozostalo na zblizonym poziomie
(ok. 24,2 — 24,8 mg/l). Z kolei azot azotynowy zostat usuniety w 12%, z 0,33 do 0,29 mg/I,
co moze $wiadczy¢ o cze$ciowej przemianie tego zwigzku w warunkach filtracyjnych. Azot
azotanowy nie zostal skutecznie usunigty, Srednie st¢zenie nieznacznie wzrosto (z 8,86 do
10,64 mg/l). Azot ogdlny zmniejszyt si¢ o 18,37%, co wskazuje, ze P-filtr nie jest
skutecznym narzedziem do eliminacji azotu ze $ciekow.

W literaturze brakuje wynikow odnoszacych si¢ do analizy wptywu P-filtra na
parametry fizykochemiczne $ciekow. Notowane st¢zenia zawiesiny ogolnej, wielkosci

ChZT oraz BZTs s3 zgodne z wymaganiami Rozporzadzenia MGMiZ$
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[Rozporzadzenie 2019]. Zgodnie z rozporzadzeniem st¢zenia zanieczyszczen dla $ciekow
bytowych odprowadzanych z oczyszczalni $ciekow <2000 RLM nie moga przekraczad
50 mg/1 dla zawiesiny ogdlnej, 150 mg O/l dla ChZT oraz 40 mg O/l dla BZTs. Zgodnie
z tymi normami uzyskane wyniki zaréwno dla $ciekow przed P-filtrem oraz za P-filtrem
mieszczg si¢ w normach, o $rednich zdecydowanie nizszych niz dopuszczalne wartosci
maksymalne.

Analiza wynikéw pokazata, ze P-filtr wykazuje wptyw na zmiany jako$ciowe Sciekow.
Test par t-Studenta wykazal, Ze statystycznie istotne roznice wystapily dla zawiesin
ogolnych (p = 0,005), BZTs (p = 0,015), przewodnosci (p = 0,005), metnosci (p = 0,013)
oraz zasadowosci (p = 0,005). Nie wykazano natomiast statystycznych roznic dla ChZT
1 azotu ogdlnego.

W okresie sierpien 2024 — lipiec 2025 wykazano niskie korelacje pomigdzy wielkoscia
przeptywu Sciekow przez filtr a efektywno$cig usuwania zanieczyszczen. Dla fosforu
ogolnego wspoiczynnik korelacji wyniost -0,250, dla azotu ogodlnego -0,176, dla zawiesin
0,264; dla BZTs 0,019, ChZT 0,236. Usuwanie fosforu ogdlnego wykazuje stosunkowo
niskg ujemng korelacje wzgledem wielkos$ci przepltywu. Wynika z tego, ze wzrost przeptywu
sciekow przy duzym ruchu turystycznym wplywa negatywnie na efekty usuwania fosforu
ogolnego w P-filtrze, gtdéwnie poprzez zmniejszenie czasu zatrzymania sciekOw.

Istotno$¢ wspotczynnikow korelacji sprawdzono weryfikujac hipoteze zerowa o braku
korelacji. Warto$¢ krytyczna wspolczynnika korelacji liniowej byla odnoszona do
dwustronnego obszaru krytycznego. Dla a = 0,01 i liczby pomiarow n = 12 warto$¢
krytyczna wynosi 0,708. Wynika stad, ze modut wspotczynnika korelacji jest mniejszy od
wartosci krytycznej, czyli nalezy odrzuci¢ hipoteze zerowa, czyli korelacja jest istotna

statystycznie.
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8. Wytyczne projektowania i eksploatacji modulu do usuwania

fosforu

Wykorzystujac powyzsze badania efektywnosci dziatania modulu do usuwania
fosforu ze $ciekdw po biologicznym oczyszczaniu mozna sformutowac sugestie i wytyczne
projektowania, ktore zostaty przedstawione ponize;j.

1. Przygotowanie danych wyjsciowych

a. Przepustowo$é oczyszczalni Qdobowe [M/d], Wydajnosé pompy tloczacej $cieki
biologicznie oczyszczone do modutu filtracyjnego Qpompy [M3/h].

b. Stezenie fosforu ogodlnego w $ciekach biologicznie oczyszczonych
wprowadzanych do filtra (poczatkowe) Pp [9/m®] (informacje z projektu
oczyszczalni lub z badan, jesli oczyszczalnia pracuje).

c. Wymagania odno$nie stezenia fosforu w $ciekach oczyszczonych (koncowe)
Px [¢/m3] w zaleznosci od wielkosci oczyszczalni i charakterystyki odbiornika.

2. Okreslenie kubatury filtra

a Zaktadajac konieczno$¢ wymiany ztoza nie czgsciej niz co T = 2 lata, obliczenie
tadunku fosforu jaki bedzie zatrzymany na ztozu nalezy wykona¢ wedtug wzoru
(28):

£ = Qdobowe - (Pp -Px) - 365 d/rok - 2 lat (28)

Mase fosforu zatrzymang na ztozu Mj, w zaleznosci od stezenia fosforu

doptywajacego na P-filtr nalezy odczyta¢ z tabeli 13.

Tabela 13 Zalezno$¢ stezenia poczatkowego fosforu (Pp) w $ciekach od masy

fosforu zatrzymanej na ztozu M;.

P, [g/m] 2 3 4 5 6 7 8 9 10

M;[g P/kg ztoza] | 0,122 | 0,178 | 0,235 | 0,291 | 0,348 | 0,404 | 0,461 | 0,517 | 0,574

b. Uwzgledniajgc wspotczynnik bezpieczefistwa k = 1,3, gesto$¢ materiatu Rockfos®

p = 2570 kg/m® mozna obliczyé wymagang objetos¢ adsorbentu
V wedhlug wzoru (29):
- L-k
Mo (29)
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C. Obliczenie wymiaréw liniowych

Zgodnie z zalozeniami budowy filtra dotyczacymi zastosowania
przegréd poprzecznych wymuszajacych przeptyw meandrowy objetosé
materialu w pojedynczej komorze Vk mozna obliczy¢ wedtug wzoru
(30):

V_V
k=g

(30)

Zaktadajac wysoko$¢ warstwy materiatu sorpcyjnego H = 0,8 — 1,0 m
mozna obliczy¢ powierzchni¢ rzutu poziomego pojedynczej komory
filtra wedtug wzoru (31):
%

o= (31)
Oczywiscie sumaryczna wysoko$¢ s$cian kazdej komory musi by¢
wigksza. Przyjmuje si¢ 0,5 — 0,7 m na wysoko$¢ warstwy Sciekow nad
ztozem. Jest to wysoko$¢ zapewniajaca odpowiednig predkosc
filtrowania oraz zapewniajgca t¢ predko$¢ podczas sukcesywnego
kolmatowania powierzchniowego ztoza.
Dobieranie wymiaréw liniowych, to jest dlugos¢ Lk i szerokos¢ Bk
pojedynczej komory polega na zatozeniu w rzucie ksztattu komor, na
przyktad kwadratu (Lx = Bk) lub prostokgta. Wyboru nalezy dokonaé
w zaleznosci od mozliwosci terenowych.
Weryfikatorem prawidtowosci doboru jest sprawdzenie utrzymania
predkosci filtracji nie wigkszej niz Vi = 0,2 m/h. Poniewaz obliczenia
byly wykonane w  odniesieniu do przeptywu dobowego
Qdobowe — W zatozeniu rownomiernego — nalezy sprawdzié, czy dobrana
okresowe wiaczanie si¢ nie przekroczy zalecanej predkosci filtracji.
Otrzymana z powyzszych obliczen wydajno$¢ pompy powinna by¢ nie
wigksza niz obliczona ze wzoru (32)

leompy =V Fy (32)

66



V. Jezeli spelniony bedzie warunek
Qpompy = Qpompy (33
obliczone powyzej wymiary sg prawidtowe. Jezeli ten warunek nie jest
spelniony woéwczas nalezy:
e dobrac¢ inng pompe, o mniejszej wydajnosci, aby spelniony byt
warunek (33)
e wykorzystujac (32) i wstawiajac w miejsce Qlpompy Warto$é
Qpompy pozostawiajac Vk = 0,2 m/h obliczy¢ nowa wartos¢ F.
vi. Kolejno znajac Fk i zatozone H obliczy¢ Vi, a nastgpnie mnozac przez

liczbg 4 obliczy¢ sumaryczng objetos¢ ztoza V.

vii. Sumaryczne wymiary ztoza wyniosg
e H=08+10m
o L=4- Lk
e B =B«

3. Szczegoély techniczne

Spadek dna komory powinien wynosi¢ 1% w kierunku odptywu $ciekow. Ksztatt
W rzucie poziomym (prostokatny) i wymiary komory powinny zapewni¢ mozliwos¢
tatwego jg oprozniania i wymiany materiatu filtracyjnego przy uzyciu dostepnego
sprzetu (koparka, koparko-tadowarka). Komor¢ nalezy wykona¢ w konstrukcji
zelbetowej, z wykorzystaniem betonu B40 jako otwarty zbiornik. Komora powinnaby¢
wyposazona w pokrywe z tworzywa sztucznego umozliwiajacg szybkie przykrycie
i odkrycie komory.

a Szczeg6ly techniczne wynikajag z zalozonej konstrukcji. Ogoélny wyglad

modutu sorpcyjnego zostat pokazany na rysunku 27.

Rysunek 27. Schemat modutu sorpcyjnego do usuwania fosforu
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b. Szczegét A — wlot do filtra powinien by¢é wykonany w formie rury
perforowanej usytuowanej poprzecznie na catej szerokosci komory tuz nad
ztozem, z zaslepionymi koncami. Rura ta moze by¢ z fabryczng perforacja lub

jako rura lita do wykonania otworéw zgodnie z mozliwosciami technicznymi.

C. Szczego6l B — przegrody musza by¢ umieszczone w prowadnicach, tak aby
stanowity sztywny element, niepodatny na odksztalcenia w wyniku
oddzialywania masy materiatu lub strumienia sciekow. Prowadnice powinny
umozliwi¢ latwy demontaz przegréd przy usuwaniu zuzytego materiatu,

Uktad przegrdod z prowadnicami zostat pokazany na rysunku 28.

= |—_
Jrl
- i s
_’-; =) | e—)
= -

k

A
\ 4

Rysunek 28. Uktad przegrod z prowadnicami

d. Szczegot C — wylot z filtra powinien by¢ wykonany w formie rury
perforowanej usytuowanej poprzecznie na catej szerokosci komory tuz nad
ztozem, z zaslepionymi koncami. Rura ta moze by¢ z fabryczng perforacja lub

jako rura lita do wykonania otworéw zgodnie z mozliwo$ciami technicznymi.
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Sugestie odno$nie dziatan eksploatacyjnych mozna sformutowac, jak ponize;.

1. Filtr podczas pracy wymaga zabezpieczenia przed niekorzystnym oddziatywaniem
stonca (ograniczenie rozwoju glonéw), deszczu, mrozu i $niegu (zapobieganie
obnizeniu temperatury $ciekow).

2. Z obserwacji terenowych podczas dhugotrwatej eksploatacji w oczyszczalni w Biatce
wynika, ze materiat Rockfos® podatny jest na zbrylanie. Powoduje ono tworzenie si¢
kanaléw jako specyficznych drég przeptywu sciekéw, w konsekwencji wzrasta
predkos¢ przeptywu 1 spada czas przetrzymania $ciekow 1 efektywnos¢ usuwania
fosforu. Aby tego unikng¢ konieczne jest rozbicie bryt 1 w miar¢ mozliwosci
przemieszanie ztoza. Dobrze do tego celu nadaja si¢ swidry do ziemi (rys. 29). Zaleca
si¢ wykonywanie takiego zabiegu raz na 3 miesigce. Przemieszanie zloza nalezy
wykona¢ delikatnie wkrecajac swider w miejscach oddalonych od siebie 0,8—1,0 m na

catej powierzchni filtra.

Rysunek 29. Swider do przemieszania ztoza [https://najder.net/swider-do-ziemi-na-wkretarke-
AKCESORIA%200GRODNICZE]
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9. Whnioski
Opisane w ninigszg rozprawie wyniki badan pozwalaja sformutowaé wnioski

0 charakterze naukowym oraz aplikacyjnym, ukierunkowanym na wdrozenie analizowanego

rozwigzania.

Whnioski naukowe

1) Material Rockfos® wytwarzany na bazie skatly weglanowo-krzemionkowej (opoki)
okazat si¢ skutecznym adsorbentem, ktéry moze by¢ wykorzystany do usuwania fosforu
ze $ciekow oczyszczonych biologicznie. Maksymalna pojemno$¢ sorpcyjna w niskich
temperaturach ksztaltowata sic na poziomie 0,06 — 0,08 mg POs*/g sorbentu,
aw wysokich temperaturach 0,08 — 0,1 mg PO4+*/g sorbentu.

2) Wigzanie fosforu przez material Rockfos® odbywa si¢ na drodze adsorpcji fizycznej
1 wymiany jonowej, co okreslane jest mianem chemisorpcji. Modelowanie tego procesu
przy pomocy izotermy Langmuira potwierdzito znaczacy wudzial chemisorpcji.
Sprawdzita  si¢  linearyzacja modelu  Langmuira  sposobami  Langmuira
i Lineweaver-Burka, natomiast linearyzacje Scatcharda i Eadie-Hoffsie’go nie powinny
w tym przypadku by¢ stosowane.

3) Nie wykazano jednoznacznie zalezno$ci pomig¢dzy wielkoscig sorpcji fosforu
a granulacja analizowanego materiatu. Masa zaadsorbowanego fosforu i efektywnos¢ ich
usuwania z roztworu wzrastala wraz ze wzrostem stezenia poczatkowego fosforu
W roztworze.

4) Wpltyw temperatury na efektywnos$¢ usuwania fosforu byl istotny statystycznie,
Co czgsciowo potwierdzil opis termodynamiczny. Dodatnia warto$¢ entropii $wiadczy
0 wystepowaniu przypadkowych zaklocen na granicy faz adsorbent-adsorbat
| zwigkszaniu stopnia nieuporzadkowania czasteczek i rozpraszania energii. Analizowany
proces adsorpcji ma charakter egzotermiczny i spontaniczny, o czym $wiadcza ujemne
warto$ci entalpii oraz energii swobodnegj Gibbsa.

5) Kinetykasorpcji fosforu mamateriale Rockfos® dlawszystkich analizowanych granulagji
byta zgodna z zatozeniami kinetyki pseudo-drugiego rzedu, co sugeruje chemiczng nature
sorpcji, prawdopodobnie z udzialem reakcji powierzchniowych. Modele kinetyczne
pseudo-pierwszego rzedu, Morisa-Webera i Elovicha dla tego typu badan nie powinny

by¢ stosowane.
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6) Izotermy sorpcji fosforu wykazaly istotny statystycznie wpltyw temperatury na
efektywnos¢ usuwania fosforu. Potwierdzaja to rowniez badania P-filtru w pelnej skali
technologiczngj.

7) Zastosowanie P-filtra miato istotny wptyw na warto$¢ pH, metnosé, przewodnictwo oraz
zmiany stezen fosforu, zasadowosci ogolnej i BZTs w $ciekach. Nie wykazano istotnego

wplywu na stezenie azotu ogdlnego i wartos¢ ChZT.

Whioski wdrozeniowe

1) Wprowadzenie przegréd pionowych i wymuszenie meandrowego przeptywu $ciekow
przez filtr wydtuza droge filtracji 1 czas kontaktu z materialem sorpcyjnym, umozliwiajac
zatrzymanie wigkszej ilosci fosforu.

2) Przy projektowaniu kubatury modutéw filtracyjnych z materiatem Rockfos® maksymalna
pojemnos¢ sorpcyjng nalezy przyjmowac na poziomie w oparciu o stezenie fosforu
w $ciekach doptywajacych do filtru oraz wymagan srodowiskowych odbiornika.

3) Badania prowadzone na modelu laboratoryjnym umozliwiajag zaprojektowanie
wzajemnych relacji kubatury filtra oraz wysokosci ztoza pozwalajacych uzyskaé
wymagang przepustowos¢ w warunkach eksploatacyjnych w wybranej oczyszczalni
Sciekow.

4) Z uwagi na mozliwo$¢ zbrylania materialu Rockfos® w czasie eksploatacji zaleca sie
okresowe rozluznianie mechaniczne warstwy filtracyjne;.

5) Moduty sorpcyjne wymagajg zabezpieczenia przed dziataniem czynnikoéw zewnetrznych
($wiatlo stoneczne, niska temperatura), ktore przez modyfikowanie warunkow

eksploatacyjnych moga ogranicza¢ skuteczno$¢ usuwania fosforu.
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praez zosoewanie ol glinu, eloza kb
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W proktyce odzysk fosforu mozna zre-
dizowaé przy wykorzystoniv wigy rGznych
moted [4]. Zo dciokdw joge odzyskiwanio
ke byt realizowene dwiema dragomi, po-
przoz Marzenis spondaniczne clbo calowe
sruwity, a nosteprie jago rolnicze wykorzy-
sani, albo w wynikv strgeania fosfarandw

; , pempach i inmych
mlepocxh urudnigjac trmsporl sciekow, Doty-
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moie zydezs sig waph i inne kabory [6,7].
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domi. produbowonia. stwity 89,10} Od-
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w granicach od 6,0 do 13,8 mg/dn’, 28
wg Styki [13] — od 1,8 do 10,3 mg/dm?,
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rach 7,5 - 13,3 mg/dm? [14] tomatowski
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:,',Dd bobgm!yth zdezy od wiek czmm
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metodami biclogicanymi moero sl cb-
mznpamomepld'm‘:nw trgeanie kosfory,
kére polegrs na wigzaniu feslorondw z kalie-
nami, fokimi jak: glin, zekaza lub wopa. Sprzy-
fiaea ckoiareicn ! ki duzy wdzid fosfe-
andw w . sigojgcy nawet
50.70% [16). Wykracaigey sie osed foskoror
now oddzielony jest od scekdaw w osodrikach
Meloda chemiczng  powodzeniem stosowe
na jost w bardzo wiels chidych | adiich
oayseczdnioch iiskaw, joko proces wapo-
mogajqey. wsvwanie fosfory metodami bioks-

oo fosfory [20,31). Wedbig
danych litercturowych ckalo 82% wydobywa-
nego fosfory ma swoje zastesownnie w rohic
twin. W 2wiczku 26 2wigks 20nym zopoirzebo-
memmtyumoddom rozwolem przemy-
msdywomwbrsldvdmwmzﬁ
kiemu wyczerpywaniv. W celu

zopotrzebowario, do 2050 roku w hrqoda
swzybko rozwijgiacych sie szocowany jest
warost bycia fosfory nowet o 100% [30]
W tym Switte rozwijonie sopeyinych melod
ooy 30 e ik

glcmyml Przy pm«ldbwo dzialajacydh
soch efeltywnosc ysawania fosfory
bywdoscwysokulfmhwod#ywem sto-
nowd istoinego zogrozenio da odowiska,
Czasem dochodzi do podwyzszenia sezenia
fostory w 3ciekoch surowych, kidey pochodzi
z chamicmega vsuwanio zlogdw asadowych
2 rurcciggéw wodcdagowych [17].

Khezowym zrodlem zwiczkow fostory
wwodach powferzchniowych so mate cczyxz-
azakie sackaw, wtym syslemy przydemowe,
Ze wzgledu na rosnqce zointeresowaonie ich
liczba, szczegdhnie na teranadh wiejskich oz
w abszerach niszurbanizowanych, ciggle
wareslo. Warto nadmienit, 2e zgodnie 2 cbo-
wiqzijgeymi przepisami w ocolywie z fakich
abigkidw fosfor rie jest sklocakiom limitowe-

mym. Wyyatkiem sa przypadhi, gdy scieki od-
prwm@m:qd:kzio'l ich doplywéw omz
bezpodrednio do szhucznych zbiornikéw wod-
nych usytuowamych na wodach plynacych
[18] Bilans fodunkow fosforu cgdinega zo-
werteo w éciekadh pachedzcyeh 2 rozpro-
szons] zabudowy lokakbe w roku 2012 oszo-
cowano na | 900 000 kg P/rok. [19]. Jest fo
duzo, dlitego pray duze liczebroic motych
| przydomowydh oczyszezalni Sciekow ko
nioczne jest | bedzio w przyszlodd stesownnie
mekod pozwalojgoych na cbrizenie dezenia
fesfory odprowadannege de Zadowiska przy
zochowenis mozlwodd jego odzysku i wide-
nego wykorzysania.

Jednym ze sposobow wsuwonia foskoru
ze iickow oraz wid powisrzdhniowych jest
storawnnie meterckow roal , charale
teryzugacych sie wysoka zdelncicia fego wig
zonia na drodze adsorpef| [20,21] Adsorp-
cja jest jednym 2 nojskutecnisjszych proce-
séw usuwonio awigzkéw fosdory 2 wody
i iiekow, nowet przy stosunkowo niskim ich
stezeniv [21] Stesowanie lego sposclbu zo
trzymywonia fosfory jest doié wygodne i nie
generuie wysokich kasztow eksploakicyinydh,
wymaga jedynia zeinstalowania na kefeu
cagy echnclogiczrego oczyserzank {ce
kéw filtra adnim meae-
riakem [23,24,25,26,27,28,29, 30}.

Zonresowonie melodomi worpeygymi
wynika niz fylko ze skutecznoici | fotwoid ich
stosowania, ce rewniez z moziwoici odzysky
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qczonych
tom gospoderki obiegu zomknistesyo (3],
Jako maserily reaksywne wykorzystywa-
ne sq materialy pochedzenia naturalnego lub
ich zmodyfikowana formy, o tokze moteriady
aniropoganiczne, w tym przemysfowe pro-
chkdy uboczne [20, 21, 22, 26, 27, 33},
Celem niniefs zego opracowania jest ana-
liza opisowe spascbdw wykorzystonia wy-
branych sorbanéw do vuwanie fasfors 20

rawnowogawege, w slde] lemperaurze. Do B

opisu usuwanic anieczyszezen 2 rozworow
naijczescie) sosup sig IOWronia izo-

termy Froundlicha | izotomy langmera | wisle [

Imyd\ [36,3738,39].

i fostory ze iciekaw wazny
jest sldod chemiczny odsorbentu Mutenafy
reaklywne to sakie, ktdre sg w sianie usuwod
substancie selektywnie przez sorpcje lub wig:
zanie w zwigzkach chemiconych. Do vsowa:
nia fosforu ze cigkaw kb innych wad paten-
cjolny material powinien zowiead zwiqeki
zdolne do wigzama fosforondw, tokia jok
eeiazki wapnia, magnezu, Zedaza, glinu #p.
Mechanizm odsorpeii fosforanow przez Fe
i Al moze zochodzic poprzez wymiang §-
gondaw. Natomiest w prypadks Ca | Mg
usuwonie fosforanew odbywa sig poprzez
wytrqeonle tdne rozpuszezalnego fosforo-
™ tréjwapniowego lub srowaty (21,40

Z praktycanego punkyy widzenia kluczo-
Wymi paromerami procesaw vsuwania fosfo-
wozo dciekéw motodoml sorpeyjnymi jest

W s VR ees s
d Zozo oraz szy wigzania | 2o

scikaw w malych alniach w cp

o detychczaowe humnla naukowe. Szcze
g4lng vwage zwrécono na maerialy oparie
ra skale weglanowe krzemicnkowe| (opoca).
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Adhorpea jest skutecznym, niozawod-
nym | przyjaznym dla fodowiska procesem
oczyszezonia, shuzgoym do usuwania fosfory
ze icickdw, Zrozumisnie jei mechonizmaw
moze dostarczyé przydairych infarmacii no
ternci! oplymalizac]| procasy sorpe|| | stosowa-
nia procesu descrpcii/regeneradi [20,34)

Adwepey, el wigzenio | 2okzymywa-
nie zankeczyszezen z roziworow wodnych jest
wynikem dzicdonia niezréwnowazonych s
medzwmﬂedwyd‘ wysteouiaeych na po-
wiarzdhni kezdege ciala shalego, skissowa-
nych w gigh fego cida. 7 uwagi na rodzaj wy-
stepujacych sif, adsorpeje dziedi sig na fzyez-
), pawedawana stami odd zishywas migdzy-
zasteczhowych oz chemicang, w kidre wy-
depujg sy wenrkujaos powstonio na
wierzchni cidda statago nowego zwigzky ca:
micznogo [35]. Adsomdie prasbiega do mo-
menty usiakria sk réwnowogi pomiedzy po-
tencjedom odsorpey|nym czasiek w roztwerze
{adscrptywem| | polencialem chemicmym czg-
nych no powierzdhni [edser
batem) [35]. Ze wzgledow prokiycanych za-
mical potencicty de modeosarnia procew wy-
kerzystijo dg sizenia substonc|i rezpuszezo-
ref wreztworze | stedenia tel subskincii n po-
wiarzdhnl el sefoge. W waninkach réwno-
wogi odsorpdo opispwona st za gy
izoberm adsorpejl, czyli zaeznoid foki sb-
sfoncji zoodsorbowone] przez jednoske masy
b obigstesci adsorbenty w funkeji stezenio
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trzymywonia fosforu. Chonnoic zdosn, uzy<d-
wana z bodar izatermy, adpowioda na pyte-
nie, e bosforu moze byc zaadsarbowene
przez jednostky masy maericu sopoyjnega.
Pozweta ona okredlic czos, w kidrym moina

ekyploatowad Zoze fiagine, uzykee ro
odplywie pozadone stezenia fosforu, o po
wplywia kidrega nalazy Zaze wymienic b re-

generowad. Drugl parametr — szybkoid wiazo-
i fesfary, uzyskivana 2 badan kinetylo — od-
powioda no pysanie z jaka predkescia mozra
fitranwesé iciald przaz dane Zetze, eo przy me-
i rogbais el ekt

la na olreilenis pela przskroju poprzecznego
fiira, © od wimeryczng cbigtaid Zodo,

Cﬁctd:t.rynyka wybrunych

materialow aorpcnnych

W ostotnim czasie mozva spakosd bar-
dzowisle publikacji, w kidrych episywane sq
badania dotyczace poszukiwen mariatow
reakywnych o jok rajlepszych zdoloiciody
sorpeyinych. Testowaniu podiega wisk mette-
rictow, poczawszy od noturalmych minero-
fow, skal, glob, csoxdéw morskich, poprzez
ich zmodyfikowane formy, a kodczge na od-
podach i precuksach ubocznych [23,26,27,3
3,41 ,42,43,44 45 46].

W literaturze mona zalezé wiee sor-
bentow shosowanych do usuwanio fosforu
zwod i kiekéw, jok: opoke, siarczany wap:
nie, magnezu i okiza, material 2 dominacia
flenky wopnia oraz leca® Keramzyt [47],
material weglowy z cHorkiom mognezu
modyfitmmy hmatem potosu 48], zedlity

z popictami [49], pioski we-
plale [50), maerd fhosock* [51,52),
gline baatonitowa modyfikewang lontanem

sl
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[2.3,53,54], opoke wypalong wréznych fem: brei mlnn:bu naturalnych [28,29]
percturach [55], makericd Rockdos * [2,3 30), 128,29

z h mden'afu ROC“N. i lsco® M Parhed sank 1. datcsw Ca | Zdanoké wiquenia PO, o
w réinych propercach oblqbﬁ:bwyd! [56), Finek Netrahe 415 £Ca0 0117 g FO g 74
opcke wypdlang w emp. 700°C 2] W przy- Opobn Neirsbw 20 %C0 &1 gRO kg 83
podhy niektorych z wymienicnych materia- | Opokamoddfiuera | Cpolawnpabina 2 50 lHeagr Ay | 2l
How anddizowena zdbhoid sorpeyine w2 q”;""‘m‘:; L I N o B
leznexi od gronulagi [57.58), Polcoiu®) it skaly ik 15,47 5Ca %6.7g 0 g 94

Proces sorpoyjnego zakrzymywonio fos:

foru jest modliwy i eleklywny dzieki Joczy prosdsawione w kibeli |, Zwigksze- 7 bisgiem czasy worlesé pH molota, osigga-

mu udzialowt w bclokach osforanaw, kisre
tetwo wohodza w reakde z sorbentami [14]
W zwigzku z brokiem konlewtrych prosedur
ckresloni zdohodcl sorpeyie moterickhw
ich poréwnywanie pod tym wagledem jost
czesio srudne | nie zawsze i do wia
rygednych whioskéw [59].

Podlozn piaskowe, jako jedne 2 pierw:
mozliweid stosowaria w usuweniu ladory ze
Sciekéw, W ich przyoadky fostor wiaie se

wmia w reakeji adsompdi 2 wytracaniom fos-
wapnia, glinu oraz rokizs (33, 43,
&0, 61,62 Jok wykazali Xie i in, [63] dosé¢

!
fio zdoinatsl sompey| ki po modyfika-
cfl, wigie sie IT;;YMM::{Q
nedralng ma wysokg zowartoié wvglmu
wapnia Podazos ogrzewnnio przekszioka
sig on w Bensk wapnia, kdrego wysoka za-
wariosc sprzyjo procesom sorpcypym [33].
Rockfos * jest maleralem sorpeyinym wy-
twarzanym w wyniku obrobki termicznej
opdd wydobywmq w wojewddawie lubel
Cachg charckterystyezng moterialu
hmdcwego Rockfos * jest ego wypalonie
w temperchurze PO0°C, Sorbent charakiery-
zuje sy wysokg zawarbicig tenky wopnia
CaO, Herky kizemu $O,, o fakze Henku

f po 5 ltach worledc 6,54, Zgodnie 2 wy-
nikomi lcznych badon istnigje ddsly zwirek
pomigdzy tymi wakaznikami, o wyschio war-
todel pH sprayjola wytrgeaniu | sorpefi zwiaz-
kéw fosforu przoz matericl reckiywny
[29,57]. Najwyzszq shutecznosc usuwonia
wiczkdw Fosforu (82% 1 45%) Pytka-Wosz-
aylo i in. [30]) csiagnel w pierwszym roku
prowalzonych dedwiodezen, gdzie worlodt
pH ciekéw odorowadzanych przekraczota
wartodé 9, 7 biegiem czow nasiaplt spadec
wartoscl pH, makida rewniez zdolnodc vsu-
wonla zwiqzkéw fosforu [30] Wrioski
z przeprowndzonych badan terencwych,

skutecrna ckazofo sig kooguloga solami girw,  glinu ., {ioh. 2| Skdad procentowy po-  znajdulg réwniez potwierdzenie w wynikach
o resstgonie flirowanie przez Zhoze anfrocyto-  szazegélnych zwiqzkdw determinuje jego za-  dodwdodeze kiboratoryinych [2,29,56,67).
wo-piatkowe, pdze zotzymywany byt nie  sadowy edezyn, pH moteriot wynosi 11-12.
ko zwiczarty fosfor, ale fokde czeié fodoru  Komercyjnie matesict wystepuie w gronukidi - Wolyw temperatury na efekiywnosé
rozpuszezonego. Wykazano, ze w irodowi-  2-5mm. Zgechie z danymi prodhicants Rock- sorpeji
&ulwwym pray pH do 6w wynku od-  fos™ moze byd wasowony juko mawriat sarp- Wadtug bodon p wwatun-
sorpeji fizyczre) wytrgoarg sig nierazpuszezal-  oyjny do wsuwanic zwigzkew fosfory wbyto-  kadh leboratoryjmydh [56] z materiatem Rock-
ne uomny glinu oraz zekaze | trudno roz- wyd\ cezyszezalniod icikéw [30,66]. fos 0 zawartosel CoO 43,3 % | granukacji 2-5
puszczalny fosforon wopnia. W przypedi  fobda 2. Sklad chemicay maferich Rocklos® ™M Zauwaiznny jest mnaczacy wilyw fempe-
edezyny zenadowego (pH powyzej 7) fosforan 130,661 rotury na afekiyunoic sompayjng. Jecnak nie
wapnic wytmca sie w postaci nierozpuszezal-  Table 2. The chamiced composition of the materiol et 15 szytka zmicna, gdyz kordocie zauwa-
nej. Badonio przeprowadzene przez Ariasa Renkden® (90861 z20n0 dopiers po ckoka 37 fygednioch od roz-
iin. [64) \u){ml'y 2o zowarioi wopnia Shiodhik Procurt % wixi | poczecio sksperyments. Spadek hmperoluy
w piatky datermi i Cad 4333 powietrza, a w dlod za nim podek tempera
2wkt fosfory, m |au wyzsza tym afekdyw S0, 3604 wry $ciekéw wolywd na dzialonie blobgla-
nieisze jest wylrqaonie oW WapniKI AL, 3632 nej czei oczyszezalni, o fo pociggalo zo
w ddlokoch orez, 2o moksymalne pojemaic ) 285 soba wzrod dozania awiazkow fesfory w od-
sorpoyjne okredlone zo pomoc izoterm Lang- Fe 1320 plkuizum/dr saaknch Wdug nndlz sa-
mwira nie korelu|q 2 rzoczywisy llsdcig fosforu N Q938 systyczmych ok g, 22
usunigtego w HunnodL Bcdunlu w{m}/ 10, 09 W&l temperohry o 1°C powoduje wzrost
) ia sobent o s 0534 2wigzkiw fostoru w icebach odpro-
mzd:lznunghu pislulatzne |edyme Ko 0485 a:lamychaloobfoOmeg/dm’ 7 po-
w pierwszych mi h dedwiadczenia, Po- P 0460 wyzszych danych wyrika, ze spodek lempe-
rodo Ka | Reneman [65] wykozoh, d 0237 reftury otoczeniay w okrasach 2imowych pe-
ze dodulek fenky badz woderoflenky wopnia MnO anz woduje spowalnienie procesow chemicznych
zoelness edsorpe|i fesferu. - » > | biochamicznych, ktéro sq istatne dic efak-
Kolgjnym moeriatem, Efek o miﬁr;:&::o&fos tywre| sompei fosforu {56]. Mechanizm za-
w procesie uswanio Fasfom i T E - wrzymywenia fosfory palegom: reakeji zwicz-
2= iciskéw na drodze adsorpdi st cpoka. Wplyw pH na efektywnodé sorpcji kéw fosfory zowortych w iiekoch 7 jonomi
Jest 1o shata weglanowe-kezemionkowa, wy- Bodenia prowadzene w worunkach lo- wopnia uwalrionymi 2 powierzehni sorbenty
sepujgea gléwnie we wechodniej czeici Euro:  baratoryjnych 2 zastosowaniom Rockios ®  [68] Realzja strgeania fosforanu wapnia jest
py. Przez Brogowskiego i Renmana [24] ma- o grandacji 02 mm, wykozaly wzrod pH vede:iq endolermiczng, W zwigzky 2 ym
toried ten zosel umany 20 odpowledal do  dclokéw z wartole| 7,2 do 8,4, |u2 po 5 mi- o st

vezyszezania SlehGw, Badaniom poddowa:
no zarbwne posiod naturcng opokd, jok
nej. Opeka w sionie naturalmym charoktery-
2je sig doic niskg pajemnoicig sorpcying
wobec fosfory, jednak dzighy cbrobee tfor-
micznej ~ kokynocji mezno jo znoczgeo
2wigkszyl, nowel do poziomu okolo 45,6 mg
o PO,/ [2) Potwardzoia to wyniki inaych

nutoch kontakou reztword z masg 0.5 grama
materialy sorpeyjnege [54]

Terenowe badeonic prowndzone réwno-
lego w dwach oczyszezdniadh icwkow
z zastosowaniem filtréw wypshionych Rock-
fos*, zickalizowenych na ferenie Roziocmn
shegu Parky
czukowy wzmﬂwmoklpH Sclekdw naod
plywia do maksymalne| worfeda 11,28,

dmwugl etk endolevmwﬂ dtego
reckeje wytrqcenia fesforu przoblegn szyb-
ciej w wyzszych lemperoturach [69,70]

Wpfyw granulagi na efektywnosc

sorpgi
W Politechnice Gdoriskiej przeprowa-
dzono bodania majgee na ok pordwnanie
drobne|, proszkows| frakejl skafy Rockfos®
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otez skaly o grandacii 2:8 mm. W wyniku
prasprowodzanych badaf stwierdzons zne
caeq rdanice w ekkywnoici sorpei pomis
dzy wosswanym| granulacjami, Dia metorie-
fu o gronulocji 0-2 mm efektywnasc redukeji
zvaazkéw fesforu warasa wraz 7o wzrostem
poczatowego stezenia fosforu. Efekdywnasc
mdskqu fosfory doid debrze korelowola
2 pojemnokiq sorpeyjng, kiara csiognela
9.6 ma/g [3]. W praypack zastosowanego
sorborty © granulogii 2-5 mm vzyskano
znecimie mnisjsza skutecznoid uuwanio fos
foru, malejs wraz ze wzrostem poczatkowe-
go stetenio fodoru, Moksymealng pojemnadé
sorpeying dia tej gronulacji wynicsta zaked-
wie 0,3 mg/g [52].
Inaczqea zdolnoi odsorpei fosforu
w tym przypodku fumaczena jest jego duzg
powierzchnia somcrlnq Wriluokm z nldde[
grenulagi. Net p izatermy L

odsarpeying vboznege produki Rodkfos ®,
kisra wynioda 256 4 mg/g (3]

Podsumowanie

W celu minimalizacji ziwiska procesu
eutroli 2| dredowiska wodnego, konieczne
jest meksymalne ograniczenie wprowadzo:
nio da wixd zwigzkéw fosforu znojdujacych
sig w sciekach odprowadzanych z kazdego
roczeju oczyszezainl,

Dotychezas apisane w lderaiurze bodania
dotyezace zostosownnic materiofu Rockios *,
joko sorbant fosforu ze icigkéw nie d:gq wy

czerpujncych | jedneznocznych odpowiedzi

kresie usawanic zwiizkow fesfory na drodze

chamiczine|. Jecnek s kanieczne dolsza proce,

by znakezé materiady o takich cechoch, jok:

o maksymalne skulecznoé,

o dhgotrwale dzialonie,

o minimelny negatywny welyw na jokoic
wndywmhasnenryd\ wskaznikow, niz

. mozivasc zngospodarowanio, np. rolni-
czego [po wyzerpaniv zdoineic sorp-
cyinych).

Artykut powstal w romach procy dok-
forskisj przygofowane] przsz mgr inz
Boate Zowedzkg w ramach projekiv ar
DWD/5/0332/2021, pt q:mwwmewr

Myd)doproﬂmcm

wdrazenia chamisorpyjnego  moduls
sysiemuy usuwania fosfory w»ybrwqoaysr
i idskonw” finansowanego przez Mini-
stersiwo Edukodi | Nekl.
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Abstract: In this study, we aimed to develop a mathematical description of the process of phosphate
sorption on Rockfos™ material using the Langmulr isotherm and determine the basic parameters for
modeling this process. The Rockfos™ material was formed through the thermal treatment of opoka
at Y80 °C and i= highly reactive due to its significant calcium and silicon compound content. This
study induded an evaluation of the phosphate retention efficiency on the material as a function of
the phosphate concentration in the initial solution (0.5 mg /L, 1.0 mg/L, and 2,0 mg/L), sorbent grain
sfze (LO-1.6 mmy, 1.6-2.5 mm, and 2.0-5.0 mm), and process temperature (3 °C, 10°C, 15°C, 20°C,
and 25 °C). It was found that an inerease in the process temperature and the phosphate concentration
in the solution favered sorption, while the effect of the sorbent grain size was ambiguous, It was
determined that sorption can be described well using the Langmuir linearization of the Langmuir
maodel. Thermodynamic analysis and the separation cocfficient suggest that phosphorus sorption
on Rockfos® material is primarily based on chemisorption, and the process 15 endothermic and
spontaneous over the entire temperature range. The determined paramelers of the lested malerial,
especially the gmax (maximum sorption capacity), provide a basis for the design of a filter for
removing phosphate from wastewater, assuming that the Toad i equal W the inflow to the filker and
adheres to the specified requirements for treated wastewater.

Keywords: wastewaler lreatment; phosphorus removal; Rockfos™ material; Langmuir isotherm

1. Introduction

Phosphorus is an element that is found in wastewater in various forms [1], It most
commeonly occurs as erganic phosphorus from fecal matter and food residues as well as in
the form of phosphates as a residue from detergents and from anaerobic transformations
of organic phosphorus [2]. Ortho- and monophosphates are predominant in both the
dissolved and molecular forms and cumulatively account for about 407 of total P [3]. Due
to sts strong biogenicity, phosphorus can negatively affect the environment, especially the
water quality in lakes and ponds. A significant source of phosphorus in water bodies is
wastewater, so legislation on the discharge of wastewater into the environment stipulates
stricter criteria, conditioned primarily by the amount of wastewater according to the
population equivalent (p.e.) [4). These characteristics necessitate the use of various methods
of phosphorus removal, among which are binlogical methods, which involve the use
of anaerobic and aerobic activated sludge, and chemical methods, which involve the
use of chemical compounds that, with phosphates, form insoluble, easily sedimented
sludge [5]. The low abundance of phosphorus as a fossil resource with high industrial
and agricultural value [6] requires measures to be taken to recover phosphorus from
various sources, including wastewater and sewage siudge [7-9] and, wherever possible,
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the use of circulating cycles [10]. One method of extracting phosphorus from a stream
of flowing wastewater is to filter it through a specific material. In this process, apart
from various types of flow physical phenomena [11], chemical reactions of phosphate
fons with cations constituting the adsorbent, one of the most important roles is played by
the adsorption process [12]. Additionally, sorption materials saturated with previously
retained phosphorus can be used as an agricultural fertilizer [13].

Sorption is a process that has been known for many years and is used in a wide
range of chemical-engineering process lines [14], water treatments [15,16], and wastewater
treatments [17-21].

Published studies on the parameters and phenomena occurring during sorption con-
cern isotherms, kinetics, and the removal efficiencies of various contaminants, The most
common studies concern the sorption of lead [22-25], nickel [26], cadmium [27], surfac-
tants [28], dyes [15), etc. The independent variables that affect sorption efficiency the most
are the grain sizes of the deposits |24}, process temperature [22], water pH [23,25-27), and,
most importantly, the type of adsorbent [3-32]. In batch studies, the dose of the adsorbent
is a critical parameter [25,27], Sufficient results have been obtained using amorphous
calcium silicate hydrates (A-CSHSs) with a molar ratio of calcium to silicon greater than
2 [33] or a single-phase calcium silicate hydrate (C-5-H) [34]. Extensive research has been
conducted concerning opoka [15] and a derived material called Polonite™ [%,57]. A similar
material is a product called Rockfos®™, which is formed after firing carbonate-silica rock
(opoka) at a high temperature (980 °C) [35).

To date, Rockfos™ material has been used to improve the efficiency of removing
phosphorus from effluents flowing out from hydrophytic treatment plants [3-11], Studies
analyzing the phosphorus removal efficiency al different firing temperatures and hydraulic
loading rates were performed by JéZwiakowski et al. [12] and Jucherski et al. [43]. These
studies showed that a filter material with finer granulation and a longer retention time
of the wastewater in the filter provided better phosphorus removal results. It was also
shown that when used at a full technical scale in filters at the outflow area of hydrophytic
wastewater treatment plants, the material did not provide a significant phosphorus removal
effect, at about 30% [44]. Previous studies on the Langmuir isotherms of phasphale sorption
on opoka and opoka-based manufactured materials showed inconsistencies with regards
to the relevant parameters due to variations in sorbent sourcing [12], process parameters
(the initial concentration of phosphorus in the solution, the mass of sorbents, etc.} [45], and
the use of different methods for linearizing the general equation [5,33,46—49].

In this study, we aimed to develop and analyze a mathematical description of the pro-
cess of phosphate sorption on Rockfos™ material using Langmuir isotherms and determine
the corresponding model parameters. In developing the description, the influence of the
initial concentration of phosphate in the solution, the sorbent’s grain size, and the process’s
temperature were considered. The parameters determined using Langmuir isotherms,
especially the maximum absorbency of the sorbent, can provide a basis for the design of
final wastewater treatment filters for use in small wastewater treatment plants, including
the determination of the volume of the filter bed and the total operating time,

2. Materials and Methods
2.1. Material

The Rockfos™ material used in this study was produced from an opoka rock quarried
near Piaski in Lublin Province, Poland, The material was formed by heat treating the
quarried rock at 980 “C. It is characterized by a CaO content of 43.336% by weight, a SiO;
content of 36.047%, and an Al;O5 content of approximately 6%. Detailed information s pro-
vided in other publications [11,38,44]. Before the tests, the material was sifted through the
appropriate sieves, and fractions with grain sizes of 1.0 = 1.6, 1.6 + 2.5, and 2.0 + 5.0 mm
were used for testing.
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2.2. Method

A50.00mg/L stock solution of synthetic phosphate was prepared by dissolving 0.220 g
of Chempur's analytical-grade anhydrous potassium dihydrogen phosphate (KH; POy)
in distilled water in a 1000 mL volumetric flask. The stock solution was then diluted with
distilled water to obtain the desired concentration of the experimental working solution,
ie, 05,1.0 and 20 mg/L.

Stuclies of sorption isotherms were carried out ina set of Erlenuneyer flasks (200 mL)
in which increasing masses of sorbent were weighed, viz, .05, (0,100, 0.200, 0.300, 0,400,
0.500, 0.600, 0.700, and (800 g, with granulations of 1.0 = 1.6, 1.6 + 2.5, and 2.0 = 5.0 mm.
To each series of flasks, 100 ml of potassium dihydrogen phosphate (KH; POy) solution
at concentrations of (15, 1.0 and 2.0 mg/L were added, The samples were shaken in a
laboratory shaker and placed in a thermostatic cabinet at 5, 10, 15, 20, and 25 °C for 24 h.
The shaking amplitude was 230 rpm. The solutions were then filtered on a blolting paper
filter. Aqueous samples were taken from the filtrate, and their total phosphorus content and
pH were determined. The total hardress and calcium concentration of the selected samples
were also determmed. Each series of tests was performed in triplicate, and the asrithmetic
mean of the results was used for caleulations. As a result, analyses were conducted on nine
adsorbent samples, three different granulations, three initial KH2POy concentrations, and
five temperatures. A total of 405 experiments were performed.

Total phosphorus was determined using a spectrophotometric method, with the
oxidation of the test sample performed in a thermoreactor at 120 °C for 30 min based on the
international standard PN-EN 150 6878: 2006 + Ap1:2010 + Ap2:2010 [50]. In each sample,
we also determined the pH value via a potentiometric method using an ORION Star A329
multi-parameter meter { Thermo Scientific, Waltham, MA, USA). The international standard,
PN-EN 180 10523: 2012 [51}, was adhered to when measuring the pH values. Total hardness
and calcium content were determined using phthalein red and NANOCOLOR tube tests
(Macherey-Nagel, Diiren, Germany).

2.3. Evaluation of Phosphate Retention Efficiency
The efficiency of phosphate removal from the solution was determined based on the
initial concentration (Cy) and the final concentration (after the sorption process) (€ ) using
Formuida (1) o
Ef = —S=X.100%, 1
Gy i M
in which the numerator is the equilibrium concentration, C, =Cy — Cy..

2.4 Models

The Langmuir model in the general form and linear form according to the Langmwir,
Lineweaver-Burk, Scatchand, and Eadie-Hoffsie linearization methods were used to model
isotherms. These models are shown in Table | The models in linear form were used to
calculate the characteristic coefficients of the process, while the model In general form was
used for error analysis.

The sorption capacity g in mg/g was calculated based on Equation (2), m which m
denotes the adsorbent mass (in g); Ce denotes the equilibrium phosphate (mg/L); and V
denotes the sample volume, given in L

GV
T m

2

The modeling of the process using Langmuir isotherms was conducted using linear
forms, in which graphs with Ce/q = i(g) in the Langmuir linearization, 1/q = £(1/Ce)
in the Lineweaver-Burke lineanzation, g/Ce = f(q) in the Scatchard linearization, and
q = f(q/Ce) in the Eadie-Hofstee linearization [47,49] were made. The peints on the graphs
were approximated via a linear function accounting for the slope coefficients and the point
of intersection with the vertical axis. This allowed for the calculation of the characteristic
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parameters, which are the Langmuir isotherm constant, K;, and the maximum sorption
capacity, i.e., the mass that the analyzed adsorbent, gmax, can bind.

Table 1. Langmuir sorption sotherm models in general and linear form.

Lp. General Form Linear Form References
1 q= Sfmé (3 [47.49)
2 Linearization according to Langmuir "-3 = q_lFI + q_CL (4) [47.49]

Linearization accordmg to = 3
* Lineweaver-Burke Tkt ® 74
+ Lincarization according to Scatchard 3 = —Kpq + Q0 KL (5) [47.49]
Linearization according to = ¥y
2 Eadic-Hofstee 4= (Kl )& + G () [#7,49]

NOUON. (e —traX LLm sorption capacity, given in mg/ i Ky—iangmuir isotherm constant, sgiven in L/mg,

To evaluate the degree of fit of the linear trend function, the coefficient of determination,
R?, was determined, The separation coefficient, also called the equilibrium parameter, Ry,
which is expressed in Formula (8), was also calculated:

1

Re = 14K Co ®

Ry isinferpreted as follows: Ry <1 indicates thatadsorption is favorable; Ry ~ O indicates
that adsorption is irreversible; Ry = 1 suggests that the adsorption isotherm is linear; and
R; > 1indicates thatadsorption s unfavorable [28], A considerable number of publications
inaccurately indicate that adsorption is irreversible when Ry = 0 [25-27,47,52, 53], Such a
situation cannot occur, as the denominator must reach infinity. For the high denominator
values in Formula (8), the R; -value will be very small—close to zero. Also highly doubtful is
the situation wherein R = 1. This can occur only it the product Cjy « K < () translates into a
negative value of the constant K because Cy cannot be harmful,

2.5. Statistical Analysis

Ananalysis of the fit of the measurement points and individual models was performed
using the coefficient of determination, R?; the sum of squares of ermors, ERRSQ (The Sum
Square of Errors); the composite fractional error function, HYBRD (Hybrid Fractional Error
Function); the average relative error, ARE (Average Relative Error); the Fisher F test; and
the x* test [54]. The relevant formulas are shown below.

K 2
ERRSQ — X;(qmq, - ) C)
k[ i
1K) Yonp ~ Yeale
HYBRD = 10)
k— Pi:Zl Gexp (
k s
are= 5 j"ﬂﬂ_““ﬁ’ (11
K Sl 9ep

2
k—p)i1? —Lyk
Fe ( P) Ek-l(%xp éZu-Iqe:p) (12)

(k=10 T 1 (o — )
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3 L (qexp ;o q:.xk)z
= |—E| qmlv

(13)

Here, Gexp denotes the sorption obtained from measurements, ey denotes the sorp-
lion obtained from calculations using the model in general form, k is the number of
measurement points, and p is the number of model parameters.

Statistical studies of the effect of temperature on sorption were performed using the
GLM (generalized linear model) [55], with the dependent variable “g", the quantitative
variable “C."”, and temperature as the qualitative variable,

In addition, in order to show whether there are significant differences between the
sorption capacity at different process temperatures and Rockfos™ material granulations,
an analysis of variance was performed. The normality of distributions in individual
groups was tested using the Shapiro-Wilk test, and the homogeneily of variance was tested
using Levene's test. When the tested variables followed a normal distribution and the
homogeneity of variance was maintained, differences between groups were analyzed with
the ANOVA test. Toidentify which means differed significantly, post hoc NIR tests were
applied. When variables within groups did not follow a normal distribution {according to
the Shapiro-Wilk test), differences between groups were analyzed using the nonparametric
Kruskal-Wallis ANOVA test, Significant differences between groups were then identified
through multiple comparisons of the mean ranks for all samples. Statistical analyses were
performed using STATISTICA 13.3,

2.6. Thermodynamic Analysis

A thermodynamic analysis of the process was performed using relationships (14)-
(16) [25,33].

_:4
Kg= G (14
AG = -RTInKy4 (15)
AS  AH
InKy = ® " RT (16)

Here, Ky is the equilibrium constant derived from the adsorption capacity, ¢, and the
equilibrium concentration, Ce; AG denotes the standard free energy (J/mol); AS denotes
the standard entropy (] /mol); AH denotes the standard enthalpy (J/(mol - K); R denotes
the gas constant, 8.314 (1/(mol - K); and T denotes the absolute temperature (K).

The linear refationship (17) was used to determine the relevant parameters:

InKq =1G) a7

whose directional coefficient is expressed by H/R, and the ordinate of the point of intersec-
tion of the vertical axis is indicated by §/R.

3. Results and Discussion

Figures 1-3 show the relationship between the sorption capacity “q" of Rockfos®
material and the loss of phosphate concentration in solution. The analysis considered
different initial concentrations of phosphate in solution (0.5 mg/L, 1.0 mg/L, and 2.0 mg/L),
granulations of sorption matenial (1.0-1.6 mm, 1.6-2.5 mm, and 2.0-5.0 mm), and selected
process running temperatures (5 °C, 15 °C, and 25 °C). Each data series consists of nine
points corresponding to different sorbent welghts,
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Figure 1. Changes in sorption (g) as a function of the equilibrium concentration of phosphate in
solution (C,) for different granulations of Rockfos™ material at5 “C.
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Figure 2. Changes in sorption (q) as a function of the equilibrium concentration of phosphate in
solution (C.) for different granulations of Rockfos™ material at 15 -C.
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Figure 3. Changes in sorption (q) as a function of the equilibrium concentration of phosphate in
solution (Cy) for different granula ions of Rockfos” material at 25 °C,

The results show that the amount of phosphate removed from the solution increases
curvilinearly with increasing sorbent weights. The range of these values is strongly in-
fluenced by the imitial concentration of phosphate in the solution, an observation that
has been confirmed by previous studies [15,29]. At the lowest concentration, 0.5 mg/L,
phosphate loss did not exceed 0.4 mg/L, even when using the most considerable sorbent
weight (0.800 g). At higher initial phosphate concentrations, namely, 1.0 mg/L and 2 mg /L,
maximum phosphate losses reached 0.90 mg /L and 1.24 mg/L, respectively. Preliminary
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studies of the Rockfos™ material conducted by Kasprzyk et al. [29] showed a significant
variation in the sorption capacity of the material depending on the initial concentration
of phosphorus in the solution. The sorption capacity of the fine fraction of the material at
a low phosphate concentration was 0.9 mg/g [45]. When using wastewater with higher
phosphate concentrations, the sorption capacities were 9.6 mg/g and 456 mg/g [#,29].
Karaca et al. [56] conducted studies on a natural material, dolomite, and reported the phos-
phate sorption value to be 51.02 mg/ g at the initial concentration in a solution of 60 mg/L.
In turn, experiments using distilled water (with an initial phosphorus concentration of
028 mg/ L), groundwater (.34 mg/ L}, tap water (.34 mg/L), and sewage (0.56 mg /L) re-
vealed the sorption capacity of dolomite to be (106, 0.072, 0,05, and (.05 mgP /g, respectively.
The maximum sorption capacities, calculated using the Freundlich and Langmuir models,
were 0,12 and 0.093 gP /kg [57], respectively. Column studies using shale conducted by
Kpannieu et al, [58] also confirmed the positive relationship between the sorption capacity
of the material and the initial concentration of phosphorus in the solution. The maximum
sorption capacities for the material were 0.06 and 0.23 mg P/g, with initial concentrations
of phosphorus of 5 and 25 mg/L, respectively [58], It is worth noting, however, that
some studies using natural materials came to different conclusions, Cyrus et al, [59,61)]
achieved a maximum sorption capacity of 0.17 g P/kg for shale at an initial concentra-
tion of 1000 mg P/L, which can be compared to (.50 g P/kg at an initial concentration of
100 mg P'/L [5%,00].

The effect of the initial adsorbate concentration in a solution on sorption was also
reported by Ho et al. [22] for lead sorption on tree fern sorbent; Reczek et al. [24] for lead
on activated carbon, clinoptilolite, and manganese-dioxide-modified chalcedonite; and
Tran etal [9] for cadmium on orange peel surbent, Wang et al. [23] showed that lead
sorption on phosphoric-acid-activated carbon increases with increasing pH and decreases
with an increase in ionic strength (which occurs during ion exchange).

The effect of grain size on sorption efficiency is shown in Figure 4, using two equi-
librium concentration values (about 0.1 mg/L and 0.3 mg/L) and two selected process
temperatures (10 °C and 20 °C) as examples. The magnitudes of phosphate sorption
were determined by plotting q = f (Ce) (Figures 1-3). The points are arranged somewhat
chaotically, and it is impossible to decide which grain size favors sorption.

®10°C- L0-LEmm ®I0°C-L6-25mm ®10°C - 2,05.0mm
A20°C~ 1.0-1.6 mm A20°C-16-25mm  A20°C+2.0.5.0mm
01
008 L4
o.08
§ 0.07 -
e Q.06
005
0.04 > : _
0.03
0.02 LY
0.01
0
Q 0.05 01 015 0z 02s 03 0335
Equilibrium concentration of phosphate C, , mg/L

Figure 4. Weight of phosphate (q) retained by Rockfos™ material at different grain stzes at tempera-
tures of 10 °C and 20 °C.

The scattering of the measurement points may result from vanations in the content of
active compounds in the individual portions of the sorbent used in this study. It should
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be emphasized that natural rocks were used in this study after being burned, crushed,
and separated into fractions. The compositions of individual particles could therefore be
different depending on the natural crystallization processes occurring over long periods of
time, temperature fluctuations during crystallization, and other disturbances influencing
the variability of the shares of individual oxides of different metals. Statistical analysis also
showed that at the initial concentration of phosphates in the solution, 1.5 mg/L, the tested
fractions of the Rockfos™ material did not differ significantly in terms of phosphate sorption.
Statistical analysis also showed that at the initial concentration of phosphates in the solution
(0.5 mg/L), the tested fractions of the Rockfos™ material did not differ significantly in terms
of phosphate sorption. This finding was consistent across all the analyzed temperatures,
At a concentration of L0 mg/L, the sorption capacity for granulations of 1.6-2.5 mm
and 2-5 mm across the entire temperature range was significantly higher than that for the
1-1.6 mm granufation. In turn, at a concentration of 2.0 mg /L and low process temperatures
(5 °C, 10 "C), sorption for the 2-5 mm fraction was significantly lower than that for the
1.6-2.5 mm granulation. At higher process temperatures, no significant differences in
phosphate sorption were observed between the granulations.

A study carried out by Kasprzyk et al, [29] concluded that grain size affects sorption
efficiency, but a doser examination of the text in this publication does not support this
conclusion. The smaller the grains, the larger the surface area, revealing a relationship
that can increase sorption capacity [1229,61]. In chemisorption processes, however, the
chemicaily active parts of the grains will play a more crucial role (rather than the total
surface area), Therefore, it can be stated that in the case of materials with a heterageneous
composition, grain sizes within the ranges applied in this study do not affect the amounts
of phosphates retained in the chemisorption process.

Temperature is one of the most critical factors affecting the amount of phosphate
sarption on Rockfos™ material. This relationship is illustrated in Figure 5 using the example
of a 20-510 mm granulation with an initial phosphate concentration in solution of 2 mg/L.
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000
o 0.2 04 06 a8 1 1.2 14
Equilibrium concentration of phosphates C,, mg/L

Figure 5. Mass of adsorbed phosphate (q} on grains of 2.0-5.0 mm granulation at different process
temperatures and phosphate concentration in the starting solution of 2 mg /L.

The results in Figure 5 show an increase in sorption with mereasing temperatures.

The points corresponding to 5 "C are the lowest, and those corresponding to 25 °C are the
highest. To statistically substantiate the effect of temperature on the amount of sorption
(g) and equilibrium concentration (C), an analysis was performed using the generalized
linear model (GLM); sample results are shown in Figure b,
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Figure 6. Sample results of GLM modeling of the effect of temperature on sorption.

The model showed a statsstically significant effect of temperature on sorption, with
a probability of less than 0.001, which is less than the assumed significance level of 0.05.
The data in Figure 6 show an apparent effect of temperature on the amount of phosphate
sorption on Rockfos®™ material. The 5 and 10 “C resulls were included in one group, “a”, as
they differed slightly from each other. In contrast, the average sorption values for the other
temperatures were so different from each other that they were modeled in separate groups,
b, ", and “d”. The ANOVA and Kruskal-Wallis ANOVA tests showed that at an initial
phosphate concentration of 0.5 mg /L in the solution, there were no significant differences
in the sorplion capacity of the material across the various process temperatures. However,
at higher initia! concentrations (1.0 and 2.0 mg/L), the sorption capacity at 20 “Cand 25 'C
was significantly higher than that observed at lower temperatures, This pattern applied to
each granulation of the Rockfos™ material

In the hterature [25,16], these graphs mitially (at low sorbent doses) have a strong
upward trend, and from a certain mass of sorbent onward, the graph stacks upward
horizontally. A strong upward trend in sorption modeled by the Langmuir isotherm
with increasing temperatures was shown by Lomowskiy et al. [62], who studied melanin
sorption on buckwheat husks but at higher temperatures of 40 ' C, 50 "C, and 60 °C,

Figure 7 shows the effects of phosphate removal from the solution as a sorbent weight
function at different sorption process temperatures. The points from 1 1o 9 on the horizontal
axis refer to the increasing sorbent weight, given in Section 22, A dose proportional
relationship between the effects of phosphate removal from solution and sorbent mass
can be observed inall of the data series. However, the amplitude of the values is dosely
related to the temperature at which the sorption process was carried out. At5°C, 10°C,
and 15 “C, the course of the curves is similar, and the determined effects range from
1.5-2.6% to 37.2-41.7% (Figure 7). At 20 °C and 25 °C, the effects were noticeably higher
and, depending on the sorbent mass, ranged from 1.1-61.0% to 3.1-66.1%, respectively.

The increase in efficiency as a function of temperature is not always so clear-cut. As
shown in the study carried out by Hassani et al, [53], efficiency increased with mcreas-
ing temperatures for black eriochrome-induced color removal and decreased for blue
maxilon removal,

Similarly, the sorption of lead on tree ferns [22], cadmium on eucalyptus bark [27],
cadmium on orange peel [49], and phosphate on cakium silicate hydrate (C-5-H) increased
with increasing temperatures [34,19], as did the sorption of sodium oleate on a quartz
surface [63] and melaninon buckwheat husks [62]. The opposite is true during the sorption
of gases, as sorption decreases with increasing temperatures (e.g., carbon dioxide on
selected coal samples} [64,65]. Inconclusive results have been obtained regarding the
sorption of heavy oil in quartz nanopores at high temperatures [66],
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Figure 7. Phasphate removal efficiency at different process nimning temperatures,

Additonal measurements of pH, total hardness, and calcium concentration were made
to evaluate the mfluence of ion exchange processes on the sum effect of sorption. The
choice of these indicators was dictated by previous reports of a strong impact of opoka on
solution pH [§,13,33,34,44,45] and the chemical composition of the rock [11,12,29 44,45 ,67].
The hardness of the solution increased during the tests; its average value at the most
negligible weight of sorbent was 1.56 + 0,79 “dh, while it was 7.09 + 1,95 “dh at the most
significant weight. The calcium concentration increased from 12.76 + 547 mg Ca/L to
4627 + 11.87 mg Ca /L. This indicates a significant role of ion exchange, during which
phosphates react with calcium, leading to the precipitation of calcium phosphate as a
residue. The chemisorption process cannot be ignored when using Rockfos” material. A
partial confirmation of this reasoning is the increase in pH in the subsequent samples, that
is, with increasing sorbent weights. Due to the heterogeneity of the compaosition of the
rocks themselves, the pH changes of the solution were not uniform, although the vast
majority varied from about 7.2 to about 8.6, Example pH results are shown in Figure 5,

Figure 5 shows the boundaries of each of the four quadrilles. The area between each
senes shows the boundaries (lower and upper) of each quadrille in which 10-11 measure-
ment resulis sere contamed. These counts are a result of dividing the 45 measurements
for each sorbent weight into four parts. For the most part, the pH values with the sorbent
weights used did not exceed 9.0, However, in four cases, the pH exceeded this value and
even approached 9.5. At such high pH values, the binding of phosphates to the Rockfos®”
material during the sorption process is enhanced by the formation of precipitates due to
the reaction of calcium ions with phosphates. In wastewater treatment plants, in sludge
treatment lines using anaerobic processes at the outflow area of the treatment plant, high
pH stimulates sludge precipitation in the form of struvite or hydroxyapatite [65,65]. The
irregular points referred to as the A and E series are there because the points on the graph
refer to the single values (minimum and maximum) found in the set of 45 measurements,
in each of the nine series assigned to the corresponding weights. These pH measurements
should not be equated with studies on the effect of solution pH on the sorption effect, as
presented in many publications [ 14,31 53], In the present study, the pH during the exper-
iment was controlled based on the observations of other researchers [8,12,70] who have
shown that the materials obtained through the thermal processing of opoka in contact with
water precipitate a significant increase in pH, sometimes to a range that is unacceptable for
water or wastewater discharged into the environment.
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Figure 8. Examples of pH changes as a function of the weight of Rockfos”; the series shows
the following: A—minimum values, B—limits of 1 quadrillion, C—medians {limit of the second
quadrillion, D—limits of 1 quadrillion, and E—maximum values.

The resuits of modeling studies concerning phosphate sorption on grains of Rockfos™
material are showvn in Table 2.

Table 2. Parameters of adsorption Langmuir isatherms
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The results presented in Table 2 show that the way the general Langmuir model is
linearized has a significant impact on the key parameters. These parameters include Ky,
i.e., the Langmuir adsorption constant (L/mg) that is related Lo the apparent energy of
sorption [71], and qmax, which represents the maximum sorption capacity on the surface
of the deposit grains.

An analysis of the individual values in Table 2 reveals irregular scatterings, which are
challenging to describe methodically. However, gumax increases with increasing tempera-
tures. With increasing phosphate concentrations in the solution, as shown in Figure 9, the
most important parameter with a practical dimension is the maximum amount of phos-
phate that can be absorbed by a gram of analyzed material. The average values asa function
of temperature depending on the grain size of the adsorbent for all four linearizations are
shown in Figure 9.
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Figure 9. Maximum sorption capacity (Qmay) as a function of temperature and adsorbent grain size
for Langmuir LI and Lineweaver-Burke LI linearization (A) and Scatchard LI and Eadie-Hofstee
LIV (B).

Upon analyzing the graphs in Figure ¥, it can be assumed that in the winter, at
wastewater temperatures below 10 “C, 1 g of the test material can absorb (1,6-0.8 mg of
phosphate, while in the summer, at 20-25 “C, it can absorb 0.8-1.0 mg, Scientific reports
note opoka’s tremendous vardation in phosphate absorption capacity and its modifications,
The type of opoka and its source are essential aspects. With high proportions of silica
(light opoka) and carbonates (heavy opoka), the sorption volumes of phosphate obtained
from the Langmuir isotherm were 8] mg P/g and 137-181 mg P/g, respectively [12].
After the firing of opoka, the content of iron oxides is an essential aspect, and this is
eapecially the case for caleium oxides, which, in amounts betiveen 2386 and 5201 g of
Ca/kg, stimulate the absorption of 12.3-25.5 mg of P-POy “3/g [35] Kasprzyk et al, [5,29]
studied two materials, rock with high CaCO content; (M1) and Rockfos™ matesial (M2),
which showed considerable differences in sorption. The sorption values obtained from the
Lang muir isotherm were Qo = 256.41 mg /g for the M1 material and 0.36 mg/ g for the M2
material. Cucarella and Renman [45] and Li et al. [46] showed that the type of rock is not
the only parameter that affects phosphate sorption; they noted a dependence on sorbent
particle size and pH and a robust correlation with phosphate concentrations in solution,

Laboratory results are not always fully translated into the practical performance of
sorbents working in the final stage of wastewater treatment plants, Westholm [70], studying
phosphate sorption on blast furnace slag, found that, compared to laboratory results from
field studies, phosphaorus sorption decreased significantly by about twofold.

The calculations made for LI and LII inearization (Figure YA) show more excellent
stabilization, while those obtained for LIIT and LIV linearization (Figure 9B} show overesti-
mated results with such substantial scattering that they can hardly be considered reliable.
Since these results were obtained from the exact measurements, it can be seen that the
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linearization method has a significant impact on the conclusions. The above analyses show
that sorption analysis using Langmuir linearization should be used, with Lineweaver-
Burke constituting a secondary ophion,

The linearization of the general formula, approximation with a linear function, and,
finally, the determination of Ky and g,y naturally introduce errors, partially expressed by
the determination coefficient, R, shown for all cases in Table 2. As can be seen, the highest
values of R were abtained from Langmuir linearization, which means that this mode of
operation and this way of determining K and qua. generates the least significant errors.
The two graphs shown in Figure 10 show a comparison of such cases.
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Figure 10. Examples of the fit of the measurement results with respect to the Langmuir model according
to the analyzed linearizations at 15 “C for sorbent grains of L0-1.6 mm (A) and 2.0-5 mun (B).

To more precisely determine the goodness of fit of the function with respect to the mea-
surement results, error functions were determined for all the cases, described in Table 2 as
optimization criteria. The characteristic quantities were determined using Formulas (8)-(12)
and are shown in Table 3. The values are given in Table 3. The general formula was defined
on the basis that there were no additional errors that are inevitable with linearization
and approximation.

Table 3. Analysis ol model fit error functions.

T,°C ESRQ HYBRYD ARE Fisher ¢
05 L1.357.10-* L1596-10-2 L1183 LIL7.04 LL417.10?
10+ 1.6 1.0 LILLIT 04 LIL546.10°2 LI.942 LIV.134 LIL3s2 107
20 LL2M- 103 LL4A49- 107! L1177 L1189 LL3.34-102
05  LIVEO6. 107 LIV.153.10°° LIL132 LIV.181 LIV 107 . 1072
5*Q 16+25 10 LIV.281-100%  LJIL 465 107% LIL184 LIV.229 LIL 325 1072
20 LIL193.10-2 LIL123 LIL165 LIL379 LILB6L . 10-2
05 L1596 1077 LL509-107 LL106 LL1L7 LL356-107"
20-5.0 10 LIV.660-10-5  LIL197.10-% LIL426 LIV.338 LIL 138 103
20 LOL528-107% LML 128 107! L11.426 LIV.338 LIL 138 103
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Table 3, Conl,
T,°C ESRQ HYBRYD ARE Fisher IS
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05 LL6Y2 10-F LL481 102 LL117 L1241 LL3.37 .10
25:C 16425 10 Lon194-10-! LIL275- 1072 LI1.3% LI 138 Lm 192,103
20 LOCYSS 107t LA 129 10t L1895 LIN.577 LI 9.02 - 103

05 LILa52-10%  L1332-107" L1233 LI 887 LL233.102

20-50 10 LIvI3R-10° Lot LIL9.06 LIV.152 LIL121 102

20 LIV.341-10°7 LIV.267 LIV.259 LIV.142 LIV, 187 10!

In Table 3, individual cells are labeled as L with the corresponding Roman numeral,
referring to the specific linearization method. For example, in the first row, the lowest
ESRQ, HYBRD, ARE, and y? values were obtained using Langmuir linearization, labeled
LL The same situation applies for Fisher's test; however, this test determines the best fit

100



Appi. 5. 2024, 14, 1099%

16 0120

when the value is as high as possible. Analyzing all the fits together with the typical and
commonly used R* is an excellent way of selecting the best fit for the results and thus,
determining the correct values of Ki, qmau, and R However, listing any fit in the table
as the best fit should not be misleading since, for ESRQ, one would have to accept results
with a multiplier of no more than 105, with multpliers for HYBRD, ARE, Fisher's test,
and the Chi-square test being less than 5 - 102, less than 10, more significant than 5, and
under 5+ 107, respectively.

In the thermodynamic analysis, we used Qma. and Cy to calculate Ky, followed by
functional graphs InKy = ((1/T). Example relationships for granulations of 1.0-1.6 mm and
2.0-5.0 mm and initial phosphate concentrations in solution of 0.5 and 1.0 mg /L are shown
in Figure 11,

) -1
,goos 0.0035 0.0038 00033 00034 00035 00036 00037
- 15
- -1
24 Lok =-35000~+ 33001 InK = 3526871 + 11 069
. @ R* 08253 )
2 o R'=08051
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3 e
42 o™
34 35
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Figure 11. Examples of the thermodynamic relationships in the sorption process,

The directional coefficients and ordinates of the vertical axis intersection were used as
the basis for calculating standard entropy (AS), standard enthalpy (AH), and standard free
energy (AG). A summary of the results is shown in Table 4.

The resuits in the AG column are given for the range of temperatures tested. The first
number corresponds to 5 “C and the second to 25 "C, and inside the range are values for
intermediate temperatures,

Table 4. Thermodynamic function values.

Granulation,  Concentration

e oy mg/L AS, J/mol AH, J/(mol - K) AG, J/{mol - K}
1.0-1.6 05 77.321 —29,099,(0 —7254.18 + —8073.08
1.0-16 L0 108.98) —38475.53 —7953.77 + —5947.07
1.0-1.6 20 1238 ~7015.85 —6720.82 = —6419.69
1.6-25 05 52998 ~21,/3336 —6346.95 5 560156
1.6-25 Ly 132.284 -32.214.26 —7603.71 + -5250.99
1.6-25 20 87970 —32,214.26 —8151L18 + —6229.76
20-50 05 01853 —bh%224 ~6146.72 + —6673.73
20-50 L0 g2.R8 -32,647.42 —6835.24 + -544045
2.0-50 20 28528 -15,138.13 ~7258.97 + —6816.61

Positive entropy values indicate that some structural changes are taking place on the
adsorbent’s surface and reveal random interferences at the solid-liquid interface. They
confirm an increase in the degree of disordered particles and energy dissipation throughout
the temperature range. Negative enthalpy values indicate that sorption is exothermic.
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Negative free energy values suggest that the phosphate adsorption process is spontaneous
over the studied temperature range. It can also be noted that AG increases with increasing
solution temperatures, which can be explained by adsorption becoming slightly more
challenging with increasing temperatures [52],

4. Conclusions

Our analysis of the results of the phosphate sorption tests conducted on Rockfos®
allowed the following conclusions to be drawn.

1. The Langmuir isotherm, especially in the linearized form proposed by Langmuir,
gave results that were the closest to those obtained from measurements. Linearization
according to the Lineweaver-Burke suggestion ranked second. Only in some series
did the calculations made according to the Scatchard and Eadie-Hofstee linearization
show a good fit and a small error, but these results are too scanty to recommend use.

2 In assessing the degree of fit between the trend line and the survey results, it is
insufficient to rely on the R? coefficient of determination since even a few outliers
from the main set cause a sharp drop in the R? value. Additional error analyses,
such as ESRQ, HYBRD, ARE, Fisher's test, and Chi-square test (x?), are instrumental
in better illustrating the degree of fit, since they are performed on the model in its
general form. At the same time, R?; refers to the linearized function.

3. The relationship between the amount of phosphate sorption and the granularity of the
material analyzed was not demonstrated. The mass of adsorbed phosphates and the
efficiency of their removal from the solution increased with the increase in the initial
concentration of phosphates in the solution. The effect of temperature on phosphate
removal efficiency was statistically significant.

4+ The near-zero values of the separation coefficient Ry, prove that the sorption of phos-
phates on Rockfos® material is irreversible (chemisorption). That is, phosphates react
with the active parts of the material. This conclusion was confirmed by qualitative
changes in the solution, including increasing pH, hardness, and calcium concentra-
tions with increasing sorbent weight. The pH can even exceed 10 at large weightings,
and at that point, phosphate removal relies more on precipitation than adsorption.

5. The tested material can be used in practice in wastewater treatment, and maximum sorp-
tion capacities of 0.6-0.8 mgPO5>~ /g of sorbent in the winter and 0.8-1.0mgPOy™ /g
in the summer can be assumed for designing the mass and adequate hme of filter beds.
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ABSTRACT

The objective of the study was to analyze the Kinetics of phosphorus sorption on Rockfos® mate-
nal in terms of its potential use in water and wastewater treamment. The objective of the study was to
ascertain the sorption capacity of the material in relation to its granularity and the predominant sorption
process during the removal of phosphorus on this material. The Rockfos® material is manufactured from
opaka through a thermal treatment process at 900 °C. Tests were conducted on three granulations of the
sorbent. The granulations were tested at sizes ranging from 1.0 to 1.6 mm. from 1.6 10 2.5 mm, and from
2.010 5.0 mum, vsing 4 synthetic solution with a phosphorus content of 1.0 mg/L, The Kinetics of phos-
phorus sorption were analyzed using a variety of kinetic models, including the pseudo-first-order (PFO),
pseudo-second-order (PSO), Webber-Mornis (W-M), and Elovich (E) models. The degree of fit between
the various models and the resnlts of the measurements was evaluated based on an error analvsis. The
results demonstrated that the pseudo-second-order kinetic model! provided the most accurate description
of the sorption process on Rockfos® material. This finding suggests that phosphorus sorption 1s primar-
ily governed by the chemisorption process. The sorption rate constant exhibited the highest value for
granulations of 1.6-2.5 mm and the lowest for granulations of 2.0-5.0 mm. The sorption capacity did
not exceed 0.05 mg/g in any case, with the highest value observed for material granulations of 2.0-5.0
mum and the lowest observed for grains of 1.0-1.6 mm. The phosphorus removal effects from solution
for granulations of 1.0-1.6 mm, 1.6-2.5 mm, and 2.0-5.0 mm were 74,3%, 92.4%, and 97.1%, respec-
tively. These values were positively correlated with pH value,

Keywords: wastewater treatment, phosphorus removal; Rocifos material®, sorption Kinetics.

INTRODUCTION

Modem technologies for phosphorus re-
moval from wastewater and water are based on
adsorption and precipimtion processes [1, 2).
Adsorption technology is economical, simple
and highly effective in removing phosphate
from wastewater even at low concenfrations [3-
6] It involves the binding of molecules, atoms
or 1ons on a surface or physical phase boundary.
The center of the adsorption process as a surface
phenomenon is usually a porous solid medum
in which a multicomponent liquid (liquid or gas)

mixture is attmcted to the solid surface by chem-
ical or physical bonds [7]. Adsorption is a com-
plex process and largely dependent on the type
of adsorbent used, and in particular the funcrion-
al groups present on its surface [1, 7]. A decisive
feature of the adsorbent’s suitability is the large
number of micropores and their well-developed
network, allowing adsorbate molecules to en-
ter the adsorbent [8. 9], A potential material for
phosphorus removal from wastewater or water
should contain compounds capable of binding
phosphorus, such as Ca, Mg, Fe and Al [1. 10].
In line with the conceprs of green chemusiry and
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sustainable development (ecogreen), low-cost
and environmentally friendly materials are be-
g sought as adsorbents for phosphorus [11, 12].
Currently, natural or waste materials modified 1o
produce a product with high phosphorus removal
efficiency are widely used, including Leca*®, Po-
lonite®, Pollytag®, Filtralite® and Filtra P [1]. An
important group in this regard is made up of ma-
terials produced on the basis of opoka. including
Rocktos*. Its potential for phosphorus removal 15
related 1o the original characteristics of the opoka
rock. namely its high content of aluminum. ron.
magnesium and mainly calcium [13-17] It is
formed by decarbonation (high-temiperature firing)
of the opoka, which breaks down calcium carbon-
ate to calcium oxide and carbon dioxide, making
the material much more reactive toward phos-
phorus than opoka mn its natural state [1, 18-20].
Preliminary results of laboratory tests [15, 17,
20-22], as well as field [23, 24] have shown thar
itis a very promising material for the removal and
recovery of phosphorus from wastewater. In labo-
ratory tests, more than 90% phosphorus reduction
from wastewater was achieved with sufficiently
iong contact time [20]. In contrast, prelimnary
experiments conducted on a full technical scale
have shown phosphorus removal efficiencies of
about 40% [23, 24]. The efficiency of phospho-
rus sorption depends on the operating conditions,
the nature of the flow and the contact tume of the
wastewater with the sorption material, which can
be shaped taking into account the current eco-
nomic and technical possibilities, however, a very
important factor is the sorption capacity of the ad-
sorbent. Previous studies of the sorption Kinetics
of Rockfos® material have yielded very divergent
results, The sorption capacity of the fine fraction
(0-2 mm) determined in tests with real wastewater
and at low phosphate concentration was 0.9 /g
[17]. Using synthesic wastewater with higher phos-
phate concentrations, the sorption capacity was de-
termined to be 9.6 mg/g and 45.6 mg/g, while the
theoretical maximum sorption capacity from the
Langmuir model could reach 256 mg/g [22]. For
material granulation of 2-8 mm. the sorption ca-
pacity was 0.36 mg/g [21]. Under the assumption
of constancy in the chemical composition of the
adsorbent, such a large vanation i results could
have been influenced by factors related to the or-
ganization of the experimental work, the chemical
camposition of the wastewater and solutions, or
the adopted granulation of the adsorbent and the
specific surface area of phosphate binding [17, 22].
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Accordingly, kinetics studies of phosphoms
sorption on Rockfos* material were carried out to
deternune the speed of the process and the sorption
capacity of the material depending on its granular-
ity under established conditions. Kinetics studies
make it possible to determine the speed of the pro-
cess, the maximum adsorbent absorption capacity
and, on this basis, 1o assess the possibility of de-
termining the type of adsorption dominant during
phosphorus removal on Rockfos* material. Exper-
imental kinetic data of total phosphorus adsorption
on Rocktos® material were fitted to pseudo first-or-
der (PFO), psendo second-order (PSO) and Web-
ber-Morris (W-M) and Elovich (E) kinetic models.
Error analysis was used lo assess the degree of fit
of the vanous models to the measurement results.
Determining the relationship between the pH val-
ve and the rate of phosphorus reduction was also
an important part of the research conducted. The
results of the study, ncluding Kinetic models of
adsorption, can provide important information on
the performance of adsorbents under specific con-
ditions and be used in the planning and design of
full-scale technical adsorption processes.

MATERIALS AND METHODS

Adsorbent

The Rockfos* material is produced on the basis
of the opoka rock, which is mined near Piaski, in
the Lublin Province, The matenial is created by heat
treatment of the rock at 900°C. Rockfos* matenal
has a porosity of 54%. 1t 1s charactenzed by a lugh
content of CaO at 43.336% by weight and SiO,
36.047%. The chemical composition of the mate-
rial is described in detail in [18, 23, 24|, The reac-
tion of the material is alkaline, and its pH 15 11-12.

Phosphorus sorption kinetic models were de-
termined for three sorbent granulations: | .0—1.6
mm, 1.6-2.5 mm and 2.0-5.0 mm, Rockfos® ma-
terial was sieved through sieves of the appropnate
granulation and washed several times with water
1o remove particles adhering to the surface, then
dried i a laboratory dryer at 100 °C for 8 hours.

Aqueous solution of phosphate

A stock solution of synthetic phosphate was
prepared at a concentration of 50,00 mg/L by dis-
solving 0.220 g of analytical grade anhydrous po-
tassium dihydrogen phosphate (KH:POx) in distilled
water in a 1,000-mL volumetric flask, Subsequently,
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the stock solution was diluted with distilled water
1o achieve the requisite concentration of the experi-
mental working sofution (1.e., L.OO mg/L).

Analytical methods

The sorption kinetics studies were carried out
in a set of Edenmayer flasks (200 ml) in which a
fixed mass of sorbent was weighed, viz: 2,000 g
with granulations: 1.0-1.6, 1.6-2.5, 2.0-5.0 mm.
To each senes of flagks, 100 ml of solution with
phosphorus concentration of 1.00 mg/L was added.
The samples were shaken in a laboratory shaker
for | min to 48 h, at 20 °C. After the specified
contact time (i.e. 1, 2, 5, 10, 15, 30, 60, 120, 130,
240, 360, 420, 720, 1440, 2160, 2880 min), the
solutions were filtered on a paper filter. Aqueous
samples were taken trom the filtrate and their total
phosphorus content was detennined. Each series of
tests was conducted in triplicate, and the arithne-
tic mean of the results was used for calculations.
Total phosphorus was determined by spectropho-
tometric method with oxidation of the test sample
in a themoreactor at 120 °C for a period of 30
nunutes, based on the ntemational standard PN-
EN ISO 6878: 2006 para. 8 Ap1:2010+Ap2:2010
[25). Total phosphorus concentrations were mea-
sured using a NANOCOLOR® UV-VIS spectro-
photometer (Macherey-Nagel, Diiren, Germany),
The pH value was also measured in each sanple
using an ORION Star A329 multi-parameter meter
(Thermo Scientific, Waltham, USA). The pH val-
ues were measured in accordance with the interna-
tional standard PN-EN 1SO 10523: 2012 [26].
The amount of adsorbed PO * w after time 7
was calculated nsing the formula Eq. | [27-31]:
g, =y (1)
where: g, - sorption capacity [mg/g]; €, and C,-
concentrations of PO * in the liquid phase
before sorption and after tme t [mg/TL],
respectively: ¥ - volume of solution [L}
m - mass of dry adsorbent [g],

Kinetic models

Phosphorus sompeion kinetics was  analyzed
based on four kinetic models: psendo-first-order
(PFO) and pseudo-second-order (PSO), Webber-
Motris (W-M) and Elovich (E). Lagergren’s PEO
kinetic model describes the adsorprion process at the
solid-liquid interfice. 1t is expressed by two equa-
tons: General formi Eq. 2 and i hinear form Eq, 3:

q=q.(1—e ") (2)
l:r‘—"—";:-“—' = —kyt 3)

where: 7 - time [min]: ¢ - the amount of adsorbate
bound by the adsorbent at time t [mg/g]:
¢, - the amount of adsorbate bound by
the adsorbent ar equilibrium [mg/gl; £, -
process rate constant in the pseudo-first.
order model [ {/min].

Based on the graph and the equation of linear
form of the PFO model, the constant parameters
of the model were determined, such as the reac-
tion rate constant (k,), the sorption capacity (g,).
the coeffictent of determination (R’) and Pear-
son's correlation coefficient () Eq. 4.

— _Zx=¥}y-¥)
~ Be-00-¢ @
where: x - variable x; ¥ - arithmetic mean of the
x variable: v - y variable: ¢ - arithmetic

mean of the v variable,

The kinetic mode! (PSO) describes the rate of
the adsorption process with respect to the differ-
ence between the equilibrrum and current amount
of adsorbate adsorbed. The PSO kinetic model is
also represented by two equations: general form
Eq. 5§ and linear form Eq. 6 [22].

_ iyt
4= Tiqetat é)
e it il 6)

@ ked; o a.
where: ¢ - time [min]: g - the amount of adsorbate
bound by the adsorbent at time 1 [mg/g]:
g_- the amount of adsotbate bound by the
adsorbent at equilibnum [mg/g|; &, - pro-
cess mte constant in the pseudo-second-
order model [g/mg-min],

Based on the graph and the equation of linear
form of the PSO model, the constant parameters
of the model were determined, such as the reac-
tion rate constant (k). the sorption capacity (),
the coefficient of determination (R ) and the cor-
relation coefficient {#) Eq. 4.

The W-M model can indicate the presence of
an intramolecular diffusion mechanism and was
described by Eq. 7 [32]:

q,=k,-z§+c )

where: & is the velocity constant of the intrapar-

ticle diffusion. The value of C indicates

the boundary layer thickness, It corre-
sponds 1o the intercept value.
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In this model, if the curve g, as a function
of #'“represents a straight line passing through
the origin of the coordinate system, the speed
of the adsorption phenomenon is considered
10 be limited by the intraparticle diffusion pro-
cess [33]. As noted by Tsibranska and Hristova
[34] the existence of different mass transfer
mechanisms is manifested by different slopes
in the linear plot of ¢, against 1", obtained by
the method of sectional linear regression. They
correspond to different, successive stages of
mass transport with decreasing speed overcom-
ing the different stages of the external part, fol-
lowed by transfer and intraparticle diffusion in
the macro-, meso- and microporous structure
of the adsorbent. Hence. in the W-M model,
the linear reiationship is often divided into 2-3
separate sections with different slopes describ-
ing different diffusion rates [35].

The E model assumes that real surfaces of sol-
ids are energetically inhomogeneous and that nei-
ther desorption nor interactions between adsorbed
substances can significantly affect adsorption ki-
netics at low surface coverage [36] and that the
surface of the solid 1s epergetically heterogeneons
[36]. This model is descnbed by Eq. 8 [37, 38],

=X " i
Q= 7 Infa f) + BIm (8)

where: a 1s the mitial sorption rate (mg/g min),
and the parameter £ is related to the extent
of surface coverage and activation energy
for chemisorption (g/mg) [39].

Unfortunately, in the literature it is not given
in a consistent form, you can find this model in
other versions, for example, instead of the muli-
plier 1/, you can find the multiplier £ [36], and in
double logarithmic form [40].

Assessing the degree of fit of models

The analysis of the fit of measurement points
and individual models was performed using the
coefficient of determination R° the sum of squares
of errors ERRSQ (the sum square of errors), the
composite fractional error function HYBRD (hy-
brid fractional error function). the average rela-
uve emmor ARE (average relative error), the Fisher
Ftest and the test / [41]. The relevant formulas
are shown below,

13
ERRSQ = Z(qm ~Geate)” ©)

“F= Fexp

E
100
ARE = TZI
1 '
= (k—p)-Zk, (‘lexp_’k'xlknqezm) (12)
(k= 1) 2?:,(%\;:- rkak)

' ((q Geerc)”
2: M) (13)
& Z{ Qewte

where: ¢__ - sorption obtamed from measure-
ments, ¢_, - sorption obtained from cal-
culations vsing the model in general forw,
k - number of measurement points, p -
number of model parameters

100 < [ @exp — Feare)’
MYBRDak_Z(M) (10)

Jexp — Qvak:l (11)
Yoxp

RESULTS AND DISCUSSION

Phosphorus removal efficiency

During the smdy, a significant effect of
Rockfos® material granulation on the degree of
phosphorus reduction was observed, As shown
in Figure 1, the highest degree of reduction was
obtained for granmlations ot 2.0-5.0 mm and
amounted to 97.1%. For the other granulations.
ie. 1.0-1.6 mm and 1.6-2.5 mm. the value was
74.3 % and 92.4 %, respectively. At the initial
stage of the adsorption process, there was a rapid
increase in the number of adsorbed particles, es-
pecially for the 1.0-1.6 mm and 1.6-2 5 mm frac-
tions. After 10 minutes, the phosphorus removal
rate was 16.5% and 23.0%, respectively. For the
2.0-5.0 mm granulation, after 10 minutes the de-
gree of P reduction is only 7.8%. Increasing the
contact time resulted in a regular increase in the
phosphorus reduction rate After 240 minutes of
contact, the reduction rate for individual fractions
starting with the finest was already about 44.5%,
64% and 49.0% (Figure 1), For the 1.0-1.6 mm
and 1.6-2.5 mum granulations, as the contact time
increased, the adsorption rate decreased until the
system reached dvnamic equilibrium, On the oth-
er hand. for the 2.0-5.0 mm fraction. there was a
further increase m the reduction rate, and after 720
minutes it was 87.9%. Equilibrium phosphorus
removal for all three granulations was observed
after 1440 minutes. The longer contact titme be-
tween ndsorbent and adsorbate did not affect the
significant increase in phosphorus reduction, The
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Figure 1. Reduction of total phosphorus over time for different Rockfos® gramilations

rapid course of the adsorption process in the first
stage is related 1o the large number of available
active sifes on the adsorbent surface capable of
adsorbing phosphorus, On the other hand, in the
next stage, the slowing down of adsorption may
be due 10 saturation of active sites and due 10
repulsive forces between adsorbate particles ad-
sorbed on the surface of the adserbent and par-
neles present in solation,

Kasprzyk et al. [21], analyzing two fractions
of Rockfos® material usmg synthetic solutions
found a slightly different wead, Phosphorus re-
moval efficiencies for the 2,0-8.0 mun granulation
ranged from 2.9 to 6.0 percent for phosphorus
concentrations in selution m the range of 5-100
mg/L. Al the same concentrations of phosphorus
in solution, the phosphorus removal effects in ma-
terial with a granulation of 0.0-2.0 mm oscillated
between 94,7-97.8%. It is worth mentioning that
these measurements, however, were performed
under slightly different conditions. ie, after 5
minutes of mixing the adsorbent sample with the
solution and 1 hour of sedimentation [21].

Kinetics of sorption

Expenimenial kinetic data of adsorption of
total phosphorus on Rockfos*® material were fit-
ted 1o Kinetic models. Figure 2 shows the re-
sults to the PFO and PSO model and Figure 3
w0 the W-M and E model for this material with
granulations of L0-1.6 mm, 1.6-2.5 nun and
2.0-5.0 mm.

Table | shows the detennined, for all three
granulations, kinetic paramerers of the PFO

model and PSO mode! in Table 2 for the W-M
model, and in Table 3 for the E model,

The PFO kinetic model fits relatively well
only for the finest fraction of 1.0-1.6 mun, as evi-
denced by the high R®, above 0.9. The Pearson
comrelation coefficient for each granulation of
Rocktos* matenial indicates a strongly negative
comelation bertween sotption ume and In(g-q,,).
The highest equilibrium adsorption capacity was
obtamed from the PSO model for granulations
2.0-5.0 mm and was 0.0368 mg/g.

Accurate determination of q, especially in
the case of PFO is not easy, as in many cases the
influence of physical adsorption and chemisorp-
tion causes further adsorbate binding to be very
slow after an initially fast reaction, that it is dif-
ficult to determine whether equilibrivm has been
reached or not [26]. For many adsorption pro-
cesses, the pseudo-first-order Lagergren model
proves to be suitable only for the initial 20-30
minutes of interaction and is not suitable for the
entire range of contact times [42].

The PSO kinetic model shows good agree-
ment with the obtained results for each granula-
tion of Rockfos® material. The linear determina-
tion coefficients R? reach hugh values above 0.99,
which indicates a very good fit of the obtained
experimental values to the pseudo-second-order
model (Table 1). This is consistent with the theses
of Ho and McKay [43], who analyzed kinetic data
of sorption in the solid-liquid system and showed
that in most cases the rate of the sorption process
15 well described by the pseudo-second-order
equation. Kasprzyk et al. [22] using Rockfos®
material with a granulation of 0,0-2.0 mm also
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Figure 2. Adsorption kinetics for pseudo-fitst and psendo-second order model of PO ™ on Rockfos® with a
gramuiation of 1,.0-1.6 mm, 1.6-2.5 mm and 2.0-5.0 mm

showed that the PSO model best describes the ki-
netics of phosphorus sorption. A similar pattern
of phosphorus sorption kinetics was observed
for the Polonite® material, which 1s produced on
the basts of opoka [44] or other namral adsor-
bents such as sawdust, soil, rice husks, marble
dust or palm fibers [45-48]. The high values of
correlation coefficients obtained in the study by
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Jucherski et al. [20] also confirm the fit to a pseu-
do-second-order kinetic model.

Fitting the experimental results to a pseudo-
second-order kinetics model suggests that phos-
phorus sorption on Rockfos® scales 15 based on a
chemisorption process [43, 49]. During it. ionic
or covalent chemical bonding occurs between ad-
sorbate molecules and specific functional groups
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Figure 3. Adsorption kinetics for Webber-Morris and Elovich model of PO,* on Rockfos* witha granulation of
1.0-1.6 mm, 1.6-2.5 mm and 2.0-5.0 mm

located on the surface of the adsorbent. resulting
in a change in the electron configuration of both
the adsorbate and the adsorbent [50, 51]. These
bonds are strong and highly specific, and the
main feature of chemisorption is its irreversible
and selective nature, [52].

The equilibrium adsorption capacity obtained
from the PSO model was highest for granulations
of 2.0-5.0 mm (0,0479 mgg), a shightly lower

value was obtained for granulations of 1.6-2.5
mm (0.0432 mg/g). To date, many studies have
been camried out on phosphorus sorption on
natural and modified opoka. wlich are the start-
ing material for Rockfos* [1, 13, 53-57]. Us-
ing synthetic solutions containing phosphorus.
it was confirmed that thermal treatment signifi-
cantly increased the sorption capacity due to the
presence of calcium carbonate decomposition
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Table 1. Kinetic parameters for psendo-first and psendo-second order model for the phosphates adsorption

Gianylabion, Pepudo-fest ocdar moded Pasudo-second crder model
mm q,. Ky =8 ' & o ® f
my/g 1imen] maly o'mg mn
1.0-1.8 00220 0.00101 0847 -0.674 0.0330 02059 0.602 0.695
1625 00247 000084 0764 0874 0.0432 04245 o997 0968
2050 0.0368 Qomo2 08601 0649 00470 0.1349 0090 0695
Table 2. Kinetic parameters for Webber-Morne mode! for the phosphates adsorption
Granulaton, mm
Parns of modas P S
10-186 16-25 20-50
K MG min'® 0.0006 00007 0.0008
Entra C,mak 00077 00135 0.0054
RS, - 0.019 0.783 0.901
K e O 0xITNN' .00t 00021 00012
Phase | C,malg 00043 0.0M8 00009
R* - 0.968 0991 0870
Ko MGG min™ 00005 00008 00002
Phase Il C, maly 00116 00138 00344
RE - Goe 0873 0802
K mgig min'= 0.0001 00001 -
Phasa Il G, malg 0.025¢ 40554 -
R - 0.087 0445 -
Table 3. Kinetic parameters for Elovich model for the phosphates adsorption
Gramulation, a f R*
mm amg mgig min =
1016 DO29 000101 0047
1625 n.0247 000094 0764
2050 0.0358 0 0at02 0901

products such as calcium oxide and carbon di-
oxide, Brogowski and Renman [53], showed that
the heating process of the opoka increased the
sorption capacity of PO, -P up to 119.6 mg/g for
a heating temperature of 1000 °C. An even higher
sorption capacity of opoka roasted at 900 °C was
found by Cucarella et al. [54], 181.81 mg/g For
natural, non-calcined opoks, the sorption capuci-
ties were noticeably lower, from as low as 0.1
mg/'g [58] 10 19.6 mg'g [53].

Rockfos* material has been subjected to few
tests for its sorption capacity. Kasprzyk et al, [22
determuned the equilibrium adsorption capacity of
phosphorus on Rockfos* material with a granu-
fation of 0.0-2.0 mun to be 45 mg/s. An earlier
study by Kasprzyk et al. [21], showed that the
sorption capacity of thus material varies guite a bit,
and reaches lévels ranging from 0.03 10 9.6 mg/g.
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depending on the granulation of the material and
the properties of the solution.

The results presented in this paper show a
significantly lower sorption capacity of Rockfos®
material compared to literature data. The reason
may be the initial concentration of phosphorus
in solution, taken at a very low level of | mg/L.
Meanwhile, according to the results of Kasprzyk
et al. [21] there may be a positive correlation be-
tween the sorption capacity of the marterial and
the concentration of phosphorus in solution.

According to the results presented in the litera-
ture, the higher phosphorus adsorption capacity of
the Rockfos® material may be related to the very
fine granulation (powder fraction), which gives
4 large specific surface area for phosphare bind-
ing [21, 53, 54]. In the present study, this thesis
was not confirmed, and the granulation of 1.0-1.6
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mmm had the lowest sorption capacity in both the
pseudo-first-order and second-order kinetic mod-
els (Table 1). Literature data also mndicate a posi-
tive correlation between the sorption capacity of
Rockfos® material and the initial concentration of
total phosphorus in solution [17, 22].

The granulation size of the Rockfos® mate-
rial shows an effect on 1he speed of the sorption
process. The pseudo-second-order rate constant k,
reached the highest value for Rockfos® material
with a granulation of 1.6-2.5 mm, However, the
lowest value of k, was obtained for granulations of
2.0-5.0 mm. These values are significantly related
to the mechanism of phosphorus somption, with a
smaller granulation of the material, more active
sites are available, thus increasing the reaction rate.

The course of individual sorption steps in the
W-M model does not give a clear answer regard-
g the size of sorbent grains. According to this
model [32], when the graph of ¢, as 4 function
of t'“ results in a straight line passing through
the origin of the coordinate system, the rate of
the sorption process can be considered 1o be lim-
ited by the intraparticle diffusion process. Since
this is not the case here, three-line diagrams for
granulations of 1,0-1.6 mum and 1.6-2.5 mm and
a two-line diagram for granulations of 2.0-5.0
mm were produced. In this case. it should be
assumed that the adsorption process is not con-
trolled solely by the intraparticle diffusion stage,
but occurs in more stages. The initial stage (red
markings) represents the influence of the bound-
ary layer with external mass transfer. After about
180 minutes, adsorption (1.0-1.6 mm) and 120
minutes (1.6-2.5 mm) decreased, resulting in a
second phase that lasted until, respectively, 1440
nunutes and 720 minutes. This is probably diffu-
sion to the inner parts of the adsorbent. Equilib-
rium was reached in the third phase, which led
to a decrease in intramolecular diffusion, due to
less availability of adsorption sites. Comparing
the three diffusion constants of the Weber-Mor-
ris model, it can be concluded that Koy I8 de-
creasing in successive phases, Le. the diffusion
of molecules inside the adsorbent is the decisive
step in the adsorption process, as confirmed by
the smallest value in the third phase.

The lLinear Elovich model {Fig. 3) did not
correlate very well with the test results. The ki-
netic constants and coefficient of deermination
are shown in Table 3. Despite the high values of
R, the arrangement of test points is clearly lin-
ear at first, and curvilinear in the later part. The

analysis of a number of studies has observed that
with a Jong testing time there is an unphysical
behavior of the model equation £, which is due
1o the neglect of the rate of simultaneous de-
sorption. Thus, in practice, the applicability of
the Elovich equation is limited to the initial part
of the adsorbate-adsorbent interaction process,
when the system is refatively far from equilib-
rium state [36). The Elovich equation 1s satisfied
in chemical adsorption processes and is suit-
able for systems with heterogeneous adsorption
surfaces [59). An important part of the model is
the proper determination of the time constant 1,
measurements and 50 if it is too small the curve
is convex if too large it is concave [60].

In order to ascertain the precise fit of indi-
vidual functions to the measurement results, error
functions were established as optunization crite-
ria. The charactenstic quantities were determined
using the formmulas presented in Eq. (4, 9-13) and
are presented in Table 4. The values presented in
Table 4 were derived using the general formula as
a foundation, free from the inherent inaccuracies
associated with linearization and approximation.

Table 4 illustrates thar the individual fit
scores are not equally sensitive, The determina-
tion coefficients R and Pearson’s correlation co-
efficient », as well as the results of Fisher's test,
indicate that the larger their value, the better the
fit they show. The remaining vanables, namely
ESRQ, HYBRD, ARE, and ¢ in such a case, the
values should be as small as possible. The evalu-
ation of the optimal kinetic fit model, which is
based solely on the linear regression coefficient,
may be susceptible 1o inaccuracy. Consequently,
the necegsity for supplementary statistical mea-
sures anses. It 1s observed that the greater the
agreement between the adsorbed experimental
phosphorus mass, designated as “¢,” and the cal-
culated value, the closer the resulting statistical
100l values are to the expected values, and thus
the better the model The model can be ordered
in descending order of the cases with the highest
values of the measures. The order of preference
is as follows: PSO > W-M = E > PFO.

As can be seen, the R* values for PSO range
from 0.99 to unity, demonstrating the best fit by
PSO, suggesting a mechanism of chemisorption
[61]. The use of disparate models and their evalu-
ation is justified by the rarity of homogeneons
sorbent surfaces and the frequent inseparability of
the effects of transport phenomena and chemical
reactions in experimental setrings.
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Table 4. Evaluation of the fit of kinetic models to experimental data

Granulation. | Model P R (Paarson) £sro | Hysro | amE Fishor e

fFO | 0957 0073 2m=10° | 0850 | 259 0106 215

- ps0 | oooa 0606 210-104 | o168 | soa 580 0140
W-m | 0o19 aesa 10110 | 0085 | 102 88 743 10°

E 0025 0862 10510 | 0076 | 202 | 124=109 | 0080

fFO | 0704 “0.874 752100 | 1.80 48 0370 5.74

- ps0 | oom 0908 203107 | 0130 | 830 124 D087

w-m | o7e3 0885 56810+ | 0243 | 220 420 0.026

E 0960 080 100: 104 | 0060 W4 | 13800 | 0021

PFO | 086 0401 260.10° | 0781 04 153 n&er

Fs0 | 0800 0905 179:10% | 0105 | 890 204 0.063

2030 o [ oo 0943 391<10% | 0220 | 433 032 0021

£ 0.687 0942 306107 | 250 1450 | 204:10% | 0104

Effect of pH on phosphorus reduction rate

In addition to the aforementioned study of
phosphorus sorption Kineties on the Rockfos®
material, the effects of pH changes were also
analyzed. The initial pH value of the standard
solution was 6.28, An increase in pH values was
observed for all analyzed fractions during the
initial phase of the study, which may present a
challenge in terms of the material’s suitability
for wastewater reatment, Tn all cases, the maxi-
mum values were reached ar the same contact
fime (180 minutes), with the exception of a dis-
crepancy in the values obtained. The maximum
pH value for the 1.0-1.6 mm fraction was 9.23,

8
96
54

%2

ee 4
X3

na

9.85 for the 1.6-2.5 mm fraction, and 9.76 for
the 2.0-5.0 mm fraction (Fig. 4). The pH values
were maintained at 8.28-8.42 for contact times
of 720 minutes or longer.

During the phase of increasing pH 1o the max-
imum level (1-180 minutes), there was a simulta-
neous increase in the rate of phosphorus sorption,
resulting in a reduction in the concentration of
this component in solution (Fig 1, Fig. 4). A re-
view of the data presented in Figures | and 4 may
indicate a correlation between the rate of phos-
phorus sorption and the pH value of the solution.
The alkalization of the solution during the initial
phase of contact with the Rockfos® material can
be attributed to the calcination process, which

100 1000 10000

Time. min

= LR IN e TR AMN 20 80 mm

Figure 4. Change of pH value during the study of PO.* sorption Kisetics on Rockfos*
(horizontal axis - logarithmic scale)
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results in an increase in the caicium oxide (Ca0)
content of the marerial [1, 20, 23], It is widely
held among the scientific community that CaO is
the compound most respoasible for phosphorus
binding [1, 13, 14, 20, 21, 62.63].

The lowest pH level was achieved at a con-
tact tune of 720 minutes, which also coincided
with an inhibition of the increase in phosphorus
reduction (Fig. 1, Fig. 4). This could indicate a
reduction in sorption. Cucarella and Renman also
observed comparable ourcomes [64].

CONCLUSIONS

Based on the resalts, e following conclu-
sions can be drawn:

1. The highest phosphorus removal effects were
observed for gramilations of 2,0-5.0 mm and
1.6-2.5 mm, while the lowest effects were ob-
served for granulations 1.0-1.6 mm The equi-
librium phosphorus removal was observed for
all three granulations after 1,440 minutes.

. The pseudo-second-order kinetic model is
a supenor fit to the sorption process in the
Rockfos® matenal than the pseudo-first-order
model, as evidenced by higher values of the
coeflicient of determination (R¥) and superior
correlation coefficients (r).

3. The kinetics of phosphorus sorption ma Rock-
fos® material for all analyzed granulations fol-
lows the assumptions of pseudo-second-order
kinetics, suggesting a chenical nature of sorp-
tion, probably involving surface reactions,

4. The equilibrium adsorption capacity obtained
from the psendo-second-order model exhibited
the highest values for granulations of 2.0-5.0
mm, while the lowest values were observed for
granulations of 1.0-1.6 mm.

5. The values of the rate constant ka varied de-
pending on the granulation of the Rockfos®
material. The highest value for the pseudo-sec-
ond-order rate constant was observed for gran-
ulations of 1.6-2.5 mm, while the lowest value
was observed for granulations of 2.0-5.0 mm.

6. The Weber-Morris and Elovich models are in-
adequate for providing a definitive account of
the impact of Rockfos® matenal granulation
on the phosphorus sorption process.

7. The results of the error analysis demonstrated
that the PSO model exhibited the most precise
correlation with the measurement outcomes,
followed by the Weber-Morris and Elovich

(=]

models. In this regard, the PFO model is the
least effective.

8. The relationslup between the pH value and the
efficiency of phosphorus somption on Rockfos®
material was demonstrated through a series of
controlled experiments. As the degree of reduc-
tion in the pH value of the phosphorus solution
increased, the solution became more alkaline.

9. The material, with a granulation of 2.0-5.0
mm, has been demonstrated to be effective in
wastewater treatment due to its optimal phos-
phorus removal efficiency and its capacity for
equilibrium adsorption,
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Abstract: Chemical phosphorus removal n wastewater treatment plants can be carried out by
precipitation with tron or aluminum salts or by filtering wastewater through a bed of active sorptive
material. This work aimed to investigate whether using a meander flow filter filled with the sorption
material Rockfos™ would improve phosphorus removal efficiency in a seected wastewater treatment
plant. Tests were performed under laboratory conditions using o model of a meander flow filter
and a similar filter under ficld conditions at full technical scale. This filter was the final clement of a
hybrid constructed wetland located in the village of Biatka in the municipality of Debowa Kloda in
southeastern Poland. A laboratory model of a phosphonus rcemoval filter with vertical incomplete
baffles forcing a meandering water flow was constructed to determine the hydraulic conditions
of the flow. After one year of operation, the filter with horizontal wastewater flow operating at
its full technical scale (without meanders) was modified by inserting appropriate baffles that were
analogous to those in the laboratory model, The analysis of the hydraulic conditions in the laboratory
model showed that, under the assumed conditions, wastewater flows through the filter layer in a
laminar motion, <o such filters can be modeled using the Kozeny—-Carman formula. It was shown
that, after approximately a year of operation in a filter operating at full technical scale, before
moddification, dead spaces formed, thus causimg the channel and primanly surface flow of wastewater.
The phosphorus removal efficiency during this test period averaged 9.4%. After introducing baffles
and forcing meander flow in the filter chamber, the efficiency increased to 40.6%, The results
Indicate that meander flow filters can improve phosphorus removal efficiency in small wastewater
treatment plants.

Key d tewater teeal t; phosphorus removal; meander flow filler; Rockfos™

¥

1. Introduction

Phosphorus is widely recognized as a significant component of water pollution [ 1]. The
presence of phosphorus in surface waters is mainly caused by human activities, including
the discharge of untreated or inadequately treated domestic and industrial wastewater
directly into aquatic ecosystems [2]. Raw wastewater’s phosphorus comes primarily
from fecal matter, food residues, and detergents [11 It is a nutrient, and its excessive
concentration in water causes eutrophication, thereby resulting in the intensive growth
of algae and cyanobacteria, the deterioration of water quality, and the imbalance of water
ecology [1,3,4]. Therefore, it is crucial to intensify phosphorus removal from wastewater to
reduce its negative environmental impact.

Biological and chemical methods are used to remove phosphorus compounds from
wastewater [5]. The chemical removal of phosphorus from wastewater in classical treatment

Water 2023, 15, 2715, hitps / /doi omg /103390 /w151 52703
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plants 1s carried out by precipitation with PIX (the trade name of a coagulant based on iron
HI sulfate), PAX (trade name of a coagulant based on polyaluminium chlonde), lime, or
other similarly acting chemicals of hardly soluble salls, as well as the removal of phosphorus
by the formation of struvite, hydroxyapatite, ete, [6,7]. It provides an opportunity to
conduct phosphorus recovery [5,9] for agricultural use. The use of sludge from wastewater
treatment plants for phosphorus recovery is vital, since its reserves in nature are small and
are decreasing significantly [10].

Another way 1o chemically remove phosphorus from wastewater is to filter it through
an active filter bed [11,12], which, using sorption [13] and ion exchange processes, retains
phosphorus primarily in the form of phosphates. This method of phosphorus removal is
used in wastewater treatment plants at the end of the process line when the wastewater
is already free of organic pollutants. In the literature, one can find publications in which
various minerals and reactive materials were studied [14-22]. Among them, carbonate-
silica rock (ophiolite) has also been mentioned as a sorbent with a high capacity o absorb
phosphorus [12,18,23-25].

Opoka is a transition rock between carbonate and siliceous that is mainly formed
from fine organic debris. In the inhomogeneous structure of the bed, there are remains of
fragmented organic detritus, especially bivalves and borers, as well as numerous sponge
needles [23,24,26]. Opoka is divided into heavy opoka containing a higher mass proportion
of calcium carbonate and light opoka with a predominance of silica (510;) [24]. Heavy
opoka is better suited for removing phosphorus, especially those amounts fired at ap-
praximately 900 °C, as they become more reactive due to the formation of calcium oxide.
Considerable research has been devoted to natural and calcined opoka forms [23,24,27 28],

The use of opoka and its derivatives as sorbents on a full technical scale is currently
limited to small wastewater treatment plants, mainly those constructed in wetland in
southeastern Poland [18,20-31], Due to its availability, a material with the trade name
Rockfos™, which is produced for wastewater treatment, 1s becoming more widely used in
this area. It is produced by decarbonizing {high-temperature firing) the opoka, thereby
making it a much more reactive material toward phosphorus than natural opoka [72].
Laboratory studies indicate that, with this material and a sufficiently long contact time,
itis possible to remove more than 90% of the total phosphorus from wastewater [12], In
contrast, preliminary studies conducted on a full technical scale have shown a phosphorus
removal efficiency of about 40% [18]. The efficiency of phosphorus sorption depends
mainly on the flow conditions and the contact time of the wastewater with the sorption
material; hence, the plants in operation are most often in the form of chambers with the
forced vertical sewage flow through the filter bed | 18], It is possible to use filters in the
shape of longitudinal troughs with a horizontal flow. However, in this case, regardless
of the method of wastewater supply, there is a risk of spexific flow paths limiting the
effective use of the entire volume of the filter fill, which may result in a reduction in the
efficiency of phosphorus removal from the wastewater. However, there is a lack of research
on the practical application of rock-filled filters with horizontal wastewater flows in the
fiter chamber.

This study aimed to investigate whether using a meander flow filter filled with modi-
fied carbonate—silica rock (Rockfos®) would improve the efficiency of phosphorus removal
in a selected wastewater treatment plant. The solution’s novelty lies in using vertical baffles
in the longitudinal filter to force the meander flow of the wastewater and increase the How
path and contact time of the wastewater with the filter material. The study involved ana-
lyzing flow conditions in a laboratory model and then evaluating its phosphorus removal
efficiency under real-world conditions after fabricating a full-scale filter.

2. Materials and Research Methods
2.1. Characteristics of Rockfos™ Material

The Rockfos™ material used in the study was produced from an opoka rock quarried
near Piaski in Lublin Province. The material was formed by heat treatment of the rock
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at %0 “C. The material was subjected to analysis of the elemental composttion of the

substance by measuring characteristic radiation spectra—specifically, X-ray fluorescence.
An XRF MmiPal 4 spectrometer from PANalytical (Malvern, UK) was used in the study.

The weight % of elements and compounds in the test material was determined. It was

characterized by a CaO content 0f43.336% by weight and a 5i0; content of 36.047% (Table 1).

The composition of Rockfos™ material also had a significant share of Al;O3—approximately

o by welght. Other compounds were present in small amounts, less than 3% by weight
(Table 1). The granulation of the material was 2-5 mm. Rockfos™ material has a poruosity of
54%. The reaction of the material is alkaline, and its pH is 11-12 [18,32],

Table 1. The chemical composition of the material Rockfas” J18,32).

Companent Percentage [% by Weight]
Ca0 43336
SiO 36047
ALOy 5932
Na,O 255

Fe L340
MgO 11,938
TiOA 0,960

S 1654
K:0 0459

P 00,480

cl 0237
MnO 07

2.2. Comstruction of the Laboratory Model

For the hydraulic and technological analysis of opoka filters, a laboratory-scale stand
shown in Figure | was built.

The filter model was made in the form of a reciangular tank with the following
dimensions: length—0.80 m, width—0.20 m, and height—0.50 m (Figure 1). The fank was
made entirely of sheets of transparent plastic (PLEXI). The interior of the tank was divided
by 3 partitions into 4 chambers with dimensions (length/width) 0f 020 m % 0.20m. The
partitions between chambers A, B, C, and D were installed 0.05 m above the bottom of
the tank and reached the top edge. The baffle between chambers B and C reached from
the bottom of the tank to a height of 0.25 m. The connections of the baffles to the bottom
and sidewalls of the tank were constructed to be airtight. At the rear wall of the tank, at a
height of 0.30 m, a drain hole with a diameter of 25 mm was made. All tank chambers were

filled to a height of 0,25 m with filter material (sand and Rockfos™) for the experiments.

The supply aof water to the model during the hydraulic tests was through chamber A, from
which the water flowed, i turn, through chambers B, C, and D up to the outflow hole, The
division of the tank into chambers and the arrangement of batfles forced the water to flow
in a meandering manner, in chambers A and C—down the filter bed, in chambers B and
D—moving upward. The appearance of the stand during operation with the sand bed and
Rockfos™ rock is shown in Figure 2.
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Figure 1. Scheme of a laboratory-scale filter model
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Figure 2. Photograph of a laboratory model filled with sand (A) and Rockfos™ (B).
2.3. Laboratory Model Testing Methodology

The purpose of the laboratory model tests was to determine the hydraulic conditions
of water flow through the meander-flow bed to determine the relationship between the
water flow rates and the water layer heights in chambers A and D. This relationship is
essental in designing the volume and height of the walls concerning the height of the
bed. This relationship is essential in adjusting the filter’s capacity for the requirements of a
particular wastewater treatment plant as a filter for phosphorus removal.

Quartz sand was used as a reference level, because it is a mineral with well-defined
filtration conditions [23]. Inclassical modeling of filtration conditions, flow through porous

material is described by Ergun’s Formula (1} as a universal solution, including laminar,
transient, and turbulent motion:

H _ ket —gy)? (L) k:(l‘fol.(i). 2
L™ prgdd e Vick gtpd Y. & o

where:

H—height of pressure loss differences in the height of water tables in
adjacent chambers;

L—bed layer height;
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ky and ky—respective constants of 150/36 and 1.75/6 [34,35];

p—dynamic viscosity coefficient of water, dependent on temperature;

¢ir—bed porosily ina stable state (without flow);

y—gravitational acceleration;

pr—water density;

—sphericity of the bed grains;

dy—equivalent diameter of bed grains: d: = /Ty W

V—velocity of water through the bed: V = $ 3

Q—flow rate;

F—crosssectional area to the direction of water flosw.

Ergun's formula consists of two members. The first member is a linear function of
filtration velocity V and refers to laminar flow, and the second member is a quadratic
function of filtration velocity V2 that refers to turbulent flow. The limits of each flow type
are determined by the Reynolds number described by Equation (2) [36,37):

o
Rr:¥ 2

where v is the flow velodity through the filter calculated as the ratio of the liquid flow rate
to its crosssectional area, dyy; is the equivalent diameter of the bed grains, p 1s the density of
water, and s the dynamic viscosity coefficient. Water flows through the porous material
with laminar motion if R < 6, with transitional motion if 6 < Re < 300, and with turbulent
motion if Re > 300 [35].

In practice, filtration conditions rarely correspond to turbulent motion, As a rule,
either laminar motion (Reynolds number Re < 6) or transient motion (Re > 6) at which there
is no clear dominance of either a laminar or turbulent fow 28], I there is laminar motion
in the filter under study, that is, at low values of Re, the Kozeny-Carman formula given
below is used (3):

H  1800(1—g)® /1 \?
IR, i ol Nt Y (R0 T £
L Prgeo’ ('P'ds )

In the first stage of hydraulic testing, the laboratory model was filled with a quartz
strip witha grain diameter of 1.0-1.6 mm. The tests measured the height of the water tables
in each model part as a function of the water flow rate. The water flow conditions through
the filter layers in each model chamber were analyzed at water flow rate levels ranging
from 0.023 to 0.0% m’ /h.

The study of each flow rate variant followed the same procedure. It first included
establishing the inflow rate into the model at a preset level. Stabilizing the level of the
water table in each chamber of the model meant equalizing the flux of water flowing into
and out of the model. Once the water tables in each chamber were stabilized, readings
of their heights were taken using meters mounted on the model’s walls. After the height
readings of the water tables were taken, the water flow rate was measured again using a
measuring cylinder. The measurement was performed for 5 repetitions, and the arithmetic
mean was calculated for further caleulations, The same procedure was followed to test
further variants regarding the water flow rate.

In the second stage of testing, the bed in the model was replaced. Crushed Rockfos™
material with a 1.0-1.6 mm granulation, the same as the sand tested in the first stage, was
used as the Al1 The height of the filter bed was also identical—0.25 m, The difference
between the sand and the Rockfos™ material was the bed’s different grain shapes and
porasity [39], thus resulting from different sourcing sources. Sand is a natural component
of the environment that shows a shape close to being spherical [ 23], while Rockfos® is a
fossil rock created by being crushed and burned . After preparing the model, the relationship
between the heights of the water tables in the various chambers of the model and the water
flow ratex were analyzed using the same procedure as in the first stage of the experiment.

3
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Delivered
wastewater

Six vanants of the water flow rate were analyzed. The results of the measurements were
compared with those obtained for quartz sand.

2.4 Construction of a Full-Seale Technical Filter

The main assumptions of the design of the laboratory model, i.e., the layout of the
batfles, the proportions of the dimensions, and the height of the beds, were also applied
to the full technical scale of the wastewater treatment plant operating in the village of
Bialka in southeastern Poland (Debowa Kloda commune) (51°32'06” N 23700'21" E). The
wastewater treatment plant is designed to dispose of domestic sewage flowing in through
the sewer network trom the village of Biatka and sewage delivered by a sephic tank fleet
from no-outflow tanks. The average capacity of the treatment plant is 180 m?/d. The
wastewater treatment process uses 6 hybrid ground-plant bed systems with vertical and
horizontal wastewater flows. The technological system of the wastewater treatment plant
also uses 3 filters to remove phesphorus from biologically treated wastewater before it is
discharged into a receiving water body (Figure ),

Reed bed system

kL

Pumping station
with aeration

—

Treated
wastewater

B vertical flow beds
working in paralle!

6 horiontal flow beds
working in paralie]

Figure 3. Scheme of the sewage treatment plant in Biatka, Debowa Kloda commune,

Filters for removing phosphorus from wastewater are i the shape of rectangular
tanks made of reinforced concrete construction. Each tank had the following dimensions:
length—6.0 m, width 2.0 m, and height 2.0 m. They were filled with Rockfos” material
with granulation of 2.0-5.0 mm, and the height of the filter bed was 1.0 m (Figure 4). The
wastewater inflow to each tank is carried out by perforated pipes at the bottom of the front
wall. The outflow of treated wastewater to the receiver is located at the rear wall of each
tank at a hesght of approximately 1O m above the bottom,

According to the design guidelines, the wastewater pressure fed to the filters flowed
through the entire fill layer to the outflow overflow. During one year of operation, it
became apparent that the filters were not eliminating phosphorus from the wastewater,
which may have been related to the nature of the wastewater flow. The large mass of the
filter beds most likely formed channels through which the wastewater flowed rapidly with
limited contact with the Rockfos™ grains (Figure 1), After more detailed observation and
analysis, it was observed that the wastewater, after entering the bed through perforated
pipes, flowed upward rather quickly and then flowed up the upper layers of the filter bed
or even partially along the bed’s surface up to the outlet wall.
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Figure 4. Diagram of the filter for removing phosphorus before modification

Therefore, modifications were made to the design of the filters, Three craoss-haffles
were installed in each filter. The first batfle was installed at a distance of 1.0 m from the
front (inlet} wall, the second at 3.0 m, and the third at 5.0 m. The same assumptions were
used in the laboratory model when installing the baffles. The first and third baffles were
installed 0.4 m above the bottom of the tank, with their upper edge reaching above the
wastewater table. The second baffle was installed near the bottom, and its height was 0.6 m
(Figure 5).

Partitions with
bottom culverts

Perforated pipe

upper culvert |

X

- - - - -
-

ot \ L Outflow
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‘::— - - n--—----/ : :—’\; "& 4
Inflow |~
e gE—

’.\ /////4'—‘ \.:/ g

Figure 5. Diagram of the filter for removing phosphorus after modification.

A view of one of the filters during the installation of the baffles is shown in Figure b.

Installing the baffles resulted in a forced meander flow of wastewater between the inlet
and outlet (Figure 5), Lengthening the flow path and forcing changes in the direction and
velocity (varying crosssectional areas of the wastewater stream) were expected to result in
prolonged contact between the wastewater and the bed (Rockfos” material) that would
consequently increase the effects of phosphorus removal from the wastewater.
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2.5, Analytical Methods and Statistical Analysis

Analysis of the removal of total phosphorus during the flow of biologically treated
wastewater through filters filled with Rockfos” matenal, that is, full-scale technical analysis,
was carried out based on the study's results, which were collected in 2020-2022. Wastewater
samples were analyzed monthly at two points: at the inlet to the filters with a Rockfos”
bed and at the outlet from the filters (Figure 3). A total of 24 measurement senes were
performed: 16in the period before the modification of the filter design and 8 series after
the modification of the filters.

The pH and total phosphorus concentration were determined in the wastewater
samples. The pH was determined using an ORION Star A329 meter (Thermo Scientific,
Waltham, MA, USA). Total phosphorus was determined by a spectrophotometric method
with oxidation of the test sample in a thermoreactor at 120 “C for 30 min. Measurements
were made with a NANOCOLORY UV-VIS spectrophotometer (Macherey-Nagel, Diwren,
Germany). The sampling, transport, and processing of samples and their analysis were per-
formed following Polish standards (PN-1S0 5667-10:2021-11 [40]; PN-EN ISO 6878:2006 [41 ]
PN-EN ISO 10523:2012 [42]).

To correctly highlight the recults, selected statistical measures wene calculated: the
mean, median, standard deviation, coefficient of variation defined as the ratio of the
standard deviation to the mean, and maximum and minimum values.

Based on the average phosphorus concentrations in the influent (C,,) and effluent from
the beds (Cuy), the average phesphorus removal efficiency (1) was calculated according to
the following Formula (4):

y=100(1- 2 )

in

3. Results and Discussion
3.1. Hyiranlic Flow Conditions through the Bed it a Laboratory Model

The results of the flow rate and water table heights “a”, “b”, and "¢” are shown in
Table 2.

The fow velocity was constantly changing duning the flow of water through the
bed in the laboratory model. It was due to changes in the crosssectional area.  Ini-
Hally, water flows down the entire crosssectional area of chamber A equaled to 0.04 m’
(0.2m x 0.2 m)and then narrowed so that, at the bottom, it flowed through an opening
under the baffle of 0.01 m? (0.2 m » 0.05 m). After entering chamber B, it flowed up-
ward, which increased the crosssectional area to 0.04 m?. The pressure loss for such water
movement as a function of the flow rate through the sand is shown in Figure 7, and that
through the Rockfos™ is shown in Figure 8. Because of the continuous changes in the
crosssectional area and, thus, the continuous changes in the velocity, the horizontal axis
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was dimensioned as the flow rate rather than the velocity. In Figures 7 and ¥, the blue
points indicate those flow rates caleulated using Ergun’s Formula (1), which assumed that,
initially, over a length of 15 cm, the water flowed through an enlire crosssectional area and

then the flow narrowed, thus Howing through smaller and smaller crosssectional areas.

For calculating the pressure losses, successive layers with a height of 1 em were assumed,
and the calculated crosssectional area was the field i the middle of each layer. The total
pressure loss calculated in this way was related to the differences in the water levels in the
adjacent chambers, The method of the procedure is shown in Figure 9.

Table 2. Mcasurement results of water level height in individual chambers as a function of water
flow rate.

Parameter Unit Sand Bed Model
Flow rate o /h 0.001 0.081 0.067 L0580 0,053 047 0,045
Height “a’" o 472 435 40.5 7 302 37.7 374
Height "b” m 363 35.1 4.0 35 33z 325 324
Height "c” an 27 29.6 205 24 204 294 294
Parameter Unit Rockfos” Bed Model
Flow rate m’ /h 0.096 0.079 0.067 00549 0,050 0033 0.023
Height “a” m 475 435 4.0 0.3 3845 354 336
Height "b" m 398 327 36,2 355 344 3255 315
Helght "¢ on 29.85 298 20 X6 2045 293 292
012
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Diczses =0.0968Q —0.0047 o
§  oa0 A% = 0.9825
E R V
E o008 s

3£

25 o006 L

L

£ .

92 om

_.3 E ® Calculateg

g 002 ® Measurad

z 000 I [

004 0.05 006 007 0.08 0.09 010
Flow rate, m/h

Figure 7. Dependence of pressure losses when water flowed through sand from chamber Ato Basa
function of flow rate,

The total pressure loss imaged by the difference in water tables between chambers A
and D as a function of the flow rate is shown in Figure 10,
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Figure 8, Dependence of pressure losses when water flowed through Rockfos™ from chamber A to B
as a function of flow rate.
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Figure 9. Schematic division of the filtration layer into design sublayers.

Due to the low Reynolds numbers (.31 = 2.51) values in the various sections, the water
flow in the sand layer and the Rockfos™ material were coneluded to be in laminar motion. It
was found because, in the pressure losses caleulated by Ergun’s formula for the filter under
study, the member responsible for the laminar motion contributed approximately 99.9%
to the motion and contributed (1.1% for the turbulent motion, For this reason, the Kozeny-
Carman formula [43] was used for the analysis. As the graph in Figure 10 shows, the effect
of varying deposit types on the total pressure loss shown by the difference in water tables
in the initial (A) and final (D) chambers was negligible. The points were arranged along a
straight line, and their increasing tendency was a function of the increasing water flow rate.
Tests on a laboratory model made it possible to design the filter volume and bed height
interrelationship to achieve the required throughput under practical conditions in a specific
wastewater treatment plant,
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Figure 10. Dependence of pressure losses when water flowed through Rockfos” from chamber A to
D as a function of flow rate.

Water with a blue dye from Blueway was used to identify and visualize the course
and areas of the water seepage through the model chambers during the meander flow. The
results of observing the movement of the colored liquid stream are shown in Figure 11.

Figure 11. Freeze frames showing the course and pasition of the flow stream through individual
chambers of the model

In the upper part of the first chamber, the water flow was uniform and took place
over the entire surface of the bed. Furthermore, due o the lower constrictions (between
chambers A, B, C, and D) and upper constrictions (between chambers B and C) in the
baffles, the flow area narrowed and concentrated before and after the constrictions. Nolably,
the Alow between chambers B and C occurred directly above the baffle, while the upper
liguid layer took little part in the circulation. Nevertheless, with the use of baffies and
forced flow through all the chambers, the use of the filter material was higher than in
the filters operating without baffles. This picture explains the uneven water table heights
between chambers A-B and C-D. The unequal crosssectional areas concerning the flow
rate of the flowing water affected the changes in the filtration velocity and, consequently,
the different heights of the pressure losses.
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3.2. Efficency of Phosphorus Remowal in o Full-Seate Tecimical Filter

Before its modification, studies of the total phosphorus concentration in the influent
and effluent from the filter vperating at the full technical scale of the Biatka WWTP were
carried out from October 2020 to February 2022 Due to the insufficient phosphorus
removal efficiency that was measured in Marchand April 2022, all three filter chambers
were modified by introducing additional baffles to force a meandering wastewater flow.
Up to the time of the modification, 16 measurement series were carried out, while, after the
modification, 8 series were carried out {from May to December 2022}, The results of the
tests are shown in Table 3, and the changes in the total phosphorus removal efficdiency due
to the introduction of the baffles are shown in Figures 12-14,

Table 3. Basic statistics of tolal phosphornus concenlration in wastewater flowing inand out of filters
with Rockfos” material.

- Before Modification (n = 16) After Modification (1 = 8)

S TP (mg/L] pH TP [mg/Ll M

In Out In Out In Out In Out
Average Q.50 082 - - 1.25 0.74 - -
Median (.48 047 7.245 7.73 0,89 052 7115 0275
Min 018 014 681 6.56 0,29 01 676 828
Max 462 380 791 855 336 201 749 10.43
SD T4 0.59 - - 0.99 .58 - -
Cv [%] 1151 1087 - - 7.1 780 - -

Notes: s—number of samples; TP—total phosphorus ; Cv—coefficient of variation; SD—standard deviation.

0O Average
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Figure 12, Average concentrations of total phosphorus in influent and effluent from flters with
Rockfos™ material (A—before modification; B—after modification). Notation; SE—standard error,
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Figure 13. Total phosphorus concentrations in influent and cffluent from filters with
Rockfos® material.
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Figure 14. Average efficiency of removal of total phosphorus from wastewater in filters with
Rockfos™ matertal.

In the period before the modification, the wastewater flowing into the filters with
Rockfos™ material contained total phosphorus at an average concentration of 0.90 mg /L.
The recorded values oscillated within broad ranges from 0.18 to 4.62 mg /L. With such
a wide variation of data in the collection, the median was determined to be a valuable
measure in ity evaluation, as it shows the tendency of deviation from the symmetrical
distribution of phosphorus concentrations in wastewater. In the present case, it deviated
significantly from the mean and amounted to .48 mg/dm?®, which indicates right-handed
asymmetry, e, high phosphorus concentrations occurred incidentally, but their high
values strongly increased the mean (Table 3), The low homogeneity of the dataset was
also evidenced by the SD standard deviation value of 1.04 mg/L and the coefficient of
variation—Cv (115%).
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The literature rarely reports research results relating to the use of Rockfos” material on
a full technical scale. Pytka-Woszezylo et al, [18] analyzed the operation of filters in natural
conditions at the sewage treatment plant in Kosobudy and determined the efficiency of
removal of total phosphorus at the level of 34-45%, which is similar to that obtained in
the modified design of filters n Biatka. According to the results of the same authors, in
the treatment plant at Stary Zalucze, the total phosphorus was removed with an efficiency
of 82°% in the first year of operation and 36-40" in the following two years. In both
cases, there was a marked decrease in efficiency in the fourth (Stare Zalucze) and fifth
(Kosobudy) years of filter operation [18]. The filters in question were cuboidal tanks with
forced vertical flows up the bed, thereby allowing the entire bed volume tobe used, Reports
from model tests have indicated that higher phosphorus elimination rates can be achieved
with filtration through Rockfos™ material. Jucherski et al. [12] used vertical filler columns
under steady-state flow conditions and showed an average phosphate removal efficiency
of 76.8-84.1% with an effluent retention time in the filter bed of 6 h, as well as 93.2-94.9%
removal efficiency with a retention time of 12 h.

In the treated wastewater flowing away from the filters, the total phosphorus concen-
trations changed little compared to the influent wastewater. The average content of the
component in the wastewater was 0.82 mg /L (Table 3, Figure 12). The recorded values
ranged from (.14 mg/L to 3.80 mg/L (Table *, Figure 13). The 5D value exceeded the mean
value (0.89 mg/ L), and the coefficient of variation was 110% (Table 2}, which, on the scale
given by Mucha [44], signified high variability. The average removal efficiency of total
phosphorus in the filters was approximately 9.4% (Figure 14).

The initially low removal rate of total phosphorus from the wastewater can be linked
to the original design of the filters. The elongated shape of the filter chambers, the location
of the wastewater inlet and outlet, and the absence of obstructions (Figure 4) may have
favored the selected flow paths. It is very likely that, in the present case, the effluent stream
flowing out of the inlet pipe headed upward and then flowed over the filter bed or the top
layer of the filter bed to the outlet. As a resulf, the active flow of wastewater through the
bed only occurred in the front part of the chamber, and, in the rest of the chamber, there
may have been dead zones that did not participate in filtration and phosphorus sorption.

In the second stage of the study, the average content of total phosphorus in the effluent
flowing into the filters was 1.25 mg/ L, which was a significant increase compared to the
previous period. The middle value was 0.89 mg/L. There was a substantial variability of
observations in the dataset—79%, with an SD value of 0.99 mg/L (Tabie 3). The large scatter
of the results (from 0.29 to 3.36 mg /L) was determined to have primarily derived from the
field nature of the study. The impact of many factors, such as the quality of wastewater
feeding the treatment plant, the course of seasonal conditions, and the intensity of unit
processes occurring at the mechanical and biological stages of wastewater treatment, could
cause significant changes in the composition of wastewater entering the filters.

At the filter outlet, the average concentration of the total phosphorus decreased to
074 mg/ L, The median at this stagre of the study was 0.89 mg/ L The average elimination
rate of the component from wastewater was £0.6% (Figure 14). Compared to the first
stage of the study, the significant increase in phosphorus removal efficiency in filters with
Rockfos™ material can be attributed with high probability to the modification made in
the design of the filters. The installation of cross-baffles and the induction of meander
flow allowed for the use of a larger bed volume. It is not an optimal solution due to the
location of the wastewater inlet near the battom, which excludes the first chamber from the
fAltration process. Unfortunately, due to the original design and the need to install baffles
during the treatment plant’s regular operation, it was impossible to make more advanced
changes. The achieved degree of elimination of the total phosphorus in the horizontal filters
with forced meander fows was similar to that obtained during the operation of vertical
filters [ 18], wherein their design seems optimal from the point of view of the full utilization
of the filter bed. Using this solution in lange wastewater treatment plants is essential, where
itis technically justified to use horizontal filters.
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The use of Ca-rich reactive materials in phosphorus removal, including caleined opoka
derivatives, increases the pH of the solution [11,12,17,45], In the hirst stage of the study,
before modification in the inflow to the filters, the median pH value was 7.24, and the
recorded values ranged from 6.81 to 7.91. The increase in pH due to treating the wastewater
in the filters with Rockfos™ material was insignificant. In the effluent from the filters,
the effluent pH ranged from 6.86-8.55, and the median value was 7.73. Many authors
indicate that the effluent becomes more alkalized due to contact with natural sorbents
based on carbonate-silica rocks [12,17,18]. Thus, the results may support the thesis of
forming specific paths of wastewater How through the filter beds, thereby limiting the
active use of a significant volume of wastewater. The low level of alkalization of the
wastewater after contact with the reactive material may explain the low efficiency of the
filters in removing phosphorus compounds. Numerous studies show a close relationship
between these indicators, with high pH values promoting the precipitation and sorption of
phosphorus compounds by the reactive material [11,25].

After the modifications to the filter design, the pH in the influent wastewater was at a
similar level as in the first stage of the study (before the modification). The median was
711, with a range of values from 6,76 to 7.49. There was a marked increase in pH values in
the outflow wastewater. It is worth noting that, in the last series of measurements before
the modification of the filters, a pH value of 7.51 was recorded in the outflow, while in
the first series after the modification, it was already 10,43 (Table 3). In the initial period,
the pH of the effluent flowing out of the filters exceeded 9.0, after which it varied in the
range of 8.28-8.83. The median at this stage of the study was 9.28. The observed trend
of the changes in the pH of the effluent is in line with the reports made by other authors
studying opaque materials [12,40—15]. It can be assumed that, by modifying the filters and
forcing a meandering flow of wastewater, there was a better utilization of those batches of
deposits that were previously inactive, The alkalization of the wastewater during contact
with the Rockfos” material may have determined the increase in total phosphorus removal
efficiency [11,15,25]. Over time, the pH value decreased, which was consistent with the
results of the studies cited above (Figure 15).
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Figure 15. pH values in wastewater at the inflow and outflow of the filters,
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4. Conclusions

Tests performed in a laboratory model of a phosphorus removal filter showed that
water flows in a laminar molion, thereby indicating that the Kozeny—Carman formula [49]
which relates to laminar motion, can be used for modeling and designing filter wall heighte.
The second term of Ergun’s formula, which models turbulent motion i total pressure
losses, did not exceed 0.1%; hence, its influence on water flow modeling was considered to
be marginal.

Forcing a meanderinéﬂow of wastewater through a layer of sorption material in
a filter filled with Rockfos™ material offers the possibility of increasing the efficiency of
phosphorus removal from wastewater at the outflow of a small-scale treatment plant. The
example of a wastewater treatment plant operating at a full technical scale suggests that
using longitudinal filters with an unobstructed horizontal flow creates specific flow paths
in the filter bed, thus limiting the use of the entire volume of the filter material. The
introduction of vertical baffles and a meander flow lengthened the filtration path, thus
allowing more phosphorus to be retained. A spike in the treated wastewater's pH value
evidenced the filter bed’s more effective use during the meander flow. A strongly alkaline
effluent reaction is a problem for safe wastewater dischange into the environment. Stil, it
was a temporary effect in the case described here, and the pH value decreased over time.
On the other hand, the alkalization of the wastewater may have promoted the precipitation
of calcium phosphate and reduced its concentration in the effluent. As was shown, after
the modification involving the installation of vertical baffles in the filter chamber, there was
an increase in the phosphorus removal efficiency from 9.4% toa level of 40.6%, which is
comparable to vettical filters, whose design seems optimal from the point of view of the
full utilization of the filter bed. Using the discussed solution can improve the removal of
total phosphorus from biologically treated wastewater in high-throughput facilities, where
itis technically justified to use horizontal filters, Compared to classical horizontal filters
(without a meander flow), they are also not associated with any limitations, except for a
slightiy higher construction cost, while allowing for a significantly better ecological effect.
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Abstract

The aim of the study was to determine the phosphorus removal efficiency of Rockfos"™ material
used to fill a full-scale meander-flow P-filter. The filter constitutes the final stage of a hybrid
constructed wetland wastewater treatment plant located in Bialka, Debowa Kloda commune in
southeastern Poland. During the May 2022-July 2025 study. phosphorus removal efficiency
and pH changes were analyzed based on wastewater analysis before and after the P-filter.
Additionally, extended wastewater analysis was conducted between August 2024 and July
2025, including analysis of total suspended solids, chemical oxygen demand (COD),
biochemical oxygen demand (BODs), electrolytic conductivity, and total nitrogen. The
phosphorus removal efficiency of the meander-flow filter during the full study period was
44.43%. Statistical analysis showed a significant effect of P-filter on pH, turbidity, conductivity,
and changes in phosphorus concentrations, total alkalinity, and BODs. No significant effect was
found on total nitrogen and COD,

Keywords: wastewater treatment; phosphorus removal; meander flow filter; Rockfos®™

matenial; wetlands

1. Introduction

Sustainable development and growing environmental demands require environmental
engineenng to implement innovative, vet environmentally friendly solutions for domestic
wastewater treatment, particularly in rural areas, Hybrid constructed wetlands have attracted
particular attention in recent years. These facilities integrate natural biological processes with
technological structures, enabling the effective removal of pollutants from domestic
wastewater, including total suspended solids, nitrogen compounds, and phosphorus
(Jozwiakowski et al., 2019; Kataki et al., 2021 Obarska-Pempkowiak et al., 2015; Stefanakis,
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2019; Wu etal., 2015). These systems are particularly effective in treating domestic wastewater,
and their efficiency can be further enhanced through appropriate design and the use of
specialized filter materials. One of the greatest challenges in the domestic wastewater treatment
process is the removal of phosphorus, which, in excess, leads to eutrophication of surface waters
and the degradation of aquatic ecosystems (Abdoli et al., 2024; Di Capua et al.. 2022: Zheng et
al., 2023),

Contemporary methods for removing phosphorus from wastewater include biological and
physicochemical methods. Biological phosphorus removal from wastewater utilizes the ability
of polyphosphate bacteria to capture and store phosphorus compounds within their cells. This
process is environmentally friendly, but it requires a constant inflow of wastewater and a high
BOD;s to total phosphorus concentration. Therefore, its effectiveness may not be high in small
wastewater treatment plants, where the quantity and quality of incoming wastewater fluctuates
greatly. Chemical phosphorus removal from wastewater in conventional treatment plants
involves precipitation using PIX, PAX, or lime, followed by the formation of struvite,
hydroxyapatite, ete. (Rayshouni & Wazne, 2022: Soares et al., 2017). This gives the possibility
of phosphorus recovery (Kasprzyk & Gajewska, 2019; Muys et al., 2021; Soares et al., 2017;
Wang et al., 2021; Zhang et al., 2019) or agricultural use (Kataki et al., 2016).

An innovative solution for removing phosphorus from municipal wastewater is the use of
activated bed filtration (Jucherski et al., 2017; Jucherski et al,, 2022). This mechanism is based
on sorption (Letshwenyo & Mokokwe, 2021) and ion exchange, which retains phosphorus
primarily in the form of phosphates. This technology is implemented at the final stage of the
wastewater treatment process, after organic contaminants have been removed. Numerous
materials have been described in the literature that could be used in process lines to remove
phosphorus from wastewater (AdAm et al., 2007; Bacelo et al., 2020; Ezzati et al., 2019; Grace
etal., 2016: Gubernat et al., 2020; Penn et al,, 2017; Pytka-Woszczylo etal,, 2022; Vohla et al.,
2011: Westholm, 2010). Among them, a significant group consists of materials manufactured
from carbonate-silica rock — opoka (Brogowski & Renman, 2004; Bus & Karczmarczyk, 2014;
Ezzati et al., 2019; Jozwiakowski et al,, 2017; Jucherski et al., 2022; Pytka-Woszczylo et al,,
2022; Zawadzka et al., 2024a; Zawadzka et al., 2023; Zawadzka et al., 2024b). One of the most
frequently mentioned sorption materials from this group in the literature is Rockfos™ — a
specially modified granulate characterized by a high phosphate binding capacity (Pytka-
Woszezylo etal., 2022; Zawadzka etal., 2024a; Zawadzka et al., 2023; Zawadzka et al., 2024b),
So far. most published studies have only referred to the effectiveness of Rockfos” material in

removing phosphorus in laboratory conditions (Jucherski et al_, 2017). Studies on the use of
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Rockfos™ material in full-scale filters confirm its high efficiency in phosphorus removal under
real-world conditions (Zawadzka et al,, 2023). The effectiveness of the process depends not
only on the material properties and sorption parameters, but also on the filter design, which
determines the flow pattern and the contact time of wastewater with the sorption material
(Zawadzka et al., 2023), Vertical filters are considered the optimal solution, in which forced
flow through the entire filter bed ensures uniform utilization of its volume, However, their use
is limited to facilities with low throughput (Pytka-Woszezylo et al., 2022). However, in the case
of classic horizontal filters, there is a risk of preferential flow paths, which leads to reduced
filter bed efficiency (Zawadzka et al., 2023). To mitigate these effects, Zawadzka and co-authors
(Zawadzka et al., 2023) proposed a modified design for horizontal filters that enforces a
meander flow. This results in an extended wastewater flow path through the filter bed and
increased contact time with the sorption material, Preliminary studies conducted on a full-scale
meander filter showed an increase in phosphorus removal efficiency from wastewater, from
9.4% to 40.6% compared to a classic horizontal filter (Zawadzka et al., 2023). However, these
were short-term studies (8 months), so an attempt was made to continue them.

The aim of this study was to evaluate the effectiveness of phosphorus removal from
wastewater in a meander-flow filter filled with Rockfos™ material over several years of full-
scale operation. This study is a continuation of short-term preliminary studies conducted at the
same facility and described in the publication by Zawadzka et al.(Zawadzka et al., 2023). The
same batch of sorption material was analyzed to determine the filter's ability to maintain high
phosphorus removal efficiency over three years of operation. Additionally, the filter's
effectiveness in removing organic pollutants, measured by BODs and COD, total suspended

solids, and nitrogen compounds, was analyzed.

2. Materials and research methods

2.1. Rockfos® material characteristics

Rockfos™ filter material is made from opoka obtained in the Piaski area (Lublin
Voivodeship). Its production process involves decarbonizing the raw material through high-
temperature thermal treatment. Rockfos” is characterized by a significant content of calcium
oxide (CaO 43.336% by mass) and silica (SiO: 36.047% by mass). The detailed chemical
composition of this material has been extensively described in the  literature

(htep:/iwww.ceramika-kufel pilrockfos/. Pytka-Woszezylo et al., 2022; Zawadzka et al., 2023),

2.2. Characteristics of the research object
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A meander filter filled with Rockfos™ material operates in Biatka (De¢bowa Kloda
commung, southeastern Poland). It is part of the technological system of a hybrid constructed
wetland treatment plant, designed to treat domestic sewage supplied both through the sewer
system from Bialka and transported by septic tankers. The facility's average daily throughput is
180 m*/d. Due to the large number of summer resorts located around the surrounding lakes, the
facility is characterized by significant fluctuations in wastewater flow, especially during the
summer season. The wastewater treatment process in the analyzed facility is carried out in six
hybrid systems of soil-plant beds, operating in vertical and horizontal flow systems. An integral
element of the process chain is a meander filter, composed of three parallel chambers, designed
to remove phosphorus from wastewater after the biological treatment stage. The final recipient
of the treated wastewater is a drainage ditch. The phosphorus removal filter chambers are
constructed as rectangular reinforced concrete tanks. Each tank measures 6.0 m long. 2.0 m
wide, and 2.0 m high, In March-April 2022, the P-filter was modified by installing three

transverse baffles in each tank, forcing a meandering flow of wastewater (Figure 1), The entire

filter modification process is described in detail in the paper (Zawadzka etal., 2023),

Figure 1. Meander flow filters in Biatka (De¢bowa Kloda commune)

2.3. Analytical methods and statistical analysis

The evaluation of total phosphorus removal efficiency during the passage of biologically
treated wastewater through a full-scale filter filled with Rockfos® material was conducted based
on data collected between 2023 and 2025. Wastewater samples were coliected monthly from
two control points; at the filter inlet and ountlet. The effectiveness assessment and statistical
analysis also used preliminary research results from May 2022 to December 2022, described in

another publication (Zawadzka et al., 2023). Throughout the study period, wastewater samples
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were analyzed for total phosphorus concentration and pH. From August 2024 1o July 2025.
wastewater samples were also analyzed for total suspended solids, COD, BODs, ammonium
nitrogen, nitrate nitrogen, nitrite nitrogen, total nitrogen, electrical conductivity, turbidity, and
alkalinity. A total of 39 measurement serics were performed, including 12 series with an
extended scope of testing.

Basic physicochemical parameters (pH and total ohosphorus) were determined using
reference methods: (PN-EN ISO 6878:2006 Water quality — Determination of phosphorus —
Spectrometric method with ammonium molybdate; PN-EN ISO 10523 :2012 Water quality -
- Determination of pH. PN-ISO 5667-10:2021-11 Water quality — Sampling — Part 10:
Guidance on waste water sampling). The pH was measured using an ORION Star A329 Set
meter (Thermo Scientific, Waltham, USA), Total phosphorus content was determined
spectrophotometrically after oxidizing the samples in a thermoreactor at 120°C for 30 minutes.
Wastwater quality analyzes were conducted in accordance with Polish standards at the
accredited Research Services Laboratory of the Lublin Cooperative of Dairy Services in Lublin
(Laboratorium Uslug Badawcezych Lubelskiej Spoldzielni Uslug Mleczarskich w Lublinie),
Poland. Poland. All markings were performed in accordance with applicable Polish standards.
A detailed list of the standards and testing procedures used is presented in the Table I.

Table 1, Standards and procedures used in wastewater analysis

Parameter Research method Polish Standards Numbers Unit

PN-ISO 5667-6:2016-12 (PN-ISO
St 5667-10:2021-11 Warter quality -
- am 1 -
s Sampling — Part 10: Guidance on

waste water sampling)

PN-EN ISO 10523:2012 (PN-EN
pH Potentiometric method ISO 10323 :2012 Water quality - -

Determination of pH)

PN-EN 872:2007 + Ap1:2007 (PN-
EN 872:2007/4p1:2007 Water
General suspension Weight method quality - Determination of mg/l
suspended solids - Method by
[iltration through glass fibre filters)
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PN-ISO 15705:2005 (PN-ISO
15705:2005 Water quality -
CoD Spectrophotometric method Determination of the chemical mg O/l
oxveen demand index (ST-COD) -
Small scale sealed-tube method)

PN-EN 5815-1:2019-12 (PN-EN
5815-1:2019-12 Water quality -
Determination of biochemical
BODs Electrochemical method oxvgen demand after n days mg O/l
(BODn) - Part 1: Dilution and
seeding method with allvlthiourea

addition)

PN-EN ISO 6878:2006 p.7
+Apl: 2010 + Ap2:2010 (PN-EN

ISO 6878:2006 Warter quality —

Total phosphorus Spectrophotometric method Detormination of phosphois —

mg/l

Spectrometric method with

ammonium molybdare)

PN-ISO 7150-1:2002 (PN-ISO
y : - 7150-1:2002 Water quality -
Ammonium nitrogen Spectrophotometric method mg/l
Determination of ammonium - Part

1: Manual spectrometric method)

PN-82/C-04576.08 (PN-82/C-
04576.08 Water and waste water -
. . - Tests for content of nitrogen
Nitrale nitrogen Spectrophotometric method : mg/l
compounds — Determination of
nitrate nitrogen by colorimetric

method with sodium salicilate)

PN-EN 26777:1999 (PN-EN
- 267771999 Water quality -
Nitrite nitrogen Spectrophotometric method ; mg/l
Determination of nitrite -

Molecular absorption
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spectrometric method (15O
6777:1984))

Total nitrogen Calculation method PB/POS/06 wyd.1 2 01.07.2011 1,

PN-EN ISO 7027-1:2016-09 ( PN-
ENISO 7027-1:2016-09 Water

Turbidity Nephelometric method quality — Determination of

turbidity - Part 1 Quantitative
methody (ISO 7027-1:2016))

PN-EN 27888:1999 (PN-EN
27888:1999 Water quality -

Electrical conductivity Conductometric method puS/em

Determination of electrical

conductivity)

PN-EN ISO 9963-
1:2001+Ap1:2004 (PN-EN ISO
9963-1:2001+Apl:2004 Water

Total alkalinity Titration method quality - Determination of mmol/|

alkalinity - Part 1: Determination
of total and composite alkalinity
(ISO 9963-1:1994))

To accurately represent the obtained results, selected statistical measures were calculated,
including the arithmetic mean, median, standard deviation, coefficient of variation, and
maximum and minimum values. The coefficient of variation is defined as the ratio of the
standard deviation to the mean value,

The average concentrations of the analyzed pollutant indicators in the wastewater flowing
into the P-filter from the hybrid constructed wetland system (Ciy) and in the wastewater after
treatment by the P-filter (Cyy) were used to calculate the average pollutant removal efficiency
(1)), according to Equation (1):

n =C‘"C—#‘-* 100% (1)
"
The measurement series were tested for normality using the Shapiro-Wilk model. The effect of
the P-filter was statistically determined using the Student's t-statistic for the normally
distributed series, and the Wilcoxon test (a nonparametric test for dependent samples) for the
nonnormally distributed series. Both the Wilcoxon test and the Student's t-test were performed
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using Statistica NIBCO v. 13. All statistical tests were considered significant at « = 0.05. The
linear correlation coefficient between the wastewater flow rate through the P-filter and the

removal efficiency of selected pollutants was also determined using Statistica NIBCO v, 13,

3. Results

3.1. Phosphorus removal efficiency

Total phosphorus concentrations in wastewater flowing into and out of the full-scale
filter at the Biatka wastwater treatment plant were measured from January 2023 to July 2025.
These results were supplemented with those from 2022, following filter modernization
(Zawadzka et al., 2023), when the filter's impact on changes in phosphorus concentrations was
tested. Selected statistical results are presented in Table 2, while Figure 2 presents the vanation
in total phosphorus concentrations in wastewater flowing into and out of the filter thronghout
the study period.

Table 2. Basic statistical parameters of total phosphorus concentrations in wastewater at the
inlet and outlet of the filter filled with Rockfos™ material (V 2022-VII 2025)

Statistical measures Average
Average | Median [ Min [ Max | SD ov || SHeiency,
[mg/l] [%] [%]
Inflow 3.66 3.26 0.13 7.04 282 77.06 P
Outflow | 2.10 1.80 0.11 12.20 1.72 81.91
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Figure 2. Total phosphorus concentrations in wastewater at the inlet and outlet of the Rockfos™

filter across all months of the study period.

During the study period (May 2022-July 2025), the wastewater inflowing to the filter
filled with Rockfos® material was characterized by a mean total phosphorus concentration of
3.66 mg/l. The observed values ranged from 0.13 to 7.04 mg/l. In the analyzed case, the median
was 3.26 mg/l, slightly deviating from the mean. Despite the high variability of the data within
the set, extreme values did not significantly impact the mean value; the data distribution was
nearly symmetrical. However, a standard deviation (SD) of 2.82 mg/l and a coefficient of
variation (CV) of 77.06% still indicate moderate variability in the composition of raw sewage
with respect to phosphorus content. These indicators confirm that, despite the lack of significant
deviations from the average values, the influent wastewater was not homogeneous. In the case
of outflowing sewage, a significant improvement was noted — the mean concentration of total
phosphorus was 2.10 mg/l, with a standard deviation of 1.72 and a coefficient of variation (CV)
of 81.91%, The median (1.80 mg/l) was close to the mean, confirming the lack of significant
deviations from a symmetrical distribution.

There are few research results in the literature regarding the use of Rockfos” material at
full technological scale, The achieved level of phosphorus removal efficiency of the P-filter
(42.59%) during its 3-year operation was significantly lower compared to field studies

conducted by other authors using filter media made of opoka (Nilsson et al., 2013; Renman,
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2008:; Renman & Renman, 2010; Vidal et al., 2018), Pytka-Woszczyto i in. (2022) analyzed the
performance of filters with Rockfos” material under real-world conditions in two wastewater
treatment plants. The achieved total phosphorus removal efficiency ranged from 34% to 45%
at the Kosobudy wastewater treatment plant. At the Stare Zalucze wastewater treatment plant,
the same authors observed significantly higher phosphorus removal efficiency in the first year
of operation, reaching 82%. However, in the second and third years, this value dropped to 36-
40%. In Kosobudy and Stare Zalucze, classic gravity-flow filters were used, while in Bialka, a
variable, meander-flow filter was used. These results are slightly higher than those obtained
during the initial period of meander filter operation, described by Zawadzka et al.(2023). It's
worth noting that the tests were conducted on the same meander filter, with the filter bed
unchanged. This indicates that the filter design, which forces a meander flow, provides a real
and stable effect on phosphorus removal from wastewater. Extending the flow path through the
filter bed, and thus the contact time with the filter bed, creates favorable conditions for
phosphorus binding and more fully utilizes the somption capacity of the Rockfos™ material. The
tests also demonstrated the good durability of the Rockfos™ material over many years of filter
operation, The filter bed in the analyzed filter has been operating since 2020. Initially, it
operated as a horizontal-flow bed, and in May 2022, as a meander-flow bed. The efficiency of’
the meander filter remained stable throughout its operation, and even increased above average

in the last year.

Table 3. Basic statistical parameters of total phosphorus concentrations in wastewater at the
inlet and outlet of the Rockfos™ filter ( VIII 2024-VII 2025)

Avernige
Min | Max Average Median | SD | €V %] °'T'f,i:'l"°’ & Spudenta
Total In 154 | 122 6.22 6.13 2.69 4324 NO—
phosphorus 57.87 pl=-0—605-’
[mg/1] Out | 037 | 5.26 2.62 245 1.56 59.58 o

Statistical analysis of total phosphorus concentrations in wastewater entering the
Rockfos® filter using Student'’s t-test indicated that the differences between the compared
parameters were statistically significant (p<0.05). This result demonstrates the P-filter's impact
on reducing phosphorus content in wastewater and supports its use in reducing eutrophication

of receiving waters.,
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3.2. Seasonal variability of total phosphorus concentrations

Due to the touristic nature of the commune and the significant increase in wastewater
flowing into the treatment plant during the summer holidays, the effectiveness of the Rockfos®™
filter in removing total phosphorus was analyzed in different seasons. Characteristic statistical
values were calculated for the months of spring, summer, autumn, and winter, including:
minimum, maximum, mean, median, standard deviation (SD), coefficient of variation (CV),
and total phosphorus removal efficiency (Table 4). For each season, three measurement series
were assigned, performed on the appropriate dates between August 2024 and July 2025. The
spring period covered the months of March-May, the summer period: June-August, the autumn
period: September-November, and the winter period: December-February. To highlight the
impact of sewage inflow variability and evapotranspiration rates, the average sewage flow rates
entering the P-filter in individual months were taken into account (Figure 3), which enabled the

assessment of the impact of hydraulic conditions on the efficiency of treatment processes.

— g TV — A ipye TP OAN
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Figure 3. Average monthly concentrations of total phosphorus (TP) at the inflow and outflow
from the P-filter and the average sewage inflow intensity in individual months (VIII 2024 -VII
2025)

During the spring period. the mean concentration of total phosphorus in the influent to
the P-filter was 6.78 mg/l, with a range from 6.26 to 7.70 mg/l. The median was close to the
mean (6.39 mg/l), suggesting a relatively symmetrical data distribution, The standard deviation
was (.65 mg/l, and the coefficient of variation (CV) was 9.62%, indicating low variability in

the wastewater composition. In the treated wastewater, the mean concentration decreased to

Avernge mlly of wastwaler (o the P.ailtr, m’/d
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1.70 mg/l, and the treatment efficiency during this period was 74.86%, which resulted from
moderate wastewater flows (approximately 5.9-7.3 m¥/d). The coefficient of variation of
phosphorus concentration in the effluent was high (42.06%), indicating some variability in
system performance, but overall high efficiency.

During the summer period, higher total phosphorus concentrations were observed in the
influent wastewater, with both the mean and median values equal to 5.75 mg/L, indicating a
symmetrical distribution of the data. The standard deviation reached 2.02 mg/1, and the CV was
33.93%, indicating moderate variability in wastewater composition. The outflow wastewater
contained an average of 3.67 mg/l of phosphorus, and treatment efficiency during this period
was lower -46.52%, The high coeflicient of variation in the outflow (40.40%) is worth noting,
mdicating instability of the treatment process in summer conditions, which may be the result of
high temperatures, intense evaporation, or variable inflow characteristics. This was likely
caused by high flow rates (up to 14-15 m'/d), which reduced the contact time of the wastewater
with Rockfos™ material and consequently decreased the phosphorus sorption efficiency.

In autumn, lower phosphorus concentrations were recorded in the influent — an average
of 4.02 mg/l, with a large scatter of data (CV = 50.37%). The median was equal to the mean
(4.02 mg/l), indicating a relatively symmetrical distribution, although the high CV suggests the
occurrence of individual outliers. After treatment, the concentration decreased to 2.14 mg/l, and
the efficiency was 46.77%. The coefficient of variation in the effluent was very high (67.53%),
indicating high process instability in autumn.

During winter conditions, the mean concentration of total phosphorus in the influent
was 6.64 mg/l, with moderate variability (CV = 25.50%). The median was equal to the mean
(6.64 mg/l), confirming the symmetrical data distribution. In the outflow, the phospherus
concentration decreased to 1.01 mg/l, and the treatment efficiency was 72.82%. The CV in the
outflow was high (86,78%), indicating high process variability during winter conditions;
however, the treatment efficiency remained high.

The obtained results indicate that both seasonality and hydraulic conditions have a
significant impact on the performance of the P-filter with Rockfos™ material.
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Table 4. Basic descriptive statistics of total phosphorus concentrations in wastewater at the inlet
and outlet of the Rockfos™ filter, depending on the season

Min | Max | Average | Median | SD cv Average

Season eff.
mg/l |%] (%]
Inflow 6.26 | 7.70 6.78 6.39 0.65 9.62
SPRING 74.86
Outflow | 0.69 | 2.24 1.70 2.18 0.72 | 42.06
Inflow | 3.58 | 8.51 5.75 5.75 2,02 | 3393
SUMMER 46.52

Outflow | 148 | 445 3.67 3.67 1.28 | 4040

Inflow | 1.54 | 6.50 4.02 4.02 202 | 5037
AUTUMN 46.77
Outflow | 0.37 | 3.91 214 2.14 1.45 67.53

WINTER Inflow | 443 | 850 6.64 6.64 1.66 | 25.50 2.8

Outflow | 0.39 | 3.92 1.01 1.01 1.54 | B6.78

Phosphorus sorption isotherm tests on the Rockfos™ material conducted in laboratory
conditions showed a high sorption capacity of the material at higher temperatures (in the
suggested summer conditions) (Zawadzka ct al., 2024b).

3.3. pH variability

The Rockfos” material used in this research is a burnt opoka under appropriate
temperature conditions (Bus & Karezmarczyk, 2014; Cucarella et al,, 2007), Due to the high
content of CaO, as presented in chapter 2.1, the rock is characterized by a strong alkalization
of the solution, which results in an increase in pH to high values, above 10 and even above 11
(Brogowski & Renman, 2004; Cucarella et al., 2007; Gubernat et al., 2020; Kasprzyk &
Gajewska, 2019: Kasprzyk et al.. 2018b; Pytka-Woszezylo et al., 2022: Vohla et al., 2011).
Despite its high phosphorus removal efficiency, raising the pH to such high levels weakens the
material's potential for wastewater treatment, Legislative requirements (Regulation of the
Minister of Maritime Economy and Inland Navigation of July 12) require wastewater
discharged into the environment to have a pH of 6.5 + 9.0. Previous publications (Kasprzyk &
Gajewska, 2019) show that pH decreases with time. Kasprzyk and Gajewska (2019) showed
that with an initial pH value of approximately 12.5, after approximately 120 hours of the
experiment the pH decreased to a value below 10, and after approximately 240 hours to below

9.0, showing occasional small fluctuations.
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For this reason, this study paid particular attention to pH changes under natural
conditions, taking into account any variability resulting from wastewater treatment plant

operation. Measurement results throughout the study period are shown in Figure 4.
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Figure 4. Monthly pH values of wastewater at the inlet and outlet of the Rockfos® filter

The locations of the measurement points shown in Figure 4 indicate that an increase
in pH was indeed observed during flow through the tested material. Initially (May 2022) it
reached a value of approximately 10.5, but during subsequent tests the pH decreased
significantly (Zawadzka et al, 2023), By June, the pH had already dropped to
approximately 9.7, and by October 2022, it had permanently decreased to below 9.0. From
that month until the end of the study. the pH was within the acceptable range for wastewater
discharged into the environment. From mid-2023, the pH measurement points before and
after the filter became significantly closer together, and from mid-2024, the filter's impact
on pH changes was so negligible that it can be considered unchanged.

Most  scientific publications indicate the existence of a positive
relationship/correlation between the efficiency of phosphorus removal from wastewater and
the pH of the filtrate (Pytka-Woszezylo et al., 2022: Renman & Renman, 2010; Vidal et al.,
2018; Zawadzka et al., 2023). Analysis of the results of this long-term study indicates that
strong alkalization of the environment is not a necessary condition for effective phosphorus
removal. A decrease in filtrate pH did not reduce phosphorus removal efficiency, and in the
last year of the study, it was even higher than the average for the entire period. In this

situation, 1t can be concluded that the mcreased contact ime between wastewater and the
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sorption material may have been more significant, as also suggested by Vidal. et al. (2018).
In the case of this study, this effect could be caused by the meandering flow of wastewater
in the filter. Nilsson et al, (2013) found no correlation between phosphorus removal rate and

pH under low BODs conditions of the wastewater entering the filter.

Table 35, Basic statistical parameters of pH in wastewater at the inlet and outlet of the Rockfos™

filter. (VIII 2024-VII 2025)

Min Mix Average Median sD 1- Students
In 7.00 7.80 7.46 7.60 0.23 £=2073
H p=0038
' <0.05
Out | 7.40 8.10 7.67 7.70 0.23

The average pH was calculated as the negative logarithm of the average hydrogen ion
concentration [H'], taking into account the logarithmic nature of the pH scale. The
normality of the distribution of results was verified using a paired Student's t-test, which
showed that the pH differences between the filter inlet and outlet were statistically
significant (p = 0.038).

In terms of pH, a slight increase was observed between August 2024 and July 2025.
The average pH at the inlet to the P-filter was 7.46, while at the outlet it was 7.67 (Table 5).

3.4. Contaminant removal efficiency of the P-filter under operating conditions

Table 6 presents basic descriptive statistics {minimum, maximum, median, mean,
standard deviation, and coefficient of variation) as well as the treatment efficiency for selected
pollutant indicators in the influent and effluent of the filter, based on data collected from August
2024 to July 2025, Additionally, the table includes the results of the Student’s t-test for
dependent samples, used to assess the statistical significance of the filter's impact on

wastewater quality parameters. Figure 5 presents the dynamics of the concentrations of the

physicochemical pollutants studied during the aforementioned study period.
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Table 6. Basic descriptive statistics of physicochemical parameters in wastewater at the inlet

and outlet of the Rockfos™ filter
Average
’ y = efficiency | t-Studenta
Min Max Averiage Median SD CV [%] (%] p-Valne
Generu m | 10 30 17.25 1550 | 619 | 3590 | oo | . oo
pen = 0.005°
(mg1) ow| 56 | 17 10.89 1000 | 3.23 | 2067 :
. m | 30 82 63.13 6225 | 1247 | 1975 | s
=0.575
mg O Ou | a4 95 58.75 5550 | 13.71 | 2334 g28
e In 8 30 16.29 1350 | 656 | 4026 | o | oo
g sl ouw | 7 16 10.46 1000 | 239 | 2288 p=00l3
Ammonim: | In | 1270 | 41,60 24.82 2305 | 818 | 3295
nitrogen = =
(mg/] ou | 12.00 | 37.30 24.20 2395 | 730 | 3016
I : : : ; g 5
Nitite niwogen | ™ | 09 | 098 0.33 022 | 033 | 10208 | -
g/} ou | 015 | 046 0.29 030 | 008 | 2772
-y In | 021 | 29.40 8.86 848 | 7.96 | 89.85
Nitrate nitrogen i
[mg/l)
ou | 132 | 27.40 10.64 880 | 748 | 7033
i g § 2 : ; 3
Toustnitogen | ™ | 2590 | 103.00 54,90 53.75 | 1890 | 34.42 | we0ass
[mg/l] : p=0.799
ou | 21.30 | 83.70 4482 4430 | 1568 | 34.98
Electrical In | 1264.0 | 2198.0 1861.1 1915.3 | 268.11 | 14.41 1975 2= 2803
conductivity n=0005"*
[pSiem] Out | 1013.0 | 1901.0 14936 14935 | 243.27 | 16.29 g
—_— m | 621 | 167 10.89 OOl Nl e e—
o =0013
INTU) ou | 478 | 94 7.02 708 | 134 | 19.07 L
Toval alkatniey | ™ | 799 | 1630 12.50 1295 | 252 | 2016 sy | 220
[mmaol] : p =000 *
ou | 470 | 10000 7.55 825 | 18 | 2414

* Statistically significant differences between parameter values for wastewater before and treated wastewater

Jest dla par obserwacji t-Students” — obszar krytyezny R= (-, -2,764).4(2,764, =)
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Figure 5. Dynamics of changes in the values of the tested physicochemical parameters (A-G)

at individual stages of purification throughout the entire study period

During the study period, the inflowing wastewater to the Rockfos™ filter contained total
suspended solids (TSS) at an average concentration of 17.25 mg/l with observed values ranging
from10-30 mg/l, while the outflowing effluent from the treatment plant ranged from 5.6-17
mg/l, with an average of 10.89 mg/l. The median for TSS was 15.50 mg/l for the effluent before
the filters and 10.00 mg/l for the effluent after the filters. The P-filter achieved a 37% reduction
efficiency for TSS. A similar effect was observed for turbidity, which decreased on average
from 10.89 to 7.02 NTU, with an efliciency of 35.51%. This indicates the P-filter’s ability to
retain suspended and colloidal particles, which positively impacts effluent clanity,

Chemical oxygen demand (COD) in the wastewater entering the P-filter ranged from 39
o 82 mg O2/], while in the wastewater outlet from the treatment plant it ranged from 44 1o 95
mg O/l Average COD concentrations were 63.13 and 58,75 mg O2/1. respectively, Biological
oxygen demand (BODs) values upstream of the P-filter ranged from 8 to 30 mg O2/1 and 7 to
16 mg O:/1 downstream. Average BODs concentrations for wastewater before and after the P-
filter were 16.29 and 10.46 mg Ou/1, respectively. The average efficiency of reducing biological
oxygen demand by the filter filled with Rockfos™ material was 35.81%, while for chemical
oxygen demand it was only 6.93%. This is a relatively low value, but since the P-filter is
designed to remove phosphorus compounds, its low efficiency in reducing organic pollutants is
expected. This indicates that the P-filter is not designed to climinate organic substances,
although some improvement in wastewater quality in this regard was observed.

The effects on nitrogen compounds were variable. Ammonium nitrogen did not show
significant changes, and its average concentration remained similar (approximately 24.2-24.8
mg/1). Nitrite nitrogen, on the other hand, was reduced by only about 12%, from 0.33 to (.29
mg/l, which may indicate partial transformation of this compound under filtration conditions.
Nitrate nitrogen was not effectively reduced; the average concentration increased slightly (from
8.86 to 10.64 mg/l1). Total nitrogen decreased only by 18.37%, indicating that the P-filter is not
an effective tool for reducing total nitrogen content in wastewater,

The literature lacks results analyzing the effect of P-filters on physicochemical
parameters of wastewater. The obtained values of total suspended solids, chemical oxygen
demand (COD), and biochemical oxygen demand (BODs) are within the limits specified in the
Regulation of the Polish Minister of Maritime Economy and Inland Navigation of
2019(Regulation of the Minister of Maritime Economy and Inland Navigation of July 12).
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According to the regulation, pollutant concentrations for domestic sewage discharged from
wastewater treatment plants <2000 RLM cannot exceed 50 mg/l for total suspended solids, 150
mg O] for COD, and 40 mg O:/1 for BODs. According to these standards, the results obtained
for both wastewater before and after P-filters are within the lmits, with average values
significantly lower than the maximum possible values.

Analysis of the results showed that the P-filter affected wastewater quality, A paired t-
test showed statistically significant differences for total suspended solids (p = 0.005), BODs (p
= 0.015), conductivity (p = 0.005), turbidity (p = 0.013). and alkalinity (p = 0.005). However,
no statistical differences were found for COD and total nitrogen. Nitrogen fractions, i.e.. N-
NH.*, N-NO:", and NOj3". were not analyzed because nitrogen transformations occur during
wastewater treatment processes, causing the concentrations of individual forms to change.
Ammonification processes transform organic nitrogen into ammonium nitrogen, which, under
favorable oxygen conditions, can be converted into nitrite nitrogen and then nitrate nitrogen.
These processes depend on other parameters, so their concentrations may increase or decrease
in different months.

Between August 2024 and July 2025, low correlations were found between wastewater
flow rate through the filter and pollutant removal efficiency. For total phosphorus, the
correlation coefficient was -0.250, for total nitrogen -0.176, and for suspended solids 0,.264: for
BODs 0.019 and COD 0,236, A particularly important parameter that guided this study was
phosphorus removal, Removal of this indicator exhibits a relatively low negative correfation,
which indicates that increasing wastewater flow during tourist periods negatively impacts
phosphorus retention, resulting from the shorter retention time of wastewater within the filter
bed.

The significance of the correlation coefficients was checked by verifying the null
hypothesis of non-absence of correlation by determining the critical value of the linear
correlation coefficient for the two-sided critical region. For @ = 0.01 and the number of
measurements n = 12, the critical value is 0.708. This indicates that the absolute value of the
correlation coefficient is greater than the critical value, and therefore the null hypothesis is

rejected, meaning that the correlation is statistically significant.
4. Discussion

The location of the tested P-filter at the final stage of the treatment plant's technological

process is, in the classical sense, the final stage of wastewater treatment, allowing for the best
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possible final effect. The filtration process using Rockfos™ material was designed to reduce
phosphorus concentration in treated wastewater, This material contains a significant proportion
of elements potentially reactive to phosphorus, including caleium, silicon, aluminum, and
magnesium (Walczak et al.,, 2025), it has a non-homogeneous structure (Pinifska, 2008)
therefore subsequent batches of material may have different adsorption efficiency (Bus &
Karczmarczyk, 2014; Karczmarczyk et al,, 2017; Zawadzka et al., 2024a; Zawadzka et al.,
2024b). The effectivencess of phosphorus binding has been confirmed by many empirical studies
(Bus & Karczmarczyk, 2014; Jozwiakowski, 2012; Pytka et al., 2013; Renman & Renman,
2010; Zawadzka et al., 2023).

Research in real facilities is particularly important, as the overall efficiency of
wastewater treatment is influenced by fluctuations in the quantitative and qualitative parameters
of incoming wastewater, temperature resulting from natural seasonal changes. the research
phase, and, in the case of constructed wetlands, also rainfall. This is confirmed by the research
of Kasprzyk et al, (Kasprzyk et al., 2018a), who in their studies of the LMB — Phoslock™ mineral
showed that the mineral’s absorption capacity in laboratory conditions was 4.31 mg P/g, and in
real conditions 2.09 mg P/g, i.e. it was about 50% lower. The phosphorus removal efficiencies
obtained in these studies are variable; in spring, the efficiency was 61.89%, in summer 19.46%,
in autumn 40.55%. and in winter 51,44%. The lower phosphorus removal efficiency achieved
by the P-filter in summer conditions may be due to two phenomena, Due to the touristic nature
of the commune, recreational centers intensify their activity during the summer, which
contributes to increased sewage inflow. The average daily sewage flow through the P-filter in
the spring is 4.3 m%/d, while in the summer it reaches 10.1 m¥/d. The impact of this phenomenon
is possible and relatively easy to identify, but the second phenomenon in technical-scale
facilities is much more difficult to precisely determine. In constructed wetlands, with intensive
plant growth and high temperatures, high evapotranspiration results in a significant decrease in
the amount of sewage discharged from the treatment plant and its concentration. This effect is
compounded by the influence of more or less intense rainfall, as studied by Myka-Raduj et al.
(2024). As a result, these phenomena may contribute to demonstrating a lower degree of
pollutant reduction. The increase in electrolytic conductivity values between VI-VIII 2025 r.
may confirm the above reasoning. The specific nature of constructed wetland operation, and
particularly the dependence on seasonal conditions, does not correlate with the observations of
Jucherski et al, (2022), who noted that a decrease in air temperature resulted in an increase in
phosphate concentration in wastewater {lowing from the filter. They demonstrated that a 1°C

decrease in wastewater temperature caused a 0.30 mg/! increase in P-POs™ concentration in
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treated wastewater filtered through Rockfos™ material. These observations seem logical, as
temperature undoubtedly influences the chemical and biological processes occurring in filter
beds. However, these studies used wastewater treated in a biological bed, so the influence of
evapotranspiration and rainfall was not present in this case. Dissolved phosphorus compounds,
particularly orthophosphates, react with calcium ions, resulting in the formation and
precipitation of calcium phosphate minerals. The phosphorus removal mechanism involves two
main processes: adsorption and precipitation, which are significantly influenced by pH, and
sorption efficiency increases with increasing temperature (Bouamra et al., 2018).

The pH of the wastewater entering the filter was neutral, with a range of 6.33 to 7.8,
while the pH in the outlet wastewater was significantly higher, Initially, it increased to 10.5, but
after a month, it dropped to 9.7 (Zawadzka et al., 2023) and continued to decline. After five
months, the pH dropped permanently to below 9.0, and after a year, pH readings approaching
8.0 were observed, with minor fluctuations. Long-term studies (approximately 6 years)
conducted at two different small constructed wetland treatment plants treating domestic sewage
show that for an initial period of approximately 1.5 years, pH values showed significant
differences between the outlet and inlet, but after that time, they converged, with the pH in the
outlet fluctuating within the range of 7-8 (Pytka-Woszczylo et al., 2022). This is likely due to
the decreasing share of calcium compounds. This reasoning may be supported by the observed
fluctuations in phosphate concentration in the outflow after approximately 3 years, especially
since there was a slight upward trend ( Pytka-Woszezylo et al,, 2022).

Long-term operation of mineral-filled filters will always promote the growth of
microorganisms on the grain surface, which facilitates the decomposition of organic
compounds. In the case of final filters, as in this case, this phenomenon is not very significant,
as biologically treated domestic sewage in constructed wetlands does not exhibit high BODs
and COD values, and therefore, significant changes in nitrogen compound concentrations are
not expected. As reported Koficzak et al. (2020) effective denitrification occurs at a high COD
to total nitrogen ratio COD/N=7, while BODs/Nyy <2.5 a clear inhibition is observed, so the
supply of easily decomposable compounds is particularly important.

The analysis of various literature reports focusing on the research on the effect of
temperature (seasons) on the performance of phosphorus removal filters, especially filters with
opoka-based media, allows us to conclude that the research phase is of significant importance.
In the initial period, casily accessible calcium in the surface layers of the opoka causes very
rapid binding with phosphates, resulting in significant decreases in phosphorus compounds in

the sewage flowing from the treatment plant. This 1s such a strong effect of the opoka that
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regardless of the season, the phosphorus removal effects are high, which also results in
significant increases in the pH of these wastewaters, Only after several months, and sometimes
evena year, a gradual reduction in the pH difference between the inlet and outlet of the P-filter
becomes noticeable, which may be influenced by, among others, temperature, microorganism
activity and other factors. Therefore, the results obtained in the initial period of research,

depending on the date of commencement, are not always consistent with the literature reports,

5. Conclusions

The use of a meander filter with Rockfos® media demonstrated an increase in the overall
efficiency of wastewater treatment in the analyzed treatment plant. A particularly significant
reduction in pollutant concentrations in the treated wastewater was observed for phosphorus,
which is bound in the media through adsorption and ion exchange processes. The average
phosphorus removal efficiency in the meander filter with Rockfos™ media was 44.43%, slightly
higher than that observed during the initial tests (Zawadzka et al., 2023). This indicates a
significant filter lifespan and the ability to maintain high efficiency during long-term operation,
especially since in the last year of testing the phosphorus removal efficiency was approximately
60%. As a result of flow through a porous material (Rockfos™), the operation of such a filter
also resulted in a reduction in the concentrations of certain indicators, such as suspended solids,
some organic compounds measured by COD and BODs, and the transformation of nitrogen
compounds. A reduction in wastewater turbidity and conductivity was also observed. The
increase in pH and total alkalinity resulted from the influence of the Rockfos" material
components, which was also demonstrated in previous publications.

Statistical analysis showed a significant effect of P-filter on pH., turbidity. conductivity,

and changes in phosphorus concentrations, total alkalinity, and BODs<. No significant effect was
found on total nitrogen and COD.
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manuskryptu, analize formalng i nad=or mervtoryezny, ud=zial w odpowied=iach na recenzje.

(P3) Beata Zawadzka, Michal Marzec, Tadeusz Siwiec, Krzysztof Jozwiakowski (2024).
Effect of Rockfos® Material Granulation on Phosphorus Sorption Kinetics, Advances in
Science & Technology Research Journal 18.8. https://do1.org/10.12913/22998624/194128.

Moj wkiad w publikacje obejmowal: udzial w opracowaniu kencepcji pracy i metodvki
badan, obliczenia statystvezne, wspoltworzenie orvginalnej wersji manuskyptn, analize
Jormalng { nad=6r mervioryezny, ud=zial w odpowied=iach na recenzje.
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(P4) Beata Zawadzka, Tadeusz Siwiec, Michal Marzee, Krzysztof Jozwiakowski, Agnieszka
Listosz (2023). Meandening Flow Filter for Phosphorus Removal as a Component of Small
Wastewater Treatment Plants—A Case Study. Water 15.15:2703.
https://doi.ore/10.3390/w15152703.

Moj wkiad w publikacje ebejmowal: ud=ial w opracowaniv kencepcji pracy i metodyki
badarn, obliczenia statystyczne, wspoltworzenie pierwszej wersii manuskrypiu, analize
Jormaing i nad=or merytorvezny, ud=ial w odpowied=iach na recenzje.

(PS) Beata Zawadzka, Michal Marzec, Tadeusz Siwiec, Krzysztof Jozwiakowski, Agnieszka
Listosz (2025). Pollutant removal efficiency in a meander flow filter applied in the outflow
of a constructed wetland wastewater treatment plant — a case study. Journal of Ecological
Engmeermng. DOI 10.12911/22998993,211435. (publikacja w druku).

Moj whlad w publikacje obejmowal: ud=ial w opracowaniu koncepcji pracy i metodyki
badan, obliczenia statystvezne, wspoltworzenie orvginalnes wersji manuskpin, analize
Sormalng 1 nadzér merviorvezny, pelniente fimkeii antora korespondencyinego, udzial
w odpowied=iach na recenzje.
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Lublin, 29.09.2025 r,

dr hab. inz. Michal Marzec, prof. uczelni
Katedra Inzynierii Srodowiska
Uniwersytet Przyrodniczy w Lublinie
ul. Leszezynskiego 7, 20-069 Lublin
michal.marzec@up.lublin.pl

Rada Dyscypliny Inzynieria Srodowiska,
Gornictwo i Energetyka
Uniwersytetu Przyrodniczego w Lublinie

Oswiadczenie o wspoélautorstwie

Ninigjszvm oswiadczam, Ze w pracach!

(P1) Beata Zawadzka, Tadeusz Siwiec, Michal Marzec (2023). Zastosowanie opoki
i pochodnych do usuwama fosforu ze Sciekow— przeglad literatury, Instal.
http://dx.doi.org/10.361 19/15.2023.7-8.8.

Moj wktad w publikacjie obejmowal: wdzial w opracowaniu koncepcji pracy, analiz¢
Sformalng oraz redakcjg i edveje manuskryptu, udzial w odpowied=ziach na recenzje.

(P2) Beata Zawadzka, Tadeusz Siwice, Reczek Lidia, Michal Marzee, Krzysztof

Jozwiakowski (2024). Modeling of Phosphate Sorption Process on the Surface of Rockfos®

Material  Using  Langmuir  Isotherms. Applied Sciences (2076-3417) 14.23.
s://doi 33 231009

Moj whlad w publikacie obejmowal: wdzial w redakeji tekstu manuskryptue, analize formalng
i nadzor merytoryezny, udzial w odpowiedziach na recenzje.

(P3) Beata Zawadzka, Michal Marzec, Tadeusz Siwiec, Krzysztof Jozwiakowski (2024).
Effect of Rockfos® Material Granulation on Phosphorus Sorption Kinetics. Advances in
Science & Technology Rescarch Journal 18.8. hups://doi.org/10.12913/22998624/194128.

Moj wklad w publikaci¢ obejmowal: udzial w opracowaniu koncepcji pracy, wspoltworzenie
orvginalnej wersji manuskrypte, analiz¢ formalna i nadzér merytorvezny, pelnienie funkcji
autora korespondencyjnego, udzial w odpowiedziach na recenzje.
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(P4) Beata Zawadzka, Tadeusz Siwiec, Michal Marzec, Krzysztof Jozwiakowski, Agnieszka
Listosz (2023). Meandering Flow Filter for Phosphorus Removal as a Component of Small
Wastewater Treatment Plants—A Case Study. Water 15.15:2703.
https://doi.org/ 10.3390/w15152703.

Mdj wkiad w publikacjg obejmowal: udzial w opracowaniv koncepcii pracy, analiza
i interpretacia wynikow, wspoltworzenie pierwszej wersji manuskryptu, analize formaing i
nadzir merytoryczny, pelnienie funkcji autora korespondencyinego, udzial w odpowiedziach
na recengje.

(P5) Beata Zawadzka, Michal Marzec, Tadeusz Siwiec, Krzysztof Jozwiakowski, Agnieszka
Listosz (2025). Pollutant removal efficiency in a meander flow filter applied in the outflow
of a constructed wetland wastewater treatment plant — a case study. Journal of Ecological
Engineering. DOI 10,1291 1/22998993/21 1435. (publikacja w druku).

Moj wklad w publikacje obejmowal: wspoltworzenie orvginalnej wersji manuskryptu,

analizg formalng [ nadzor meryvtoryezmy,
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Lublin, 29.09.202571.

prof. dr hab. in2. Kizysztof Jézwiakowski
Katedra [nzynierii Srodowiska
Uniwersytet Przyrodniczy w Lublinie

ul. Leszezynskiego 7, 20-069 Lublin
krzysztof jozwiakowski@up. lublin.pl

Rada Dyscypliny Inzynieria Srodowiska,
Gornictwo i Energetyka
Uniwersytetu Przyrodniczego w Lublinie

Oswiadczenie o wspélautorstwie

Niniejszvin oswiadc=am, Ze w pracach:

(P2) Beata Zawadzka, Tadeusz Siwiec, Reczek Lidia, Michal Marzec, Krzysztof
Jorwiakowski (2024), Modeling of Phosphate Sorption Process on the Surface of Rockfos®
Material Using Langmwr Isotherms. Applied Sciences (2076-3417) 1423,
https://doi.org/10.3390/app 142310996

Moj whklad w publikacie wyniost 5% 1 obeymowal: pelmenie funkcii  autora
" P JE W Zf P J
korespondencyinego, udzial w redakeji tekstu manuskyvptu, nad=or merviorvezny, udzial w
odpawiedziach na recenzje.

(P3) Beata Zawadzka. Michal Marzec. Tadeusz Siwiec, Krzysztof Jézwiakowski (2024).
Effect of Rockfos® Material Granulation on Phosphorus Sorption Kinetics. Advances 1
Science & Technology Research Journal 18.8. https://doi.org/10.12913/22998624/194128.

Moj wilad w publikacje wyniésl 5% i obejmowal: udzial w redakeji tekstu manuskryptu,
nadzér mervtoryczny.

(P4) Beata Zawadzka. Tadeusz Siwiec, Michat Marzec, Krzysztof Jozwiakowski, Agnieszka
Listosz (2023). Meandering Flow Filter for Phosphorus Removal as a Component of Small
Wastewater Treatment Plants—A Case Study. Water 15.15:2703.
https://do1.org/10.3390/w15152703.

Moj whiad w publikacje wyniost 5% i obejmowal: ud=ial w redakeji tekstu manuskrvpu,
nad=or merytoryezny, udzial w odpowied=ziach na recenzje.
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(PS) Beata Zawadzka, Michal Marzee, Tadeusz Siwiee, Krzysztof Jozwiakowski, Agnieszka
Listosz (2025). Pollutant removal efficiency m a meander flow filter applied i the outflow
of a constructed wetland wastewater treatment plant — a case study. Journal of Ecological
Engineering. DOI 10.12911/22998993/211435. (publikacja w druku).

Moj wklad w publikacje wynios! 5% i obejmowal: ud=ial w redakcji tekstu manuskrypi,
nad=or mervtoryezny.

/4’12;7/: tb// a2l leariste

.................................................
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Lublin, 29.09.2025 r.

dr hab. inz. Lidia Reczek

Katedra Hydrauliki, Inzynierii Wodnej i Sanitamne;j
Szkota Gléwna Gospodarstwa Wiejskiego w Warszawie
ul. Nowoursynowska 166, 02-787 Warszawa
lidia_reczek@sggw.edu.pl

Rada Dyscypliny Inzynieria Srodowiska,
Gornictwo i Energetyka
Uniwersytetu Przyrodniczego w Lublinie

Oswiadezenie o0 wspilautorstwie

Niniejszym oswiadezam, Ze w pracach:

(P2) Beata Zawadrzka, Tadeusz Siwiec, Reczek Lidia, Michal Marzec, Krzysztof
Jozwiakowski (2024). Modcling of Phosphate Sorption Process on the Surface of Rockfos®
Material Using Langmuir Isotherms. Applied Sciences (2076-3417) 14.23.
hitps://doi.org/10.3390/app 142310996

Moj wkiad w publikacie obejmowal: analize formalng i nadzdr merytoryezny, udzial w
odpowiedziach na recenzje.

'l;;i.pis
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Lublin, 29.09.2025 .

dr inz. Agmieszka Listosz

Katedra Geodegji i Informacji Przestrzennej
Unmiwersytet Przyrodmezy w Lublinte

ul. Leszczynskiego 7, 20-069 Lublin
agnieszka listosz{@up.lublin, pl

Rada Dyscypliny InZynieria Srodowiska,
Gornictwo i Energetyka
Uniwersytetu Przyrodniczego w Lublinie

Oswiadczenie o wspolautorstwie

Nintejszym oswiadezam, ze w pracach:

(P4) Beata Zawadzka, Tadeusz Siwiec, Michal Marzec, Krzysztof Jozwiakowski, Agnieszka
Listosz (2023). Meandering Flow Filter for Phosphorus Removal as a Component of Small
Wastewater Treatment Plants—A Case Study. Water 15.15:2703.
https://doiorg/10.3390/w15152703.

Méj wilad w publikacie obejmowai: udzial w przeprowadzanie analiz jakosciowyeh
Serekow.

(P5) Beata Zawadzka, Michal Marzec, Tadeusz Siwiec, Krzysztof Jozwiakowski, Agnieszka
Listosz (2025). Pollutant removal efficiency in a meander flow filter applied i the outflow
of a constructed wetland wastewater treatment plant — a case study. Journal of Ecological
Engineering. DOI 10.12911/22998993/211435, (publikacja w druku)

Moéj wklad w publikacje obejmowal: ud=ial w przeprowad=anie analiz jakosciowych
sciekow.

RN Tok-b S
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