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1. Wykaz publikacji bedacych podstawa rozprawy doktorskiej wraz
z oswiadczeniami wspétautorow

Na rozprawe doktorskg sktada sie cykl czterech powigzanych ze sobg tematycznie publikacii
naukowych, zgodnie ze schematem przedstawionym na rysunku 1:

1. Lejwoda, P., Biatecka, B., & Thomas, M. (2023). Removal of phosphate from brewery
wastewater by cerium(lll) chloride originating from spent polishing agent: Recovery and
optimization studies. Science of The Total Environment.
https://doi.org/10.1016/j.scitotenv.2023.162643, (IF = 9,8, 200 pkt MNiSW)

2. Lejwoda, P., Biatecka, B., Barbusinski, K., & Thomas, M. (2024). Recovery of Cerium Salts
from Sewage Sludge Resulting from the Coagulation of Brewery Wastewater with Recycled
Cerium Coagulant. Materials, 17(4), 938. https://doi.org/10.3390/ma17040938,
(IF = 3,4, 140 pkt MNiSW)

3. Lejwoda, P., Biatecka, B., & Thomas, M. (2024). Holistic insight into the viability of
employing cerium(lV) sulphate to oxidise toxic contaminants in effluent from the coal
gasification process: Optimisation studies. Journal of Water Process Engineering, 67,
106243. https://doi.org/10.1016/j.jwpe.2024.106243, (IF = 6,3, 100 pkt MNiSW)

4. Lejwoda, P., Biatecka, B., Sliwinska, A., Krawczyk, P., & Thomas, M. (2025). Innovative
Integrated Model of Industrial Wastewater Treatment with the Circular Use of Cerium
Compounds as Multifunctional Coagulants: Comprehensive Assessment of the Process
and  Environmental and Economic  Aspects. Molecules, 30(16), 3428.
https://doi.org/10.3390/molecules30163428, (IF = 4,6, 140 pkt MNiSW)

C N

ARTYKUL NR 3

7,

\ ROZPRAWA DOKTORSKA /

Rysunek 1. Schemat powigzan zagadnien badawczych zrealizowanych i przedstawionych
w poszczegdlnych artykutach sktadajacych sig na niniejszg rozprawe doktorskg
Zrodto: Opracowanie wtasne
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Praca zostata sfinansowana ze srodkéw Ministerstwa Nauki i Szkolnictwa Wyzszego
przeznaczonych na badania statutowe w Gtoéwnym Instytucie Goérnictwa — Panstwowym

Instytucie Badawczym:

e 11331012-332 (2022) pn. ,Analiza mozZliwosci zastosowania pierwiastkow ziem
rzadkich uzyskanych z odpadéw do oczyszczania Sciekow”
o 11331013-324 (2023) pn. ,Analiza mozliwosci odzysku pierwiastkow ziem rzadkich

Z osadow Sciekowych - optymalizacja parametrow procesowych”
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Oswiadczenie o procentowym udziale autoréw w publikacji naukowe;j:

“‘Removal of phosphate from brewery wastewater by cerium(lll) chloride originating

from spent polishing agent: Recovery and optimization studies”

Data publikacji: 06.03.2023 r.

Udziat procentowy poszczegoélnych autoréw publikacii:

Lp.

Imie i nazwisko Udziat

Zakres merytoryczny
wspbétautora procentowy

Opracowanie koncepcji eksperymentu, wybor
metodologii, przygotowanie materiatu badawczego,
przeprowadzenie badan, analiza wynikéw,
przygotowanie pierwszej wersji manuskryptu, korekta
80% manuskryptu, wykonanie analiz ICP-OES, ICP-MS,

mgr inz.
Pawet Lejwoda
OWO, RWO, Nog, jonéw amonu, petnienie roli autora

korespondencyjnego, korespondencja z redakcja,
przygotowanie odpowiedzi na pytania recenzentow,

przygotowanie ostatniej wersji manuskryptu.

Wspoétudziat w opracowaniu koncepcji eksperymentu,

prof. dr hab. inz. 10% pomoc w doborze metodologii, pomoc w przygotowaniu
(+]

Barbara Biatecka pierwszej wersji manuskryptu, wspétudziat w korekcie

manuskryptu.

Wspotudziat w opracowaniu koncepcji eksperymentu,
drinz. 10% pomoc w doborze metodologii, pomoc w przygotowaniu
Maciej Thomas ’ pierwszej wersji manuskryptu, wspétudziat w korekcie

manuskryptu.

Potwierdzam poprawnos$¢ danych:

mgr inz. Pawet Lejwoda
Rozprawa doktorska
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’ ¢ Gt g )& € o)
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LEJWODA

23.09.2025 19:11:44 [GMT+2] . \ v /
Dokument podpisany elektronicznie /
podpisem zaufanym
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MACIEJ
THOMAS

23.09.2025 19:37:03 [GMT+2]
Dokument podpisany elektronicznie
podpisem zaufanym
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Katowice, 23.09.2025

Oswiadczenie o procentowym udziale autoréw w publikacji naukowe;j:

“Recovery of Cerium Salts from Sewage Sludge Resulting from the Coagulation of

Brewery Wastewater with Recycled Cerium Coagulant’

Data publikacji: 17.02.2024 .

Udziat procentowy poszczegélnych autoréw publikacii:

Imie i nazwisko Udziat
Lp. . Zakres merytoryczny
wspotautora procentowy
Opracowanie koncepcji eksperymentu, wybor
metodologii, przygotowanie materiatu badawczego,
przeprowadzenie badan, analiza wynikéw,

1 mgr inz. 0% przygotowanie pierwszej wersji manuskryptu, korekta

Pawet Lejwoda ; manuskryptu, analiza ICP-OES, ICP-MS, petnienie roli

autora korespondencyjnego, korespondencja z redakcjg,
przygotowanie odpowiedzi na pytania recenzentow,

przygotowanie ostatniej wersji manuskryptu.

. Wspotudziat w opracowaniu koncepciji eksperymentu,
prof. dr hab. inz. ] . ) .
2 ) 10% opieka merytoryczna, wspotudziat w korekcie

Barbara Biatecka

manuskryptu.
prof. dr hab. inz. Wspotudziat w opracowaniu koncepcji eksperymentu,
3 Krzysztof 10% opieka merytoryczna, wspoétudziat w korekcie
Barbusinski manuskryptu.
Wspotudziat w opracowaniu koncepcji eksperymentu,
” drinz. 10% analiza wynikéw, metodologia, opieka merytoryczna,
Maciej Thomas przygotowanie pierwszej wersji manuskryptu,

wspotudziat w korekcie manuskryptu.

Potwierdzam poprawno$¢ danych: SErisB bl
Podpisano przez:

PODPIS ZAUFANY " Krzysztof
Barbusinski

PAWEL Politechnika
LEJWODA Slaska
q 23.09.2025 19:15:37 [GMT+2] Date / Data:
Dokument podpisany elektronicznie 2025-09-24 17:45
podpisem zaufanym
] )
[~ ~ 0) .7 £
[~ feave
MACIEJ - b 8 /
THOMAS / 5

23.09.2025 19:39:20 [GMT+2]
Dokument podpisany elektronicznie
podpisem zaufanym
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Oswiadczenie o procentowym udziale autoréw w publikacji naukowej:

“Holistic insight into the viability of employing cerium(IV) sulphate to oxidise toxic

contaminants in effluent from the coal gasification process: Optimisation studies”

Data publikacji: 27.09.2024 r.

Udziat procentowy poszczegolnych autoréw publikacii:

Imie i nazwisko Udziat
Lp. Zakres merytoryczny
wspotautora procentowy
Opracowanie koncepcji eksperymentu, wybor
metodologii, przygotowanie materiatu badawczego,
przeprowadzenie badan, analiza wynikéw,
przygotowanie pierwszej wersji manuskryptu, korekta
; mgr inz. 80% manuskryptu, wykonanie analiz ICP-OES, ICP-MS,
Pawet Lejwoda RWO, cyjankow catkowitych, indeksu fenolowego,

petnienie roli autora korespondencyjnego,
korespondencja z redakcja, przygotowanie odpowiedzi
na pytania recenzentéw, przygotowanie ostatniej wersiji

manuskryptu.

) Wspotudziat w opracowaniu koncepcji eksperymentu,
prof. dr hab. inz.

2 i 10% opieka merytoryczna, przygotowanie pierwszej wersji
Barbara Biatecka

manuskryptu, wspotudziat w korekcie manuskryptu.

Wspétudziat w opracowaniu koncepcji eksperymentu,

A drinz. 10% analiza wynikéw, opieka merytoryczna, przygotowanie
(+]

Maciej Thomas pierwszej wersji manuskryptu, wspétudziat w korekcie

manuskryptu.
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Katowice, 23.09.2025

Oswiadczenie o procentowym udziale autoréw w publikacji naukowej:

“Innovative Integrated Model of Industrial Wastewater Treatment with the Circular
Use of Cerium Compounds as Multifunctional Coagulants: Comprehensive

Assessment of the Process and Environmental and Economic Aspects”

Data publikacji: 20.08.2025 r.

Udziat procentowy poszczegolnych autoréw publikaciji:

Imie i nazwisko Udziat
Lp. ] Zakres merytoryczny
wspbtautora procentowy
Gtéwny udziat w opracowaniu koncepcji oczyszczania
$ciekow, analiza wynikoéw, metodologia, przygotowanie
. pierwszej wersji manuskryptu, korekta manuskryptu,
mgr inz.
1 o 60% petnienie roli autora korespondencyjnego,

Pawet Lejwoda i i
korespondencja z redakcjg, przygotowanie odpowiedzi

na pytania recenzentoéw, przygotowanie ostatniej wersiji

manuskryptu.
Wspéltudziat w opracowaniu koncepcji oczyszczania
5 prof. dr hab. inz. 10% Sciekow, przygotowanie pierwszej wersji manuskryptu,
Barbara Biatecka opieka merytoryczna, wspétudziat w korekcie
manuskryptu
. dr 10% Ocena ekologiczna procesu, metodologia, wspoétudziat w
Anna Sliwinska korekcie manuskryptu
4 dr 10% Ocena ekonomiczna procesu, metodologia, wspotudziat
Piotr Krawczyk w korekcie manuskryptu
dring. Wspétudziat w opracowaniu koncepcji oczyszczania
5 10% Sciekow, analiza wynikow, opieka merytoryczna,

Maciej Thomas )
wspotudziat w korekcie manuskryptu.

Potwierdzam poprawno$¢ danych:
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2. Wykaz wazniejszych skrétow

AOPs — Advanced Oxidation Processes/Zaawansowane procesy utleniania
aqua regia — Woda krélewska

cz.d.a. — Czysty do analizy

CCD - Central Composite Design/Plan centralny kompozycyjny

ChZT ) — Chemiczne zapotrzebowanie tlenu

DGC — Dynamic Generation Cost/Dynamiczny koszt jednostkowy

IC — lon Chromatography/Chromatografia jonowa

ICP-OES - Inductively Coupled Plasma - Optical Emission Spectroscopy/Optyczna
spektrometria emisyjna z indukcyjnie sprzezong plazma

ICP-MS — Inductively Coupled Plasma — Mass Spectrometry/Spektrometria mas z
indukcyjnie sprzezong plazma

LCA - Life Cycle Assessement/Ocena cyklu zycia

LCI — Life Cycle Inventory/Inwentaryzacja cyklu zycia

LCIA - Life Cycle Impact Assessment/Ocena wpltywu cyklu zycia

Nog. — Azot ogoliny

*OH — Rodnik hydroksylowy

OWO - Ogodlny wegiel organiczny

PAHs — Polycyclic aromatic hydrocarbons

Pog. — Fosfor ogoiny

PTFE — Politetrafluoroetylen

R?— wspotczynnik determinaciji

R?,4 — dopasowany wspdtczynnik determinaciji

RDF — Refuse Derived Fuel/Paliwo alternatywne

REE — Rare Earth Elements/Pierwiastki ziem rzadkich

RSM — Response Surface Methodology/Metoda powierzchni odpowiedzi
RWO - Rozpuszczony wegiel organiczny

sp. cz. — Spektralnie czysty

UCG — Underground coal gasification/Podziemne zgazowanie wegla

WWA — Wielopierscieniowe weglowodory aromatyczne
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3. Streszczenie

Zwiekszajgca sie liczba ludnosci, rosngca konsumpcja, niekorzystne zmiany
klimatyczne, wzrastajgca ilos¢ wytwarzanych odpaddw oraz kurczgce sie zasoby wody zdatnej
do spozycia, stanowig cywilizacyjne wyzwania XX|I wieku. Powszechnie stosowanym
rozwigzaniem problemu zanieczyszczonych wod i Sciekow jest kierowanie ich do oczyszczalni
Sciekdéw (np.: podczyszczalni (oczyszczalni) zakladowych, przemystowych, komunalnych),
w celu usuniecia szkodliwych substancji i bezpiecznego odprowadzenia odpowiednio
oczyszczonych sciekdbw do Srodowiska. Wymog osiggania coraz nizszych stezen
zanieczyszczen w sciekach oczyszczonych, sktania do opracowywania i wdrazania nowych
oraz udoskonalania obecnie  stosowanych technologii oczyszczania  Sciekow,
co w konsekwencji ma prowadzi¢ do zmniejszenia oddziatywania pierwiastkow biogennych,
takich jak azot i fosfor oraz pozostatych zanieczyszczeh na s$rodowisko. W przypadku
niekontrolowanego uwolnienia zanieczyszczen do gleb, rzek i jezior, dochodzi
do zanieczyszczenia m.in.: metalami ciezkimi, cyjankami, fenolami, zwigzkami azotowymi,
fosforowymi oraz organizmami chorobotwérczymi, takimi jak m.in. wirusy i bakterie. Obecnosc¢
tych niepozadanych substancji i organizmoéw w wodach powierzchniowych moze skutkowaé
m.in.: zjawiskiem eutrofizacji, wymieraniem organizmow wodnych oraz istotnym pogarszaniem
sie jakosci wod.

Celem niniejszej pracy byto (i) opracowanie modelu oczyszczania $ciekéw
z zastosowaniem zwigzkéw ceru pochodzacych z odpadodw, (i) zastosowanie soli ceru
do oczyszczania wybranych Sciekéw przemystowych, (iii) ponowny odzysk zwigzkéw ceru
z wytworzonych osadéw Sciekowych oraz (iv) ocena ekologiczna i ekonomiczna
zaproponowanego procesu. Na przyktadzie sciekow browarniczych, uzycie siedmiowodnego
chlorku ceru(lll) (CeCls7H.O) w najkorzystniejszych warunkach umozliwito efektywne
obnizenie m.in. stezenia fosforanéw(V) (PO.+*) o 99,86%, przy czym uzyty cer (Ce) zostat
w 99,94% zwigzany w osadzie. Osad zawierajgcy Ce 101,5 g/kg oraz fosfor (P) 22,2 g/kg
poddano ekstrakcji kwasem chlorowodorowym (HCI), w wyniku ktérej do roztworu uwolniono
99,6% ceru oraz 97,5% fosforu. Nastepnie, cer wytrgcono w postaci uwodnionego szczawianu
ceru(lll) (Cez(Cz04)3:nH0, gdzie n = 9-10), ktéry poddano termicznemu rozktadowi
w temperaturze 350 + 5 °C do tlenku ceru(1V) (CeOy). Uzyskany tlenek rozpuszczono w kwasie
chlorowodorowym (HCI) i nadtlenku wodoru (H202), co pozwolito otrzymac siedmiowodny
chlorek ceru(lll) (CeCls-7H20) z wydajnoscig odzysku 97,0% o czystosci 98,6%.

Ponadto, uzyskano sole w postaci siarczanu(VI) ceru(lll) (Ce2(S0a4)3) z wydajnoscia
97,4% i 0 czystosci 95,9% oraz siarczan(VI) ceru(lV), (Ce(S0a4)2), (wydajnos¢ 98,3%, czystosé
97,5%), ktory charakteryzowat sie witasciwosciami utleniajgcymi, co byto przyczynkiem do

zbadania mozliwosci zastosowania siarczanu(VI) ceru(lV) Ce(S0O4)2:4H.O do obnizenia
Strona 11 z 64

mgr inz. Pawet Lejwoda Model procesu oczyszczania $ciekdw z wykorzystaniem
Rozprawa doktorska zwigzkoéw ceru pochodzacych z odpaddéw przemystowych



stezen zanieczyszczen takich jak cyjanki, fenole, wielopierscieniowe weglowodory
aromatyczne (WWA) oraz rozpuszczony wegiel organiczny (RWO) obecnych w kwasnych
sciekach pochodzacych z symulacji procesu podziemnego zgazowania wegla
kamiennego (UCG).

W ramach przedstawionej do oceny rozprawy doktorskiej zweryfikowano efektywnosc
zastosowania samej soli Ce(S04)2-4H.O oraz w modyfikacji z H2O, co odniesiono
do efektywnosci klasycznego odczynnika Fentona. W rezultacie, skutecznie obnizono stezenia
WWA, fenoli, cyjankéw oraz RWO w pierwszym przypadku odpowiednio o 99,40%, 99,97%,
97,67% i 65,34%, a w drugim 0 99,91%, 99,66%, 98,14% i 76,35%. Po zakonczeniu utleniania
w ukfadzie Ce(S04)2-4H.0 + H20: i alkalizacji sciekow, zaobserwowano zwigzanie 99,996%
zastosowanego ceru w osadzie, co jest zjawiskiem wysoce pozgdanym.

Obiecujgce wyniki poszczegdlnych etapdw obiegu ceru w procesie oczyszczania
Sciekdéw oraz jego recyklingu pozwolity na opracowanie koncepcji cyrkularnego obiegu ceru,
gdzie dodatkowo w celu zmniejszenia oddziatywania na s$rodowisko oraz zmniejszenia
zapotrzebowania na kwas solny (HCI) zatozono odzysk chloru i wodoru ze strumieni gazowych
powstatych w poszczegdlnych etapach procesu. Ocena cyklu zycia (LCA) wykazata korzysSci
srodowiskowe zwigzane z redukcjg eutrofizacji, przy jednoczesnym obcigzeniu srodowiska
wynikajgcym z uzycia reagentéw takich jak HCI i kwasu szczawiowy (H2C20.). Cho¢ metoda
ta jest drozsza niz konwencjonalne strgcanie chemiczne wykorzystujgce zwigzki zelaza i glinu,
moze znalez¢ zastosowanie w duzych oczyszczalniach sciekéw, szczegdlnie w przypadkach
wymagajgcych wysokiej skutecznosci usuwania fosforu, koniecznosci ograniczenia ilosci
osadéw Sciekowych oraz spetnienia wymagan zgodnosci z zatozeniami gospodarki o obiegu

zamknietym.
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4. Abstract

The growing global population, increasing consumption, adverse climate change, rising
amounts of generated waste, and diminishing resources of potable water constitute the major
civilisational challenges of the 21st century. A commonly applied solution to the problem
of polluted water and wastewater is directing them to treatment plants (e.g. on-site, industrial,
or municipal treatment facilities), in order to remove harmful substances and ensure the safe
discharge of adequately treated effluents into the environment. The requirement of achieving
increasingly lower concentrations of pollutants in treated wastewater prompts the development
and implementation of new technologies, as well as the improvement of currently applied
methods, which in turn aims to reduce the environmental impact of biogenic elements such as
nitrogen and phosphorus, along with other contaminants. In the case of uncontrolled release
of pollutants into soils, rivers, and lakes, contamination may occur with, among others, heavy
metals, cyanides, phenols, nitrogen- and phosphorus-based compounds, as well as
pathogenic organisms such as viruses and bacteria. The presence of these undesirable
substances and organisms in surface waters may result, inter alia, in eutrophication, the
extinction of aquatic organisms, and a significant deterioration in water quality.

The objectives of this study were: (i) to develop a wastewater treatment model using
cerium compounds recovered from waste, (ii) to apply cerium salts for the treatment of selected
industrial wastewater, (iii) to recover cerium compounds from the resulting sewage sludge,
and (iv) to carry out an ecological and economic assessment of the proposed process.
Using brewery wastewater as a case study, the application of cerium(lll) chloride heptahydrate
(CeCl3-7H20) under optimal conditions enabled highly efficient reduction of, inter alia,
phosphate(V) (PO4%") concentration by 99.86%, while 99.94% of the applied cerium (Ce) was
immobilised in the sludge. The sludge, containing Ce at 101.5 g/kg and phosphorus (P) at 22.2
g/kg, was subjected to hydrochloric acid (HCI) extraction, releasing 99.6% of cerium and 97.5%
of phosphorus into solution. Subsequently, cerium was precipitated as hydrated cerium(lll)
oxalate (Ce2(C204)3-nH20, where n = 9-10), which was thermally decomposed at 350 £ 5 °C
to cerium(IV) oxide (CeO:). The obtained oxide was dissolved in hydrochloric acid (HCI) and
hydrogen peroxide (H202), allowing the recovery of cerium(lll) chloride heptahydrate
(CeClz-7H20) with a yield of 97.0% and a purity of 98.6%.

In addition, salts such as cerium(lll) sulphate(VI) (Ce2(S04)s) with a yield of 97.4% and
a purity of 95.9%, and cerium(lV) sulphate(VI) (Ce(S0O4).) with a yield of 98.3% and a purity
of 97.5% were obtained. The latter, exhibiting oxidising properties, motivated further
investigation into the possibility of using cerium(IV) sulphate(VI) (Ce(SQO.)2:4H,0) for the

reduction of contaminants such as cyanides, phenols, polycyclic aromatic hydrocarbons
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(PAHs), and dissolved organic carbon (DOC) in acidic wastewater generated during
the simulation of underground coal gasification (UCG).

Within this doctoral dissertation, the efficiency of using Ce(S04)2:4H.0 alone, as well
as in combination with H,O2, was assessed and compared with the performance of the
classical Fenton reagent. As a result, in the first case, PAHs, phenols, cyanides, and DOC
concentrations were successfully reduced by 99.40%, 99.97%, 97.67%, and 65.34%,
respectively, and in the second case by 99.91%, 99.66%, 98.14%, and 76.35%. Following
oxidation with the Ce(S0.),-4H,0O + H.O, system and subsequent wastewater alkalisation,
99.996% of the applied cerium was bound in the sludge, which is a highly desirable
phenomenon.

The promising results of individual stages of cerium cycling in wastewater treatment
and its recycling enabled the development of a concept of circular cerium utilisation.
Additionally, in order to reduce environmental impacts and minimise hydrochloric acid (HCI)
consumption, the recovery of chlorine and hydrogen from gaseous streams generated
at different process stages was envisaged. Life cycle assessment (LCA) demonstrated
environmental benefits related to eutrophication reduction, while also highlighting
environmental burdens associated with the use of reagents such as HCI| and oxalic acid
(H2C204). Although this method is more expensive than conventional chemical precipitation
with iron and aluminium compounds, it may find application in large-scale wastewater
treatment plants, particularly in cases requiring high phosphorus removal efficiency, reduced

sewage sludge generation, and compliance with the principles of the circular economy.
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5. Wprowadzenie

Woda, substancja niezbedna do zycia ludzi, pokrywa 71% powierzchni Ziemi, a jej
catkowite zasoby szacowane sg na 1,385 miliarda km3. Z tej objetosci, 97,5% stanowi woda
stona, ktora nie nadaje sie do spozycia. Woda stodka stanowi jedynie 2,5% catkowitych
zasobow wodnych, z czego 69% zgromadzone jest w lodowcach i pokrywie $nieznej.
Wody podziemne stanowig 30,1% zasobow stodkiej wody, natomiast jeziora 0,26%, gleba
0,05%, atmosfera 0,04%, mokradta 0,03%, rzeki 0,006%, a woda biologiczna
jedynie 0,003% [1]. Ciggty przyrost populacji [2], wzrastajgca konsumpcja [3] oraz postepujgce
zanieczyszczenie srodowiska spowodowane m.in. intensyfikacjg produkcji przemystowej,
przyczyniajg sie do pogarszania jakosci zasobéw wodnych [4-6]. Dodatkowo, nieefektywna
gospodarka odpadami w krajach o niskim poziomie rozwoju zwieksza obcigzenie systemow
oczyszczania wody [7]. Niezbedne jest zatem podijecie dziatan na rzecz ochrony $rodowiska,
w tym efektywniejsze oczyszczanie sciekow, tak aby po odpowiednim oczyszczeniu mogty one
zostac¢ bezpiecznie odprowadzone do $rodowiska lub odzyskaty wiasciwosci wody zdatnej
do uzycia i spozycia [8]. Zgodnie z danymi Gtéwnego Urzedu Statystycznego, w 2023 roku,
w Polsce 1296,0 hm® wody przeznaczono na potrzeby ludnosci, co przyczynito sie
do powstania 1394,8 hm?® $ciekdw bytowych, z czego 99,71% zostato poddane oczyszczaniu.
W przemysle zuzycie wody wynosito 5414,0 hm® (gtéwnie na cele cieptownicze) z czego
730,0 hm?® $ciekow przemystowych wymagato oczyszczenia, a zaledwie 81,90% zostato
poddanych temu procesowi.

Zanieczyszczenie wod jest problemem wieloaspektowym, ze wzgledu na zrodia
zanieczyszczen jak i ich réznorodno$é. Scieki bytowe, nierozerwalnie zwigzane z egzystencja
cztowieka skiadajg sie gtdwnie z substancji zawierajgcych pierwiastki biogenne, takie jak
wegiel, azot i fosfor, oraz z zanieczyszczenh biologicznych, takich jak wirusy, bakterie i inne
patogeny [9]. Rozwdj cywilizacji przyczynit sie rowniez do skomplikowania sktadu sciekow
poprzez wzrost stezeh wielu substancji, takich jak farmaceutyki i ich metabolity [10], srodki
powierzchniowo-czynne [11], mikroplastik [12] oraz metale ciezkie [13]. Kolejnym zrédtem
zanieczyszczeh wod jest dziatalno$¢ rolnicza [14]. W przypadku zbyt intensywnego nawozenia
pol oraz intensywnych opadéw deszczu moze dochodzi¢ do wyptukiwania nawozéw z gleby,
co skutkuje przedostaniem sie sptywow powierzchniowych o podwyzszonej zawartosci
zwigzkow fosforowych i azotowych do okolicznych ciekéw wodnych, a nastepnie do wigkszych
rzek oraz do Morza Battyckiego. Wedtug danych Gtéwnego Urzedu Statystycznego za rok
2022, rzekami do Morza Battyckiego w ciggu roku przedostato sie 108,3 tysigca ton zwigzkow
azotowych (jako azot ogdlny) oraz 3,9 tysigca ton zwigzkéw fosforowych
(jako fosfor ogdlny) [15].
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Innym istotnym zrédtem zanieczyszczen sg réwniez Scieki przemystowe, ktore
charakteryzujg sie duzg zmiennoscig sktadu chemicznego, w zaleznosci od typu dziatalnosci
przedsiebiorstwa. Scieki z przemystu spozywczego, np. z browaréw, pod wzgledem sktadu
chemicznego sg podobne do sciekbw komunalnych, lecz zawierajg zanieczyszczenia
w wyzszych stezeniach [16—-18], co w przypadku duzego udzialu w doptywie $ciekéw
do oczyszczalni, moze zakitécié jej prawidtowe funkcjonowanie. W odréznieniu od nich, Scieki
np. z przemystu koksowniczego lub proceséw zgazowania wegla [19], charakteryzujg sie
wysokimi  stezeniami  cyjankéw, fenoli oraz wielopierscieniowych weglowodoréw
aromatycznych  (WWA) [20-22], ktére oprécz wysokiej toksycznosci wobec
(mikro)organizmow zywych mogg spowodowac powazne komplikacje w biologicznych
procesach oczyszczania $ciekdw, tgcznie z catkowitym zahamowaniem aktywnosci osadu
czynnego. Sektor przemystu chemicznego zwigzany z procesami wytwarzania powiok
metalicznych (galwanizernie oraz inne zaktady powierzchniowej obrobki metali) generuje,
w zaleznoéci od rodzaju stosowanej technologii, $cieki zawierajgce podwyzszone stezenia
metali ciezkich, takich jak np. Cu, Ni, Cr oraz Cd [23-25]. Nieskuteczne oczyszczanie tego
typu Sciekow moze skutkowa¢ wprowadzaniem do sSrodowiska wodnego pierwiastkéw
toksycznych, ktére wykazujg zdolnos¢ do akumulacji i bioakumulacji, co stanowi zagrozenie
dla organizméw wodnych i moze prowadzi¢ do dtugofalowych konsekwencji ekologicznych.
Niedostateczne usuwanie metali ciezkich oraz innych substancji toksycznych powoduje nie
tylko ograniczenie dostepnosci wody bezpiecznej dla ludzi i zwierzat, lecz takze wywotuje
dtugotrwate, czesto nieodwracalne zmiany srodowiskowe i zdrowotne.

Dodatkowo, niewystarczajgce oczyszczanie sciekow komunalnych i przemystowych
z pierwiastkdéw biogennych, w potgczeniu ze sptywami rolniczymi, prowadzi do eutrofizacji —
procesu nadmiernego wzbogacenia wod powierzchniowych w zwigzki azotu i fosforu.
Skutkiem tego jest intensywny rozwdj glonéw, wzrost metnosci wody oraz deficyt tlenu,
co w istotny sposob zagraza stabilnosci ekosystemdéw wodnych. Zjawiskom tym towarzyszy
réwniez pogorszenie jakosci wody pod wzgledem zapachu i smaku [26,27]. Usuwanie
nadmiaru azotu i fosforu w konwencjonalnych oczyszczalniach $ciekéw stanowi powazne
wyzwanie technologiczne, wymagajgce zastosowania zaawansowanych procesow
biologicznych, takich jak denitryfikacja (usuwanie zwigzkow azotu) [28], oraz proceséw
chemicznych, takich jak koagulacja (usuwanie zwigzkéw fosforu) [29].

Koagulacja umozliwia usuwanie zanieczyszczenh odpowiedzialnych za metnosc¢ i barwe
wody, a takze obnizenie stezenia zwigzkéw fosforu, poprzez zastosowanie koagulantéw
w postaci roztwordw m.in. soli zelaza lub glinu. Mechanizm dziatania gtéwnie polega
na wytrgceniu wodorotlenkéw metali w odpowiednim zakresie pH, na powierzchni ktérych
zachodzi adsorpcja zanieczyszczen. Utworzone ktaczki sedymentujg, co prowadzi
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do oddzielenia osadu od oczyszczanej wody lub sciekéw [30,31]. Skutecznos¢ koagulantow
jest silnie zalezna od wartosci pH oczyszczanych $ciekéw. W przypadku soli zelaza(lll)
optymalne pH wynosi 5,5-7,0 [32], a dla soli glinu 5,7-6,0 [33]. Dla soli zelaza(lll) skutecznosé¢
usuwania fosforanéw(V) moze osigga¢ 98%, natomiast dla soli glinu wynosi zazwyczaj
ok. 83%. Gtébwng wadg tych koagulantéw jest powstawanie znacznych ilosci uwodnionego
osadu, ktéry wymaga dalszego zagospodarowania. Oczyszczone s$cieki sg nastepnie
odprowadzane do wod powierzchniowych.

W obliczu narastajgcego zanieczyszczenia wod konieczne jest wdrazanie skutecznych
strategii ograniczania emisji azotu i fosforu zaréwno w rolnictwie, jak i w obszarach miejskich,
aby zapobiega¢ dalszej degradacji jakosci zasobow wodnych [34,35]. W poréwnaniu
z konwencjonalnymi koagulantami, skuteczniejsze usuwanie zanieczyszczen ze S$ciekow
mozna 0siggna¢ przy uzyciu innowacyjnych koagulantéw zawierajgcych cyrkon [36—-38], tytan
[39,40] Ilub cer [16,41,42]. W przypadku zwigzkéw fosforu szczegdlnie obiecujgce
sg koagulanty cerowe. Najnowsze badania wskazujg, ze zastosowanie chlorku ceru(lll)
do usuwania fosforanéw(V) z odciekow powstajgcych podczas odwadniania osadow
Sciekowych jest wysoce efektywne [42]. Koagulanty Zzelazowe i glinowe wigzg fosforany(V)
w zaleznosci od pH $ciekéow, zaréwno na drodze sorpcji na ktaczkach strgconych
wodorotlenkéw, jak i poprzez bezposrednie wytrgcanie trudno rozpuszczalnych osadéw takich
jak fosforan(V) zelaza(lll) lub fosforan(V) glinu. W przeciwienstwie do nich, roztwor ceru
dodany do sciekéw wigze fosforany(V) w wyniku bezposredniej reakcji prowadzac

do powstania trudno rozpuszczalnego osadu fosforanu(V) ceru(lll), zgodnie z reakcjg (1).
Ce® + POs*> — CePOs4| (1)

Zwigzki ceru(lll) okazatly sie skuteczne w usuwaniu fosforanow(V), a fakt istnienia
ceru(lV), ktory jest wykorzystywany w chemii analitycznej jako utleniacz stwarza potencjat
do wykorzystania w procesach jednoczesnego utleniania zanieczyszczen obecnych
w Sciekach przemystowych, np. w Sciekach z koksowni lub z procesu zgazowania wegla, gdzie
siarczan(VI) ceru(lV) (Ce(S0Oa)2-4H20) mozna zastosowac do utleniania m.in. WWA, cyjankow
i fenoli [43]. Z kolei zaawansowane procesy utleniania (AOPs) to metody wykorzystujgce
rodniki hydroksylowe (*OH) o wysokim potencjale utleniajgcym do oczyszczania Sciekéw.
Przyktadem takiego procesu z udziatem rodnikow hydroksylowych stosowanego

w oczyszczaniu sciekow jest proces Fentona, przebiegajgcy zgodnie z reakcjg (2).
Fe* + H0, —» Fe** + OH + *OH  (2)

Modyfikacje oryginalnej metody okreslane sg jako procesy podobne do procesu

Fentona [44] i obejmujg m.in. zastosowanie soli zelaza(lll) jak réwniez katalizatoréw
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heterogenicznych, takich jak: tlenek zelaza(ll,lll) (FesOa), tlenek ceru(lV) (CeOy), srebro
metaliczne (Ag), tlenek manganu(lV) (MnOy), tlenek manganu(ll,lll) (MnzO4) oraz miedz
metaliczna (Cu). Powstawanie rodnikéw hydroksylowych, oprécz procesu opartego na reakcji
Fentona i jej modyfikacjach (procesy podobne do procesu Fentona), zachodzi rowniez
w szeregu procesow fizycznych, a takze kombinacjach proceséw chemicznych i fizycznych,
takich jak zastosowanie: swiatta z zakresu UV/VIS (foto-Fenton), promieniowania jonizujgcego
(promieniowanie gamma), procesow elektrochemicznych (elektro-Fenton), kombinacji
uktadoéw utleniajgcych, np. Os/H202/UV, a nawet ultradzwiekéw [45,46].

Stosowanie zwigzkow ceru w oczyszczaniu $ciekdw jest obiecujgce, jednak produkcija
metali ziem rzadkich (REE) jest ograniczona do kilku krajéw na swiecie (m.in. Chiny, USA,
Birma), co w przypadku niekorzystnych zmian geopolitycznych niesie ryzyko zaburzen
w tancuchach dostaw. W Unii Europejskiej (UE) niemal cato$¢ zuzywanych REE pochodzi
Z importu, podczas gdy recykling obejmuje jedynie ok. 1% tych pierwiastkdw [47], co podkresla
koniecznos¢ intensyfikacji dziatann na rzecz ich odzysku. Biorgc rowniez pod uwage wyzszg
cene koagulantéw cerowych w poréwnaniu z powszechnie stosowanymi solami zelaza i glinu,
istotne jest poszukiwanie mozliwosci ich recyklingu np. z odpadéw przemystowych (proszki
polerskie, katalizatory, ceramika, szkto, czerwony szlam z produkcji tlenku glinu). Zaréwno
stosowany cer, jak i usuwany fosfor sg surowcami krytycznymi dla gospodarki UE. Fosfor,
pozyskiwany z mineratéw takich jak fluoroapatyt (Cas(PO.)sF), chloroapatyt (Cas(PO.)sCl)
i hydroksyapatyt (Cas(PO4)3;OH), jest kluczowym skifadnikiem nawozéw mineralnych,
niezbednych dla wydajnej produkgciji rolnej [48]. Podobnie jak w przypadku REE, ztoza fosforu
sg skoncentrowane w kilku krajach na swiecie (m.in. w Maroku i Chinach), co generuje istotne
ryzyko przerwania dostaw i wymusza poszukiwanie alternatywnych zrédet, tego pierwiastka.
Ze wzgledu na niemal catkowite uzaleznienie UE od importu tych surowcéw, wdrazanie
technologii pozwalajgcych na zamkniecie obiegu ceru i fosforu poprzez ich odzysk z osadow
Sciekowych ma szczegdlne znaczenie dla gospodarki. Integracja takich rozwigzan
w systemach oczyszczania sciekow wspiera nie tylko gospodarke o obiegu zamknietym, lecz
takze zwieksza niezaleznos¢ surowcowg UE [47].

W niniejszej pracy przedstawiono badania nad usuwaniem zwigzkow fosforu
ze sciekow browarniczych [16], recyklingiem ceru z osaddéw sciekowych [49], oraz utleniania
zanieczyszczen w  $Sciekach z  symulacji procesu podziemnego zgazowania
wegla kamiennego [22].

Przeprowadzone badania i eksperymenty w skali laboratoryjnej i péttechnicznej
pozwolity zaproponowa¢ komplementarny proces odzysku i ponownego wykorzystania

zwigzkéw ceru do usuwania fosforu ze $ciekdw przemystowych. Praca doktorska
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podsumowuje cykl badan, ktére wykazaty przydatnos¢ koagulantéw cerowych i ich recyklingu,
umozliwiajac zamkniecie obiegu ceru w oczyszczaniu sciekow [16,22,49,50].

Proponowany nowy proces odzysku i wykorzystania zwigzkoéw ceru zostat poddany
kompleksowej ocenie procesowej, sSrodowiskowej i ekonomicznej. Przeglad literatury wykazat,
ze dotychczas nie przeprowadzono takiej oceny, ani nie opracowano takiego procesu.
W pracy [50] przedstawiono wyniki badan wraz z oceng procesu przy zatozeniu
przeskalowania ze skali laboratoryjnej do przemystowej. Opracowanie obejmuje projekt 10-
etapowego procesu, bilans masowy, ocene cyklu zycia (LCA, Life Cycle Assessment,) oraz
analize kosztow metodg DGC (Dynamic Generation Cost), wypetniajgc tym samym
zidentyfikowang Iluke badawczg. Praca ta moze by¢ istotnym krokiem w kierunku
projektowania, rozwoju, oceny i dyskusji nad zaawansowanymi procesami strgcania,
koagulacji i odzysku zwigzkow ceru z odpaddw, stuzgcych lepszej ochronie $rodowiska,

zgodnymi z ideami gospodarki cyrkularnej, zielonej chemii oraz zréwnowazonego rozwoju.
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6. Cele i teza pracy

Przyjeto, ze gléwnym celem pracy jest opracowanie metodyki odzysku
i zastosowania soli ceru jako innowacyjnych reagentéw do oczyszczania rzeczywistych
sciekdow przemystowych pochodzgcych z réznych zrédet. Zakres pracy obejmowat
opracowanie metodyki odzysku soli ceru z odpadu i osadow Sciekowych, zastosowanie
do usuwania fosforanéw(V) oraz utleniania zanieczyszczen wraz z optymalizacjg i weryfikacjg
tych procesow w skali laboratoryjnej oraz oceng aspektéw ekologicznych i ekonomicznych

zaprojektowanych procesow.

W zwigzku z przyjetym gtdbwnym celem pracy doktorskiej, okreslono nastepujgce cele

prowadzenia badan naukowych:

o charakterystyka i opracowanie metodyki odzysku soli ceru(lll) z proszku polerskiego,

e obnizenie stezenia fosforanow(V) w Sciekach browarniczych,

o charakterystyka i opracowanie metodyki odzysku soli ceru z osadu Sciekowego wraz
z ich oczyszczeniem,

e obnizenie stezenia zanieczyszczen takich jak WWA, fenole, cyjanki w $ciekach
z symulacji procesu podziemnego zgazowania wegla kamiennego przez zastosowanie
soli ceru(lV) jako utleniacza,

o wykorzystanie metody powierzchni odpowiedzi do modelowania i optymalizacji
procesu usuwania fosforanow(V) ze sciekdw browarniczych z jednoczesng
minimalizacjg pozostato$ci koagulantu po procesie oczyszczania,

e wykorzystanie metody powierzchni odpowiedzi do ustalenia optymalnych warunkéw
ekstrakcji ceru oraz fosforu z osadéw Sciekowych,

o wykorzystanie metody powierzchni odpowiedzi do modelowania i optymalizaciji
procesu utleniania zanieczyszczen z zastosowaniem soli ceru(1V),

e ocena aspektow ekologicznych i ekonomicznych zaproponowanych procesow.
Dla sformutowanego gtéwnego celu pracy, przyjeto nastepujgce cele utylitarne:

o okreSlenie optymalnych warunkéw procesowych usuwania fosforanéw(V)
z zastosowaniem koagulantu cerowego,

o okreslenie optymalnych warunkéw procesowych ekstrakcji ceru z osadu $ciekowego
z zastosowaniem kwasu chlorowodorowego,

e okreslenie optymalnych warunkéw procesowych utleniania zanieczyszczen z symulaciji
procesu podziemnego zgazowania wegla kamiennego,

o Weryfikacja aspektdéw ekologicznych i ekonomicznych opracowanych rozwigzan.
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Sformutowano nastepujgce tezy pracy doktorskiej:

(1) istnieje mozliwos$é odzysku zwigzkoéw ceru z odpadéw i ich zastosowania
do oczyszczania wybranych $ciekow przemysfowych oraz ponownego odzysku

z wytworzonych osadoéw sciekowych
oraz

(2) istnieje mozliwo$¢é ekonomicznego i ekologicznego odzysku oraz

wykorzystania zwigzkoéw ceru do oczyszczania sciekdw przemystowych.
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7. Metodyka prowadzenia badan

W ramach realizacji pracy doktorskiej prowadzono badania obejmujgce synteze soli
ceru z odpadu przemystowego, jej zastosowanie jako koagulantu w oczyszczaniu sciekow
browarniczych oraz ocene efektywnosci procesu w usuwaniu fosforanéw(V). Dodatkowo
przeprowadzono badania nad mozliwo$cig odzysku ceru z osadu powstajgcego po koagulacji.
Rozwigzanie to wpisuje sie w zatozenia gospodarki o obiegu zamknietym, umozliwiajgc
zardbwno znaczne obnizenie zanieczyszczen, jak i ponowne wykorzystanie cennych surowcow.

Przeprowadzona analiza literaturowa pozwolita na ocene dotychczas stosowanych
metod chemicznego usuwania zwigzkéw fosforu ze Sciekow, opartych gtéwnie na solach
zelaza i glinu, oraz na wskazanie ich ograniczen, zwigzanych m.in. z niskg efektywnoscig
i powstawaniem znacznych ilosci osadow. Przeanalizowano mechanizmy dziatania zwigzkow
ceru oraz oceniono mozliwosci odzysku i ponownego wykorzystania. Dokonano
charakterystyki wybranych odpadéw w kontekscie odzysku soli ceru jako potencjalnego
alternatywnego koagulantu. W oparciu o literature zidentyfikowano takze kluczowe problemy
badawcze, takie jak: dobdor odpowiednich warunkéw koagulaciji, okreslenie parametrow
procesu ekstrakcji soli ceru z osadéw, mozliwos¢ zastosowania soli ceru(lV) do utleniania
toksycznych zanieczyszczeh, ocena wptywu proceséw na sSrodowisko oraz ocena
ekonomiczna cyrkularnego stosowania soli ceru w procesie oczyszczania sciekow.

Pierwsza faza badan laboratoryjnych obejmowata odzysk soli ceru(lll) z odpadowego
proszku polerskiego, nastepnie przygotowanie koagulantu cerowego oraz optymalizacje
procesu usuwania fosforanow(V) ze sciekdw browarniczych, prowadzong z zastosowaniem
narzedzi statystycznych tj.: plan centralny kompozycyjny (CCD, Central Composite Design)
i metoda powierzchni odpowiedzi (RSM, Response Surface Methodology). Analizowano wptyw
czasu reakgji, stosunku molowego Ce®*:PO.3* oraz wartosci pH na efektywno$¢ procesu.
Na tej podstawie opracowano modele matematyczne umozliwiajgce prognozowanie
efektywnosci usuwania fosforu i minimalizowania pozostatosci koagulantu cerowego
w zaleznosci od przyjetych parametrow operacyjnych.

W kolejnym etapie przeprowadzono badania nad odzyskiem soli ceru i fosforu
z osaddéw powstajgcych po koagulacji. Stosujgc narzedzia statystyczne jak CCD oraz RSM
opracowano  proces ekstrakcji z  zastosowaniem kwasu  chlorowodorowego,
gdzie analizowanymi parametrami byly stosunek objeto$ciowo-masowy ekstrahenta do osadu
Sciekowego, czas ekstrakcji oraz ilos¢ wuzytego HCI. Z otrzymanego ekstraktu
po przeprowadzeniu szeregu proceséw fizykochemicznych uzyskano sole cerowe o wysokiej
czystosci. Dla wyznaczonych modeli matematycznych wykonano eksperymenty

weryfikacyjne, ktére potwierdzity skutecznosé przyjetych zatozeh.
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Odzyskane sole ceru(lll) mogg zosta¢ uzyte m.in. jako koagulanty, natomiast
otrzymany siarczan(VI) ceru(lV) ze wzgledu na wiasciwosci utleniajgce zostat zbadany pod
katem zastosowania jako s$rodek do utleniania toksycznych zanieczyszczeh w $ciekach
z symulacji procesu podziemnego zgazowania wegla kamiennego. Stosujgc metody
statystyczne CCD oraz RSM okreslono optymalne warunki dla procesu utleniania
uwzgledniajgc parametry takie jak czas reakgcji, stosunek molowy Ce**:RWO, pH, temperatura.
Przeanalizowano takze skuteczno$¢ zmodyfikowanego ukfadu utleniajgcego z dodatkiem
nadtlenku wodoru (H20-) oraz poréwnano z klasycznym procesem Fentona.

Dla proceséw koagulacji oraz odzysku ceru z osadow $ciekowych opracowano model
procesu oczyszczania z przeskalowaniem rezultatow laboratoryjnych na skale przemystowg
i poddano ocenie ekologicznej z zastosowaniem metody LCA (Life Cycle Assessment) oraz
ocene ekonomiczng z wykorzystaniem metody DGC (Dynamic Generation Cost). Analizy
pozwolity na ocene zalet i wad proponowanego rozwigzania w ujeciu srodowiskowym oraz
w jakiej skali i przy jakich wymaganiach efektywno$ci oczyszczania proces bedzie
ekonomicznie uzasadniony.

W koncowej czesci pracy dokonano krytycznej analizy uzyskanych rezultatow
w odniesieniu do dostepnych danych literaturowych. Na tej podstawie sformutowano wnioski,
kierunki doskonalenia oraz wytyczne do dalszych badan.

Schemat metodyki prowadzonych badan nad wykorzystaniem soli ceru do usuwania

fosforanéw(V) i odzysku pierwiastkéw z osadédw przedstawiono na rysunku 2.
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Podsumowanie stanu wiedzy i badan wstepnych

)

Badania doswiadczalne

Rysunek 2. Metodyka prowadzenia badan
Zrédto: Opracowanie wtasne
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8. Metody badan
8.1. Metody analityczne

Oznaczenie stezen pierwiastkdw w roztworach wodnych wykonano metodg optycznej
emisyjnej spektroskopii atomowej z plazmg wzbudzong indukcyjnie (ICP-OES), (Optima
5300DV, Perkin-Elmer, USA), zgodnie z normg EN ISO 11885:2009. Do oznaczenia niskich
stezen ceru (< 500 ug/l) zastosowano metode spektrometrii mas z plazmg wzbudzong
indukcyjnie (ICP-MS), (NexION 300S, Perkin-Elmer, USA), zgodnie z normg EN ISO 17294-
2:2006. Oznaczenia stezeh metali i niemetali powyzszymi metodami byto obarczone
niepewnoscig pomiarowg 10%, 15%, 20% lub 25% w zaleznosci od pierwiastka i jego stezenia
w analizowanym roztworze.

Oznaczenie stezenia fosforanéw(V) wykonano technikg spektrofotometryczng UV-VIS
(Pharo 300, Merck KGaA, Niemcy) zgodnie z normg PN-EN ISO 6878:2006 + Ap1, Ap2:2010,
rozdz. 4; niepewnos¢ pomiarowa 10%.

Przewodnosc¢ elektryczna wiasciwa oraz pH roztworow zostaty okreslone miernikiem
wieloparametrowym (inoLab, WTW, Polska) zgodnie z normami EN 27888:1999 oraz EN ISO
10523:2012; niepewnos¢é pomiarowa dla przewodnosci elektrycznej wtasciwej 5% oraz 0,1
jednostki dla pH.

Potencjat redoks oznaczono metodg potencjometryczng zgodnie z procedurg SC-
1.2.2.PB.07.66 ed. 1.3 z dn. 28.08.23; niepewnos¢ pomiarowa + 30 mV.

Oznaczenie chemicznego zapotrzebowania tlenu (ChZTcn) wykonano metodg
dichromianowg z pomiarem spektrofotometrycznym UV-VIS (Pharo 300, Merck KGaA,
Niemcy), zgodnie z normg PN-ISO 15705:2005; niepewnos¢ pomiarowa 15%.

Analizy stezen ogodlnego wegla organicznego (OWOQO) oraz rozpuszczonego wegla
organicznego (RWO), zostaty wykonane metodg wysokotemperaturowego rozktadu z detekcjg
w podczerwieni (TOC-L CPH, Shimadzu, Japonia) zgodnie z normg EN 1484:1999;
niepewnos$¢ pomiarowa 15%.

Stezenie azotu ogodlnego okreslono metodg wysokotemperaturowego rozktadu
z detekcjg chemiluminescencyjng (TNM-L, Shimadzu, Japonia) zgodnie z normg EN
12260:2004; niepewnos¢ pomiarowa 15%.

Stezenie anionéw chlorkowych, azotanowych(V) oraz siarczanowych(VI) (Cl-, NOs™,
S04%) okreslono metodg chromatografii jonowej (IC), (DIONEX ICS 5000, Thermo Fisher
Scientific, USA) zgodnie z normg EN ISO 10304-1:2009; niepewnos¢ pomiarowa 10%, 15%

lub 20%, w zaleznoéci od stezenia analitu w prébce.
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Stezenie azotandw(lll), (NO2™), zostato okreslone metodg spektrofotometryczng UV-
VIS (Pharo 300, Merck KGaA, Niemcy) zgodnie z normg PN-EN 26777:1999; niepewnos¢
pomiarowa 10%.

Zawartos¢ jonow amonu (NH4*) zostata okreslona metodg spektrofotometryczna,
technikg wstrzykowej analizy przeptywowej — FIA (ang. Flow Injection Analysis), (FIAmodula,
MLE GmbH, Niemcy), zgodnie z normg EN ISO 11732:2007; niepewnos$¢ pomiarowa 10%.

Analiza zawartosci cyjankow (CN-) zostata przeprowadzona metodg ciggtej analizy
przeptywowej z detekcjg spektrofotometryczng — CFA (Continuous Flow Analysis) zgodnie
z normg PN-EN ISO 14403-2:2012; niepewnos$¢ pomiarowa 10%.

Oznaczenie indeksu fenolowego wykonano metodg ciggtej analizy przeptywowej
z detekcjg spektrofotometryczng — CFA (Continuous Flow Analysis) zgodnie z normg PN-EN
ISO 14402:2004 pkt 4; niepewnosé pomiarowa 8%, 15%, 30%, w zaleznosci od stezenia
analitu w prébce.

Stezenie wielopierscieniowych weglowodoréw aromatycznych (WWA) zostato
oznaczone metodg wysokosprawnej chromatografii cieczowej z detekcjg fluorescencyjng
(HPLC-FID) (EN ISO 17993:2003; Agilent 1200, Agilent Technologies, Inc., USA); niepewnosc¢
pomiarowa 25%.

Zawiesiny ogolne oznaczono metodg wagowg zgodnie z normg EN 872:2007;
niepewnos$¢ pomiarowa 10% lub 15% w zaleznosci od stezenia w roztworze.

Metnos¢ zostata oznaczona metodg nefelometryczng zgodnie z normg EN ISO 7027-
1:2016-09; niepewnos¢ pomiarowa 10%.

Barwe oznaczono metodg spektrofotometryczng zgodnie z normg EN ISO 7887:2012
(metoda C) ; niepewno$¢ pomiarowa 20%.

Mineralizacje osadow po procesach koagulacji oraz po procesach utleniania zostat
przeprowadzony zgodnie z normg ISO 15587-1:2002.

Identyfikacja faz zostata przeprowadzona metodg dyfrakcji rentgenowskiej (XRD)
proszkowej (DSH) w geometrii Bragga-Brentano przy uzyciu dyfraktometru Bruker D8
DISCOVER, (USA), promieniowania CuKa, filtra niklowego oraz detektora LYNXEYE XE.
Sktad mineralny zostat okreslony i obliczony na podstawie standardéw licencjonowanych
w bazach danych PDF-4+2022 RDB ICDD (International Centre for Diffraction Data), ICSD
(Inorganic Crystal Structure Database) oraz NIST (National Institute of Standards and
Technology). Do rejestracji i analizy wykorzystano oprogramowanie DIFFRAC v.4.2, TOPAS
v.4.2 oraz Bruker AXS. llosciowe obliczenia faz krystalicznych i substancji amorficznej
przeprowadzono metodg Rietvelda. Niepewnos¢ pomiarowa 0,5-1%.

Morfologia powierzchni ziaren oraz sktad chemiczny w mikroobszarach zostaty
przeanalizowane za pomocg skaningowej mikroskopii elektronowej (SEM) i spektroskopii
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dyspersji energii promieniowania rentgenowskiego (EDS) przy uzyciu mikroskopu SU3500
SEM (Hitachi, Japonia) w potgczeniu z detektorem UltraDry EDS (Thermo Fisher Scientific,
USA) w nastepujgcych warunkach: napiecie przyspieszajgce — 15 keV, detektor — BSE, czas
skanowania — 40 s, powiekszenie x1000 — x3000. Obrazy wykonano po napyleniu probki

ztotem.

8.2. Metody optymalizacyjne

Klasyczne podejscie do optymalizacji zaktadajgce uzycie metody jednoczynnikowej
(OFAT, One Factor At Time) wymaga przeprowadzenia duzej liczby doswiadczen, co wydtuza
czas oraz zwieksza koszt catego procesu, nie zawsze zapewniajgc miarodajne wyniki [51].
Aby zmniejszy¢ liczbe eksperymentow dla kazdego z etapdéw badan zastosowano plan
centralny kompozycyjny (CCD, Central Composite Design) wraz z metodg powierzchni
odpowiedzi (RSM, Response Surface Methodology). CCD jest jedng z najczesciej
stosowanych metod projektowania eksperymentéw, poniewaz umozliwia efektywne badanie
wptywu wielu czynnikow jednoczesnie przy ograniczonej liczbie prob. Natomiast RSM pozwala
na modelowanie zaleznosci miedzy zmiennymi oraz optymalizacje odpowiedzi w sposob
nieliniowy, co czyni jg skutecznym narzedziem w optymalizacji proceséw technologicznych.
Kazdy z planow eksperymentalnych przygotowano za pomocg oprogramowania Statistica 13
(TIBCO Software Inc., USA), gdzie zatozono wykonanie pomiaréw roznych kombinacji
wartosci parametrow wejsciowych (zmiennych niezaleznych). Plan w przestrzeni
tréojwymiarowej, obejmuje pomiar punktéw stanowigcych naroza planu (square points, cube
points), punkty gwiezdne (axial points) oraz punkt centralny, ktérego pomiar wykonywany jest
w kilku powtdrzeniach, co pozwala na ocene btedu modelu. Liczba eksperymentéw
koniecznych do wykonania jest zalezna od liczby testowanych parametrow wejsciowych
(zmiennych niezaleznych) oraz liczby powtérzen w centrum planu i wyrazona
jest wzorem (3) [52].

N=2"+2f+nc (3)

N — ilo$¢ eksperymentow w planie,
f — ilos¢ parametréw wejsciowych (zmiennych niezaleznych),
nc — ilos¢ punktéw w centrum planu.

Realizacja zatozen eksperymentalnych planu centralnego kompozycyjnego pozwala
na otrzymanie modelu matematycznego drugiego stopnia, co z kolei umozliwia uzyskanie
odpowiedniego dopasowania powierzchni odpowiedzi do wynikéw eksperymentalnych,

zgodnie ze wzorem ogolnym (4).
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Y = Bo + B1X1 + Bax12 + Baxz + Bax2? + BsXz + PeXa? + BrX1Xz + BeXiXs + PoXoXz + € (4)

Y — zmienna zalezna,

B — wspétczynnik regresii,

X1, X2, X3 — Zzmienne niezalezne,
€ — btgd modelu.

Dopasowanie modelu oraz jego istotnos¢ statystyczng oceniano przy uzyciu analizy
wariancji (ANOVA) oraz skorygowanego wspdtczynnika determinacji R%q, co pozwolito
okresli¢ jako$¢ uzyskanego modelu. W przeciwienstwie do R2?, ktéry moze wskazywac
na pozornie wysokie dopasowanie przy zwiekszaniu liczby zmiennych, R%q kompensuje
wzrost wspotczynnika determinacji spowodowany dodawaniem kolejnych zmiennych
objasniajgcych. Warto$¢ RZ%4 rosnie w przypadku dodania do modelu zmiennych
zwiekszajgcych zdolnosci predykcyjne modelu, w przeciwnym przypadku maleje.
W celu potwierdzenia poprawnosci przyjetych warunkéw optymalnych wykonywano
eksperymenty weryfikacyjne. Gdy wyniki eksperymentéw byty zgodne z prognozowanymi
przez model, przyjmowano, ze opracowany model jest poprawny. Skutecznos¢ CCD i RSM
zalezy od jakosci dobranych punktéw eksperymentalnych oraz zakresu badanych parametrow.
W niektérych przypadkach, zwtaszcza gdy ukfad eksperymentalny jest silnie nieliniowy, moze

by¢ konieczne zastosowanie bardziej ztozonych modeli jak np. modele stopnia trzeciego.

8.3. Materiaty badawcze i metodyka
8.3.1 Wybér odpadu przemystowego

Do selekcji materiatdw bogatych w cer wytypowano cztery odpady przemystowe
potencjalnie zawierajgce pierwiastki ziem rzadkich (REE): mut weglowy (niskiej jakosci paliwo
z uwagi na wysokg zawarto$¢ popiotu, lecz potencjalnie zasobne w REE), popidt
ze wspoispalania wegla kamiennego z RDF (w ktérym, na skutek redukcji masy podczas
spalania, wzrasta stezenie REE), odpadowy materiat skalny z hatdy przy KWK (pochodzacy
z procesdw przerobki wegla kamiennego, powszechnie wystepujacy w aglomeraciji
gornoslaskiej) oraz zuzyty proszek polerski (z CeO; jako gtdownym sktadnikiem). Analize sktadu

chemicznego badanych materiatéw wykonano metodami opisanymi w podrozdziale 8.1.

8.3.2 Usuwanie fosforanow(V) z zastosowaniem koagulantu cerowego

W eksperymentach uzyto sScieki browarnicze pobrane z koncowej studzienki
kanalizacyjnej znajdujgcej sie na terenie browaru. Materiat pobrany w ilosci ok. 80 |
przetransportowano do laboratorium i przechowywano w temperaturze 4 + 1 °C. Kazdorazowo
przed uzyciem $cieki doktadnie mieszano w celu zapewnienia jednorodnosci prébek

jednostkowych.
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Odpadem przemystowym uzytym w badaniach byt zuzyty proszek polerski, ktérego
gtéwny sktadnik stanowit tlenek ceru(lV) (CeO.). Byt to podstawowy surowiec do syntezy
CeCl3-7H20, do ktorej uzyto rowniez 30%, sp. cz. kwas chlorowodorowy (HCI) oraz 30%,
cz.d.a. nadtlenek wodoru (H20;). Odzysk ceru ze zuzytego proszku polerskiego
przeprowadzono w kilku etapach wedtug schematu przedstawionego na rysunku 3, ktory jest

modyfikacjg metody opisanej w literaturze [53,54].

Zuzyty proszek polerski

!

Ekstrakcja z zastosowaniem

HCl i H,0, ’ Osad
Filtracja — Krystalizacja CeCl; - 7H,0

Rysunek 3. Schemat odzysku soli ceru(lll) ze zuzytego proszku polerskiego
Zrodto: [16]

Pierwszy etap polegat na odwazeniu 10,00 g wysuszonego w 105 + 1 °C do statej masy
proszku polerskiego, umieszczeniu go w kolbie trojszyjnej i dodaniu 30% roztworu HCI
w nadmiarze 200% i 30% roztworu H>O> w nadmiarze 100% (w obu przypadkach przeliczone
na 100% m/m reagenta) w stosunku do stechiometrycznej ilosci CeO, w prébce odpaddow.
Nastepnie do kolby dotgczono chtodnice zwrotng i ogrzewano do temperatury 80 £ 1 °C przez
4 h przy ciggtym mieszaniu. Po uptywie tego czasu uzyskany roztwor o odczynie silnie
kwasowym schtodzono do temperatury ok. 25 °C, przefiltrowano przez filtr strzykawkowy
(0,45 pm, hydrofilowy PTFE), poddano zageszczeniu poprzez odparowanie roztworu
w temperaturze 105 + 1 °C do uzyskania gestej, syropowatej cieczy i pozostawiono do
wykrystalizowania. Z otrzymanych krysztatdw przygotowano roztwér CeCls o stezeniu
0,05 mol/l. Badania optymalizacyjne usuwania fosforanéw(V) ze $ciekdw browarniczych
prowadzono poprzez odmierzenie 250 + 1 ml sciekdw do zlewek o pojemnosci 400 ml.
Nastepnie mieszano z predkoscig 250 + 10 obr/min, korygowano pH za pomocg 15% roztworu
HCl lub 15% roztworu NaOH, dodawano ustalong objetosci koagulatu cerowego
i kontrolowano czas procesu zgodne z przyjetym planem eksperymentalnym. Po zakohczeniu
procesu oczyszczania, kazdorazowo, wstepnie oczyszczone scieki pozostawiano na ok. 5 min
celem sedymentacji powstatych osadoéw. Nastepnie pobierano ciecz znad osadu, filtrowano
przez filtr strzykawkowy (0,45 um, hydrofilowy PTFE) i poddawano analizie wybranymi

metodami opisanymi w podrozdziale 8.1.
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8.3.3 Odzysk ceru z osadéw sciekowych

Materiat do badan recyklingu koagulantu cerowego stanowit osad $ciekowy uzyskany
W procesie oczyszczania sciekow browarniczych. Przed badaniami odzysku osad wysuszono
w temperaturze otoczenia (20 £+ 1 °C) do statej masy. Skiad chemiczny okreslono
po roztworzeniu probki osadu sciekowego w wodzie krélewskiej aqua regia
(HCI:HNOs, 3:1, V/V). W badaniach wykorzystano sp.cz. kwas azotowy (60%) (Merck,
Niemcy), sp.cz. kwas solny (30%) (Merck, Niemcy), cz.d.a. kwas siarkowy (96%) (Chempur,
Polska), cz.d.a. nadtlenek wodoru (30%) (Chempur, Polska), cz.d.a. wodorotlenek sodu
(Chempur, Polska), cz.d.a. kwas szczawiowy (Warchem, Polska) oraz wode dejonizowang
o przewodnosci elektrycznej wiasciwej ponizej 0,05 uS/cm.

Optymalizacje procesu ekstrakcji przeprowadzono wedtug przyjetego planu
eksperymentalnego obejmujgcego wykonanie 20 doswiadczen. Parametrami wejsciowymi
(zmiennymi niezaleznymi) byly: stosunek objetosciowo-masowy cieczy ekstrakcyjnej do masy
osadu Sciekowego, masa dodanego HCI oraz czas reakcji, natomiast parametrami
wyjsciowymi (zmiennymi zaleznymi) byly stezenia masowe ceru oraz fosforu. Ekstrakty
uzyskane podczas eksperymentéw przesgczono przez filtr strzykawkowy (0,45 pm,
hydrofilowy PTFE) i poddano analizie. Do kwasnego ekstraktu o pH 0,3, uzyskanego
w optymalnych warunkach, dodano stale mieszajgc roztwér kwasu szczawiowego (H2C204)
w nadmiarze 5% wzgledem ilosci wynikajgcej ze stechiometrii reakcji i nastepnie roztwor
NaOH w celu zwiekszenia pH do 1,8, co pozwolito na efektywne wytrgcenie szczawianu
ceru(lll), Cez(C204)3-10H20 [55]. Roztwdr mieszano z predkoscig 250 + 10 obr/min przez
30 min i pozostawiano na 12 h w celu uzyskania grubokrystalicznego osadu [56]. Otrzymany
Cey(C204)3:10H 0  filtrowano  przez  sgczek  membranowy  (hydrofilowy  PTFE)
o wielkosci poréw 0,45 um i przemyto wodg w celu usuniecia pozostatosci roztworu
zawierajgcego niepozgdane jony. Materiat suszono w temperaturze 105 + 1 °C do uzyskania
statej masy, zwazono i nastepnie poddano termicznemu rozktadowi w piecu muflowym
w temperaturze 350 £ 5 °C [57].

W pierwszym procesie wytwarzania soli cerowej otrzymany tlenek ceru(lV) (CeO,)
zwazono i poddano reakcji z HCI (30%) oraz H20, (30%) odpowiednio w nadmiarze 200%
i 100% wzgledem ilosci wynikajacej ze stechiometrii jak podczas otrzymywania chlorku
ceru(lll) z proszku polerskiego. W kolejnym etapie reagenty mieszano i ogrzewano
do temperatury ok. 90 °C przez 4 h [54]. Nastepnie, roztwér przesaczono przez saczek
membranowy (0,45 um, hydrofilowy PTFE), odparowano, krystalizowano oraz suszono

w temperaturze 70 £ 1 °C.
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Drugi proces polegat na reakcji tlenku ceru(lV) (CeO-) z nadmiarem H2SO4 (96% m/m)
wzgledem stechiometrycznej ilosci kwasu, w celu uzyskania Cex(SO.)s. Substraty mieszano
i ogrzewano w temperaturze 100 £ 1 °C przez 1 h. Po zakonhczeniu ogrzewania rozcienczano
wodg dejonizowang i redukowano Ce(lV) do Ce(lll) za pomocg H202 (30% m/m). Otrzymang
mieszanine filtrowano przez filtr membranowy (hydrofilowy PTFE) o wielkosci poréw 0,45 um,
odparowywano, krystalizowano i suszono w temperaturze 300 = 5 °C.

Trzeci proces polegat na reakgciji tlenku ceru(lV) (CeO2) z nadmiarem H2SO4 (96% m/m)
w celu uzyskania siarczanu(VI) ceru(lV) (Ce(SO.);). Reagenty mieszano i ogrzewano
w temperaturze 100 £ 1 °C przez 1 h, po czym ogrzewano w piecu muflowym w temperaturze
300 £ 5 °C przez 1 h w celu usuniecia nadmiaru H.SO4. Kazdg z otrzymanych soli poddano
analizie sktadu chemicznego z zastosowaniem technik ICP-OES, ICP-MS, IC oraz SEM-EDS.
8.3.4 Utlenianie toksycznych zanieczyszczen w $ciekach z symulacji procesu
podziemnego zgazowania wegla kamiennego przy uzyciu siarczanu(VI) ceru(lV)

Materiatem badawczym w procesach utleniania zanieczyszczen z zastosowaniem
siarczanu(VI) ceru(lV) byly $cieki pochodzace z symulacji procesu podziemnego zgazowania
wegla kamiennego przeprowadzonego z uzyciem powietrza wzbogaconego tlenem,
pod cisnieniem atmosferycznym. W eksperymentach stosowano mieszaniny utleniajgce
przygotowane z siarczanu(VI) ceru(lV) (Ce(SQ4)2-4H20), cz.d.a. nadtlenku wodoru (H20.),
30%) (Chempur, Polska), cz.d.a. siarczanu(VI) zelaza(ll) (FeSO4-7H20) (Chempur, Polska).
Korekte pH przeprowadzano za pomocg roztworow kwasu solnego sporzgdzonych z 30% HCI,
(Suprapur®, Merck, Niemcy) oraz roztworu wodorotlenku sodu (NaOH), cz.d.a. (Chempuir,
Polska). Do rozcienczen uzywano wody dejonizowanej (< 0,05 uS/cm).

Utlenianie  zanieczyszczen z zastosowaniem siarczanu(VI) ceru(lV)
przeprowadzano poprzez odmierzenie porcji $ciekéw do zlewek o pojemnosci 200 ml,
wyposazonych w mieszadto magnetyczne. Nastepnie regulowano pH, ogrzewano zlewki oraz
dodawano staty siarczan(VI) ceru(lV) (Ce(SOa4)24H20) w ilosci okreslonej w planie
eksperymentalnym. Scieki mieszano z predkoscig 250 + 10 obr./min. Ogrzewanie $ciekéw
miato na celu odzwierciedlenie warunkdéw temperaturowych po opuszczeniu skrubera, gdzie
w analizowanym przypadku temperatura maksymalna osiggata ok. 90 °C. Ponadto zatozono,
ze wykorzystanie ciepta odpadowego moze poprawi¢ efektywnos$¢ procesu utleniania
zanieczyszczen. Optymalizacja warunkéw procesu metodg powierzchni odpowiedzi (RSM)
zostata przeprowadzona poprzez wykonanie 29 eksperymentéw zgodnie z zatozeniami planu
centralnego kompozycyjnego (CCD), w ktérym uwzgledniono cztery parametry wejSciowe
(zmienne niezalezne) tj. czas z przedzialu 5-65 min, stosunek molowy Ce**

do rozpuszczonego wegla organicznego (RWO) wynoszgcy 2—-10, temperature 10-90 °C oraz
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pH 0,5-4,5 [58,59]. Po zakonczeniu procesu utleniania, scieki alkalizowano do pH 8,2, w celu
wytrgcenia uzytego utleniacza w postaci m.in. Ce(OH)s i/lub Ce(OH)a.
Proces utleniania w uktadzie Ce** + H,0. przeprowadzono w 9 eksperymentach stosujgc
9 roznych molowych stosunkéw RWO:Ce*:H,0,, wybranych na podstawie badan
dotyczgcych zastosowania procesu Fentona opisanych w literaturze [60,61]. Stosunek molowy
Ce** do RWO miescit sie w przedziale 1-3, a stosunek molowy H.O, do RWO
w przedziale 5-15. W celu oznaczenia zawartosci ceru (Ce) w osadzie $ciekowym
przeprowadzono jego mineralizacje w wodzie krolewskiej (aqua regia), zgodnie z normag
podang w podrozdziale 8.1.
8.3.5 Ocena ekologiczna i ekonomiczna procesu

Analize procesu przeprowadzono jako wstepng ocene wykonalnosci technologicznej
proponowanej metody oczyszczania Sciekdéw z koagulantem cerowym i jego recyklingiem.
Przyjeto warunki eksploatacyjne, skalujgc wyniki badan laboratoryjnych i pilotowych
do oczyszczalni $ciekow o przepustowosci 5000 m®/dobe. Petny cykl obiegu ceru w procesie

podzielono na 10 etapow zestawionych w tabeli 1.

Tabela 1. Etapy procesu oczyszczania Ssciekdw z zastosowaniem zwigzku ceru wraz z recyklingiem
reagentow

Numer etapu Etap
I Stracenie fosforanow(V)
Il Filtracja
1 Ekstrakcja osadu
v Filtracja
Vv Stracenie szczawianu ceru(lll)
VI Filtracja, zagospodarowanie odciekow
VI Rozkfad termiczny
VI Synteza chlorku ceru(lll)
IX Krystalizacja
X Odzysk HCI

Zrodto: [50]

W koncepcji uwzgledniono przebieg reakcji chemicznych, przyjeto parametry
technologiczne, konfiguracje aparatury (m.in. reaktory, prasy filtracyjne, zbiorniki buforowe),
bilans masowy reagentéw i produktow. Zidentyfikowano takze produkty uboczne (osady,
odcieki, gazy reakcyjne) i ich potencjalny wptyw Srodowiskowy. Przyjeto zatozenia
minimalizacji emisji poprzez odzysk HCI, wykorzystanie pozostatych osaddw jako Zzrodta
energii oraz odzysk soli z wod poreakcyjnych. Celem byto wskazanie potencjalnych punktow
krytycznych procesu i przygotowanie podstaw do dalszej oceny $rodowiskowej (LCA)

i ekonomicznej (DGC).
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Oceny ekologicznej dokonano metodg LCA (Life Cycle Assessment), zgodnie
z normami ISO 14040 i ISO 14044. Proces obejmowat 4 fazy, a mianowicie zdefiniowanie celu
i zakresu, analize inwentarzowg (LCI, Life Cycle Inventory), ocene wpltywu (LCIA, Life Cycle
Impact Assessment) oraz interpretacje wynikow.

Poniewaz analizowana technologia stanowi uzupetnienie procesu oczyszczania
sciekow, nie jest mozliwe wydzielenie osobnej taryfy za jej stosowanie. W zwigzku z tym,

zastosowano metode DGC (Dynamic Generation Cost) wyrazong wzorem (5).

Z”: KI, + KE,
= (1+i0)
DGC _ =0 ( ) (5)
i b
= (1+i)
gdzie:
Kl - koszty inwestycyjne poniesione w danym roku,
KE; - koszty operacyjne poniesione w danym roku,
P; - objetos¢ oczyszczonych Sciekow w danym roku,
i - stopa dyskontowa,
t - rok, w zakresie od 0 do n, gdzie 0 oznacza rok poniesienia pierwszych kosztow,

a n — rok zakonczenia eksploatacji oczyszczalni sciekéw.
Naktady inwestycyjne oszacowano na podstawie koncepcji instalacji i dostepnych cennikow
urzgdzen (poziom cen Q1 2025) na kwote 2 405 060 USD. Dla analizy DGC przyjeto stope
dyskontowg 4% oraz okres 22 lat (2025-2046), obejmujgcy 2 lata inwestycji i 20 lat
eksploatacji. Doktadno$¢ szacunkow kosztowych odpowiada klasie AACE Class 4 (btad -15%

do -30% po stronie niedoszacowania, +20% do +50% po stronie przeszacowania).
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9. Omoéwienie wynikéw badan
9.1. Wybér materiatu badawczego

W celu wyboru odpowiedniego materialu badawczego o duzej zawartosci ceru
przeprowadzono szereg analiz majgcych na celu okreslenie zawartosci tego pierwiastka (Ce).

Wyniki analiz zestawiono w tabeli 2.

Tabela 2. Zawarto$¢ ceru w analizowanych odpadach

Odpad Ce, mg/kg
Mut weglowy 19,6 £ 3,9
Popidt po wspditspaleniu wegla kamiennego z RDF 122,8 £ 24,6
Materiat skalny z hatdy przy KWK 228+4,6
Zuzyty proszek polerski 667 540 + 6 675

Zrédto: Opracowanie wlasne

Przeprowadzone analizy technikami ICP-OES, ICP-MS oraz XRD jednoznacznie
wykazaty, ze najbardziej perspektywicznym materiatem do dalszych badan byt zuzyty proszek
polerski zawierajgcy 66,75% Ce. W przypadku pozostatych materiatdbw zawartos¢ ceru jest
niska, co przektada sie na konieczno$¢ wykonania wielu operacji fizykochemicznych w celu
zatezenia odzyskiwanego pierwiastka i uzyskania soli o odpowiedniej czystosci,

co wielokrotnie zwigkszy koszt odzysku wzgledem wartosci rynkowe;.

9.2. Usuwanie fosforanéw(V) ze sciekéw browarniczych za pomoca chlorku ceru(lil)

pochodzacego ze zuzytego srodka polerskiego: badania odzysku i optymalizacji

Pierwszym celem badan opisanych w artykule nr 1 byto pozyskanie chlorku ceru(lll)
z materiatu odpadowego, ktérym byt zuzyty proszek polerski. Wyniki analizy sktadu fazowego,
uzyskane technikg XRD i przedstawione w tabeli 3, wskazujg, ze badany odpad zawierat
82,0% tlenku ceru(lV) oraz substancje amorficzng, ktérg najprawdopodobniej byt tlenek
krzemu(lV) pochodzacy z procesu polerowania powierzchni szklanych. Poddanie materiatu
procesowi ekstrakcji z zastosowaniem kwasu chlorowodorowego oraz nadtlenku wodoru
skutkowato uzyskaniem chlorku ceru(lll) z wydajnoscig 77,8% i czystoscig 98,3%.
Niepetna ekstrakcja mogta by¢é spowodowana otrzymaniem tlenku ceru(lV) w temperaturze
powyzej 620°C, typowej dla przerébki surowcéw zawierajgcych pierwiastki ziem rzadkich.
Zwigzek ten otrzymany w procesie wysokotemperaturowym charakteryzuje sie podwyzszong
odpornoscig na dziatanie czynnikbw chemicznych, co w konsekwencji wptywa negatywnie na
skutecznosc¢ ekstrakcji [57,62]. W omawianym przypadku otrzymana sél cerowa postuzyta

do przygotowania koagulantu o stezeniu jonéw ceru(lll) 0,05 mol/l.
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Tabela 3. Skiad fazowy zuzytego proszku polerskiego okreslony metodg XRD

Parametr Jednostka Wartos¢ * niepewnos¢ pomiarowa
Tlenek ceru(lV) (CeOz) % 82,0+1,0
Nierozpoznany minerat % 20+1,0
Substancja amorficzna % 14,5+0,5

Zrodto: [16]

Drugim materiatem wykorzystanym w badaniach byly Scieki browarnicze.
Przed eksperymentami oczyszczania zostaty one poddane analizie fizykochemicznej
technikami opisanymi w podrozdziale 8.1. Wyniki analizy przedstawione w tabeli 4 wykazaty
m.in. podwyzszone stezenie fosforanow(V) w porownaniu ze Sciekami bytowymi [63],

co potwierdzito przydatnos¢ materiatu do zastosowania w dalszych badaniach.

Tabela 4. Skfad fizykochemiczny $ciekéw browarniczych

Parametr Jednostka Wartos¢ * niepewnos¢ pomiarowa
pH - 75+0,1
Przewodnos¢ elektryczna wiasciwa uS/cm 2200 + 110
Sod (Na) mg/| 578 + 58
Potas (K) mg/l 21,1+ 2,1
Magnez (Mg) mg/| 13,8+1,4
Wapn (Ca) mg/| 61,1+6,1
Zelazo (Fe) mgl/l 2,00 + 0,20
Mangan (Mn) mg/| 0,35+ 0,04
Glin (Al) mg/| 0,60 £+ 0,09
Cynk (Zn) mg/| 0,15+ 0,02
Siarka ogolna, (Sog.) mg/l 65,3+9,8
Azot ogolny, (Nog.) mg/I 46,0+ 6,9
Azotany(V), NOs~ mg/I 0,68 + 0,07
Azotany(lll), NO2~ mg/I < 0,006 + 0,001
Jony amonu, NH4* mg/l 39,1+3,9
Fosfor ogoélny, (Pog.) mg/l 19,8 +2,0
Fosforany(V), PO43- mg/I 43,0+4,3
Zawiesina, TSS mg/l 630 + 63
ChZTcr mg O2/I 827 + 124
Ogdlny wegiel organiczny, OWO mg/l 130 £ 20
Rozpuszczony wegiel organiczny, RWO mg/l 71,0+ 10,7
Metnosc¢ NTU 390 £ 39
Barwa mg P/ 170 £ 34
Cer (Ce) pa/l <0,25+0,04

Zrodto: [16]

Eksperymenty optymalizacji parametréw procesowych usuwania fosforanéw(V)
z zastosowaniem koagulantu cerowego przeprowadzono zgodnie z zatozeniami planu
centralnego kompozycyjnego (CCD). Plan obejmowat wykonanie 16 eksperymentow
dla trzech parametréw wejsciowych (zmiennych niezaleznych) w zakresach: czas 8,56—-21,4
min, stosunek molowy Ce** do PO4*  0,856-2,144:1, pH 2,14-9,86. Wartosci poszczegdinych
parametrow eksperymentalnych oraz wyniki przedstawiono w tabeli 5.
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Tabela 5. Warunki eksperymentalne dla CCD/RSM oraz wyniki (Ce3* i PO4%) dla $ciekow
browarniczych (pH 2,14-9,86, stosunek molowy Ce3*:PO43- (0,856-2,144:1), czas 8,56—21,4 min);
*- centrum planu

Warunki eksperymentéw Wyniki eksperymentéw
Test | pH, xs | Czas (min), x. Stgset;: ?._,ko?fjl)c::vy PO4*, mgll Ce*, mgll
1 3,00 10,0 1,000 43,544 73,8+ 11,1
2 3,00 10,0 2,000 13,8+14 133+ 20
3 3,00 20,0 1,000 42,2 +42 69,9+ 10,5
4 3,00 20,0 2,000 12,0+1,2 126 £ 19
5 9,00 10,0 1,000 9,57 £ 0,96 0,015 £ 0,002
6 9,00 10,0 2,000 2,93 +0,29 0,171 £ 0,026
7 9,00 20,0 1,000 150+1,5 0,070 + 0,011
8 9,00 20,0 2,000 1,48 £ 0,15 0,158 + 0,024
9 2,14 15,0 1,500 46,7 £ 4,7 109 £ 16
10 9,86 15,0 1,500 0,570 £ 0,060 0,124 £ 0,019
11 6,00 8,56 1,500 0,059 + 0,006 0,194 £ 0,029
12 6,00 21,4 1,500 0,045 £ 0,005 0,145 £ 0,022
13 6,00 15,0 0,856 15,0+ 1,5 1,02+ 0,15
14 6,00 15,0 2,144 <0,010 £ 0,001 | 0,719+ 0,108
15* 6,00 15,0 1,500 0,043 £ 0,004 0,147 £ 0,022
16* 6,00 15,0 1,500 0,039 £ 0,004 0,184 £ 0,028
Zrédio: [16]

Analiza statystyczna uzyskanych wynikdw pozwolita na okreslenie istotnosci
poszczegoélnych parametrow wejsciowych, co w nastepnym etapie umozliwito wyznaczenie
powierzchni odpowiedzi (rysunek 4 i 5) i ustalenie optymalnych warunkéw procesowych
dla minimalizacji stezenia fosforanéw(V) oraz pozostatych po koagulacji jonéw ceru(lll)
w oczyszczonych $ciekach. Uzyskane modele matematyczne charakteryzowaty sie
skorygowanym wspotczynnikiem determinacji Rag? = 0,929 dla usuwania fosforanow(V),
oraz Ra¢? = 0,945 dla minimalizacji stezenia jonow ceru(lll) po koagulacji, co oznacza
wyjasdnienie odpowiednio 92,9% i 94,5% wynikow eksperymentalnych wzgledem wynikow
przewidywanych przez modele. Ustalono, ze minimalizacje obu analizowanych parametrow
mozna osiggng¢ podczas prowadzenia procesu przy pH z przedziatu 7,0-8,5, stosunku

molowym Ce*" do POs* 1,5-2,0:1 i czasie 15 min.
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Rysunek 4. Powierzchnia odpowiedzi wptywu stosunku molowego Ce3*:PO43- i wartosci pH,
na stezenie jonow PO4* w oczyszczanych sciekach browarniczych, czas = 15 min
Zrodto: [16]
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Rysunek 5. Powierzchnia odpowiedzi wptywu stosunku molowego Ce3*:PO43- i wartosci pH,
na stezenie jondw Ce® w oczyszczanych $ciekach browarniczych, czas = 15 min
Zrodto: [16]

Przyjete zatozenia zweryfikowano przez wykonanie eksperymentu przy pH Sciekow
7,5, stosunku molowym Ce®" do PO.* 1,5:1 i czasie 15 min. Prowadzenie procesu w tych
warunkach pozwolito na obnizenie stezenia fosforanow(V) (PO4*") 0 99,86%, fosforu ogolnego
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0 99,56%, ChZT cr 0 81,86%, zawiesiny 0 96,67%, OWO o 60,38%, azotu ogdlnego o0 19,24%,
metnosé o 98,18%, barwy 70,59%. Stezenie jondw ceru(lll) wynosito 0,058 mg/l, co stanowito
0,06% wartosci poczgtkowej wynikajgcej z ilosci dodanej do oczyszczania $ciekow.
Otrzymane bardzo dobre wyniki pozytywnie zweryfikowaty zatozone parametry prowadzenia
procesu. Skuteczne zwigzanie ceru i fosforu w osadzie wskazuje, ze moze on stanowic
potencjalne zrédto tych pierwiastkow, co stato sie podstawg do podjecia badan nad ich
odzyskiem w Kkolejnej

pracy. Szczegétowe wyniki eksperymentu weryfikacyjnego

przedstawiono w tabeli 6.

Tabela 6. Wybrane parametry fizykochemiczne $ciekéw browarniczych przed i po procesie
oczyszczania z zastosowaniem roztworu chlorku ceru(lll) o stezeniu 0,05 mol/l

) Scieki browarnicze po oczyszczaniu?
Parametr | Jednostka | Scieki surowe
Wartos¢ zmierzona Procent usuniecia®, %

pH - 75+0,1 75+0,1 -
Metnos¢ NTU 390 + 39 7,1+0,7 98,18
Barwa mg P/l 170 + 34 5010 70,59
PO43- mg/l 43,0+ 4,3 0,062 + 0,006 99,86
Pog. mg/l 19,8 £2,0 0,085 £ 0,017 99,56
Nog. mg/I 46,0+ 6,9 37,156 19,24
Zawiesina mg/| 630 + 63 21,021 96,67
Oowo mg/I 130 £ 19 51,577 60,38
ChZTcr mg O/l 827 + 124 150 + 22 81,86
Ced* mg/| 95,2¢+ 14,3 0,058 + 0,009 99,94

a\W warunkach optymalnych, t.j., pH = 7,5, Ce®* = 0,095 g/l (stosunek molowy Ce3*:P043,1,5:1), i czas = 15 min

b Skutecznos¢ oczyszczania $ciekow = (C1—C2)/C1x100%, gdzie c1 to stezenie substancji w surowych $ciekach
browarniczych, a ¢z to stezenie substancji w $ciekach oczyszczonych

¢ Obliczone stezenie jonéw Ce®* po dodaniu do surowych $ciekéw browarniczych (zawarto$¢ jonow Ce®* w
surowych sciekach browarniczych < 0,25 g/l

Zrodto: [16]

9.3. Odzysk soli ceru z osadoéw sciekowych powstatych w wyniku koagulacji sciekéw
browarniczych za pomoca odzyskanego koagulantu cerowego

W artykule nr 2 przedstawiono metode odzysku ceru z osadu Sciekowego wraz
z optymalizacjg procesu. Badany materiat pochodzit z procesu oczyszczania Sciekéw
browarniczych, gdzie zostat zastosowany koagulant cerowy. Sktad chemiczny osadu
przedstawiono w tabeli 7. Materiat zmineralizowano w aqua regia, przesgczono, rozcienczono
i poddano analizie technikami ICP-OES oraz ICP-MS. Wyniki analiz wskazujg na wysoka
zawartos¢ ceru (10,15%) przez co materiat jest przydatnym surowcem do odzysku tego
pierwiastka, zwlaszcza w kontekscie znikomych zasobdéw naturalnych tego pierwiastka
w Polsce [64].
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Tabela 7. Skfad chemiczny osadu $ciekowego po koagulacji chlorkiem ceru(lll)

Parametr Jednostka Wartos¢ i_nlepewnosc
pomiarowa
Cer (Ce) a’kg 101,5+£ 10,2
Fosfor ogoiny (P) a’kg 222+2.2
Sod (Na) a/kg 3,65+ 0,37
Mangan (Mg) a/kg 1,05 £ 0,11
Wapn (Ca) a/kg 21,3+2,1
Zelazo (Fe) g/kg 3,46 + 0,35
Mangan (Mn) a’kg 0,10 £ 0,02
Glin (Al) g/kg 1,23+0,12
Bar (Ba) a/kg 0,185 + 0,037
Stront (Sr) a’kg 0,084 + 0,021
Cynk (Zn) a’kg 0,417 £ 0,083

Zrédio: [49]

Do badan nad efektywng ekstrakcjg ceru i fosforu z osadu $ciekowego zastosowano
roztwor kwasu chlorowodorowego (HCI). Optymalizacje ekstrakcji przeprowadzono zgodnie
z zatozeniami planu centralnego kompozycyjnego (CCD), co pozwolito na wyznaczenie
powierzchni odpowiedzi (RSM) i ustalenie optymalnych warunkéw ekstrakcji. Przeprowadzono
20 eksperymentéw, gdzie zmiennymi niezaleznymi byly: masa dodanego HCI, czas reakgciji
oraz stosunek objetosciowo-masowy cieczy ekstrakcyjnej do masy osadu Sciekowego
odpowiednio w zakresach 35,0—405,0 mg/g, 6,36—73,6 min, 7,96-92,0:1 ml/g. Na podstawie
wynikow eksperymentéw przedstawionych w tabeli 8. przeprowadzono analize statystyczng

badanych parametrow wejsciowych (zmiennych niezaleznych).
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Tabela 8. Warunki eksperymentalne dla CCD/RSM oraz wyniki stezerh P i Ce po ekstrakcji z osadéw
Sciekowych (HCI 35,0—405,0 mg, stosunek masy ciecz:ciato state (7,96-92,0:1), czas 6,36—73,6 min); *

— centrum planu

Warunki eksperymentu Wyniki
Stosunek
Test cieg::/;ls)ad, Czas (min), x2 HCI),(Smg, P, mg/g Ce*, mglg
X1
1 25,0 20,0 110 14,24 + 2,14 67,95+ 10,19
2 25,0 20,0 330 22,73 + 3,41 104,5 + 15,68
3 25,0 60,0 110 14,27 £ 2,14 67,86 £ 10,18
4 25,0 60,0 330 21,80 + 3,27 101,6 £ 15,24
5 75,0 20,0 110 15,09 £ 2,26 71,73 £ 10,76
6 75,0 20,0 330 20,48 + 3,07 98,54 + 14,78
7 75,0 60,0 110 15,54 + 2,33 72,23 £ 10,84
8 75,0 60,0 330 21,76 £ 3,26 102,6 £ 15,39
9 7,96 40,0 220 18,23 £2,73 91,89 £ 13,78
10 92,0 40,0 220 19,91 £ 2,99 91,44 £ 13,72
11 50,0 6,36 220 18,99 £ 2,85 93,18 £ 13,98
12 50,0 73,6 220 19,58 + 2,94 93,35 + 14,00
13 50,0 40,0 35 1,014 £ 0,152 11,17 £ 1,68
14 50,0 40,0 405 21,84 + 3,28 101,4 £ 15,22
15* 50,0 40,0 220 19,67 £ 2,95 97,03 + 14,55
16* 50,0 40,0 220 20,96 + 3,14 101,1 £ 15,16
17* 50,0 40,0 220 21,23 £ 3,18 103,2 £ 15,47
18* 50,0 40,0 220 21,42 + 3,21 105,3 £ 15,80
19* 50,0 40,0 220 19,45 £ 2,92 104,8 £ 15,72
20 50,0 40,0 220 18,93 £ 2,84 102,2 £ 15,33
Zrédio: [49]

Analiza statystyczna (ANOVA) pozwolita na eliminacje parametréw nieistotnych
statystycznie w opracowanym modelu, co w efekcie poprawito jego dopasowanie do danych
eksperymentalnych. Skorygowane wspétczynniki determinacji modelu dla ceru oraz fosforu
wynosity odpowiednio Raq? = 0,902 oraz R.q? = 0,868, co oznacza, ze opracowany model
objasnia 90,2% (bardzo dobre dopasowanie) oraz 86,8% (dobre dopasowanie) danych
eksperymentalnych. Najprawdopodobniej zastosowanie modelu bardziej zlozonego
(np. trzeciego stopnia) pozwolitoby na jeszcze lepsze dopasowanie. Na podstawie
wyznaczonych powierzchni odpowiedzi (rysunek 6), ustalono, ze optymalnymi warunkami
prowadzenia procesu sg czas 40 min, stosunek objetosci ekstrahenta do masy osadu
wynoszacy 25 ml/g, oraz masa HCI przypadajgca na 1 g osadu w ilosci 350 mg co jest

zabiegiem kompromisowym pozwalajgcym na skuteczng ekstrakcje obu pierwiastkow.
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Rysunek 6. Powierzchnie odpowiedzi przedstawiajgce uzysk Ce (a) oraz P (b) w zaleznosci od ilosci
zastosowanego HCl oraz stosunku objetosci kwasu do objetosci osadu
Zrédto: [49]

W  wyniku ekstrakcji przeprowadzonej w optymalnych warunkach otrzymano
ciemnobrgzowy ekstrakt zawierajgcy 99,6% masy ceru i 97,5% masy fosforu pierwotnie
obecnych w osadzie sciekowym.

W kolejnym etapie procesu odzysku ceru ekstrakt przesgczono, celem oddzielenia
roztworu od materii nierozpuszczalnej. Nastepnie w celu wytracenia trudno rozpuszczalnego
osadu szczawianu ceru(lll) do roztworu o pH 0,3 dodano roztwdér kwasu szczawiowego
i podniesiono pH do 1,8 [55], po czym nastgpito wytrgcenie trudno rozpuszczalnego osadu

szczawianu ceru(lll) z wydajnoscig 99,97%, zgodnie z reakcjg (6).
2Ce%* + 3C2O42_ + nH,O— Cez(C204)3-nH20l (gdzie n= 9, 10) (6)

Rozkfad termiczny osadu w piecu muflowym, w temperaturze 350 + 5 °C skutkowat
otrzymaniem tlenku ceru(lV) z wydajnoscig 99,5%. Temperatura rozktadu zostata dobrana
w taki sposob, aby wytworzy¢ drobnokrystaliczny materiat, ktory jest bardziej podatny
na dziatanie czynnikbw chemicznych niz tlenek otrzymany w warunkach
wysokotemperaturowych [57]. Materiat ten byt substratem w trzech réznych procesach
otrzymywania soli cerowych.

Pierwszy proces miat na celu uzyskanie CeCl;-7H2O poprzez zmieszanie CeO;
z 200% nadmiarem HCI (30%) oraz 100% nadmiarem H,O, (30%) wzgledem stechiometrii
reakcji [16,54], ogrzewanie mieszaniny reakcyjnej do temperatury 90 + 1 °C przez 4 h, filtracje
przez filtr membranowy (0,45 um, hydrofilowy PTFE) i odparowanie roztworu
do momentu uzyskania gestej, syropowatej cieczy. Po ochtodzeniu nastepowata krystalizacja
uwodnionego chlorku ceru(lll). W opisanych warunkach proces przebiegt z wydajnoscig
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97,0%. Probke otrzymanej substancji poddano analizie chemicznej, ktéra wykazata, ze cer
stanowit 98,6% sposrod 30 analizowanych kationow.

Drugi proces prowadzit do otrzymania Cez(S0O4)s poprzez dodanie nadmiaru stezonego
H2S04 (96%, m/m) do CeO,, wymieszanie i ogrzewanie do temperatury 100 £ 1 °C przez
60 = 1 min, a nastepnie rozcienczenie wodg dejonizowang oraz redukcje Ce(lV) do Ce(lll) przy
uzyciu H202 (30%, m/m). Otrzymang mieszaning przesgczono przez filtr membranowy
(0,45 um, hydrofilowy PTFE) , odparowano, poddano krystalizacji i wysuszono w temperaturze
300 £ 5 °C. W tym przypadku, Ce2(SOa)3 uzyskano z wydajnoscig 97,4%, a analiza chemiczna
potwierdzita, ze cer stanowit 95,9% sposrod 30 analizowanych kationow.

Z Kkolei, trzeci z procesow prowadzit do otrzymania Ce(SOs), poprzez reakcje
uzyskanego CeO, z nadmiarem stezonego H>SO4 (96%, m/m) wzgledem wymaganej ilosci
stechiometrycznej, a nastepnie ogrzewanie do temperatury 100 £ 1 °C przez 60 £ 1 min
oraz dalsze ogrzewanie w piecu muflowym w temperaturze 300 + 5 °C, do momentu
zakonczenia wydzielania sie¢ biatych dymow z rozktadu kwasu siarkowego(VI).
Wydajnos¢ otrzymywania Ce(SO4)2 w tym procesie wyniosta 98,3%. Przeprowadzona analiza
chemiczna uzyskanego zwigzku wykazata, ze cer stanowit 97,5% sposrod wszystkich 30
analizowanych kationéw.

Na rysunku 7 przedstawiono wysuszony w temperaturze otoczenia osad Sciekowy (A)
bedacy materiatem wejsciowym do eksperymentéw odzysku ceru oraz produkty koncowe
recyklingu koagulantu cerowego — siedmiowodny chlorek ceru(lll) (B) oraz siarczan(VI)
ceru(lV) (C).

Rysunek 7. Osad wysuszony w temperaturze otoczenia (A), uzyskany chlorek ceru(lll) CeCls-7Hz20 (B),
uzyskany siarczan(VI) ceru(IV) Ce(SO4)2 (C)
Zrodto: [49]

Rezultaty przeprowadzonych badan pozwolity na zamkniecie obiegu ceru w procesie

oczyszczania $ciekow zgodnie ze schematem przedstawionym na rysunku 8.

Strona 42 z 64

mgr inz. Pawet Lejwoda Model procesu oczyszczania sciekdw z wykorzystaniem
Rozprawa doktorska zwigzkdéw ceru pochodzacych z odpaddéw przemystowych



Scieki
browarnicze
Zuzyty proszek

polerski

Chlorek
ceru(ll)

Ekstrakt

Tlenek
ceru(lV)

Rysunek 8. Schemat obiegu ceru w procesie oczyszczania sciekow
Zrédto: Opracowanie wtasne

9.4. Ocena mozliwosci wykorzystania siarczanu(VI) ceru(lV) oraz procesu Fentona i
procesu podobnego do procesu Fentona do utleniania zanieczyszczen w sciekach z
symulacji procesu podziemnego zgazowania wegla kamiennego

Badania przedstawione w artykule nr 3 miaty na celu okreslenie optymalnych
warunkéw prowadzenia procesu utleniania zanieczyszczen, w ktérym czynnikiem utleniajgcym
byt siarczan(VI) ceru(IV).

Odzysk ceru z osadu sSciekowego moze prowadzi¢ do otrzymania soli ceru(lll)
lub ceru(lV). W przypadku odzysku soli ceru(lll) mozna go ponownie wykorzystaé
do sporzadzenia roztworu, ktéry bedzie koagulantem w oczyszczaniu $ciekdw.
Natomiast, gdy produktem jest cer(lV) bedacy silnym utleniaczem, moze on zostaé
zastosowany jako czynnik zmniejszajacy stezenie zanieczyszczen podatnych na utlenianie jak
ma to miejsce w przypadku Sciekéw z symulacji procesu podziemnego zgazowania wegla

kamiennego, zgodnie z ogdlng reakcjg (7).
Ce** + R—»Ce® + R* (7)

Sktad fizykochemiczny otrzymanych $ciekéw przedstawiono w Tabeli 9.
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Tabela 9. Sktad fizykochemiczny S$ciekdw z symulacji procesu podziemnego zgazowania wegla
kamiennego

Parametr Jednostka Wartos¢ * niepewnos$¢ pomiarowa
pH - 1,8+ 0,1
Potencjat redoks mV 480
RWO mg/| 148,0 £ 22,2
Cer (Ce) pg/l <0,10+0,15
Zelazo (Fe) mg/l 11,537 £ 1,154
Mangan (Mn) mg/| 0,197 £ 0,039
Kadm (Cd) mg/| < 0,005 + 0,001
Chrom (Cr) mg/l 2,441 + 0,244
Miedz (Cu) mg/l < 0,020 £ 0,005
Nikiel (Ni) mg/| 1,088 + 0,109
Otow (Pb) mg/l 1,603 + 0,160
Cynk (Zn) mg/l 2,544 + 0,254
Cyjanki catkowite pg/l 21000 + 2100
Indeks fenolowy pg/l 61950 + 4956
Naftalen Mg/l 153,78 + 38,45
Acenaften Mg/l 284,56 + 71,14
Fluoren Mg/l 107,39 + 26,85
Fenantren pg/l 263,23 + 65,81
Antracen pg/l 93,81 + 23,45
Fluoranten Mg/l 133,79 + 33,45
Piren Mg/l 322,10 + 80,53
Benzo(a)antracen Mg/l 291,30 + 72,83
Chryzen pg/l 143,09 + 35,77
Benzo(b)fluoranten pg/l 151,23 + 37,81
Benzo(k)fluoranten pg/l 85,26 + 21,32
Benzo(a)piren Mg/l 231,81 £ 57,95
Dibenzo(a,h)antracen pg/l 51,53 + 12,88
Benzo(g,h,i)perylen pg/l 47,85 + 11,96
Indeno(1,2,3-cd)piren pa/l 95,40 + 23,85
> WWA pg/l 2459,11 + 614,78

Zrédio [22]

W tabeli 10 przedstawiono wartosci zmiennych wejsciowych dla 29 eksperymentéw wraz
z wynikami. Analiza statystyczna uzyskanych wynikéw przy zadanych wartosciach
parametrow wejsciowych (zmiennych niezaleznych tj., czas reakcji, stosunek molowy
Ce*:RWO, pH, temperatura) pozwolita na okreslenie ich istotnosci. Nastepnie po eliminac;ji
najmniej istotnych efektéw liniowych, kombinacji efektow liniowych oraz efektow
kwadratowych wyznaczono powierzchnie odpowiedzi (rysunek 9) i ustalono optymalne
warunki procesowe. Warto$¢ skorygowanego wspotczynnika determinacji R%q = 0,850
oznacza, ze model jest dobrze dopasowany do danych eksperymentalnych wyjasniajgc 85%

uzyskanych wynikéw.
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Tabela 10. Warunki eksperymentalne dla CCD/RSM oraz wyniki (RWQO) po utlenianiu zanieczyszczen
(czas 5-65 min, stosunek molowy Ce*:RWO 2-10, pH 0,5-4,5, temperatura 10-90 °C);
* — centrum planu

Warunki eksperymentu Wyniki eksperymentéow
Stosunek Temperatura °C,
Test czasx(1m|n), C:T‘?:I;wg, PH, x3 Xa RWO, mg/l
X2
1 20 4 1,5 30 63,0+9,5
2 20 4 3,5 30 64,8 +9,7
3 20 8 1,5 30 67,6 £ 10,1
4 20 8 3,5 30 68,1+ 10,2
5 20 4 1,5 70 73,1+11,0
6 20 4 3,5 70 78,5+ 11,8
7 20 8 1,5 70 81,4+122
8 20 8 3,5 70 81,8+12,3
9 50 4 1,5 30 69,9 £ 10,5
10 50 4 3,5 30 70,5+ 10,6
11 50 8 1,5 30 78,8+ 11,8
12 50 8 3,5 30 70,3+ 10,5
13 50 4 1,5 70 72,0+10,8
14 50 4 3,5 70 81,1+12,2
15 50 8 1,5 70 75,5+ 11,3
16 50 8 3,5 70 83,1+125
17 5 6 2,5 50 67,2+ 10,1
18 65 6 2,5 50 62,9+94
19 35 6 2,5 10 68,1+ 10,2
20 35 6 2,5 90 107,0 + 16,1
21 35 2 2,5 50 68,9 + 10,3
22 35 10 2,5 50 81,4 +12,2
23 35 6 0,5 50 62,8 +9,4
24 35 6 45 50 77,3+11,6
25* 35 6 2,5 50 56,7 £ 8,5
26* 35 6 2,5 50 52,7+7,9
27* 35 6 2,5 50 51,7+7,8
28* 35 6 2,5 50 54,5+ 8,2
29* 35 6 2,5 50 62,2+9,3
Zrodto: [22]

W warunkach optymalnych, okreslonych na podstawie wyznaczonego modelu,
przedstawionego na rysunku 9 tj. przy czasie reakcji 20-40 min, stosunku molowym
Ce*:C 4-6:1, pH 2,0-2,5 oraz temperaturze w zakresie 30-50 °C, stwierdzono najwieksze
obnizenie stezenia RWO. Eksperyment weryfikacyjny przeprowadzono przy czasie reakcji
35 min, stosunku molowym Ce*:C 5:1, pH 2,5 oraz temperaturze 40 °C, potwierdzajgc
skuteczne obnizenie stezen cyjankoéw, fenoli, WWA, RWO odpowiednio o 97,67%, 99,97%,
99,40% i 65,34%. Po alkalizacji $ciekow do pH 8,2, ktére miato na celu zwigzanie pozostatych

w roztworze jondw ceru w postaci osadu wodorotlenkéw, zaobserwowano obnizanie pH
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w czasie 60 + 1 min do wartosci 5,9. Stwierdzono, ze zmniejszenie warto$ci pH powodowato
uwolnienie jonéw ceru, co skutkowato wtérnym zanieczyszczeniem $ciekéw oczyszczonych

i mimo skutecznego obnizenia stezen WWA, cyjankéw, fenoli i RWO jest to ograniczenie
przedstawionej metody.
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Rysunek 9. Powierzchnie odpowiedzi przedstawiajgce stezenie RWO w funkcji poszczegdlinych
zestawow zmiennych niezaleznych, (A) temperatura i czas, (B) stosunek molowy Ce**:RWO i czas, (C)

pH i czas, (D) stosunek molowy Ce*:RWO i temperatura, (E) pH i temperatura, (F) pH i stosunek
molowy Ce**:RWO
Zrédto: [22]
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W alternatywnym procesie utlenianie zanieczyszczen z zastosowaniem jonow ceru(lV)
zostato zmodyfikowane o dodatek 30% (m/m) roztworu nadtlenku wodoru. Proces ten wedtug
danych literaturowych nalezy do grupy proceséw podobnych do procesu Fentona (Fenton-like
processes). Zatozono w nim, ze produktem reakcji miedzy jonami ceru(lV), a nadtlenkiem

wodoru jest rodnik hydroksylowy, ktéry jest jednym z najsilniejszych utleniaczy (tabela 11).

Tabela 11. Potencjaty redoks wybranych utleniaczy

Utleniacz Eh, V

*OH 2.80

O 242

Os (warunki kwasowe) 2.07
H202 (warunki kwasowe) 1.78
HO2* 1.70

Ce**w 1M HCIO4 1.70
Ce** w 1M H2S04 1.44
Ce**w 1M HCI 1.28

Oz (warunki kwasowe) 1.23

Zrédio: [22]

W tabeli 12, przedstawiono wyniki stezen rozpuszczonego wegla organicznego (RWO)
po 9 procesach utleniania, z zastosowaniem réznych proporcji molowych pomiedzy weglem

(C) pochodzacym z zanieczyszczen, jonami ceru(lV) oraz nadtlenkiem wodoru (H20>).

Tabela 12. Stezenie RWO w zaleznosci od ilosci dodanego siarczanu(VI) ceru(lV) (Ce(SOa4)2:4H20) i
nadtlenku wodoru (H202); pH $ciekéw = 2,5, czas = 35 min, temperatura = 40 °C

Stosunek molowy C:Ce**:H,0, RWO, mg/l
1:1:5 38,7+5,8
1:1:15 379+57
1:2:2 41,8+6,3
1:2:5 42,4 +6,4
1:2:10 37,1+5,6
1:2:15 39,0+£5,9
1:3:5 36,7+5,5
1:3:10 41,8 +6,3
1:3:15 39,0+59
Zrédio: [22]

Ze wzgledu na podobienstwo otrzymanych rezultatéw, arbitralnie wybrano wartosc
bliskg srodkowej dla analizowanych proporcji poszczegolnych reagentow mieszaniny
utleniajgcej tj. stosunek C:Ce*:H,O, 1:2:10. Rysunek 10 przedstawia przefiltrowane $cieki
przed oczyszczaniem (A), w trakcie utleniania (B) oraz po alkalizacji do pH 8,2 konczacej
utlenianie i po sedymentacji osadu (C). Z punktu widzenia prowadzenia procesu utleniania
niezwykle istotne jest, aby odczyn Sciekdéw byt kwasowy, poniewaz tylko w takich warunkach
mozliwe jest zachodzenie reakcji bezposredniego utleniania jonami Ce** (7), oraz reakdji

z wytworzeniem rodnikow (8) i (9) umozliwiajgcych skuteczne utlenianie zanieczyszczen.
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Ce* + H,0;, »Ce* + «OH + HO~  (8)
Ce* + H,0; »Ce® + HOp» + H*  (9)

W $Srodowisku zasadowym, zdolnosci oksydacyjne zostajg zablokowane przez

utworzenie stabilnego zwigzku, ktéry wigze jony ceru w stabilnym osadzie wedtug reakc;ji (10).
2Ce®** + 3H,0; + 60H- —2Ce(02)(OH).| + 4H.O (10)

Po zakonczeniu utleniania spowodowanym alkalizacjg sciekdw do pH 8,2 i po uplywie
60 £ 1 min zaobserwowano niewielkie zwiekszenie pH do 8,7 mogace Swiadczyc
0 czesciowym rozktadzie osadu otrzymanego w reakcji (10). Analiza sktadu chemicznego
Sciekdw oczyszczonych wykazata, ze 99,996% ceru zostato zwigzane w stabilnym osadzie,
co przektadato sie na stezenie jondw ceru na poziomie 3,7 pg/l. W tym przypadku, osiggnieto
obnizenie stezenia cyjankow, fenoli, WWA oraz RWO odpowiednio 0 98,14%, 99,66%, 99,91%
i 76,35%.

A B C

Rysunek 10. Przefiltrowane $cieki z symulacji procesu podziemnego zgazowania wegla kamiennego
(A), roztwér podczas utleniania zanieczyszczen w optymalnych warunkach, przy stosunku molowym
RWO:Ce**:H202 1:2:10, pH = 2,5, czas reakcji = 35 min, temperatura = 40 °C (B), roztwér po
zakonczonym utlenianiu zanieczyszczen i sedymentacji osadu przy pH 8,2 (C)

Zrédio: [22]

Celem poroéwnania opisanych powyzej metod utleniania z dobrze znanym i szeroko
opisanym w literaturze procesem Fentona bazujgcym na zastosowaniu soli zelaza(ll)
i nadtlenku wodoru przeprowadzono dodatkowy proces oczyszczania. Eksperyment
porownawczy przeprowadzono z zastosowaniem identycznych proporcji reagentéw jak
w przypadku procesu z zastosowaniem ceru(lV) i nadtlenku wodoru (H203) tj. stosunek molowy
RWO:Fe?":H,0, 1:2:10, czas reakcji 35 min, pH 2,5, temperatura 40 °C. Przedstawione
w tabeli 13. wyniki eksperymentéw wykazaty wysokg efektywnos¢ w obnizaniu stezen
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zanieczyszczen w kazdym z analizowanych uktadow utleniajgcych, przy czym w przypadku
RWO, bedgcym ogdélnym wskaznikiem zanieczyszczenia, najskuteczniejszym ukladem
utleniajgcym byt Ce** + H,0,. Istotng zaletg procesu podobnego do procesu Fentona
w uktadzie Ce**+H,O, wzgledem zastosowania wytgcznie roztworu soli Ce** do utleniania
zanieczyszczeh byta znikoma zawarto$¢ jonéw ceru(lll) i ceru(lV), ktére zostaty w 99,996%

zwigzane w osadzie, co w przypadku zastosowania wytgcznie ceru(lV) nie byto tak skuteczne

(zwigzanie 91,72% jondw Ce) i powodowato wtérne zanieczyszczeniem sSciekdw
oczyszczonych.
Tabela 13. Wiasciwosci fizykochemiczne $ciekéw przed i po procesie oczyszczania
| Utleniacze
Parametr Jednostka Scieki surowe
Ce* Ce* + H202 Fe?* + H202
pH - 1,8+0,1 5,92+0,1 8,72+ 0,1 7,92+0,1
Potencjat redoks mV 480 1153° 585° 559
RWO mg/L 148,0 £ 22,2 51,377 35053 64,4 +9,7
Cer (Ce) gL <0,10 £ 0,15 7655 + 766 3,7+0,6 <0,10+0,15
Zelazo (Fe) mg/L 11,537 + 1,154 0,003 + 0,001 0,002 + 0,001 0,003 + 0,001
Mangan (Mn) mg/L 0,197 £ 0,039 < 0,005 £ 0,001 < 0,005 £ 0,001 < 0,005 £ 0,001
Kadm (Cd) mg/L < 0,005 £ 0,001 < 0,005 £ 0,001 < 0,005 £ 0,001 < 0,005 £ 0,001
Chrom (Cr) mg/L 2,441 £ 0,244 0,0010 + 0,0003 0,91 +£0,09 0,41 £ 0,08
Miedz (Cu) mg/L < 0,020 + 0,005 < 0,020 £ 0,005 <0,020 £ 0,005 | <0,020 + 0,005
Nikiel (Ni) mg/L 1,088 + 0,109 0,766 £ 0,153 0,514 £ 0,103 0,409 + 0,082
Otéw (Pb) mg/L 1,603 + 0,160 < 0,050 £ 0,013 < 0,050 £ 0,013 < 0,050 £ 0,013
Cynk (Zn) mg/L 2,544 + 0,254 < 0,050 £ 0,013 < 0,050 £ 0,013 < 0,050 £ 0,013
Cyjanki catkowite ug/L 21000 = 2100 489 + 49 390 + 39 1036 + 104
Indeks fenolowy pg/L 61950 £ 4956 18,5+£2,8 207,8 £ 31,2 325+49
Naftalen pg/L 153,78 + 38,45 4,64 £ 1,16 0,14 £ 0,04 < 0,050 £ 0,013
Acenaften pg/L 284,56 £ 71,14 0,36 + 0,09 0,23 + 0,06 0,06 + 0,02
Fluoren pg/L 107,39 + 26,85 0,25 + 0,06 0,78 £ 0,20 < 0,050 £ 0,013
Fenantren pg/L 263,23 £ 65,81 6,55 + 1,64 0,36 + 0,09 0,38 +0,10
Antracen pg/L 93,81 £ 23,45 0,09 + 0,02 0,42 £ 0,11 0,07 £ 0,02
Fluoranten pg/L 133,79 + 33,45 1,22 £ 0,31 0,16 + 0,04 0,37 £ 0,09
Piren ug/L 322,10 £ 80,53 0,45+ 0,11 0,10 £ 0,03 0,45+ 0,11
Benzo(a)antracen ug/L 291,30 £72,83 0,08 + 0,02 < 0,050 £ 0,013 0,10 £ 0,03
Chryzen ug/L 143,09 + 35,77 0,08 + 0,02 < 0,050 £ 0,013 0,08 + 0,02
Benzo(b)fluoranten ug/L 151,23 £ 37,81 0,09 + 0,02 < 0,050 £ 0,013 0,08 + 0,02
Benzo(k)fluoranten ug/L 85,26 £ 21,32 0,05+ 0,01 < 0,050 £ 0,013 0,05 + 0,01
Benzo(a)piren ug/L 231,81 £57,95 0,11+ 0,03 <0,050 £ 0,013 0,12+ 0,03
Dibenzo(a,h)antracen ug/L 51,53 + 12,88 0,03+ 0,01 <0,050 £0,013 0,05+ 0,01
Benzo(g,h,i)perylen ug/L 47,85 + 11,96 0,45+ 0,11 0,31 +0,08 0,36 + 0,09
Indeno(1,2,3-cd)piren pg/L 95,40 + 23,85 0,17 £ 0,04 < 0,050 £ 0,013 0,16 £ 0,04
> WWA pg/L 2459,11 £ 614,78 14,64 + 3,66 2,25 + 0,56 2,32 +0,58

a8 — pH sciekdéw oczyszczonych po 1 h od zakonczenia procesu i podniesienia pH do 8,2
b — Potencjat redoks po dodaniu utleniacza do $ciekdw surowych

Zrédio: [22]

9.5. Ekologiczna i ekonomiczna ocena procesu oczyszczania sciekow z odzyskiem
koagulantu cerowego

Przeprowadzona analiza ekologiczna wykazata, ze choC dziesieciokrotne obnizenie

stezenia fosforanow(V) w poréwnaniu z koagulacjg opartg na solach zelaza(ll), zelaza(lll)

mgr inz. Pawet Lejwoda
Rozprawa doktorska
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i glinu jest efektem wysoce pozgdanym, istnieje szereg aspektéw wymagajacych dalszych
badan. Analiza ekonomiczna procesu wskazata, ze gldbwnym kosztem proponowanej
technologii jest zakup surowcéw chemicznych. Cho¢ recykling koagulantu jest drozszy niz
import z Chin, w przypadku embarga staje sie on opfacalny i zwieksza uniezaleznienie
od zewnetrznych dostaw. Istotnym kierunkiem rozwoju jest optymalizacja syntezy chlorku
ceru(lll), co pozwoli na ograniczenie zuzycia kwasu solnego — gtéwnego reagenta w catym
procesie.

Proces oczyszczania sciekow z uzyciem zwigzkéw ceru(lll) umozliwia obnizenie
stezenia fosforanéw(V) o ponad 99,8%, a ponadto zastosowany koagulant mozna odzyskiwac
metodg ekstrakcji z HCI z skutecznoscig 97,0-98,3%, co pozwala na jego ponowne
wykorzystanie przy minimalnym uzupetnianiu strat. Dodatkowg zaletg zaproponowanego
rozwigzania jest zmniejszenie ilosci osadow sSciekowych o 20-25% oraz mozliwos¢
zagospodarowania produktéw ubocznych w procesach energetycznych i chemicznych.
Zamkniety obieg reagentéw sprawia, ze proces wpisuje sie w zasady gospodarki o obiegu
zamknietym oraz idee zrbwnowazonego rozwoju.

Ocena cyklu zycia (LCA) przeprowadzona metodg ReCiPe 2016 wykazata, ze
technologia ta odgrywa istotng role w ochronie wdod stodkich i morskich przed eutrofizacja.
Z drugiej strony, sposréd ocenianych 17 kategorii wptywu znaczgce obcigzenie srodowiskowe
zwigzane jest z procesami produkcyjnymi zuzywanych reagentow, przede wszystkim
z zastosowaniem kwasu szczawiowego i solnego, ktére podczas produkcji odpowiadajg
m.in. za emisje gazdéw cieplarnianych, ekotoksycznos¢ oraz zwiekszajg wskazniki
toksycznosci rakotwérczej dla ludzi (w analizie LCA kategoria human carcinogenic toxicity).
Duzy udziat w oddziatywaniu srodowiskowym ma takze zuzycie energii elektrycznej,
co wskazuje na potrzebe zwigkszenia efektywnosci energetycznej oraz zwiekszenia udziatu
energii pochodzacej ze zrédet odnawialnych. Dodatkowo, wyniki znormalizowane wzgledem
Swiatowych obcigzen wykazaty, Zze dominujgcymi kategoriami wptywu sg toksycznosc dla ludzi
oraz ekotoksycznos¢ wodd, natomiast emisje gazéw cieplarnianych i zuzycie zasobow
kopalnych miaty mniejsze znaczenie.

Analiza ekonomiczna metodg DGC okreslita koszt usuwania fosforanow(V)
z wykorzystaniem chlorku ceru(lll) na 1,37 USD/m3. Cho¢ jest to wiecej niz w przypadku
aktualnie stosowanych metod wykorzystujgcych sole zelaza lub glinu, koagulacja chlorkiem
ceru(lll) zapewnia znacznie wyzszg skutecznos¢ usuwania fosforanéw(V) i mniejszg produkcje
osaddéw. Przeglad cen rynkowych i danych literaturowych [41,42] pokazuje, ze ceny chlorku
ceru(lll) mogg by¢ 2,5 do 14 razy wyzsze niz ceny powszechnie stosowanych koagulantow
na bazie zelaza lub glinu. Niemniej jednak, zastosowanie koagulantu cerowego zapewnia
bardzo wysokg skutecznosé usuwania fosforu, co moze uzasadnia¢ jego stosowanie w duzych
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oczyszczalniach przy jednoczesnych wysokich wymaganiach odnosnie stezenia zwigzkow
fosforu w $ciekach oczyszczonych, minimalizacji powstajgcych osadéw, koniecznosci
spetnienia zasad gospodarki cyrkularnej oraz dziatania w warunkach zasad zrownowazonego
rozwoju. Dalsze prace powinny koncentrowaé sie na zmniejszeniu oddziatywan
srodowiskowych, obnizeniu kosztéw poszczegodlnych etapéw proponowanego rozwigzania
oraz lepszym wykorzystaniu produktow ubocznych, a takze przeprowadzeniu badan
poréwnawczych z wykorzystaniem innych innowacyjnych koagulantéw na bazie cyrkonu czy

tytanu oraz metodami tradycyjnymi.
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10. Weryfikacja tez rozprawy doktorskiej
1. Istnieje mozliwos$¢é odzysku zwigzkéw ceru z odpadow i ich zastosowania
do oczyszczania wybranych sciekéw przemystowych oraz ponownego odzysku
z wytworzonych osadoéw sciekowych.
Teza zostata w catosci potwierdzona, poniewaz w wyniku zaplanowanych
i przeprowadzonych eksperymentow odzyskano chlorek ceru(lll) z wybranego odpadu
przemystowego jakim byt zuzyty proszek polerski. W ustalonych (optymalnych) warunkach
zastosowanie roztworu chlorku ceru(lll) umozliwito efektywne usuniecie fosforanow(V)
ze sciekéw browarniczych. Ponadto, przeprowadzone badania wykazaty mozliwos¢ ekstrakcji
ceru(lll) z osadu Sciekowego z zastosowaniem kwasu chlorowodorowego. W ustalonych
(optymalnych) warunkach ekstrakcji i kolejnych etapach odzysku, takich jak strgcanie
szczawianu ceru(lll), rozktad termiczny szczawianu ceru(lll) do tlenku ceru(lV), uzyskano
z wysoka wydajnoscig trzy sole ceru. tj.: chlorek ceru(lll), siarczan(VI) ceru(lll), siarczan(VI)

ceru(lV), co niniejszym umozliwito pozytywne zweryfikowanie sformutowanej tezy pracy.

2. Istnieje mozliwos$¢ ekonomicznego i ekologicznego odzysku oraz wykorzystania

zwigzkow ceru do oczyszczania $ciekow przemystowych.

Teza zostata potwierdzona czesciowo, poniewaz przeprowadzona analiza ekonomiczna
wykazata, ze dla duzych oczyszczalni sciekdw oraz w sytuacjach (instalacjach), w ktérych
wymagana jest wysoka efektywnos$¢ usuwania zwigzkéw fosforu, zaproponowany proces
moze by¢ optacalny, w poréwnaniu z dotychczas stosowanymi rozwigzaniami w zakresie
usuwania zwigzkéw fosforu z uzyciem soli zelaza i glinu. Z kolei, wyniki analizy ekologicznej
jednoznacznie wskazaty, na korzysci wynikajgace z obnizenia eutrofizacji wod, jednakze
zastosowanie proceséw ekstrakcji zwigzkéw ceru z odpadu oraz osadéw bedzie stanowito
obcigzenie dla $rodowiska ze wzgledu na koniecznos¢ zastosowania kwasu

chlorowodorowego (HCI) oraz kwasu szczawiowego (H2C204).
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11. Wnioski i perspektywy dalszych prac badawczych

Efektywnos¢ oczyszczania

Odpadowy proszek polerski zawierajgcy 82,0% CeO, zostat wykorzystany
do otrzymania CeCls-7H20 i nastepnie do przygotowania roztworu ceru(lll) o stezeniu 0,05
mol/l. Roztwér ten zostat zastosowany w procesie usuwania fosforanow(V) ze Sciekow
browarniczych. Przeprowadzenie procesu w optymalnych warunkach (pH 7,5; stosunek
molowy Ce3*:PO4* 1,5:1; czas reakcji 15 min) umozliwito obnizenie stezenia fosforanow(V)
w Sciekach oczyszczonych o 99,86% z jednoczesnym zwigzaniem 99,94% jonow ceru(lll)
w osadzie, co uzasadniato recykling ceru z osadu $ciekowego.

Zastosowanie Ce(S04)2:4H.0O do utleniania zanieczyszczen w sciekach o odczynie
kwasowym pochodzacych z symulacji procesu podziemnego zgazowania wegla kamiennego
umozliwito w optymalnych warunkach (tj. czasie reakcji 35 min, stosunku molowym Ce**:C 5:1,
pH 2,5 oraz temperaturze 40 °C) obnizenie stezen zanieczyszczen takich jak WWA, cyjanki,
fenole, RWO odpowiednio o 99,40%, 97,67%, 99,97% i 65,34%. Przy czym po alkalizacji
Sciekow do pH 8,2, po czasie 60 min dochodzito do obnizenia pH do 5,9, co powodowato
uwolnienie ceru z osadu i wtérne zanieczyszczenie sciekdw oczyszczonych.

Zastosowanie Ce(SQ04)2'4H.O oraz H»O, umozliwito w ustalonych warunkach
optymalnych (tj. stosunku molowym RWO:Ce*":H,0, 1:2:10, pH 2,5, czasie reakcji 35 min oraz
temperaturze 40°C) obnizenie stezen zanieczyszczen takich jak WWA, cyjanki, fenole
odpowiednio 0 99,91%, 98,14%, 99,66% i 76,35%. Utworzony w wyniku alkalizacji sciekow
do pH 8,2 stabilny osad zwigzat 99,996% zastosowanego ceru(lV), co zapobiegto wtérnemu

zanieczyszczeniu sciekow oczyszczonych oraz utracie cennego regenta.

Odzysk surowcow i recykling reagentow

Wykazano, ze z powstatego osadu sciekowego, w optymalnych warunkach (czas
reakcji 40 min, objeto$¢ uzytego ekstrahenta 25 ml/g osadu, ilos¢ dodanego HCI w stosunku
do masy osadu 350 mg/g) mozliwa jest efektywna ekstrakcja ceru — 99,6% (oraz fosforu —
97,5%), a nastepnie po strgcaniu w srodowisku kwasowym szczawianu ceru(lll), rozkladzie
termicznym do tlenku ceru(lV) oraz reakcjami z odpowiednimi reagentami mozliwe jest
odzyskanie soli ceru z wydajnoscig CeCls7H.0O — 97,0%, Ce2x(S04)s — 97,4%, Ce(SO4), —
98,3% oraz ponowne ich zastosowanie w procesach oczyszczania Sciekow. Uzyskane zwigzki
ceru mogg by¢ ponownie wykorzystane jako koagulanty (Ce**) lub utleniacz (Ce**), zamykajac
tym samym obieg reagentéw w procesach. Otrzymane zwigzki mogg réwniez byc¢
wykorzystane jako surowce w przemysle metalurgicznym (dodatek do stopoéw), w przemysle

szklarskim (jako dodatek do usuwania zabarwienia i stabilizacji szkta) do produkcji
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katalizatorow (katalityczne konwertery uktadéw wydechowych), jako dodatek do lakieréw, mas

sciernych (proszki polerskie) lub jako odczynniki chemiczne (cerometria).

Aspekty srodowiskowe i gospodarka o obiegu zamknietym

Opracowany proces wpisuje sie w idee gospodarki o obiegu zamknietym, poprzez
wykorzystanie odpadoéw przemystowych, wytworzenie z nich uzytecznych soli (w postaci
koagulantéw i utleniacza), recykling uzytych w oczyszczaniu sciekow zwigzkéw ceru,
zagospodarowanie ubocznych produktow powstatych w trakcie recyklingu oraz odzysk
surowcow energetycznych. Analiza cyklu zycia (LCA) wskazata na pozytywny wplyw

technologii na ochrone waéd stodkich i morskich w kontekscie ich eutrofizacji.

Ograniczenia i kierunki rozwoju

Gtéwnym ograniczeniem technologicznym jest konieczno$¢ zastosowania reagentow,
takich jak kwas chlorowodorowy (HCI) i kwas szczawiowy (H2C20.), ktére (zgodnie
z przeprowadzona analizg LCA) podczas procesu ich wytwarzania majg istotny udziat
w kategoriach wptywu takich jak: zmiany klimatyczne, ekotoksycznosc gleb, wyczerpywanie
zasobdéw kopalnych, ekotoksyczno$¢ wod morskich. Kwas szczawiowy, kwas solny oraz
nadtlenek wodoru sg takze gtéwnymi czynnikami o znacznym udziale w kategorii wptywu —
toksycznos¢ rakotworcza dla ludzi.

Dodatkowe badania powinny skupi¢ sie zatem na zmniejszeniu zuzycia
lub zastosowaniu alternatywnych reagentéw, dalszemu obnizeniu kosztéw procesu oraz
poprawie efektywnosci uzysku wartosciowych pod wzgledem energetycznym i rynkowym

produktéw ubocznych.

Whnioski koncowe

Zaproponowana koncepcja technologiczna jest mniej korzystna ekonomicznie niz
dotychczas stosowane metody strgcania chemicznego, jej skutecznos¢ i mozliwosci odzysku
surowcOw czynig jg dobrg alternatywg dla duzych oczyszczalni Sciekdw w sytuacjach
wymagajgcych wysokiego stopnia oczyszczania $ciekdéw, zmniejszenia ilosci osadéw
Sciekowych. Analiza optacalnosci, wptywu na Srodowisko i skutecznosci oczyszczania
wskazuje, ze warto kontynuowaé prace nad jej modyfikacjami, wdrazaniem i zastosowaniem
alternatywnych rozwigzan majgcych na celu zmniejszenie zapotrzebowania na reagenty

w poszczegolnych etapach proponowanej koncepcji oczyszczania sciekdw.
Perspektywy dalszych prac badawczych

Z punktu widzenia mozliwosci aplikacyjnych istotnym bytoby przeprowadzenie badan
nad zastosowaniem zwigzkow ceru jako koagulantéw lub utleniaczy do oczyszczania innych

Sciekdw przemystowych oraz identyfikacje potencjalnych ograniczen ich zastosowania.
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Zbadanie przydatnosci osadow Sciekowych po koagulacji zwigzkami ceru do zastosowania
jako materiat wsadowy w procesie hydrotermalnego uptynniania osadéw sciekowych (HTL).
Niemniej jednak, réwnie interesujgce moglyby by¢ badania nad skutecznoscig utleniania
zanieczyszczen organicznych takich jak metabolity farmaceutykéw, pestycydy oraz barwniki
przemystowe obecne w $ciekach bytowych i przemystowych z zastosowaniem siarczanu(VI)
ceru(lV) wraz z modyfikacjami polegajgcymi m.in. na wspomaganiu promieniowaniem UV
lub ultradzwiekami. Dotychczas przeprowadzona analiza literaturowa wykazata, ze badanie
takie nie zostaty przeprowadzone. Dodatkowo, interesujgcym kierunkiem przysztych badan
bytaby optymalizacja procesu syntezy chlorku ceru(lll) z tlenku ceru(lV) uzyskanego z osadow

sciekowych, tak aby zmniejszy¢ zapotrzebowania na kwas chlorowodorowy (HCI).
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» The brewery wastewater contains about
43 mg/L of phosphates.
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ARTICLE INFO ABSTRACT

Editor: Yifeng Zhang This paper presents the possibility of using hydrated cerium(III) chloride (CeCl37H-0) recovered from a spent polishing
agent containing cerium(IV) dioxide (CeO,) to remove phosphate and other impurities from brewery wastewater (phos-

Keywords: phate 43.0 mg/L, total P 19.8 mg/L, pH 7.5, COD(c;) 827 mg O,/L, TSS 630 mg/L, TOC 130 mg/L, total N 46 mg/L,

Beer turbidity 390 NTU, colour 170 mg Pt/L. CCD (Central Composite Design) and RSM (Response Surface Methodology)

s;g;;zs:ommy were applied to optimise the brewery wastewater treatment process. The removal efficiency (mainly of PO3 ) was the

RSM highest under optimal conditions (pH 7.0-8.5, Ce®>*:PO3 ~ molar ratio of 1.5-2.0). Applying recovered CeCls under optimal

ICP-MS conditions yielded a treated effluent in which the concentration of PO3 ~ decreased by 99.86 %, total P by 99.56 %, COD(cy
by 81.86 %, TSS by 96.67 %, TOC by 60.38 %, total N by 19.24 %, turbidity by 98.18 %, and colour by 70.59 %. The Ce**
ion concentration in the treated effluent was 0.058 mg/L. These findings suggest that CeCl37H,0 recovered from the spent
polishing agent may constitute an optional reagent for phosphate removal from brewery wastewater. The sludge from
wastewater treatment can be recycled for Ce and P recovery. The recovered cerium can be reused for wastewater treatment,
creating a cyclic cerium cycle in the process, and the recovered phosphorus can be used, for example, for fertilization pur-
poses. The optimised cerium recovery and application is in accordance with the ideas of circular economy.

1. Introduction

Beer is one of the most consumed beverages in the world (Verhuelsdonk
et al., 2021). Globally, beer production in 2020 was 1.77 billion hL.

Abbreviations: BODs, biochemical oxygen demand; COD(cy), chemical oxygen demand; Approximately 26.8 % of this productjon (475 million hL) was in Europe,
DOC, dissolved organic carbon; Total P, total phosphorus; Total N, total nitrogen; TOC, total . 0 c11s . ,
. . . and approximately 2.0 % (36.3 million hL) in the world's eleventh
organic carbon; TSS, total suspended solids. X X
* Corresponding author. producer, Poland (Global Beer Consumption by Country in 2020). Beer
E-mail address: plejwoda@gig.eu (P. Lejwoda). production involves a number of processes consisting of mashing, mash
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filtration, wort boiling (brewing), fermentation, beer maturation, filtration
and bottling (Feng et al., 2009). In addition to the food product that is the
low-alcohol beverage, the process also generates significant amounts of
wastewater. The amount of wastewater generated depends on factors
such as the type of beer produced, the production technology, the technical
sophistication of the plant and others. However, it is estimated that for
every litre of beer produced, 3-10 L of strongly contaminated wastewater
are generated (Kanagachandran and Jayaratne, 2006), characterised by
high values of COD(cyy (680-90,000 mg O»/L), BODs (1120-80,000 mg
0,/L), phosphate (8-124 mg/L), and TSS (100-8750 mg/L) (Alvarado-
Lassman et al., 2008; Austermann-Haun et al., 1999; Ince et al., 2000;
Parawira et al., 2005; Wen et al., 2010; Yu and Gu, 1996). Significant
concentrations of pollutants can impose a heavy burden on on-site or
municipal wastewater treatment plants and thus generate additional,
increased wastewater treatment costs. In many cases, brewery wastewater
is pre-treated in on-site wastewater treatment plants, allowing producers to
avoid additional fees associated with discharging untreated or inadequately
treated industrial wastewater into municipal sewers or the environment.

Phosphorus and its compounds are critical raw materials for the European
Union economy (European Commission, 2010). Phosphorus compounds are
used, inter alia, to produce mineral fertilisers applied in agriculture and to en-
sure more efficient agricultural production (Malhotra et al., 2018). These sub-
stances are derived from mined phosphate minerals such as fluorapatite (Cas
(PO4)3F), chlorapatite (Cas(PO4)3Cl) and hydroxyapatite (Cas(PO,4)3;OH).
The largest deposits of phosphate rock are located in Morocco and the West-
ern Sahara, with the largest production in China. Global production is around
218 Mt./year. The total bulk of the world's deposits is estimated at over 300
billion tonnes, but the extraction of many of them is not economically or tech-
nologically feasible due to the low phosphorus content of the raw material
(Daneshgar et al., 2018). For this reason, it is important to rationally manage
phosphorus resources and compounds due to the limited availability of the
deposits. This problem is related to the need to find alternative sources of
phosphorus compounds, e.g. by using phosphorus-rich waste and controlling
the circulation of phosphorus in the environment. Excessive phosphorus mi-
grations to the environment are a result of natural phenomena, such as soil
erosion, weathering and dissolution of phosphorus-containing rocks, as well
as industrial, municipal and agricultural activities, which contribute to
water eutrophication (Correll, 1998; Ngatia and Taylor, 2019). The conse-
quences of this phenomenon include negative changes in water properties,
such as the appearance of intense odour, colour and turbidity, lowered oxy-
gen concentration, and anaerobic condition generation in the deeper layers
of water bodies, resulting in a reduction in biodiversity and the death of
flora and fauna. Thus, it becomes important to take measures to protect wa-
ters from pollution by biogenic substances. One method of removing phos-
phates from water and wastewater is e.g.: precipitation with Fe®*
(Caravelli et al., 2010), AI** (Wang et al., 2014), or Ce>* ions in the form
of hardly soluble compounds such as FePO,4, AIPO, and CePO, (Liu and
Byrne, 1997). The formation of CePO, is based on the direct reaction of ce-
rium ions with phosphate ions. Binding of PO3~ ions in the form of hardly
soluble FePO, precipitates is favored at pH < 5. However, in the case of
wastewater with a pH close to neutral (pH 6-8) the process of removing
phosphates occurs mainly as a result of processes such as adsorption of ions
on the surface of hydrous ferric oxide formed in the aqueous environment,
precipitation of mixed cation phosphates and co-precipitation of phosphate
(Smith et al., 2008). In the case of AI>™ ions, the optimal condition for the
formation of AIPO, precipitate is pH in the range of 5.7-6.0. Below pH 5.5
AIPO, dissolves to form AI>*, and above pH 8 it dissolves to form Al(OH);
ions. In the reaction of AI** with water at a pH of about 7 an Al(OH)s precip-
itate may be formed, which can adsorb impurities on its surface (Mohammed
and Abbas Shanshool, 2009).

Cerium is the most common element belonging to the rare earth element
(REE) group, and it is present in the Earth's crust at an abundance of approx-
imately 0.0046 % by mass. The cerium content in the Earth's crust is greater
than that of antimony (Sb), tin (Sn), cadmium (Cd) and silver (Ag) (Haynes,
2014). The main sources of cerium are minerals such as monazite ((Ce,La,
Y,Th)PO,) and bastnasite ((Ce,La)(CO3)F) (Meshram and Abhilash, 2020).
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The processing of these raw materials to obtain the individual elements and
their compounds is a complex process that involves a number of unit pro-
cesses, such as physical enrichment and multi-step chemical processes
(including alkaline digestion, acidic digestion, solvent extractions, ion ex-
change) (Gupta and Krishnamurthy, 1992). In addition to the many industrial
applications of cerium compounds, including in metallurgy, in the production
of automotive catalytic converters (Dey and Dhal, 2020), and in the produc-
tion of polishing powders, they are currently used to a limited extent as coag-
ulants in the treatment of wastewater containing substances such as
phosphate (Kajjumba et al., 2021). Alternative sources of cerium can be
found in waste materials, such as red mud (Abhilash et al., 2014), phospho-
gypsum waste (Hammas-Nasri et al., 2016), spent Ni-MH batteries
(Fernandes et al., 2013), car catalytic converters (Zhao et al., 2020) and
used polishing powders, which are the waste resulting from the consumption
of approximately 16,000 t of polishing powder per year. Used polishing pow-
ders can be recycled (Kato et al., 2000) or processed into other useful prod-
ucts such as cerium(IV) sulphate (Ce(SO,4)>) or cerium(III) chloride (CeCl3)
(Poscher et al., 2014), which can be applied as coagulants in wastewater
treatment. Cerium, due to its electron configuration ([Xe] 4f! 54! 6s) can
exist in two stable oxidation states in solutions, i.e.: +III, like all other lantha-
nides, but also on the +IV oxidation state as the only lanthanide. Ce>* ions in
aqueous solutions are colourless, and form poorly soluble compounds with
substances such as phosphate, fluorides, hydroxides and carbonates (Ferri
et al., 1983; Kajjumba et al., 2021; Kragten, 1978; Liu and Byrne, 1997;
Menon et al., 1986). On the other hand, Ce** ions in aqueous solutions as-
sume a yellow to orange colour (depending on the concentration). In acidic
media, Ce** ions are strong oxidisers, and are therefore used in analytical
chemistry (cerometry) (Kolthoff and Bhatia, 1960) and more recently in the
treatment of industrial wastewater (ZHAO et al., 2010).

The aim of this study was to recover cerium in the form of CeCl37H,0
from spent polishing agent waste by methods described in literature
(Poscher et al., 2014), to use the obtained salt as a solution for the removal
of phosphate from brewery effluent, and finally to recover cerium from the
resulting sludge and to recycle it.

This paper presents the results of a study involving brewery wastewater
treatment under optimal conditions determined using the response surface
method (RSM) with a central composition design (CCD). One of the impor-
tant aspects of the presented research was to evaluate and demonstrate the
possibility of recovering cerium from the waste, using it to remove phosphate
from brewery wastewater and then re-separating it from the resulting sludge
in the form of a salt with a high cerium content, which would enable its reuse

Table 1
Selected physicochemical parameters of real brewery wastewater used in the study.

Parameter Unit Result = measurement uncertainty
pH - 75 + 0.1
conductivity pS/cm 2200 * 110
Sodium (Na) mg/L 578 + 58
Potassium (K) mg/L 21.1 + 2.1
Magnesium (Mg) mg/L 13.8 = 1.4
Calcium (Ca) mg/L 61.1 = 6.1
Iron (Fe) mg/L 2.00 + 0.20
Manganese (Mn) mg/L 0.35 = 0.04
Aluminum (Al) mg/L 0.60 = 0.09
Zinc (Zn) mg/L 0.15 = 0.02
Total Sulphur, (S) mg/L 65.3 £ 9.8
Total Nitrogen, (N) mg/L 46.0 = 6.9
Nitrate, NO3 mg/L 0.68 = 0.07
Nitrite, NO5 mg/L <0.006 * 0.001
Ammonia, NH; mg/L 39.1 + 3.9
Total Phosphrous, (P) mg/L 19.8 = 2.0
Phosphate, PO3 ~ mg/L 43.0 = 4.3
Total Suspended Solids, TSS mg/L 630 = 63
Chemical Oxygen Demand, COD(c;y mgOy/L 827 + 124
Total Organic Carbon, TOC mg/L 130 + 20
Dissolved Organic Carbon, DOC mg/L 71.0 = 10.7
Turbidity NTU 390 = 39
Colour mgPt/L 170 + 34
Cerium (Ce) pg/L <0.25 += 0.04
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Fig. 1. Diffraction pattern of the spent polishing agent.

in the wastewater treatment process or for industrial purposes, e.g. for the
production of cerium oxide and polishing powders. In addition, the cerium
concentration in the treated wastewater was investigated in the context of
its possible toxicity at higher concentrations (Aharchaou et al., 2020;
Gonzélez et al., 2015). The presented concept is in line with the assumptions
of the circular economy through the rational use of waste (CeO5) to produce a
useful product (CeCly7H-50), sludge precipitation (CePO4) and sludge
recycling with the re-creation of CeCly7H,0 which is important in the con-
text of decreasing mineral resources.

2. Materials and methods
2.1. Analytical methods

The determination of the selected element concentration (metals and
non-metals) in wastewater was performed using inductively coupled
plasma optical emission spectrometry (ICP-OES) according to EN ISO
11885:2009 (Optima 5300DV, Perkin Elmer, USA). The content of rare
earth elements in aqueous solutions was determined using inductively
coupled plasma mass spectrometry (ICP-MS) according to EN ISO
17294:2016-2 (NexION 300S, Perkin Elmer, USA). The determination of
metals and non-metals was performed with a level of uncertainty of 10 %,
15 %, 20 %, and 25 % depending on the element and its concentration in
the tested solution, a coverage factor of 2 and a significance level of
95 %. The Inolab pH/ION/Cond 750 (WTW, Germany) was used to
measure pH (EN ISO 10523:2012) and electrical conductivity (EN
27888:1999). The pH measurement was performed with an accuracy of
+0.1 pH and conductivity was performed with uncertainty of 5 %. COD
(cr) was determined using a UV-VIS spectrophotometer (Pharo 300, Merck
KGaA, Germany) according to PN-ISO 15705:2005 with an uncertainty of
15 %. The anion concentrations were determined by ion chromatography

Table 2
Chemical composition of the spent polishing agent (XRD analysis).

(IC) according to EN ISO 10304-1:2009 (DIONEX ICS 5000, Thermo Fisher
Scientific, USA), and phosphate content was determined using a UV-VIS
spectrophotometer (Pharo 300, Merck KGaA, Germany) according to EN
ISO 6878:2006 with an uncertainty of 10 %. Total suspended solids were
determined by filtration (0.45 pm membrane) according to EN 872:2007,
and turbidity was measured by a nephelometer according to EN ISO 7027-
1:2016-09 with an uncertainty of 10 %. Colour was determined according
to EN ISO 7887:2012 (method C) with an uncertainty of 20 %, TOC and
DOC were determined using high-temperature combustion with infrared de-
tection (TOC-L CPH, Shimadzu, Japan) according to EN 1484:1999 with an
uncertainty of 15 %. The high-temperature combustion technique with chemi-
luminescence detection (TNM-L, Shimadzu, Japan) according to EN
12260:2004 with an uncertainty of 15 % was used for the determination of

Spent polishing
agent

Y

Leaching with
HCI and H,0, + Residue

Ce* + e = Ce¥

Crystallization of
CeCl; - TH,O

Y

Filtration

Parameter Unit Result + measurement uncertainty
Cerium dioxide (CeO5) % 82.0 + 1.0
Unrecognized mineral % 2.0 = 1.0
Amorphous substance % 145 = 0.5

Fig. 2. Scheme for Ce recovery from a spent polishing powder and crystalline CeCls
7H,0 preparation.
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Table 3

Chemical composition of the 0.05 mol/L CeCl; solution obtained from a spent polishing agent after leaching processes.
Parameter Unit Value Parameter Unit Value
Cerium (Ce) mg/L 6889 + 689 Iron (Fe) mg/L 0.79 = 0.16
Lanthanum (La) mg/L <0.20 = 0.02 Manganese (Mn) mg/L <0.20 = 0.03
Praseodymium (Pr) mg/L <0.20 = 0.02 Boron (B) mg/L <1.0 = 0.3
Neodymium (Nd) mg/L <0.20 = 0.02 Aluminum (Al) mg/L <1.0 = 0.3
Samarium (Sm) mg/L <0.20 = 0.02 Cadmium (Cd) mg/L <1.0 = 0.3
Europium (Eu) mg/L <0.20 = 0.02 Chromium (Cr) mg/L <1.0 = 0.3
Gadolinium (Gd) mg/L 27.3 £ 2.7 Copper (Cu) mg/L <1.0 = 0.3
Terbium (Tb) mg/L <0.20 = 0.02 Nickel (Ni) mg/L <1.0 = 0.3
Dysprosium (Dy) mg/L <0.20 * 0.02 Lead (Pb) mg/L <1.0 = 0.3
Holmium (Ho) mg/L <0.20 = 0.02 Antimony (Sb) mg/L <1.0 = 0.3
Erbium (Er) mg/L <0.20 = 0.02 Thallium (TI) mg/L <1.0 = 0.3
Thulium (Tm) mg/L <0.20 = 0.02 Uranium (U) mg/L <0.20 = 0.02
Ytterbium (Yb) mg/L <0.20 = 0.02 Zinc (Zn) mg/L <1.0 = 0.3
Lutetium (Lu) mg/L <0.20 = 0.02 Arsenic (As) mg/L <1.0 = 0.3
Sodium (Na) mg/L 75.8 = 15.2 Calcium (Ca) mg/L 18.2 = 4.6

Total N content. The concentration of NH; was determined by FIA
(FIAmodula, MLE GmbH, Germany) according to EN ISO 11732:2007 with
uncertainty of 10 %. A Phase identification was performed using powder X-
ray diffusion (DSH) in Bragg-Brentano geometry, using a Bruker D8
DISCOVER diffractometer, CuKa radiation, Ni filter and LYNXEYE XE detec-
tor. Mineral composition was determined and calculated on the basis of stan-
dards licensed in PDF-4+2022 RDB ICDD (International Centre for
Diffraction Data) and database ICSD (Inorganic Crystal Structure Database),
and NIST (National Institute of Standard and Technology). DIFFRAC v.4.2
and TOPAS v.4.2, Bruker AXS programmes were applied for registration and
diagnostics. Quantitative calculations of crystalline phases and the amorphous
substance were performed using the Rietveld methodology.

2.2. Materials

Real brewery wastewater from a brewery located in Poland was used in
the study (Fig. 3). Selected physicochemical parameters of the wastewater
used in the study are presented in Table 1. A spent polishing powder
containing CeO, was also used in the study. The diffractogram of the
spent polishing powder obtained by XRD is presented in Fig. 1 and its
physicochemical composition is provided Table 2.

Nitric acid (Suprapur®, Merck, Germany), hydrochloric acid
(Suprapur®, Merck, Germany), 30 % hydrogen peroxide (Chempur,
Poland), sodium hydroxide (Chempur, Poland), a certified multielement
standard solution for ICP-MS with a concentration of each rare earth ele-
ment of 50 mg/L (Sigma Aldrich, USA) and a certified multielement stan-
dard solution for ICP-OES with a metal concentration of 100 mg/L

Table 4

(AccuStandards, USA) were also used in the study. Furthermore, a certified
multielement anion standard solution for IC (AccuStandards, USA) and
deionised water with an electrical conductivity of under 0.05 pS/cm (Di-
rect-Q3 UV, Millipore, USA) were used as well. A 0.05 mol/L solution of
Ce®* was prepared from CeCl;7H,0 salt, which was obtained from the
spent polishing powder according to the scheme depicted in Fig. 2. The
chemical composition of the solution used is provided in Table 3.

2.3. Preparation of the precipitant

A spent polishing powder containing CeO, was used to prepare CeCls-
7H,0. Fig. 2. presents a scheme for the preparation of crystalline CeCls
7H,0 using concentrated (30 %) HCI and concentrated (30 %) H,O5.

The recovery of cerium from the spent polishing powder was carried out
according to the scheme presented in Fig. 2. which is a modification of a
method provided in literature (Borra et al., 2018; Poscher et al., 2014).
The process was carried out by weighing an appropriate amount of the
waste dried at 105 °C and averaged to a constant weight, inserting it into
a three-neck flask, and adding concentrated HCI at 200 % and H50- at
100 % excess in relation to the mass of CeO, in the waste sample.
Afterwards, a reflux condenser was applied and the resulting mixture was
heated at 80° for 4 h with constant stirring. After this time, the resulting
solution was cooled to 25 °C, filtered through a syringe filter (0.45 pm,
hydrophilic PTFE) and crystallised. The crystals obtained were dried in an
oven at 105 °C to a constant weight and used to prepare a 0.05 mol/L
solution of CeCls, the chemical composition of which is provided in
Table 3. The Ce content in the salt obtained was 98.3 %.

Empirical conditions for the CCD/RSM and results (COD, and POZ ™) for brewery wastewater (pH 2.14-9.86, molar ratio Ce®**: PO~ (0.856-2.144: 1), Time 8.56—21.4 min);

*- center of the plan.

Experimental conditions

Experimental results

Run PH, x; Time (min), X molar ratio Ce“:PO?f, X3 POT mg/L, ce®*, mg/L

1 3.00 10.0 1.000 435 * 4.4 73.8 £ 11.1

2 3.00 10.0 2.000 13.8 + 1.4 133 = 20

3 3.00 20.0 1.000 422 * 4.2 69.9 = 10.5

4 3.00 20.0 2.000 12.0 = 1.2 126 + 19

5 9.00 10.0 1.000 9.57 + 0.96 0.015 = 0.002
6 9.00 10.0 2.000 293 * 0.29 0.171 = 0.026
7 9.00 20.0 1.000 15.0 = 1.5 0.070 = 0.011
8 9.00 20.0 2.000 1.48 = 0.15 0.158 = 0.024
9 2.14 15.0 1.500 46.7 = 4.7 109 = 16

10 9.86 15.0 1.500 0.570 = 0.060 0.124 = 0.019
11 6.00 8.56 1.500 0.059 = 0.006 0.194 = 0.029
12 6.00 21.4 1.500 0.045 = 0.005 0.145 = 0.022
13 6.00 15.0 0.856 15.0 = 1.5 1.02 = 0.15
14 6.00 15.0 2.144 <0.010 * 0.001 0.719 = 0.108
15% 6.00 15.0 1.500 0.043 = 0.004 0.147 = 0.022
16* 6.00 15.0 1.500 0.039 = 0.004 0.184 = 0.028
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Fig. 3. Real brewery wastewater and experimental wastewater.

2.4. Wastewater treatment

Central Composite Design (CCD) and Response Surface Methodology
(RSM) were used to determine the most favourable process conditions for
phosphate removal from brewery wastewater (Khuri and Mukhopadhyay,
2010). Three input parameters were selected in the experimental plan, i.e.:
pH, the molar ratio of Ce3* added to PO3 ™ and the process time (min). It
was assumed that these parameters would significantly influence the depen-
dent parameter, i.e. the concentration of PO3~ (mg/L) in the treated effluent.
Based on studies reported in literature (Thomas et al., 2022, 2021, 2020), the
following independent input parameter values were adopted: pH from 3 to 9,
molar ratio of Ce®>* added to PO3 ~ from 1:1 to 2:1 and process time from 10
to 20 min. The Design of Experiments (DOE) module of Statistica 13 (TIBCO
Software Inc., USA) was used to develop a three-factor central composite de-
sign. The resulting experimental plan included the conduction of 16 experi-
ments, whose input variable values are summarised in Table 4
(experimental conditions). All experiments were conducted at 20 + 2 °C.
The brewery wastewater treatment process was carried out by pouring
250 mL of wastewater into a 400 mL beaker. The effluent was stirred at
250 * 10 rpm and its pH was adjusted with 15 % HCI or 15 % NaOH to
the values specified in the experimental plan. An appropriate coagulant vol-
ume (0.05 mol/L CeCl;) was then added, and the phosphate precipitation pro-
cess was carried out for the time adopted in the experimental plan. After
stirring stopped, the samples were left for 5 min to sediment the precipitated
poorly soluble precipitates (Fig. 3). Samples for analysis were collected di-
rectly from the sediment, filtered through a syringe filter (0.45 pm, hydro-
philic PTFE) and analysed chemically using the methods described in the
Analytical Methods section. Table 4. (experimental results) shows the results
obtained for 16 experiments according to the adopted plan, where the

Table 5
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dependent variable is the PO3~ (mg/L) concentration. In addition, for each
of the wastewater samples treated according to the adopted plan, the concen-
tration of cerium was determined after filtering the sample through a syringe
filter (0.45 pm, hydrophilic PTFE).

2.5. Cerium recovery

After treatment, the effluent was percolated and the remaining sludge
dried to an air-dry state. The averaged, weighed sludge was decomposed
in aqua regia to determine the elemental composition provided in
Table 10. The sludge was then leached with 5 %, 10 % 15 % or 20 % HCl
to determine the efficiency of cerium recovery from the sludge, after
which the resulting solutions were analysed using the ICP-OES technique.
The obtained extract compositions are displayed in Table 11. 15 % NaOH
was added to the extract to increase the pH to about 1.8. In the next step,
a solution of Na,C,04 was added to precipitate a poorly soluble Ce,
(C504)3 precipitate. The precipitate produced was filtered through a sy-
ringe filter (0.45 pm, hydrophilic PTFE), washed and dissolved in 30 %
HCL. The resulting solution was filtered through a syringe filter (0.45 pm,
hydrophilic PTFE), diluted and analysed by ICP-OES and ICP-MS tech-
niques. The elemental composition of the solution obtained after sludge di-
lution is provided in Table 12.

3. Results and discusion
3.1. Brewery wastewater treatment

The brewery wastewater used in the study was characterised by high
values of physicochemical parameters such as total P 19.8 = 2.0 mg/L,
phosphate 43.0 = 4.3 mg/L, TSS 630 *= 63 mg/L, CODy 827 =+
124 mg O,/L, TOC 130 = 20 mg/L, turbidity 390 + 39 NTU, and colour
170 + 34 mg Pt/L. Compared to other brewery effluents reported in liter-
ature, some parameters were characterised by similar values, i.e. COD(cy)
(680-90,000 mg O,/L), phosphate (8-124 mg/L), and TSS
(100-8750 mg/L) (Alvarado-Lassman et al., 2008; Austermann-Haun
et al., 1999; Ince et al., 2000; Parawira et al., 2005; Wen et al., 2010; Yu
and Gu, 1996). The key dependent parameter subjected to optimisation
was the concentration of PO}~ in the treated effluent. The substance used
to treat phosphate-containing wastewater can include soluble cerium(III)
compounds e.g. CeClz37H,0. Cerium-containing waste, such as spent
polishing agents, deserves special attention. This study involved a spent
polishing agent containing 82.0 % CeO,. Literature data indicate that
waste such as red mud (Sinha et al., 2016), spent FCC catalysts (YE et al.,
2017) and NiMH batteries (Innocenzi and Veglio, 2012) may contain only
about 0.011 %, 1.57 %, 1.68 % cerium, which is a low content of this
element compared to the spent polishing powder (Meshram and
Abhilash, 2020).

Optimisation studies were carried out using RSM/CCD, which reduced
the large number of optimisation experiments that would require conducting
to analyse the effect of each individual independent factor on the initial PO~
concentration. The results presented in Table 4. demonstrate that the lowest

Analysis of the experiment with the central composite design using Statistica 13. Evaluation of the effects, PO;~; R? = 0.956; Rﬁdj = 0.890, MS = 30.448.

Parameter Effect Standard error t(10) P CI(—95 %) CI(+95 %) Factor Standard error CI(—95 %) CI (495 %)
Intercept 0.540 3.198 0.169 0.871 —7.284 8.365 0.540 3.198 —7.284 8.365
(1) pH (L) —25.081 3.281 —7.644 <0.001 —-33.110 —17.052 —12.540 1.641 —16.555 —8.526
pH (Q) 27.432 4.711 5.823 0.001 15.906 38.959 13.716 2.355 7.953 19.480
(2) time, min (L) 0.145 3.281 0.044 0.966 —7.884 8.173 0.072 1.641 —3.942 4.086
time, min (Q) —1.042 4.710 -0.221 0.832 —12.567 10.483 —0.521 2.355 —6.283 5.241
(3) Ce**: PO;~ (L)* —17.558 3.280 —5.353 0.002 —25.585 —9.531 —8.779 1.640 —12.793 —4.766
Ce**: P03 (Q)F 7.942 4.706 1.687 0.142 —3.574 19.458 3.971 2.353 —1.787 9.729
1 Lrelativeto 2 L 1.764 3.902 0.452 0.667 —7.783 11.311 0.882 1.951 —3.892 5.656
1 Lrelativeto 3 L 9.953 3.902 2.551 0.043 0.406 19.500 4.977 1.951 0.203 9.750
2 Lrelative to 3 L —1.856 3.902 —0.476 0.651 —11.403 7.691 —0.928 1.951 —5.702 3.846

* - molar ratio, L - linear effects, Q - quadratic effects, statistically significant if p < 0.05.
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Table 6 Table 8

Results of the ANOVA test. Results of the ANOVA test.
Parameter SS df MS F p Parameter SS df MS F P
(1) pH (L) 1779.085 1 1779.085 58.430 <0.001 (1) pH (L) 1779.091 1 1779.091 90.149 < 0.001
PH (Q) 1032.574 1 1032.574 33.913 0.001 PH (Q) 1032.564 1 1032.564 52.322 < 0.001
(2) time, min (L) 0.059 1 0.059 0.002 0.966 (3) Ce®**: POS~ (L)* 872.311 1 872.311 44.201 < 0.001
time, min (Q) 1.490 1 1.490 0.049 0.832 Ce3*: PO% Q) 86.717 1 86.717 4.394 0.062
(3) Ce®*: PO3~ (L)* 872.311 1 872.311 28.649 0.002 1 Lrelativeto 3 L 198.124 1 198.124 10.039 0.010
Ce: PO~ (Q)* 86.705 1 86.705 2.848 0.142 Error 197.350 10 19.735
1 Lrelativeto 2 L 6.223 1 6.223 0.204 0.667 Total sum of square 4166.841 15
1 Lrelative to 3 L 198.124 1 198.124 6.507 0.043 i . . . L. . .
2 L relative to 3 L 6.889 1 6.880 0.226 0.651 * - molar ratio, L - linear effects, Q - quadratic effects, statistically significant if
Error 182.688 6 30.448 p <0.05.
Total sum of square 4166.841 15

ANOVA model coefficients before excluding non-significant linear-linear interac-
tion, linear time and quadratic time effects, statistically significant if p < 0.05, *-
molar ratio, L - linear effects, Q - quadratic effects.

phosphate concentrations were obtained for the Ce>* to PO} ~ molar ra-
tios of 1.5:1 and 2.144:1 at pH 6.00, and the highest for the molar ratio
of 1:1 at pH 3.00 and the molar ratio of 1.5:1 at pH 2.14. The experiment
results obtained at this stage indicate a significant correlation between
pH and the molar ratio of Ce*>* to PO3 . The coefficient of determina-
tion R? assumes values between 0 and 1, where a value of 0 indicates
no relationship between the observations and the model, while a value
of 1 indicates a perfect fit between the observed data and the model. Ac-
cording to literature, different divisions can be adopted to describe the
strength of the relationship between the model and the data. One of
the proposed divisions assumes that with R* from 0.9 to 1 the fit of the
model is very good, from 0.8 to 0.9 the fit of the model is good, from
0.6 to 0.8 the fit of the model is satisfactory, from 0.5 to 0.6 the fit of
the model is poor, from 0 to 0.5 the fit of the model is unsatisfactory
(Kuc et al., 2022). Table 5 presents an evaluation of the effects for the
individual independent parameters and their linear interactions. The
calculated coefficient of determination R? was 0.956 and the adjusted
Rﬁdj was 0.890, with a root mean square error (RMSE) of 30.448.

Table 6 presents the results of the ANOVA analysis for all the parameters
comprising the model.

The statistical analysis carried out demonstrated that some of the
parameters analysed were statistically insignificant (p > 0.05), therefore
consequently, further analyses were carried out after excluding the most
insignificant effects of linear/linear interactions 1 L relative to 2 L, 2 L
relative to 3 L, and linear and quadratic effects for time. An assessment
of effect significance after irrelevant parameter removal is presented
in Table 7. In this case, the calculated coefficient of determination R?
decreased slightly to 0.953, while the adjusted R3y; increased to
0.929, indicating a very good fit of the model to the experimental
data (Kuc et al., 2022), while the root mean square error (RMSE) de-
creased to 19.735, indicating a better fit of the model after removing
some of the parameters.

Table 8 presents the results of the ANOVA analysis with an adopted
significance level of p < 0.05. The analysis demonstrated the significance
of four parameters, i.e. pH(L), pH(Q), Ce®>*:PO3 (L) molar ratio and 1 L
relative to 3 L.

Table 7

A graphical interpretation of the effect significance is displayed in the
Pareto chart (Fig. 4.).

The graph shows the standardised The graph shows the standardised ef-
fect estimators grouped according to their absolute values. The red line in the
graph indicates the significance threshold for a significance test of p = 0.05.
The analysis performed enabled the ranking of the parameters tested accord-
ing to their statistical significance, i.e.: linear effects of pH (most significant),
quadratic effects of pH, linear effects of the Ce>* to PO} ~, molar ratio, inter-
action of linear effects of pH and the Ce®** to PO3 ~ molar ratio, and quadratic
effects of the Ce>* to PO3~ molar ratio (least significant).

It is clear that the form in which the phosphates occur is determined by
the pH of the effluent (eg. H3PO4, H,PO4 , HPOZ~, PO3 ") and that it also
influences the concentration of the Ce®>* ions, because at pH above 7.1
Ce®*" ions in a 0.1 mol/L NOj3 solution) precipitate as Ce(OH)3 (Kragten,
1978). This suggests that reaction (1) cannot be ruled out:
Ce** +30H = — Ce(OH),| @

as it can occur at a pH not much different from 7.1, which in turn de-
pends on the composition of the solution, i.e. its concentration and the
type of anions present. It is clear that the interaction between the indepen-
dent variables, i.e. pH and the Ce** to PO}~ molar ratio, has an important
influence on the process.

Based on the fitted model, a second-order Eq. (2) was determined to cal-
culate the predicted PO3 ~ concentration in the treated effluent and to com-
pare it with the results obtained from the experiments in Fig. 5.

Concentration (PO,* ~ ) = 172.0561-27.4448(pH)
+ 1.5240(pH)*-85.1205 (molar ratio)
+ 15.8854(molar ratio)?
+ 3.3176(pH)(molar ratio) @

A graphical interpretation of the response surface is presented in the 2D
contour plot in Fig. 6.

The optimisation carried out for the precipitation of PO; ™ ions using
Ce>™" ions from brewery wastewater using the response surface method in-
dicates that the best process conditions occur at pH 7.0-8.5 and a molar
concentration ratio of Ce>* to PO3 ™ ions of 1.5-2.0 at a constant process
time of 15 min. Fig. 7 presents a 2D contour plot highlighting the areas
with the lowest Ce®** content after the effluent treatment process, which

Analysis of the experiment with the central composite design using Statistica 13. Evaluation of the effects, PO3 ~; R* = 0.953; Rgdj = 0.929, MS = 19.735.

Parameter Effect Standard error t(10) p CI(—95 %) CI(+95 %) Factor Standard error CI(—95 %) CI(+95 %)
Intercept 0.172 2.197 0.078 0.939 —4.724 5.068 0.172 2.197 —4.724 5.068
(1) pH (L) —25.081 2.642 —9.495 < 0.001 —30.967 —19.195 —12.541 1.321 —15.483 —9.598
pH (Q) 27.432 3.792 7.233 < 0.001 18.982 35.882 13.716 1.896 9.491 17.941
(3) Ce**: PO~ (L)* —17.558 2.641 —6.648 < 0.001 —23.443 -11.674 —8.779 1.320 -11.721 —5.837
Ce**: PO3 ™ (Q)* 7.943 3.789 2.096 0.062 —0.500 16.385 3.971 1.895 —0.250 8.193
1 Lrelative to 3 L 9.953 3.141 3.168 0.010 2.954 16.952 4.977 1.571 1.477 8.476

ANOVA model coefficients after excluding non-significant linear-linear interaction, linear time and quadratic time effects, statistically significant if p < 0.05, * - molar ratio, L -

linear effects, Q - quadratic effects.
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(pH (L) -9.4947
PH(Q) 7.2334
(3) molar ratio (Ce’™ : PO43') (L) -6.6484
1L relative to 3L 3.1685
molar ratio (Ce* : PO,*) (Q) B 2.0962
1 2 3 4 5 6 7 8 9 10 11

Fig. 4. Pareto chart - the absolute values of the standardised assessments of the effects (PO3 ~ (mg/L), 3 values, 1 block, 16 experiments, MS = 19.735).

was taken into account in the optimisation of the brewery effluent treat-
ment parameters.

The reason for the high content of Ce** and PO3 ™ at low pH is the
solubility of CePO, (Lin et al., 2021). In addition, the effect of complex-
ation of Ce*" ions by the components of the complex sewage matrix
cannot be excluded, e.g. humic and fulvic acids, as well as formation
of organometallic complexes. (Janhom et al., 2009; Zhang et al.,
2015).

A treatment process to test the efficiency of phosphate removal from
brewery effluent carried out under optimal conditions determined with
CCD/RSM (pH = 7.5, molar ratio of Ce** to PO~ of 1.5 and time =
15 min) confirmed the removal efficiency of phosphorus compounds
(mainly phosphate), with a reduction of PO}~ by 99.86 %, total P by
99.56 %, CODc;, by 81.86 %, total suspended solids by 96.67 %, TOC by
60.38 %, total N by 19.24 %, turbidity by 98.18 % and colour by
70.59 %, while Ce>" ions content was 0.058 mg/L (Table 9).

Predicted value, PO,*, mg/L

15

20

25

30 35 40 45 50 55

Observed value, PO,>, mg/L

Fig. 5. Predicted vs. observed values for PO3~ (mg/L). The coefficient of determination R?is 0.953,

adjusted R? is 0.929, MS = 19.735.
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Fig. 6. Response surface of the influence of the molar ratio of Ce>*: PO3 ™ to the pH value on the content of PO3 ™ in brewery wastewater, time = 15 min. (MS = 19.735).

99.94 % of Ce®* ions were bound in the precipitate mainly by reaction
(3), which generated a poorly soluble precipitate of cerium(III) phosphate
(Kajjumba et al., 2021; Liu and Byrne, 1997):

Ce’™ +POs* = — CePOy)| 3

The non-stoichiometric, excess amount of Ce>* added to the solution
relative to the content of PO;~ may result from side reactions that bind

22

20}

1.8

1.6

14

molar ratio (Ce?* : PO,*)

1.2 ¢

1.0 p

0.8

Ce®* ions e.g. into carbonate precipitates (Ferri et al., 1983) and hydroxide
precipitates (Kragten, 1978) in reactions (4) and (5) respectively:

2Ce*" 4+ 3C05% = — Cey(COs),1 (€]

Ce** +30H - — Ce(OH),| 5)

The non-stoichiometric course of precipitate formation may also be caused
by the co-precipitation of impurities with Ce>* and PO3~ ions, and the

[1>120
[ 1<120
[ ]<110
[ ]<100
[ <90
<80
B <70
I <60
B <50
B <40
B <30
I <20
Bl <10
Il <05

Fig. 7. Response surface of the influence of the molar ratio of Ce>*: PO3 ™ to pH value on the content of Ce®** in brewery wastewater, time = 15 min. (MS = 142.9573).
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Table 9
Selected physicochemical parameters of brewery wastewater before and after treat-
ment using a 0.05 mol/L cerium(III) chloride (CeCls) solution.

Parameter Unit Brewery wastewater Brewery wastewater after
treatment”

Observed value ~ Removal®, %
pH - 7.5 * 0.1 7.5 + 0.1 -
Turbidity NTU 390 + 39 7.1 £ 0.7 98.18
Colour mg Pt/L 170 + 34 50 = 10 70.59
P03~ mg/L 43.0 = 4.3 0.062 *= 0.006 99.86
Total P mg/L 19.8 £ 2.0 0.085 * 0.017 99.56
Total N mg/L 46.0 = 6.9 37.1 £ 5.6 19.24
TSS mg/L 630 = 63 21.0 = 2.1 96.67
TOC mg/L 130 = 19 51.5 = 7.7 60.38
COD¢, mg O,/L 827 = 124 150 = 22 81.86
ce®* mg/L 95.2° + 14.3 0.058 *+ 0.009 99.94

@ In optimal conditions, i.e., pH = 7.5, Cce®* = 0.095 g/L (molar ratio 1.5:1,
Ce®*: PO37), and time = 15 min.

b Wastewater treatment efficiency = (C; — C3)/C; X 100 %, where C; is the
concentration of the substance in the brewery wastewater, C, is the concentration of
the substance in the treated wastewater.

¢ Calculated Ce®* ion concentration after addition to the raw effluent (Ce>* ion
content in the raw effluent <0.25 pg/L.

Table 10

Chemical composition of the sludge.
Parameter Unit Value
Cerium (Ce) g/kg 126.3 + 12.6
Iron (Fe) g/kg 3.37 + 0.34
Manganese (Mn) g/kg 0.180 = 0.040
Cadmium (Cd) g/kg < 0.005 = 0.001
Chromium (Cr) g/kg 0.052 = 0.013
Copper (Cu) g/kg <0.05 + 0.01
Nickel (Ni) g/kg <0.05 = 0.01
Lead (Pb) g/kg <0.10 = 0.03
Zinc (Zn) g/kg 0.236 = 0.059
Phosphorus (P) g/kg 259 * 2.6
Cobalt (Co) g/kg <0.05 * 0.01
Calcium (Ca) g/kg 172.0 = 17.0
Magnesium (Mg) g/kg 106 = 1.1
Sodium (Na) g/kg 53.3 £ 5.3
Potassium (K) g/kg <0.20 = 0.05
Barium (Ba) g/kg 1.46 + 0.36
Strontium (Sr) g/kg 0.84 = 0.21

formation of CePO, precipitate with non-stoichiometric composition and hex-
agonal structure cannot be ruled out. (Vinothkumar et al., 2019).

The end result is an effluent with a low phosphorus content that will not
promote the eutrophication process (Schindler et al., 2016). The total
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nitrogen content was reduced by only 19.2 % (from 46.0 mg/L to
37.1 mg/L), however nitrogen compounds can be easily removed by deni-
trification (Tchobanoglous et al., 2003).

3.2. Sediment analysis

More than 99 % of the cerium used in the process and 99 % of the phos-
phate was bound in the sludge produced during wastewater treatment
mainly as CePO,4 (Kajjumba et al., 2021). After draining, drying and averag-
ing, the sludge was subjected to decomposition in aqua regia and then
analysed by ICP-OES. The sludge composition is presented in Table 10.
An analysis of the sludge demonstrated that it contained increased amounts
of Ceand P, 126.3 * 12.6 g/kg and 25.9 * 2.6 g/kg respectively. The re-
sults obtained showed that the sludge is suitable for further processing in-
volving the recovery of cerium compounds and their reuse.

3.3. Extraction of Ce and P

Therefore, in the next stage of the study, the sludge was leached using
HCI at concentrations of 5 %, 10 %, 15 % and 20 % to determine the poten-
tial for cerium recovery. Table 11 presents the results of sludge leaching.
The use of 10 %, 15 % and 20 % HCI exhibited comparably high cerium ex-
traction efficiencies. In the following experiment, the solution obtained
after leaching the precipitate with 10 % HCl was used, due to the lower con-
sumption of acid needed to carry out the extraction and the lower consump-
tion of NaOH needed to increase the pH of the solution in a further step of
the experiment. This approach not only made it possible to reduce the
amount of reactants, but also resulted in a reduction in the amount and con-
centration of post-process solutions. The extraction efficiency using 10 %
HCl was 97.6 % for Ce and 89.6 % for P.

Portions of 15 % NaOH were added to the resulting extract to raise the
pH to approximately 1.8 = 0.1, which is the optimal value when precipitat-
ing lanthanide oxalates (Zelazny et al., 2017). The addition of a Na,C,0,
solution resulted in the precipitation of a white, poorly soluble Ce,;(C504)
3 precipitate according to reaction (6).
2(:63Jr + 3C2042 = Cez(C2O4)3l, (6)

The precipitate, after filtration and washing, was dissolved in 30 % HCL.
Analysis of the resulting solution by ICP-OES and ICP-MS demonstrated
that the component at the highest concentration was cerium, which ac-
counted for 96.1 % of the cations determined (Table 12). The cerium recov-
ery efficiency was 71.9 %. Waste types reported in literature, such as spent
polishing powders, red mud, spent FCC catalysts and NiMH batteries, had
similar cerium recovery values of 65-91 %, 74-99.99 %, 42-97 %,
32.54-99.9 %, respectively, while the extraction yield after separation
was 95-99 %, 80-100 %, 74-98 %, 84-99 %, respectively, and was

Table 11

Chemical composition of the extracts after leaching by 5 %, 10 %, 15 % and 20 % HCI solution.
Parameter Unit HCl5 % HC110 % HC115 % HC1 20 %
Cerium (Ce) g/kg 1144 = 11.4 123.3 = 12.3 1229 = 12.3 129.4 + 129
Iron (Fe) g/kg 2.03 = 0.20 2.51 = 0.25 2.57 = 0.26 2.65 = 0.27
Manganese (Mn) g/kg 0.161 = 0.032 0.166 = 0.033 0.162 + 0.032 0.169 = 0.034
Cadmium (Cd) g/kg < 0.005 = 0.001 < 0.005 = 0.001 < 0.005 = 0.001 < 0.005 = 0.001
Chromium (Cr) g/kg 0.021 *= 0.005 0.032 = 0.008 0.037 + 0.009 0.042 = 0.011
Copper (Cu) g/kg <0.05 = 0.01 <0.05 = 0.01 <0.05 = 0.01 <0.05 = 0.01
Nickel (Ni) g/kg <0.05 *= 0.01 <0.05 = 0.01 <0.05 * 0.01 <0.05 * 0.01
Lead (Pb) g/kg <0.10 = 0.03 <0.10 = 0.03 <0.10 = 0.03 <0.10 = 0.03
Zinc (Zn) g/kg 0.209 = 0.042 0.213 = 0.043 0.224 + 0.045 0.234 = 0.047
Phosphorus (P) g/kg 22.0 + 2.2 23.2 + 2.3 235 + 24 249 * 25
Cobalt (Co) g/kg <0.05 *= 0.01 <0.05 = 0.01 <0.05 = 0.01 <0.05 * 0.01
Calcium (Ca) g/kg 152.6 = 15.3 149.1 + 149 151.1 = 15.1 160.3 + 16.0
Magnesium (Mg) g/kg 9.16 = 0.92 9.10 = 0.91 9.01 = 0.90 9.59 * 0.96
Sodium (Na) g/kg 46.0 = 4.6 43.4 = 43 43.2 =+ 4.3 47.1 * 4.7
Potassium (K) g/kg <0.20 = 0.05 <0.20 = 0.05 <0.20 = 0.05 <0.20 = 0.05
Barium (Ba) g/kg 1.28 = 0.26 1.22 = 0.24 1.21 + 0.24 1.28 = 0.26
Strontium (Sr) g/kg 0.81 = 0.16 0.78 = 0.15 0.77 = 0.15 0.81 + 0.16
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Table 12

Chemical composition of the CeCl; solution obtained after Ce;(C504)3 digestion.
Parameter Unit Value
Cerium (Ce) mg/L 443.0 = 44.3
Iron (Fe) mg/L <0.05 = 0.01
Manganese (Mn) mg/L <0.05 = 0.01
Cadmium (Cd) mg/L <0.05 = 0.01
Chromium (Cr) mg/L <0.05 = 0.01
Copper (Cu) mg/L <0.05 = 0.01
Nickel (Ni) mg/L <0.05 + 0.01
Lead (Pb) mg/L <0.05 + 0.01
Zinc (Zn) mg/L 0.480 = 0.120
Phosphorus (P) mg/L 1.52 = 0.15
Cobalt (Co) mg/L <0.05 = 0.01
Calcium (Ca) mg/L <05 = 0.1
Magnesium (Mg) mg/L <03 = 0.1
Sodium (Na) mg/L 17.6 = 2.6
Potassium (K) mg/L <20 *+ 05
Barium (Ba) mg/L <0.05 = 0.01
Strontium (Sr) mg/L <0.05 = 0.01

similarly high to that obtained in the recovery of cerium from sludge
(Meshram and Abhilash, 2020).

The performed tests involving the treatment of brewery effluent and the
processing of sludge containing cerium compounds enable the develop-
ment of a concept for the recovery and use of cerium compounds, as
depicted in Fig. 8.

The concept involves the disposal of spent polishing powder waste by
recovering cerium compounds through extraction, concentration and crys-
tallization, and then using them as an alternative to iron and aluminum
salts as a coagulant for precipitating phosphates from brewery wastewater.
The resulting sludge after the wastewater treatment process can, in turn, be
treated to recover cerium compounds and reuse them industrially. Phos-
phorus compounds can be recovered from the solution after extraction
using methods widely described in the literature and used, for example,
for fertilization purposes (Kato et al., 2006; Ye et al., 2014). In this way,
the concept presented fits into the model of circular economy and sustain-
able use of resources in the form of cerium compounds.

Science of the Total Environment 875 (2023) 162643

4. Conclusions

A waste polishing powder containing 82.0 % CeO, was used to obtain
CeCl57H,0, from which a 0.05 mol/L solution of Ce®** was prepared.
The solution had a high cerium content (99.1 %), which enabled its appli-
cation in optimising the removal of phosphate (PO3~) from brewery
effluent using a response surface methodology with a central composite
design. The results obtained demonstrated that the process has the highest
efficiency under optimal process conditions (pH 7.0-8.5, molar concentra-
tion ratio of Ce®>* ions to PO3~ of 1.5-2.0, time 15 min.). This made it
possible to reduce some of the pollutants by >96 % by binding them in
the sludge. The sludge resulting from the application of an aqueous solution
of Ce** ions bound >99 % of the cerium and phosphorus compounds,
which could be a potential source for the recovery of not only cerium, but
also potentially phosphorus.

The proposed method of wastewater treatment is an alternative to solu-
tions based on the use of iron and aluminum compounds as conventional
coagulants. The results obtained indicate not only the high efficiency of
removal of individual pollutants from the wastewater, but also the possibil-
ity of further utilization of the sludge generated, which perfectly fits in with
the ideas of a closed-cycle economy.
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Abstract: Due to the high cost and limited sources of cerium coagulants, it is extremely important
to take measures to recycle this raw material. This paper presents the new possibility of recovering
cerium(IIl) chloride, cerium(Ill) sulphate, cerium(IV) sulphate, and potentially phosphate from
sewage sludge (101.5 g/kg Ce and 22.2 g/kg total P) through a brewery wastewater treatment process
using recycled CeClj as a coagulant. In order to recover the Ce and P, the sludge was subjected
to extraction using an HCI solution. Optimal process conditions were determined by means of
central composite design and response surface methodology (CCD/RSM) for three input parameters
(HCI mass, reaction time, and extractant volume). Under optimal conditions (0.35 g HCl per 1 g of
sludge, 40 min reaction time, extractant volume of 25 mL per 1 g of sludge), the highest efficiency
obtained was 99.6% and 97.5% for Ce and P, respectively. Cerium(IIl) oxalate as Cep(Cy04)3-10H,O
was precipitated from the obtained solution using HyC,;O4 (99.97%) and decomposed into CeO,
(at 350 °C), which was afterwards subjected to a reaction with HCl (30%, m/m) and H,O; (30%,
m/m), which led to the crystallisation of CeCl3-7H,O with a purity of 98.6% and a yield of 97.0%.
The obtained CeO, was also subjected to a reaction with HySO4 (96%, m/m) and H,O, (30%, m/m),
which produced Ce;(SO4)3 with a yield of 97.4%. The CeO, was also subjected to a reaction with
only HpSOy4 (96%, m/m), which produced Ce(SO4); with a yield of 98.3%. The filtrate obtained
after filtering the Cey(C04)3-10H,O contained 570 mg/L of P, which enabled its use as a source of
phosphorus compounds. The presented processes of Ce and potentially P recovery from sewage
sludge originating from brewery wastewater contribute to the idea of a circular economy.

Keywords: brewery wastewater; response surface methodology; central composite design; sewage
sludge; cerium coagulants

1. Introduction

The decreasing supply of potable water in the world is a consequence of numerous
negative factors, including the increasing population, developing industry, and uncon-
trolled pollutant emissions, which, in the near future, may result in decreased access to
potable water, droughts, food shortages, and climate migration on a global scale. Therefore,
action aimed at limiting pollutant emissions to the water environment and restoring the
quality of polluted water is extremely important. In developed countries, the problem
of wastewater emissions to the environment was minimised by transporting waste to
treatment plants using elaborate sewage systems or vacuum trucks. As a result of the
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processes conducted at waste treatment plants, it is possible to remove physical, chemical,
and biological pollutants and restore the original quality of water to a state where it is free
of substances harmful to living beings. The number and types of stages forming a waste
treatment process depend on multiple factors, some of which include the quantity and
composition of the waste, the types and concentrations of pollutants in the waste flow-
ing into the treatment plant, and the required level of waste treatment. While municipal
wastewater is characterised by a repeatable composition, industrial waste is considerably
varied in terms of the type and concentration of pollutants, depending on the type of activ-
ity that generates it, the technological advancement of the industrial plant, the application
of processes for minimising water consumption, the presence of a local treatment plant
providing preliminary waste treatment, and so on. Heavy industry engaged in metal ore
processing generates waste characterised by an increased concentration of heavy metals
such as, e.g., Cd, Co, Ni, Cu, and V [1]. Electroplating plants, depending on the types of
coating produced, generate waste containing, e.g., Ni, Cr, Pb, Cd, and Sn [2,3], as well
as cyanides (CN ™), detergents (anionic, non-ionic, and cationic), etc. On the other hand,
waste originating from the tanning industry is characterised by high values of COD and
total nitrogen, as well as increased P and Cr contents [4-6]. Unlike waste originating
from heavy industry, wastewater from the food industry, as well as domestic sewage, is
characterised by increased contents of biogenic elements (C, N, P, and S), whose presence
in the water environment contributes to eutrophication; therefore, these pollutants need
to be removed with high efficiency. In the case of food industry wastewater originating
from breweries [7-9], dairies [10,11], and sugar factories [12,13], the type of pollutants is
similar to those found in domestic sewage, though their concentration is much greater. In
the case of treatment plants where the primary pollutant stream includes domestic sewage
and food industry wastewater, the use of biological processes, such as denitrification, and
chemical processes, like coagulation, is often sufficient to treat the waste. In such situations,
the treated waste typically fulfils the requirements defined in legal regulations concerning
the maximum concentrations of pollutants for treated waste introduced into municipal
sewage systems or into the water and soil.

An element linking the various wastewater treatment technologies is the generation of
sewage sludge with a complex composition containing a significant amount of phosphorus
compounds, which are an important component of fertilisers used to intensify agricultural
production. According to various estimations, the extractive resources of this element will
be depleted over the next 50-280 years [14,15], while the location of the richest deposits in
just a few countries raises the risk of significant price fluctuations on the market as well as
limited availability due to the complex political and economic situation in the future, which
has currently made sewage sludge an interesting source of this element that also exhibits
a high processing potential, which has made it the subject of numerous studies [16,17].
Sewage sludge is generated, e.g., as a result of coagulation processes that occur after the
addition of an appropriate reactant (coagulant) to the treated waste. Commonly applied
coagulants include Fe3* and AI’* compounds that undergo hydrolysis after their addition
to the wastewater, generating hydrated metal hydroxides with a developed active surface
that are capable of adsorbing pollutants or partially binding them as a result of direct
chemical reactions.

Ferric chloride (FeClz) was applied in prior research [18], where it was concluded that
the most effective (97%) phosphorus removal occurred at a pH of 6.2. The other work [19]
applied FeCl; with added tannic acid (C74HsO46) to improve phosphorus removal from
wastewater. As a result of the tests conducted at a sewage pH of 7.5, up to 95% of the
phosphorus was removed, which was bound in a complex of tannic acid—Fe—P and ferric
hydroxyphosphate (Fex(OH)yPO,). The use of aluminium coagulants such as aluminium
chloride (AICl3), aluminium sulphate (Al(SO4)3-n HyO), or polyaluminium chloride (PAC,
AlL(OH)mCl3n_m) makes it possible to remove up to 74.9% of phosphorus at a pH range
of 6.5-8.5, up to 62% at a pH range of 5-9, and even up to 80% at a pH range of 6-8,
respectively [20].
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Another method for removing phosphorus from wastewater is to precipitate it in
the form of poorly soluble salts such as struvite (NHsMgPO,4-6H,0), hydroxyapatite
(Cas5(PO4)30H), and amorphous calcium phosphate (Ca3(POj4);). The precipitation pro-
cesses occur at high concentrations of NHy*, Ca?*, and PO,*~ ions and in a pH range
of 7.0-10.7. Literature data indicate that the struvite precipitation yield can reach 97%,
though it is strongly dependent on the content ratios of P to Mg and P to N. The recovery
of phosphorus directly from sewage sludge and eluates is interesting from a scientific and
practical perspective, but it generates the risk of introducing pathogens and hazardous
organic substances accumulated in the precipitates into the environment. In this case,
the sludge must be subjected to hygienisation by applying, e.g., Ca(OH),, CaO, CaO,, or
2NayCO3-3H,0; [21]. A considerable disadvantage of this type of solution is the high cost
of the hygienisation processes [22,23].

In the case of more rarely used cerium coagulants that contain Ce* ions for wastewater
treatment (primarily the precipitation of PO437), the pollutant removal process exhibits
the highest efficiency at a pH of 7.0-8.5. The removal of PO43~ occurs primarily as a result
of the direct binding of Ce?* ions with PO,3~ ions, generating a CePOy precipitate over
the course of Reaction (1). Furthermore, the Ce3* cations bind anions such as F~, OH™,
CO3%~, and C,04%~ as a result of chemical Reactions (2)—(5) in the form of poorly soluble
salts (1)—(5), whose solubility product constants are presented in Table 1.

Ce3* + PO, — CePO,l 1)
Ce** + 30H~ — Ce(OH)3l 2)
Ce®* +3F~ — CeFsl 3)
2Ce3* +3C05%~ — Cey(CO3)3l. 4)
2Ce3* + 3C2042_ — Cer(Cy04)3d (5)

Table 1. Solubility product constants (Kgp) of selected cerium compounds.

Solubility Product Constant,

Compound Kep Source
CePOy, 1.00 x 10=23 [24]
10243 [25]
10—26.27 [26]
Ce(OH); 1.6 x 10720 [24]
10~ [27]
CeF3 8.00 x 10716 [24]
1.4 x 10718 [28]
Ce»(CO3)3 102180 [29]
Cey(Cr04)3 1.84 x 10-28 [30]
5.9 x 10730 [31]

When cerium salts are used, the phosphorus concentration in the treated sewage is
lower, and the cost of disposal of the resulting sewage sludge is lower (due to the smaller
volume of the resulting sludge) than when using iron or aluminium coagulants [32]. The
disadvantage of cerium coagulants is their higher purchase cost compared to substances
based on iron and aluminium compounds. This fact prompts the search for alternative
sources of cerium compounds that could reduce the cost of their purchase and effectively
compete with commonly used coagulants.

Research on brewery wastewater treatment using cerium(III) chloride revealed that
the process produces sludge with a high content of cerium (101.5 g/kg) and phosphorus
(22.2 g/kg), bound primarily in the form of CePOy [9], which suggests the possibility of
recovering these elements from the sewage sludge.
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This paper presents a processing concept for sewage sludge subjected to extraction
using an HCl solution in order to recover cerium and phosphorus and apply them for the
preparation of useful products in subsequent stages. The purpose of the tests was to conduct
an extraction process and to recover cerium and phosphorus with a high yield, which, in
combination with wastewater treatment performed using a cerium(III) chloride solution as
a coagulant, could close the cerium circulation within the process. The research presents a
new concept of coagulant recovery and complements the gap in research on the recovery
of cerium compounds from sewage sludge and fits into the idea of a circular economy.

2. Materials and Methods
2.1. Materials

The material subjected to testing was sewage sludge obtained by brewery wastewater
treatment using a cerium(III) chloride (recovered from spent polishing powder) solution
as a coagulant, per the brewery wastewater treatment method described in [9]. Before
analysis, the sludge was dried at ambient temperature (20 = 1 °C) to a solid mass (Figure 1).

(@ (b) (©

Figure 1. Sewage sludge dried at ambient temperature (a) and obtained CeClz-7H,O (b) and Ce(SO4),
(c) salts.

The chemical composition of the sewage sludge after mineralisation in aqua regia
using a standard laboratory method (HCI:HNOj3, 3:1, v/v) is presented in Table 2.

Table 2. Selected physicochemical parameters of the sludge used in the study.

Parameter Unit Result & Measurement Uncertainty

Cerium (Ce) g/kg 101.5 + 10
Total Phosphorus (P) g/kg 222+£22
Sodium (Na) g/kg 3.65 £0.37
Magnesium (Mg) g/kg 1.05+0.11
Calcium (Ca) g/kg 21.3+21
Iron (Fe) g/kg 3.46 £ 0.35
Manganese (Mn) g/kg 0.10 £+ 0.02
Aluminium (Al) g/kg 1.23 +0.12

Barium (Ba) g/kg 0.185 £ 0.037

Strontium (Sr) g/kg 0.084 + 0.021

Zinc (Zn) g/kg 0.417 4 0.083

Nitric acid (60%), hydrochloric acid (30%) (Suprapur®, Merck, Darmstadt, Germany),
sulphuric acid (96%) (analytically pure, Chempur®, Piekary Slaskie, Poland), 30% hydro-
gen peroxide (analytically pure, Chempur®, Piekary Slaskie, Poland), sodium hydroxide
(analytically pure, Chempur®, Piekary Slaskie, Poland), oxalic acid (analytically pure,
Warchem Ltd., Zakret, Poland), a certified multielement standard solution for inductively
coupled plasma (ICP) with a concentration of each rare earth element of 50 mg/L (Sigma
Aldrich®, Saint Louis, MI, USA), and certified multielement standard solutions for ICP
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with a metal concentration of 10 mg/L and 100 mg/L (AccuStandards®, New Haven, CT,
USA) were also used in the study. A certified multielement anion standard solution for ion
chromatography (IC) (AccuStandards®, New Haven, CT, USA) and deionised water with
an electrical conductivity of under 0.05 uS/cm (Direct-Q3 UV, Millipore®, Burlington, VT,
USA) were used as well.

2.2. Analytical Methods

The metal and non-metal concentration determination in the water solutions and
the mineralised sewage sludge was performed according to standard [33] by inductively
coupled plasma optical emission spectrometry (ICP-OES) (Optima 5300DV, Perkin Elmer®,
Waltham, MA, USA). Inductively coupled plasma mass spectrometry (ICP-MS) (NexION
300S, Perkin Elmer®, Waltham, MA, USA) was used to determine cerium content in the
water solutions. The measurement was performed according to standard [34]. The metal
and non-metal content determination uncertainty was 10%, 15%, 20%, and 25%, depending
on the analysed element concentration, with a coverage factor of 2 and a significance
level of 95%. The chloride (Cl~) determination was performed by ion chromatography
according to [35] (DIONEX ICS 5000, Thermo Fisher Scientific®, Waltham, MA, USA).
The pH measurement was performed per standard [36] using the Inolab pH/ION/Cond
750 multi-parameter meter (WTW®, Weilheim, Germany) with a measurement accuracy of
+0.1 pH.

Phase identification was performed by powder X-ray diffraction (DSH) in Bragg-
Brentano geometry using a Bruker D8 DISCOVER diffractometer (Bruker®, Billerica, MA,
USA), CuK« radiation, a Ni filter, and a LYNXEYE XE detector. The mineral composition
was determined and calculated based on standards licensed in PDF-4+2022 RDB ICDD
(International Centre for Diffraction Data), ICSD (Inorganic Crystal Structure Database),
and NIST (National Institute of Standards and Technology). DIFFRAC v.4.2, TOPAS v.4.2,
and Bruker AXS software (v.6.0) were applied for registration and diagnostics. The Rietveld
methodology was used for the quantitative calculations of crystalline phases and the
amorphous substance.

Grain surface morphology and chemical composition in micro-areas were analysed
by scanning electron microscopy (SEM) and X-ray energy dispersion spectroscopy (EDS)
using an SU3500 SEM microscope (Hitachi®, Tokyo, Japan) working in conjunction with
an UltraDry EDS Detector (Thermo Fisher Scientific®, Waltham, MA, USA) under the
following conditions: acceleration voltage —15 keV, detector—BSE, scanning time —40 s,
magnification x1000-x3000. The images were taken after spraying the sample with gold.

2.3. Extraction of Cerium and Phosphorus

Central composite design (CCD) and response surface methodology (RSM) were
applied to determine the optimal conditions for cerium and phosphorus extraction from
the sewage sludge [37-40]. The optimal input parameters were time (min), the liquid /solid
ratio (volume/mass), and the mass of HCl as 100% HCl (mg). The input parameters and
the quantities of Ce and P are presented in Table 3.
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Table 3. Empirical conditions for CCD/RSM and the results (Ce and P) for sewage sludge (HCl
35.0-405.0 mg, liquid:solid mass ratio (7.96-92.0:1), time 6.36-73.6 min); *—centre of the plan.

Experimental Conditions Experimental Results

Run Ll?{:;i(;ls::lhd Time (min), x, HC)I(’3 ms P, mg/g Ce®t, mg/g
1 25.0 20.0 110 1424 +2.14 67.95 £ 10.19
2 25.0 20.0 330 22.73 £3.41 104.5 £ 15.68
3 25.0 60.0 110 14.27 £ 2.14 67.86 = 10.18
4 25.0 60.0 330 21.80 £ 3.27 101.6 £15.24
5 75.0 20.0 110 15.09 + 2.26 71.73 £10.76
6 75.0 20.0 330 20.48 £+ 3.07 98.54 £+ 14.78
7 75.0 60.0 110 15.54 +2.33 72.23 £10.84
8 75.0 60.0 330 21.76 £ 3.26 102.6 £ 15.39
9 7.96 40.0 220 18.23 £2.73 91.89 £13.78
10 92.0 40.0 220 19.91 £+ 2.99 91.44 £13.72
11 50.0 6.36 220 18.99 + 2.85 93.18 £ 13.98
12 50.0 73.6 220 19.58 £+ 2.94 93.35 £ 14.00
13 50.0 40.0 35 1.014 £ 0.152 11.17 £ 1.68
14 50.0 40.0 405 21.84 +£3.28 101.4 + 15.22

15* 50.0 40.0 220 19.67 £ 2.95 97.03 £ 14.55

16* 50.0 40.0 220 20.96 & 3.14 101.1 £ 15.16

17 * 50.0 40.0 220 21.23 £3.18 103.2 £ 15.47

18* 50.0 40.0 220 2142 +£3.21 105.3 £ 15.80

19* 50.0 40.0 220 19.45 £ 2.92 104.8 £ 15.72

20* 50.0 40.0 220 18.93 + 2.84 102.2 £ 15.33

2.4. Precipitation of Solid Cerium(IIl) Compounds

The extract was obtained under the conditions determined in the optimisation pro-
cess, i.e., time of 40 min, liquid:solid ratio of 25:1, 330 mg HCl. In order to precipitate
Cey(Cy04)3-10H0 from the acidic post-extraction solution with a pH of 0.3, oxalic acid
(H2C,04) was added, and then the pH was increased to 1.8 with the addition of NaOH
solution [41]. The solution was mixed at 250 rpm for 30 min and set aside for 12 h to
obtain a coarse crystalline precipitate [42]. The obtained Ce;(C;04)3-10H,O was filtered
through a membrane filter (hydrophilic PTFE) with a pore size of 0.45 pm and washed
with water to remove the solution residues containing undesired ions. The material was
dried at a temperature of 105 £ 1 °C to a solid mass, weighed, and decomposed into CeO,
in a mutffle furnace at a temperature of 350 £ 5 °C [43]. The obtained CeO, was weighed
and subjected to a reaction with HCI (30% m/m) and H>O5 (30% m/m), mixed and heated
to a temperature of about 90 °C [44], after which the solution was filtered, subjected to
crystallisation, and dried at 70 = 1 °C (process no. 1). The second process (process no.
2) involved a reaction of the CeO, with excess H>SO4 (96% m/m) to obtain Ce,(SOy)3.
The reactants were mixed and heated at a temperature of 100 4= 1 °C for an hour, and
after heating was concluded, they were diluted with deionised water, and the Ce(IV) was
reduced to Ce(IIl) by the addition of H;O; (30%, m/m). The obtained mixture was filtered
through a membrane filter (hydrophilic PTFE) with a pore size of 0.45 um, evaporated,
crystallised, and dried at a temperature of 300 £ 5 °C.

The third process (process no. 3) involved a reaction of the CeO, with excess HySO4
(96% m/m) to obtain Ce(SOy),. The reactants were mixed and heated at a temperature of
100 £ 1 °C for an hour, after which they were heated in a muffle furnace at 300 + 5 °C, also
for an hour, to strip the excess HySO4.

2.5. Removal of Metals from a Phosphorus-Rich Solution

The removal of metals (Al, Zn, Fe, Cu, and Mn) present in the acidic solution
remaining after filtering the Cey(Cy04)3-10H,0 was conducted by using precipitants
such as sodium trithiocarbonate (Na;CS3), trimercapto-s-triazine, trisodium salt (TMT),
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and dimethyldithiocarbamate (DMDTC) after the prior increase of the solution pH to
9.5 £ 0.1 [3,45,46]. The obtained solutions were filtered through a PTFE membrane filter
with a pore size of 0.45 um to remove the colloidal sediments and analysed by ICP-OES.

3. Results and Discussion
3.1. Extraction of Cerium and Phosphate from Sewage Sludge

The statistical analysis performed (in Tables S1-54 in Supplementary Materials)
showed the lack of significance of some of the independent variables (p > 0.05). Further
analysis was carried out after excluding insignificant linear-linear interaction, quadratic
time, and quadratic liquid:solid ratio effects. Following the optimisation of the Ce and P
recovery from sewage sludge containing 10.15% Ce and 2.22% D, it was revealed that the
most advantageous process conditions required the application of 350 mg of HC1 (as 100%
HCI) per 1 g of sludge, an extractant volume of 25 mL, and a reaction time of 40 min. Under
the adopted optimal conditions determined by the model, 99.6% of Ce and 97.5% of P were
extracted. CCD/RSM was applied in the optimisation process, where the calculated coeffi-
cient of determination (R?) after reducing the number of statistically insignificant variables
was 0.923, and the adjusted R? (Rzadj) was 0.902 (for the cerium extraction optimisation
model), which indicated a very good fit of the model to the experimental data. On the
other hand, the coefficient of determination (R?) calculated for the phosphorus extraction
optimisation model was 0.896, while the adjusted R? (Rzadj) was 0.868, which indicated a
good fit of the data included in the model to the experimental data. It is typically assumed
that if 0 < RZ < 0.5, the fit of the model is unsatisfactory; if 0.5 < R2 < 0.6, the fit of the
model is poor; if 0.6 < R? < 0.8, the fit of the model is satisfactory; if 0.8 < R? < 0.9, the
fit of the model is good; and if 0.9 < R? < 1, the fit of the model is very good [47]. Pareto
charts (Figure 2) present the standardised effect estimators, which were grouped according
to their absolute values. The red line in the chart indicates the significance threshold
p = 0.05, under which the analysed variables are insignificant. The evaluation of the effects
and the results of the ANOVA analysis for Ce** and P (mg/g) are presented in Tables 4-7.

Table 4. Analysis of the central composite design experiment using Statistica 13. Evaluation of the
effects, Ce>*; R? = 0.923; R%,q; = 0.902, MS = 48.844.

Standard CI CI Standard CI CI
Parameter Effect Error t(15) P (_95%) (+95%) Factor Error (_95%) (+95%)
Constant value 99.022 1.999 49.547 <0.001 94.762 103.281 99.022 1.999 94.762 103.281
(1) liquid:solid (L) * 0.347 3.782 0.092 0.928 —7.715 8.408 0.173 1.891 —3.858 4.204
(2) time (L) 0270 3.782 0.071 0.944 —7.792 8332 0.135 1.891 —3.89 4166
(3) mg HCI1 (L) 40.904 3.782 10.814 <0.001 32.842 48.966 20.452 1.891 16.421 24.483
mg HCI (Q) —28.896 3.649 —-7.919 <0.001 —36.674 —21.119 —14.448 1.824 —18.337 —10.560
*—mass ratio, statistically significant if p < 0.05.
Table 5. ANOVA analysis results for Ce3* extraction.
Parameter SS df MS F p
(1) liquid:solid (L) * 0.410 1 0.410 0.008 0.928
(2) time (L) 0.248 1 0.248 0.005 0.944
(8) mg HC1 (L) 5712.425 1 5712.425 116.952 <0.001
mg HC1 (Q) 3063.310 1 3063.310 62.716 <0.001
Error 732.661 15 48.844
Total sum of square 9509.054 19

*—mass ratio, ANOVA model coefficients after excluding insignificant linear-linear interaction, quadratic time,
and quadratic liquid:solid ratio effects, statistically significant if p < 0.05.
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Table 6. Analysis of the central composite design experiment using Statistica 13. Evaluation of the
effects, total P; R? = 0.896; Rzad]- =0.868, MS = 3.081.

Standard CI CI Standard CI CI
Parameter Effect " por tas) 4 (~95%)  (+95%)  TAOT  TEror (L95%)  (+95%)
Constant value 20.226 0.502 40.295 <0.001 19.156 21.296 20.226 0.502 19.156 21.296
(1) liquid:solid (L) * 0.389 0.950 0.409 0.688 —1.636 2.413 0.194 0.475 —0.818 1.207
(2) time (L) 0.267 0.950 0.281 0.783 —1.758 2.291 0.133 0.475 —0.879 1.146
(3) mg HCIL (L) 9.177 0.950 9.660 <0.001 7.152 11.202 4.589 0.475 3.576 5.601
mg HCI (Q) —5.471 0.916 —5.970 <0.001 —7.424 —3.518 —2.736 0.458 —3.712 —1.759
*—mass ratio, statistically significant if p < 0.05.
Table 7. ANOVA analysis results for total P extraction.
Parameter SS df MS F P
(1) liquid:solid (L) * 0515 1 0515 0.167 0.688
(2) time (L) 0.243 1 0.243 0.079 0.783
(3) mg HCI (L) 287.540 1 287.540 93.325 <0.001
mg HC1 (Q) 109.810 1 109.810 35.640 <0.001
Error 46.216 15 3.081
Total sum of square 444.324 19

*—mass ratio, ANOVA model coefficients after excluding insignificant linear-linear interaction, quadratic time,
and quadratic liquid:solid ratio effects, statistically significant if p < 0.05.

(3) mg HCI (L) _ 10.814
mg HCI (Q) J-7.919

(1) acid:solid (L) ; 0.092

(2) time (L)} 0.071

p=0.05 @)

)y meHCI @) -9.660
mg HC1 (Q) j -5.970

(1) acid:solid (L) | 0.409

(2) time (L)} 0.281

p=0.05
(b)

Figure 2. Pareto charts—absolute standardised assessment values for the effects (mg HCl (L), mg
HCI (Q), acid:solid (L), and time (L)) for (a) Ce3* and (b) total P.
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Second-order Equations (6) and (7) were determined based on the obtained mathemat-
ical models, describing the predicted Ce®* and total P concentrations after extraction. The
predicted concentration values were compared to the values obtained experimentally and
compiled in Figure 3.

Ce** conc. = —0.0217 + 0.0069 x (acid:solid) + 0.7113 x (mg HCI) — 0.0012 x (mg HCI)? (6)
total P conc. = —0.2819 + 0.0077 x (acid:solid) + 0.1412 x (mg HCI) — 0.0002 x (mg HCl)? )

120
110
100
90
80
70
60
50

Predicted value, Ce*”, mg/g

0 10 20 30 40 50 60 70 8 90 100 110 120

Observed value, Ce®™, mg/g

(a)

20 o 88 sme

Predicted value, P, mg/g

(=TS N ]

0 5 10 15 20 25
Observed value, P, mg/g

(b)

Figure 3. Predicted values vs. observed values for (a) Ce3* (R? = 0.923, Rzadj =0.902) and (b) total P
(R% =0.896, Rzad]- = 0.868) extraction experiments.

A graphical interpretation of the response surfaces is depicted in the 3D contour plot
in Figure 4.
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Figure 4. Response surfaces presenting the (a) Ce and (b) P yield depending on the quantity of the

applied HCI and the acid:sludge volume ratio. Blue circles—measured points.

Improving the fit (R> and Rzadj) of both extraction models described would probably
be possible by deriving a higher-order equation. This would require taking into account
higher-order effects (e.g., cubic effects) [48], which would probably allow for flattening
the response surfaces presented in Figure 4 for the mass of HCl used above 300 mg and
obtaining the predicted concentrations of Ce and P at a similar level to the measured values.
The model, including quadratic effects, causes the surface to curve downward, suggesting a
decrease in Ce and P recovery, which deviates from the measured values. As a result of the
conducted analysis, it was concluded that the parameter with the greatest influence on the
Ce and P extraction efficiency (p < 0.05) is the mass of the HCl applied in the process, and a
limit value was defined, above which the leaching of cerium and phosphorus is the greatest.
From a statistical perspective, the process efficiency was not significantly dependent on
the volume ratio of the reaction solution to the mass of the sludge, but the ratio could
significantly influence processes at an industrial scale, such as the pumping of the reaction
mixture or its transport via pipelines, due to, e.g., the density of the mixture, the resistance
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of flow, etc. The process duration had no significant influence on the degree of cerium and
phosphorus leaching. The high degree of extraction of cerium and phosphorus makes the
obtained solution a perfect raw material for the recovery of these elements.

3.2. Preparation of Cerium Compounds

An extract with a pH of 0.30 & 0.01 was obtained following the extraction of cerium
(Ce) and phosphorus (P) using an HCI solution under optimal conditions. Table 8 presents
the selected physicochemical parameters of the obtained extract.

Table 8. Selected chemical parameters of the extract obtained after acid leaching.

Parameter Unit Result & Measurement Uncertainty

pH - 0.30 £ 0.01

Cerium (Ce) mg/L 3763 + 376
Total Phosphorus (P) mg/L 790 £79
Sodium (Na) mg/L 149 + 15
Magnesium (Mg) mg/L 364 £ 3.6
Calcium (Ca) mg/L 774 £ 77
Iron (Fe) mg/L 96.7 + 9.7
Aluminium (Al) mg/L 43.6 £4.4
Zinc (Zn) mg/L 143+ 14

The extract contained 3763 mg/L of Ce, which was precipitated after adding an
H,C;,0y4 solution and increasing the pH to 1.8. The Ce concentration determined in the
filtrate (1.10 mg/L) revealed that the precipitation process exhibited a yield of 99.97%. A
poorly soluble Cey(C204)3-10H,O precipitate was obtained following the precipitation
reaction, which was heated in a muffle furnace at a temperature of 350 & 5 °C in order
to obtain CeO;. The low decomposition temperature (350 + 5 °C) was selected to ensure
that the obtained CeO, would be characterised by a small particle size and thereby a
greater reactivity towards acids. The crystalline composition of the obtained compound
was analysed by XRD as described in the Analytical Methods section and is presented in
Table 9, whereas a diffractogram of this compound is depicted in Figure 5.

Table 9. Chemical composition of the substance after Ce;(Cy0O4)3-10H,O digestion (XRD analysis).

Parameter Unit Result = Measurement Uncertainty
C602 Y% 74.0 £ 1.0
Ce(C03)2 Y% 1.0+ 1.0
Amorphous substance % 245405

CeO,

Counts
600 900 1200 1500 1800 2100

300

T T T T I B e e e B A
10 20 30 40 50 60 70

D8 DISCOVER BRUKER
Department of
Centrs

2Theta (Coupled TwoTheta/Theta) WL=1.54060

tal Monitoring
nstitute

Figure 5. Diffraction pattern of the substance after Ce,(C,04)3-10H,O digestion.
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At the same time, the test results revealed explicitly that the primary component of
the obtained material was CeO, (74.0%), while 24.5% was an amorphous phase, which
could also be CeO, [43,49,50]. The performed calculations demonstrated that the mass of
the obtained oxide constituted 99.5% of the theoretical mass.

Three independent processes were conducted to obtain cerium salts. The first process
yielded CeCl3-7H,O by mixing CeO, with excess HCI (30%, m/m) and HyO, (30%, m/m) [9,44],
and heating the solution to a temperature of about 90 £ 1 °C, followed by evaporation and
crystallisation (Figure 1). Under these conditions, CeCls-7H,O was obtained with a yield
of 97.0%. A sample of the obtained substance was subjected to chemical analysis, which
revealed that Ce constituted 98.6% of the analysed cations (30 elements).

The second process yielded Ce;(SO4)3 by adding excess concentrated H,SO4 (96%,
m/m) to the CeO,, mixing and heating at a temperature of 100 £ 1 °C for 60 &+ 1 min,
followed by diluting with deionised water and reducing the Ce(IV) to Ce(IIl) by adding
H,0; (30%, m/m) (Figure 1). The obtained mixture was filtered through a membrane filter
(hydrophilic PTFE) with a pore size of 0.45 um, evaporated, crystallised, and dried at a
temperature of 300 £ 5 °C. In this case, Cey(5O4)3 was obtained with a yield of 97.4%,
while a chemical analysis confirmed that Ce constituted 95.9% of all the analysed cations
(30 elements) in the Ce;(SO4)3 sample.

The third process yielded Ce(SO4), by subjecting the obtained CeO, to a reaction with
excess concentrated HySO4 (96%, m/m) relative to the required stoichiometric quantity
and heating at a temperature of 100 + 1 °C, followed by heating in a muffle furnace at a
temperature of 300 &= 5 °C. The process exhibited a Ce(SOy4), yield of 98.3%. The conducted
chemical analysis of the obtained compound confirmed that Ce constituted 97.5% of all the
analysed cations (30 elements).

An analysis of the obtained CeCl3-7H;0, Cey(SO4)3 and Ce(5O4), compositions per-
formed by SEM-EDS, ICP-OES, and IC is presented in Table 10. SEM images obtained
for Cey(SO4)3 and Ce(SO4), are presented in Figure 6. The analysis results confirm the
expected obtained cerium salt composition, as the percentage elemental content calculated
based on the results of the conducted tests for individual salts exhibits minor differences
from the theoretical values calculated based on the chemical formulas of these compounds.
All stages of the recovery of each cerium salt were carried out with high efficiency, which
resulted in high efficiency throughout the entire process. Furthermore, it can be assumed
that expanding the process from the laboratory to a semi-commercial or commercial scale
will make it possible to improve the process yield by preventing material losses associ-
ated with the conduct of experiments at a small laboratory scale. Analysing the quantity
of pollutants in the obtained salts makes it possible to classify them as technically pure
substances; however, if they were to be applied as active substances of cerium coagulants,
the purity of the obtained compounds could be deemed sufficient.

Table 10. Chemical composition of the obtained cerium salts.

Result & Measurement Uncertainty

Salt Parameter Unit -
Theoretical Content ICP—OES, IC * SEM—EDS
Ce % 37.62 37.21 +3.72 -
CeCls-7H,0 Cl % 28.55 29.15 +2.92 * -
Ce % 49.30 46.61 + 4.66 49.6
S % 16.92 - 16.1
Cez(S04)s 0 % 3378 ; 332
S042 % 50.70 52.52 + 5.25 -
Ce % 42.17 41.32 +4.13 44.0
S % 19.30 - 19.3
Ce(SO4)2 o) % 38.52 - 36.5
SO42~ % 57.82 58.68 + 5.87 -

* determination made using ion chromatography technique.
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Figure 6. SEM images obtained for Ce;(SO4); at a magnification of x1000 (a) and a magnification of
%3000 (b), and for Ce(SOy); at a magnification of x 1500 (c) and a magnification of <3000 (d).

Cerium salts obtained in a complex and environmentally harmful production process
are an alternative to iron and aluminium compounds but are 3-6 times more
expensive [51,52]. Therefore, recovering them from industrial waste such as spent polishing
powders (16,000 tons per year; [53]), spent catalysts [54,55] can contribute to a significant
reduction in their prices. According to the European Commission reports from 2017-2023,
Light Rare Earth Elements (LREE) recycling remains at an extremely low level of approxi-
mately 1% [56-58]. Reducing the costs of cerium compounds at the stage of installation
operation can also be achieved through the high-efficiency recycling of sewage sludge
described in this article, thus largely closing the cerium cycle in the process. Cerium salts
needed for the start-up of the installation and to cover any process losses can be replenished
with recycled salts [9,44,59].

3.3. Removal of Metals from a Phosphorus-Rich Solution and the Possible Directions of Its
Processing and Application

Phosphatic fertilisers for application in agriculture must be characterised by an ap-
propriate level of purity, and they must particularly be free of heavy metals, whose ele-
vated concentrations could negatively impact the environment. In the case of the studied
phosphorus-rich eluate, it was revealed to contain metals (Al, Cu, Zn, Fe, and Mn), whose
concentrations had to be reduced to safe values. Additional experiments were performed
based on literature data [2,3] describing the high efficiency of heavy metal removal from
acidic eluates through the application of DMDTC, TMT, and Na,CS; solutions. The metal
removal was conducted using four methods, i.e., ncreasing the pH to 9.5; increasing the pH
to 9.5 and applying stoichiometric quantities of one of the three solutions relative to the
metal contents (Al, Cu, Zn, Fe, and Mn), i.e,, TMT, DMDTC, and Na,CSs. Table 11 presents
the results of these tests.
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Table 11. Selected chemical parameters of the extract following metal removal by various methods.

Parameter

Unit

Result + Measurement Uncertainty

The Solution

after Filtration NaOH T™MT DMDTC NayCS3
C82(C204)3'10H20
pH - 1.8+0.1 9.5+0.1 95+0.1 9.5 +£0.1 95+0.1
Total Phosphorus (P) mg/L 561 + 56 453 + 45 442 + 44 438 + 44 440 + 44
Copper (Cu) mg/L 2.20 +0.22 1.82 +£0.18 0.829 + 0.166 0.071 + 0.018 1.97 £0.20
Iron (Fe) mg/L 61.0 £ 6.1 44.68 + 4.47 3.17 £0.32 1.85 +£0.19 1.15+£0.12
Manganese (Mn) mg/L 2.33 +0.23 0.22 +£0.04 0.241 + 0.048 0.106 + 0.021 0.136 + 0.027
Aluminium (Al) mg/L 49.7 + 5.0 1.66 £ 0.17 8.40 + 0.84 5.66 + 0.57 2.67 +0.27
Zinc (Zn) mg/L 9.71 £ 0.97 0.76 = 0.15 1.34 £0.13 0.97 £0.19 1.12 £0.11
Lead (Pb) mg/L <0.005 £ 0.001 <0.005 % 0.001 <0.005 £ 0.001 <0.005 % 0.001 <0.005 £ 0.001

The application of DMDTC yielded an eluate characterised by the lowest concentration
of metal cations. Therefore, the initial alkalising of the eluate (pH 9.5) and the application
of a stoichiometric dose of DMDTC relative to the concentrations of the individual metal
cations should be considered the most effective method of their removal. The phosphate
solution obtained after applying NaOH and DMDTC was characterised by a low metal
concentration, which is why it may constitute a valuable resource for obtaining phosphate
salts by the application of, e.g., a CaCl, solution in an alkaline medium (pH correction
is not required due to the alkaline reaction of the post-process solution obtained after
removing the metal cations in the form of poorly soluble colloidal precipitates), retaining
a 1.5 molar ratio of Ca:P. Furthermore, rinsing the calcium phosphate precipitate with an
NaOH solution may remove pollutants such as Al [60]. Another method of obtaining useful
phosphate salts may consist of precipitating struvite (MgNH4PO4-6H,0O). As demonstrated
by prior research [61], increasing the Mg:P ratio may have a beneficial influence on the
precipitation of these phosphorus compounds, while conducting the precipitation process
at a pH above 9.0 reduces the negative influence of the humic acids that may potentially be
present in the solution.

Another work [62] presented the positive influence of brewery sewage sludge applied
to increase the agricultural production of maize as a result of supplying the soil with
elements such as nitrogen (N), phosphorus (P), and sulphur (S). A problem with the
application of this material was the increase in the concentration of lead (Pb) in the soil,
which over time may lead to the accumulation of this element and result in exceeded
permissible levels of lead (Pb) in the soil and its accumulation in cultivated plant tissue,
and consequently in obtaining agricultural products potentially hazardous to health. In this
work, as a result of increased pH and the application of DMDTC, the concentrations of Fe,
Mn, Al, Cu, and Zn were lowered by 93.8%, 95.4%, 88.6%, 96.8%, and 90.0%, respectively.
Therefore, the potential heavy metal contamination risk for the synthesised phosphorus
salts (obtained per one of the methods described above) is negligible. Additionally, the
performed tests demonstrated that the lead concentration in the filtrate after filtering the
Cep(Cy04)3-10H,0 as well as after applying the precipitants (NaOH and DMDTC) was
<0.005 mg/L and was therefore negligible as a potential pollutant in the phosphate salts
obtained using the solution remaining after the prior separation of Ce;(Cp04)3-10H,0.
Nevertheless, the presence of undesired metals in the sewage sludge and the solutions after
their processing is possible, and in the event of their occurrence, action should be taken to
reduce their concentrations to safe levels.

3.4. Potential Application of the Precipitates and Post-Reaction Solutions

The precipitate, composed primarily of organic matter unaffected by the process
described in pt. 3.1, could probably be applied for fertilisation purposes, e.g., for degraded
post-industrial land reclamation, though it is necessary to perform a series of additional
tests regarding its potential biological and chemical risks, which would explicitly determine
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the usefulness of this material for the aforementioned applications, but this is outside the
scope of this work. However, this study can certainly inspire further interesting research.
Prior work [21] demonstrated the usefulness of materials of biological origin in the process
of post-industrial land reclamation, but only after the sludge was subjected to hygienisation,
which reduced the quantity of hazardous bacteria by means of calcium peroxide (CaO;)
or sodium percarbonate (2Nap,CO3-3H;0,), compared to the commonly applied calcium
hydroxide (Ca(OH);), calcium oxide (CaO), and calcium carbonate (CaCO3). Such a process
may also be necessary in the case of the precipitate obtained after the extraction of sewage
sludge using an HCl solution. Furthermore, if necessary, the precipitate composition may
be modified to increase the concentration of phosphorus originating from the phosphate
salts that could be obtained in the processes described in Section 3.3.

The final solution obtained after all the processing stages contained a high quantity
of chloride ions and sodium (about 36 g/L NaCl). However, crystalline sodium chloride
(NaCl) can be separated from this post-process solution by applying a water desalination
process, such as multi-stage flash distillation (MSF) [63], reverse osmosis (RO) preceded by
other concentration processes [64], or water evaporation in evaporation ponds [65], and
using the crystallised salt as an additive to the road salt used for de-icing. As in the case of
extraction sediments, the usefulness of salt should be determined by conducting tests for
the content of chemical and biological pollutants.

4. Conclusions

Following an analysis of the chemical composition of brewery sewage sludge ob-
tained by coagulation using recycled CeCls, it was demonstrated that due to the high
concentration of Ce and P (101.5 g/kg Ce and 22.2 g/kg P), the waste may serve as a
potential raw material for the recovery of these elements and may be subjected to recovery
processes. The application of CCD/RSM enabled the determination of optimal extrac-
tion process conditions, i.e., 0.35 g HCI as 100% HCl per 1 g of sludge, 40 min reaction
time, and an extractant volume of 25 mL per 1 g, with extraction efficiency of 99.6% and
97.5% for Ce and P, respectively. The tests demonstrated excellent recovery of cerium
(97.0-98.3%) in the form of cerium chlorides or sulphates, as well as a very good extraction
of phosphorus (97.5%), which may be subjected to further processing by precipitating
struvite, hydroxyapatite, and calcium phosphate. Based on the performed tests, it can
be concluded that the discussed processing concept exhibits potential for development,
and the processes could be enhanced for conduction at a greater scale. The by-products
obtained in the process, such as a precipitate containing organic matter and a post-process
solution with elevated salinity, can find industrial application, but only after the conduction
of additional tests and experiments necessary from the perspective of their potential use,
which certainly constitutes a field of new, interesting, and comprehensive research related
to the recovery of phosphorus from sewage sludge in the context of the prior utilisation
of modern coagulants, where the active substances may include cerium, zirconium, or
titanium compounds. The proposed method of sewage sludge processing is a new and
innovative way of repurposing this waste, where unit processes yield a number of products
that could potentially be reused in, e.g., municipal or industrial waste treatment, degraded
industrial land reclamation, traffic (road de-icing), and even agriculture. Furthermore, it
should be stressed that the presented recovery process concept, together with the proposed
applications of individual products and by-products, offers an excellent contribution to the
idea of a circular economy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17040938/s1, Table S1. Analysis of the central composite
design experiment using Statistica 13. Evaluation of the effects, Ce3*; R? = 0.938; Rzadj = 0.882,
MS = 59.277. Table S2. ANOVA analysis results for Ce3* extraction. Table S3. Analysis of the
central composite design experiment using Statistica 13. Evaluation of the effects, total P; R? =0.904;
Rzadj =0.817, MS = 4.287. Table S4. ANOVA analysis results for total P extraction.
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The following abbreviations are used in this manuscript:

CCD Central composite design
COD Chemical oxygen demand
IC Ion chromatography
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ICP-OES  Inductively coupled plasma optical emission spectrometry
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Total P Total phosphorus as P
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Table S1. Analysis of the central composite design experiment using Statistica 13. Evaluation of the
effects, Ce3*; R2=0.938; R2adj = 0.882, MS = 59.277.

Standard CI Standard CI CI

Parameter Effect error t(10) P (-95%) CI (+95%)  Factor error (-95%) (+95%)

Constant value 102.050 3.140 32.499 <0.001 95.053 109.046 102.050 3.140 95.053 109.046
(1) liquid:solid (L) 0.347 4.167 0.083 0.935 -8.937 9.631 0.173 2.083 -4.469 4.815
liquid:solid (Q) -4.633 4.056 -1.142 0.280 -13.670 4.405 -2.316 2.028 -6.835 2.203
(2) time (L) 0.270 4.167 0.065 0.950 -9.014 9.554 0.135 2.083 -4.507 4.777
time (Q) -3.501 4.056 -0.863 0.408 -12.539 5.536 -1.751 2.028 -6.270 2.768

(8) mg HCI (L) 40.904 4.167 9.817 <0.001 31.620 50.188 20.452 2.083 15.810 25.094

mg HCI (Q) -29.631 4.056 -7.305 <0.001 -38.669 -20.593 -14.816 2.028 -19.334 -10.297
1L relative to 2L 1.887 5.444 0.347 0.736 -10.243 14.017 0.944 2.722 -5.122 7.009
1L relative to 3L -3.296 5.444 -0.605 0.558 -15.426 8.834 -1.648 2.722 -7.713 4417
2L relative to 3L 0.178 5.444 0.033 0.975 -11.952 12.308 0.089 2.722 -5.976 6.154

* mass ratio, statistically significant if p <0.05.

Table S2. ANOVA analysis results for Ce% extraction.

Parameter SS df MS F P
(1) liquid:solid (L)* 0.410 1 0.410 0.007 0.935
liquid:solid (Q)* 77.323 1 77.323 1.304 0.280
(2) time (L) 0.248 1 0.248 0.004 0.950
time (Q) 44.167 1 44.167 0.745 0.408
(3) mg HCI (L) 5712.425 1 5712.425 96.369 <0.001
mg HCI (Q) 3163.284 1 3163.284 53.365 <0.001
1L relative to 2L 7.123 1 7.123 0.120 0.736
1L relative to 3L 21.731 1 21.731 0.367 0.558
2L relative to 3L 0.063 1 0.063 0.001 0.975
Error 592.765 10 59.277
Total sum of square 9509.054 19

* mass ratio, statistically significant if p <0.05.




Table S3. Analysis of the central composite design experiment using Statistica 13. Evaluation of the
effects, total P; R?2 =0.904; R2.qj = 0.817, MS = 4.287.

Standard CI o Standard CI CI
Parameter Effect error t(10) p (-95%) CI(+95%)  Factor error (-95%) (+95%)
Constant value 20.217 0.844 23.942 <0.001 18.336 22.099 20.217 0.844 18.336 22.099
(1) liquid:solid (L) 0.389 1.120 0.347 0.736 -2.108 2.885 0.194 0.560 -1.054 1.443
liquid:solid (Q) -0.065 1.091 -0.059 0.954 -2.495 2.366 -0.032 0.545 -1.247 1.183
(2) time (L) 0.267 1.120 0.238 0.817 -2.230 2.763 0.133 0.560 -1.115 1.382
time (Q) 0.088 1.091 0.081 0.937 -2.343 2518 0.044 0.545 -1.171 1.259
(3) mg HCI (L) 9.177 1.120 8.190 <0.001 6.680 11.674 4.589 0.560 3.340 5.837
mg HCI (Q) -5.469 1.091 -5.014 <0.001 -7.899 -3.039 -2.734 0.545 -3.950 -1.519
1L relative to 2L 0.655 1.464 0.447 0.664 -2.607 3.917 0.327 0.732 -1.304 1.958
1L relative to 3L -1.105 1.464 -0.755 0.468 -4.367 2.157 -0.553 0.732 -2.184 1.078
2L relative to 3L -0.034 1.464 -0.023 0.982 -3.296 3.228 -0.017 0.732 -1.648 1.614

* mass ratio, statistically significant if p < 0.05.

Table S4. ANOVA analysis results for total P extraction.

Parameter SS df MS F P
(1) liquid:solid (L)* 0.515 1 0.515 0.120 0.736
liquid:solid (Q)* 0.015 1 0.015 0.003 0.954
(2) time (L) 0.243 1 0.243 0.057 0.817
time (Q) 0.028 1 0.028 0.006 0.937
(3) mg HCI (L) 287.540 1 287.540 67.080 <0.001
mg HCI (Q) 107.758 1 107.758 25.139 <0.001
1L relative to 2L 0.858 1 0.858 0.200 0.664
1L relative to 3L 2.443 1 2.443 0.570 0.468
2L relative to 3L 0.002 1 0.002 0.001 0.982
Error 42.865 10 4.287
Total sum of square 444.324 19

* mass ratio, statistically significant if p < 0.05.



Journal of Water Process Engineering 67 (2024) 106243

ELSEVIER

Journal of Water Process Engineering

Contents lists available at ScienceDirect

JOURNAL OF
WATER PROCESS
ENGINEERING

journal homepage: www.elsevier.com/locate/jwpe

Holistic insight into the viability of employing cerium(IV) sulphate to
oxidise toxic contaminants in effluent from the coal gasification process:

Optimisation studies

a,*

Pawet Lejwoda

, Barbara Biatecka ", Maciej Thomas

& Central Mining Institute in Katowice, Department of Energy Saving and Air Protection, Plac Gwarkéw 1, Katowice 40-166, Poland
Y Central Mining Institute in Katowice, Department of Environmental Monitoring, Plac Gwarkéw 1, Katowice 40-166, Poland
¢ Cracow University of Technology, Faculty of Environmental Engineering and Energy, Warszawska 24, Cracow 31-155, Poland

ARTICLE INFO

Editor: Laura Bulgariu

Keywords:

Wastewater treatment
Phenol
Benzo(a)pyrene
Dibenz(a,h)anthracene
Benzo[a]anthracene

ABSTRACT

The coal gasification (CG) process, while beneficial for producing syngas, poses environmental risks due to the
production of highly toxic wastewater containing high concentrations of polycyclic aromatic hydrocarbons
(PAHSs), phenolics, and cyanides. This study examines the oxidation of pollutants in wastewater from a simulated
underground coal gasification (UCG) process, with initial pollutant levels of pH 1.8, total cyanides 21.00 mg/L,
total phenols 61.95 mg/L, heavy metals 7.68 mg/L, PAHs 2459 pg/L, and dissolved organic carbon (DOC) 148.0
mg/L. Three oxidation systems (Ce(SO4)2-4H20, Ce(SO4)2-4H20 + Hy0,, and Fenton process with FeSO4 +
H>05) were used to remove pollutants from wastewater from the coal gasification process. In the first system, the
oxidising agent was Ce*" ions, while in the second and third systems, where hydrogen peroxide was added, the
oxidising agents were hydroxyl radicals. Using central composite design and response surface methodology
(CCD/RSM), the most favourable oxidation conditions were identified for Ce(SO4)2-4H50 (35 min, Cce**:C molar
ratio of 5:1, pH 2.5, temp. 40 °C). For the Ce(SO4)2-4H20 + H04 system DOC:Ce‘H:HzOg molar ratio of 1:2:10.
Results showed significant reduction in pollutants: Ce(SO4)2-4H20 reduced PAHs, phenols, cyanides, DOC, and
heavy metals by 99.40 %, 99.97 %, 97.67 %, 65.34 %, and 90.01 %, respectively; Ce(SO4)2-4H20 + H30
achieved reductions of 99.91 %, 99.66 %, 98.14 %, 76.35 %, and 81.45 %; and the Fenton process achieved
reductions of 99.91 %, 99.95 %, 95.07 %, 56.49 %, and 89.33 %. An application of alternative oxidation pro-
cesses (Ce(S04)2-4H20 and Ce(SO4)2-4H20 + H203) is a viable option in removing toxic pollutants with
simultaneously cerium recovery.

Abbreviations

AOPs Advanced oxidation processes

RSM Response surface methodology
UCG Underground coal gasification

1. Introduction

Coal gasification is a process involving the use of a limited amount of
a gasifying agent in the gas phase in relation to coal in the solid phase,
which is used to obtain a gas mixture containing Hy, CO, CH4 and other
compounds. [1-4]. The parameters of the coal gasification process

CCD Central composite design

CFA Continuous flow analysis

CG Coal gasification

COD Chemical oxygen demand

DOC Dissolved organic carbon

Ep Redox potential

ICP-MS Inductively coupled plasma - mass spectrometry

ICP-OES Inductively coupled plasma - optical emission spectrometry
PAHs Polycyclic aromatic hydrocarbons
REEs Rare earth elements
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E-mail address: plejwoda@gig.eu (P. Lejwoda).
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depend on a number of factors, such as the type of coal subjected to
gasification [5,6], the type of reactor used [7-9] and the type of gasi-
fication agent. The most common gasifying agents include oxygen (O3),
steam (H2Og)), air or their mixture [10]. Ensuring the high efficiency of
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the process requires the use of catalysts such as potassium carbonate
(K2CO3), nickel (Ni), iron(II) oxide (FeO), iron(ll, III) oxide (Fe304), and
calcium oxide (CaO) [11-16].

The obtained syngas (synthesis gas) is a mixture of hydrogen and
carbon monoxide in various ratios that can be used in chemical synthesis
after purification and separation. Syngas is usually used in the synthesis
of ammonia (NH3) [17,18], methanol (CH3OH) [19,20], ethanol
(CoHsOH) [21,22] or fuel for power engineering purposes [23,24].

Apart from valuable gas products, the coal gasification process
generates wastewater containing many toxic (inorganic and organic)
pollutants, including heavy metals (derived from coal material and
associated rock) [25], polycyclic aromatic hydrocarbons (PAHs), phe-
nols and cyanides.

PAHs are ring-structured compounds obtained in the process of
incomplete combustion of hydrocarbons [26,27], in waste combustion
processes [28], in the coal gasification process [29], in the coal coking
process [30-32], and even during cigarette smoking [33,34]. The 16
PAHs [35] are particularly dangerous due to their confirmed mutagenic
[36], carcinogenic [37] and genotoxic properties [38,39]. As indicated
by the literature, the content of PAHs in wastewater after the coal
gasification process can vary within a wide range, from 362 to even
2808 pg/L [40,41]. According to the European Union directive in
drinking water, the maximum value of PAH's is 0.10 pg/L for the sum of
benzo(b)fluoranten, benzo(k)fluoranten, benzo(ghi)perylen and indeno
(1,2,3-cd)piren [42] and for surface waters, local regulations are 0.2-1
pg/L [43].

Phenols include a number of compounds containing a hydroxyl
group (-OH) connected to a benzene ring. In the case of polyphenols, at
least two hydroxyl groups are attached to the benzene ring. Many
phenolic compounds occur naturally and demonstrate antiseptic prop-
erties (eugenol [44] and thymol [45], antioxidant properties (guaiacol
[46], catechol [47], resveratrol [48], and hydroquinone) [49]), a spe-
cific colours (anthocyanins [50] and flavonoids [51]), smells and tastes
(vanillin [52] and menthol [53]). Unfortunately, a significant number of
phenolic compounds (e.g., phenol, o-cresol, m-cresol, and p-cresol) that
have toxic effects on plants and animals, especially aquatic plants,
aquatic (micro)organisms and (micro)organisms found in activated
sludge in sewage treatment plants, can be found in wastewater from the
process of coal coking [54], coal gasification [55], and crude oil refining
[56]. The content of phenolic compounds (usually determined as total
phenols) in industrial wastewater can reach up to 6000 mg/L [57]. In
the European Union, the permissible concentration of phenolic com-
pounds in drinking water is 1 pg/L [42]. In the case of surface water
intended for drinking water, the permissible limits according to local
guidelines range from 1 pg/L to 100 pg/L, which directly determines the
number of activities necessary to treat this water [43].

Cyanides are used in chemical synthesis, e.g., for the production of
acrylonitrile [58], dyes [59], and polymers [60], and in the metallur-
gical industry for the refining of metals, such as gold (Au) and silver (Ag)
[61,62], as well as for the production of metallic coatings in galvanising
plants [63,64]. In addition to being intentionally used in industrial
processes, cyanides are generated as by-products, among others. in the
process of coal gasification [65], coal coking [66] and the combustion of
coal fuels, similar to PAHs [67]. The presence of cyanides in the envi-
ronment is extremely dangerous for both plants and animals [68,69]. In
an acidic environment, they form volatile and highly toxic hydrogen
cyanide (HCN(g)), which has a lethal effect, among other effects, on the
respiratory tract, as it blocks pathways for transporting oxygen to tissues
[70]. According to the recommendations of the European Union direc-
tive, the maximum permissible concentration of cyanides in drinking
water is 50 pg/L [42]. According to local regulations, similar limits are
required for surface waters intended for drinking water [43].

The conventional treatment of wastewater containing PAHs, phenols
and cyanides is a complicated process due to the toxicity of these com-
pounds towards (micro)organisms present in activated sludge, but this is
possible [71]. However, this approach requires the use of bacteria
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resistant to cyanides, which is costly [72-77]. On the other hand, the use
of physicochemical methods followed by biological methods allows for
more effective treatment of toxic wastewater [78]. In many cases,
organic pollutants are resistant to commonly used biological methods
for removal; therefore, it is necessary to use additional, more advanced
technologies based on chemical oxidation of pollutants. Table S1 pre-
sents selected physicochemical properties and the composition of
wastewater from the process of gasification of various types of coal. It
can be observed that in each of the examples the concentrations of
contaminants such as cyanides, phenols and PAHs were high and
exceeded the permissible limits.

Advanced oxidation processes (AOPs) are various methods that use
hydroxyl radicals (¢OH) with high oxidising potential for wastewater
treatment. An example of such a process using hydroxyl radicals and
used for wastewater treatment is the Fenton reaction (1).

Fe*" + H,0,—Fe®" + ¢ OH+ OH"™ 1)

In reaction (2), the Fe ion is recreated in the reaction of the Fe3*
ion with hydrogen peroxide (H202), which is accompanied by the for-
mation of hydroperoxyl radicals (HO.e), with a much lower oxidation
potential than that of hydroxyl radicals (¢OH). Table S2 presents the
potentials of the selected agents.

H,0, + Fe*t 5Fe?" + HO, o +H* 2

The reaction of the formed radicals with organic pollutants (RH)
occurs, among other reactions, according to formulas (3) and (4).

RH+ ¢ OH—Re +H,0 3

R e +Fe® >Ry + Fe?* ()]

In addition to the reactions in which pollutants are effectively oxi-
dised, there are a number of side reactions, including reactions between
hydroxyl radicals terminating the oxidation process (5), dimerisation
reactions between organic radicals (6), and pollution reduction re-
actions (7).

eOH + ¢ OH—-H,0, 5)
Re +Re 5R-R 6)
Fe*" + H,0 +R o OH—Fe" + HROHggp + OH™ )]

This method has undergone a number of modifications called
Fenton-like processes [79], which include heterogeneous catalysts, such
as iron(IL,III) oxide (Fe304), cerium(IV) oxide (CeO,), metallic silver
(Ag), manganese(IV) oxide (MnO;), manganese(Il, III) oxide (Mn304),
and metallic copper (Cu). The formation of hydroxyl radicals, in addi-
tion to processes based on the Fenton reaction and its modifications
(Fenton-like processes), also involves a number of physical processes, as
well as combinations of chemical and physical processes, such as the
application of light in the UV/VIS range (photo-Fenton), ionising radi-
ation (gamma radiation), electrochemical processes (electro-Fenton),
combinations of oxidising systems, e.g., O3/H20,/UV, and ultrasound
[80,81].

Coagulation is also an important part of wastewater treatment
methods. Commonly used coagulants in this process are iron(II), iron
(IID), or aluminium salts, which, when added to wastewater subjected to
treatment, as a result of hydrolysis, create sparingly soluble hydroxides
that are capable of adsorbing pollutants. Coagulants based on cerium
salts are becoming increasingly popular due to their greater effective-
ness compared to coagulants based on iron or aluminium. Cerium-based
coagulants, such as CeClz solution, can be successfully used for the
treatment of municipal wastewater as well as wastewater from the
brewing industry. High effectiveness was particularly noticeable in the
reduction of the phosphate concentration by >99 % due to the direct
reaction of Ce>* with PO}~ ions and the formation of a sparingly soluble
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sludge [82-84]. However, the processes for obtaining lanthanides,
including cerium, are disadvantageous due to their multi-stage nature,
high energy demands, and the use of substantial quantities of chemicals,
which have a negative impact on the environment [85]. From an
ecological and technological point of view, it is extremely important to
obtain these substances from waste materials, where their concentration
is frequently much greater than that of the original minerals from which
they were obtained. Currently, in the European Union, recycling of
cerium (Ce) occurs at negligible level 1 % Ce [86]. Cerium salts for
wastewater treatment processes can be successfully obtained from
waste, which can improve the recycling rate of this element. Examples of
such waste include polishing powders and wastewater sludge after the
cerium(III) chloride coagulation process, which can be used to obtain
the following salts: cerium(III) chloride (CeCls-7H20), cerium(III) sul-
phate (Cex(SO4)3), and cerium(IV) sulphate (Ce(SO4)2-4H20)
[84,87-89].

In the fourth oxidation state, cerium is a strong oxidant, which in-
dicates the possibility of its use in the oxidation of pollutants contained
in wastewater [90,91]. In the work of [92], Cce*t effectively reduced the
values of physicochemical parameters such as chemical oxygen demand
(COD), turbidity, arsenic, and cadmium by 96.5 %, 88.5 %, 91.7 %, 98.3
%, respectively. In addition to the direct use of Ce** in the process of
pollutant oxidation, an interesting solution is the possibility of using
Ce*" in a system with hydrogen peroxide (H205), in which case a highly
reactive hydroxyl radical (eOH) is formed, as in previously described
Fenton-like methods [79].

The above methods are characterised by varying efficiencies of
decomposition and removal of pollutants; some of them are at the lab-
oratory or semitechnical research stage and have not been used on an
industrial scale. The literature data indicate a significant lack of effective
methods for removing pollutants from by-products or industrial waste
with the use of green chemistry techniques, which are consistent with
the ideas of a circular economy and the concept of sustainable devel-
opment. The presented research is one of the attempts to fill this gap.

The aim of the research presented in the article is to assess the pos-
sibility of using cerium(IV) sulphate in the process of oxidising toxic
pollutants contained in acidic wastewater from the hard coal gasifica-
tion process. The conducted experiments enabled the establishment of
the optimal conditions for the process and the determination of the most
advantageous addition of an oxidising agent, which allowed for a
maximum reduction in the concentrations of highly toxic substances
contained in the wastewater to values safe for biological processes in
municipal sewage treatment plants. The obtained research results
significantly fill the gap in the scope of highly effective methods for
treating wastewater from coal gasification processes. The possibility of
recovering the radical reaction catalyst from wastewater sludge enabled
the closure of the cerium cycle in the purification process, which is
consistent with the assumptions of the closed-loop economy policy and
will have a positive impact on the economic balance of its application in
the process.

2. Materials and methods
2.1. Materials

The tests were carried out for acidic wastewater (pH 1.8) produced in
the process of filtering gases from a process simulating the conditions of
underground coal gasification (UCG) through a scrubber (Fig. 1) [93].
The wastewater was subjected to physicochemical analyses, and its
characteristics are presented in Table 1.

The oxidising mixtures used in the experiments were prepared from
cerium(IV) sulphate (Ce(SO4)2-4H20), analytically pure (Chempur,
Poland), hydrogen peroxide (H302), 30 % (m/m), analytically pure
(Chempur, Poland), iron(II) sulphate (FeSO47H20), and analytically
pure (Chempur, Poland). pH adjustment was carried out using analyti-
cally pure solutions of 30 % hydrochloric acid (HCI) (Suprapur®, Merck,
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Fig. 1. Raw wastewater (A) and filtered wastewater (B) used in the
experiments.

Table 1
Chemical composition of the wastewater used in the experiments.

Parameter Unit Raw wastewater
pH - 1.8+0.1
Redox mV 480

DOC mg/L 148.0 + 22.2
Cerium (Ce) pg/L < 0.10 £0.15
Iron (Fe) mg/L 11.537 £ 1.154
Manganese (Mn) mg/L 0.197 + 0.039
Cadmium (Cd)* mg/L < 0.005 + 0.001
Chromium (Cr)* mg/L 2.441 + 0.244
Copper (Cu)* mg/L < 0.020 £ 0.005
Nickel (Ni)* mg/L 1.088 + 0.109
Lead (Pb)* mg/L 1.603 £+ 0.160
Zinc (Zn)* mg/L 2.544 + 0.254
Total cyanides pg/L 21,000 £ 2100
Total phenols volatile ug/L 61,950 + 4956
Naftalen pg/L 153.78 + 38.45
Acenaften pg/L 284.56 £ 71.14
Fluoren pg/L 107.39 + 26.85
Fenantren ug/L 263.23 £ 65.81
Antracen pg/L 93.81 + 23.45
Fluoranten pg/L 133.79 + 33.45
Piren pg/L 322.10 + 80.53
Benzo(a)antracen ng/L 291.30 + 72.83
Chryzen ug/L 143.09 + 35.77
Benzo(b)fluoranten ug/L 151.23 + 37.81
Benzo(k)fluoranten pg/L 85.26 + 21.32
Benzo(a)piren pg/L 231.81 £ 57.95
Dibenzo(a,h)antracen pg/L 51.53 +£12.88
Benzo(g,h,i)perylen pg/L 47.85 + 11.96
Indeno(1,2,3-cd)piren ng/L 95.40 + 23.85
> PAH pg/L 2459.11 + 614.78

" included in the sum of heavy metals.

Germany) and sodium hydroxide (NaOH) (Chempur, Poland). Deionised
water (< 0.05 pS/cm) was used for dilutions.

2.2. Analytical methods

The concentrations of metals and nonmetals were determined using
the techniques of optical emission spectrometry (ICP-OES) (EN ISO
11885:2009) with Optima 5300DV (Perkin Elmer, USA) and mass
spectrometry (ICP-MS) (EN ISO 17294-2:2016) with NexION300s
(Perkin Elmer, USA), with a measurement uncertainty of 10-25 %. The
determination of dissolved organic carbon (DOC) was performed ac-
cording to ISO 1484:1999 using high-temperature combustion with
infrared detection (TOC-L CPH, Shimadzu, Japan) with a measurement
uncertainty of 15 %. The measurement of pH and electrical conductivity
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(EC) was conducted according to EN ISO 10523:2012 and EN
27888:1999, with a measurement uncertainty for a pH of +0.1 and for
an EC of 5 %, using the Inolab pH/ION/Cond 750, WTW, Germany. The
concentrations of total cyanides and total phenolics were determined
according to ISO 14403-2:2012 and ISO 14402:1999 standards using
continuous flow analysis (CFA) with spectrophotometric detection
(Skalar San++, Skalar Analytical B.V., Netherlands), with a measure-
ment uncertainty of 10 % for cyanides and 8-30 % for phenolics. The
concentrations of polycyclic aromatic hydrocarbons (PAHs) were
determined using high-performance liquid chromatography with fluo-
rescence detection (HPLC-FID) (EN ISO 17993:2003; Agilent 1200,
Agilent Technologies, Inc., USA), with a measurement uncertainty of 25
%. The digestion of the precipitate formed after the oxidation process
was carried out in accordance with ISO 15587-1:2002.

2.3. Process optimisation

The measured portion of wastewater was transferred to 200 mL
beakers equipped with a magnetic stirrer, the pH was adjusted, the
beakers were heated, and solid cerium(IV) sulphate (Ce(SO4)2:4H20)
was added in an amount consistent with the values adopted in the
experimental plan. Next, the mixture was stirred at a speed of 250 rpm.
The wastewater heating was intended to reflect the temperature con-
ditions after leaving the scrubber, where in the analysed case, the
temperatures reached a value of up to 90 °C. In addition, it was assumed
that the use of waste heat could improve the efficiency of the pollutant
oxidation process. The optimisation of process conditions was carried
out by performing 29 experiments according to the experimental design
presented in Table 2. The number of experiments required to create the
response surface (RSM) was conducted following a central composite
design (CCD), which allowed for a significant reduction in the number of

Table 2

Empirical conditions for CCD/RSM and the results (DOC) for impurities oxida-
tion (time 5-65 min, Ce**:DOC molar ratio 2-10, pH 0.5-4.5, temperature
10-90 °Q).

Experimental Conditions Experimental
Results
Run time ce*:DOC PH, Temperature DOC, mg/L
(min), x, ratio, X, X3 0C, X4
1 20 4 1.5 30 63.0 + 9.5
2 20 4 3.5 30 64.8 £ 9.7
3 20 8 1.5 30 67.6 + 10.1
4 20 8 3.5 30 68.1 +£10.2
5 20 4 1.5 70 73.1 +£11.0
6 20 4 3.5 70 78.5+11.8
7 20 8 1.5 70 81.4 +£12.2
8 20 8 3.5 70 81.8 +12.3
9 50 4 1.5 30 69.9 + 10.5
10 50 4 3.5 30 70.5 £ 10.6
11 50 8 1.5 30 78.8 +11.8
12 50 8 3.5 30 70.3 +10.5
13 50 4 1.5 70 72.0 £ 10.8
14 50 4 3.5 70 81.1 +12.2
15 50 8 1.5 70 75.5 +11.3
16 50 8 3.5 70 83.1 +£12.5
17 5 6 2.5 50 67.2 + 10.1
18 65 6 2.5 50 62.9 + 9.4
19 35 6 2.5 10 68.1 +10.2
20 35 6 2.5 90 107.0 + 16.1
21 35 2 2.5 50 68.9 + 10.3
22 35 10 2.5 50 81.4 +12.2
23 35 6 0.5 50 62.8 £ 9.4
24 35 6 4.5 50 77.3 £ 11.6
25* 35 6 2.5 50 56.7 + 8.5
26 35 6 2.5 50 52.7+7.9
27*% 35 6 2.5 50 51.7+ 7.8
28 35 6 2.5 50 54.5 + 8.2
29 35 6 2.5 50 62.2 +9.3

" _ centre of the plan.
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experiments compared to the traditional method of examining all
combinations of independent variables. To minimise the impact of
interfering factors and to eliminate the sequence effect, the experiments
were conducted in a random order. The input parameters included a
time of 5-65 min, a Ce** to dissolved organic carbon (DOC) molar ratio
of 2-10, a temperature of 10-90 °C, and a pH of 0.5-4.5 [94,95]. Upon
completion of the oxidation process, the wastewater was alkalised to pH
8.2 in order to precipitate the oxidant used in the form of, among others,
Ce(OH)3 and/or Ce(OH)4.

2.4. Oxidation in the Ce** + H,0, and Fe** + H,0, systems

The preparation of the experiments was similar to that described in
section 2.3. In this case, 9 experiments were performed using 9 different
molar ratios of DOC:Ce*":H,0,, selected on the basis of experiments
regarding the application of the Fenton process described in the litera-
ture [96,97]. The molar ratio of Ce*" to DOC was assumed to be 1-3,and
the molar ratio of HyO5 to DOC was assumed to be 5-15. To determine
the content of cerium (Ce), the wastewater sludge generated in the
process was mineralised in aqua regia according to standard ISO 15587-
1:2002. Cerium recovery from wastewater sludge through extraction
with hydrochloric acid (HCI) was carried out according to the method
described by Lejwoda et al. [87].

For comparison, an experiment based on the classic Fenton process
was carried out in which the same proportion as that selected for the
DOC Ce*":H,0, oxidising system was maintained. Similar to the
experiment described in point 2.3, the wastewater from the process was
alkalised to pH 8.2 to precipitate cerium(III) and cerium(IV) hydroxides
from the process in the cett + H20; system and iron(II) and iron(III)
hydroxides from the process in the Fe?* + Hy0, system.

3. Results and discussion
3.1. Optimisation of the process of pollutant oxidation with Ce** ions

The coal gasification effluents used in the experiment were charac-
terised by high concentrations of harmful substances such as cyanides,
phenols, PAHs, heavy metals (cadmium (Cd), chromium (Cr), copper
(Cu), nickel (Ni), lead (Pb), and zinc (Zn)) and an acidic pH of 1.8. A
series of experiments conducted in accordance with central composite
design (CCD) enabled the assessment of the effectiveness of removing
pollutants with the use of cerium(IV) sulphate by measuring the DOC
concentration. The data contained in Table 2 were used for the statistical
analysis performed with Statistica 13 software (TIBCO Software Inc.,
USA). In the first step, the effects of the independent variables and their
linear interactions on the DOC concentration were assessed (Table S3).
The variables with the most significant impact on the DOC concentration
reduction process were temperature, the molar ratio of Ce**, pH, and
time. In the second step, ANOVA was performed (Table S4). The sig-
nificance of individual variables was assessed. After eliminating most of
the statistically insignificant parameters from the model (linear in-
teractions between pairs of variables 1 Lvs 3L, 1Lvs4L,2Lvs.3L,3L
vs 4 L) the effects were re-evaluated (Table S5). ANOVA analysis
(Table S6) was also performed.

A slight deterioration in model fit from R% = 0.909 to R? = 0.904 was
observed, but the value of the corrected coefficient Rgdj = 0.818
improved to Rgdj = 0.850. The R? coefficient ranges from 0 to 1, where
0 means no fit, and 1 means a perfect fit. It can be assumed that values in
the range of 0.90-1 mean a very good fit, 0.80-0.89 — a good fit,
0.60-0.80 -indicate a satisfactory fit, and 0-0.50 indicate an unsatis-
factory fit [98]. In the discussed case, the coefficient Rgdj = 0.850 means
that the model is well fitted to the experimental data, owing to which it
explains 85 % of the results.

A graphical interpretation of the effects of individual parameters is
presented in the Pareto chart (Fig. 2.). The standardised effects of
particular variables were grouped according to their absolute values.
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Temperature (Q)

(2) Temperature (L)

molar ratio (Ce*" : DOC) (Q)
pH (Q)

(3) molar ratio (Ce** : DOC) (L)
Time (Q)

(4)pH (L)

1L relative to 2L -116554

2L relative to 4L 1.9985

(1) Time (L)} 0.6642

2.1320

9.1284
7.0276
5.5353
4.0575

2.7265

2.6086

p=0.05

Fig. 2. Pareto chart - the absolute values of the standardised assessments of the effects. (DOC (mg/L), 4 values, 1 block, 29 experiments, MS = 19.313.

The red, vertical line indicates the limit of statistical significance with
the assumed value of p = 0.05. The results to the right of the line are
statistically significant. The parameters with the greatest statistical
significance (the greatest impact on the model) were the quadratic and
linear effects of temperature, followed by the quadratic effects of the
Ce*":DOC molar ratio and pH, the linear effects of the Ce**:DOC molar
ratio, the quadratic effects of time, and the linear effects of pH. Below
the significance threshold were the effects of 1 L relative to 2 L, 2 L
relative to 4 L and linear time effects (the smallest impact on the model).

An analysis with a reduced number of independent variables was
conducted to create 6 response surface models (RSMs) indicating areas
of maximum DOC reduction for individual sets of independent variables
(Fig. 3). Particularly noteworthy are graphs D, E, and F in Fig. 3, which
present the influence of the most important parameters (Ce**:DOC ratio
and temperature, pH and temperature, pH and Ce*":DOC ratio) on the
reduction in DOC concentration. The 3D plots indicate that the most
optimal ranges of process parameters were a pH of 2.0-2.5, a Ce*":DOC
ratio of 4-6, a reaction time of 20-40 min and a temperature range of
30-50 °C.

Fig. 4 shows a summary of the observed versus approximated results.
In a situation of perfect fit (Rgdj = 1), the points on the graph would be
along the regression line (red line). This would mean that the model
explains 100 % of the results obtained. In the discussed case, due to the
measurement uncertainty of the analytical methods used and unidenti-
fied factors affecting the experiment, the results are concentrated near
the regression line (red line); therefore, 15 % of the results remain un-
explained by the presented model. The approximated results were
determined based on the second-degree eq. (8) obtained along with the
creation of the response surface (RSM) (Fig. 3).

Based on the statistical analysis of the collected data, it was assumed
that at 35 min, a pH of 2.5, a Ce*":DOC molar ratio of 1:5 and a tem-
perature of 40 °C, the DOC reduction process was the most effective,
allowing for the removal of 97.67 % of the cyanides, 99.97 % of the
volatile phenolics, 99.40 % of the PAHs, and 90.01 % of the X of the
heavy metals.

The reduction in pollutant concentrations is mainly based on their
oxidation and, therefore, a reduction of Ce*" ions in accordance with
reaction (9).

Ce*t +R->Ce®* +R* 9

During the dissolution of CeSO4-4H30, the solution immediately
became cloudy, which could have been caused by the formation of pale
yellow, sparingly soluble hydrolysis products, such as basic ceric sul-
phate H[Ce(OH)3SO4]. This phenomenon, which depends on various
factors, such as, among others, the pH of the solution, Ce** concentra-
tion and temperature, may affect the efficiency of the oxidation reaction
due to the inhibition of Ce** ions [99,100].

Upon completion of the process, the wastewater was alkalised to pH
= 8.2 to precipitate Ce>" and Ce*". A decrease in the pH of the solution
to 5.9 within 60 + 1 min was an unfavourable phenomenon, which
resulted in the dissolution of part of the sludge consisting of, among
others, Ce(OH)3 and in secondary contamination of the wastewater with
Ce ions, the concentration of which reached 7.655 + 0.766 mg/L. The
above phenomenon suggests that it would be necessary to control and
maintain a constant pH of wastewater or to quickly separate the liquid
phase (purified wastewater) from the solid phase (sludge) in the case of
using the batch process. In order to verify the adopted assumptions, an
additional experiment was performed to confirm the optimal parame-

DOC concentration = 152.993-0.357-(time) 4 0.010-(time)*~1.661-(temperature) + 0.020-(temperature)*~13.104- (Ce**

: DOC molar ratio) +1.194-(Ce*" : DOC molar ratio)2—19‘981~(pH) +3.501-(pH)?-0.006 + 0.088 (€))
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Fig. 3. Response surfaces showing the DOC concentration as a function of individual sets of independent variables, (A) temperature and time, (B) Ce**:DOC molar
ratio and time, (C) pH and time, (D) Ce*":DOC molar ratio and temperature, (E) pH and temperature, (F) pH and Ce*":DOC molar ratio.

ters. The results are presented in Table 4. When potassium ferrate(VI)
was used by [101] as an oxidiser of pollutants in real produced water
from an oil and gas exploration site, 89.73 % of the PAHs were removed.
Potassium ferrate(VI) was also used by [102] for removing PAHs from
coke wastewater. In an experiment involving a combination of potas-
sium ferrate(VI) and the Fenton process, 84.01 % of phenanthrene was
removed, while the use of potassium ferrate(VI) and the Fenton process
alone allowed for a reduction of 73.66 and 52.61 %, respectively, of
phenanthrene, which, as a PAH, is a typical compound found in coke
wastewater.

3.2. Oxidation of pollutants in the Ce** ions + Hy0, system

The second process is a modification of that described in section 3.1.
The modification consisted of dissolving solid cerium(IV) sulphate in the
wastewater (with corrected pH to 2.5) and adding a 30 % hydrogen
peroxide solution, the aim of which was to increase the oxidation po-
tential of the system by generating hydroxyl radicals. After solid cerium
(IV) sulphate was added to the wastewater, the solution immediately
became cloudy which could have been caused by the hydrolysis of the
added salt and the formation of compounds, as in the first experiment. In
the next step, after adding perhydrol and mixing, the mixture was
observed to change its colour to orange. After 35 min, the pH of the
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Fig. 4. Predicted values vs. observed values for DOC (R% = 0.904, R = 0.850) oxidation experiments.

Fig. 5. The solution during the mixing and oxidation process, where the optimal DOC:Ce**:H,0, molar ratio was 1:2:10 and the time was 35 min (A); the solution
after the oxidation and sedimentation process at pH 8.2 (B).

Table 3

DOC concentrations as a function of the amount of added
cerium(IV) sulphate (Ce(SO4)2-4H20) and hydrogen peroxide

(H,0,); wastewater pH = 2.5.

Molar ratio C:Ce**:H,0, DOC, mg/L
1:1:5 38.7 £5.8
1:1:15 379 +£5.7
1:2:2 41.8 + 6.3
1:2:5 42.4 + 6.4
1:2:10 37.1+5.6
1:2:15 39.0 £ 59
1:3:5 36.7 £ 5.5
1:3:10 41.8 £6.3
1:3:15 39.0 £ 5.9

solution was increased to 8.2 by adding NaOH, and mixing was stopped.
When the NaOH solution was subsequently added, the colour of the
precipitate changed from orange to brown (Fig. 5).

The optimal proportions of H,O, and Ce** to DOC were determined
in a series of tests, in which different molar ratios of C:Ce**:H,0, re-
agents were tested. The DOC concentrations after the process for indi-
vidual proportions of reagents are presented in Table 3.

Due to the lack of large differences between the results of individual
tests, a molar ratio of DOC:Ce**:H,0, 0f 1:2:10 was arbitrarily chosen as
the optimal value, where the values of 2 for Ce** and 10 for hydrogen
peroxide (H202) were between the tested values. Under optimal condi-
tions, 98.14 % of the cyanides, 99.66 % of the phenols, 99.91 % of the
PAHs and 81.45 % of the heavy metals were removed. In order to verify
the adopted assumptions, an additional experiment was performed to
confirm the optimal parameters. The results are presented in Table 4.
Regarding the removal of contaminants by AOP methods, many authors
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Table 4

Chemical composition of the wastewater before and after treatment.
Parameter Unit Raw wastewater Cce*t Ce** + Hy0, Fe?* + H,0,
pH - 1.8+0.1 5.9+ 0.1 8.7 £ 0.1 7.9" +0.1
Redox mv 480 1153° 585" 559"
DOC mg/L 148.0 &+ 22.2 51.3+7.7 35.0 £5.3 64.4 +£9.7
Cerium (Ce) ug/L < 0.10 £ 0.15 7655 + 766 3.7+ 0.6 < 0.10 £ 0.15
Iron (Fe) mg/L 11.537 + 1.154 0.003 + 0.001 0.002 + 0.001 0.003 + 0.001
Manganese (Mn) mg/L 0.197 + 0.039 < 0.005 + 0.001 < 0.005 £ 0.001 < 0.005 + 0.001
Cadmium (Cd) mg/L < 0.005 + 0.001 < 0.005 + 0.001 < 0.005 + 0.001 < 0.005 + 0.001
Chromium (Cr) mg/L 2.441 + 0.244 0.0010 + 0.0003 0.91 + 0.09 0.41 £ 0.08
Copper (Cu) mg/L < 0.020 + 0.005 < 0.020 + 0.005 < 0.020 + 0.005 < 0.020 £ 0.005
Nickel (Ni) mg/L 1.088 £+ 0.109 0.766 + 0.153 0.514 + 0.103 0.409 + 0.082
Lead (Pb) mg/L 1.603 £+ 0.160 < 0.050 + 0.013 < 0.050 £+ 0.013 < 0.050 + 0.013
Zinc (Zn) mg/L 2.544 + 0.254 < 0.050 + 0.013 < 0.050 + 0.013 < 0.050 + 0.013
Total cyanides ug/L 21,000 £+ 2100 489 + 49 390 + 39 1036 + 104
Total phenols volatile pg/L 61,950 + 4956 185+ 2.8 207.8 £ 31.2 325+ 4.9
Naftalen pg/L 153.78 + 38.45 4.64 £1.16 0.14 £ 0.04 < 0.050 + 0.013
Acenaften ug/L 284.56 + 71.14 0.36 + 0.09 0.23 £+ 0.06 0.06 + 0.02
Fluoren pg/L 107.39 + 26.85 0.25 £ 0.06 0.78 £ 0.20 < 0.050 + 0.013
Fenantren pg/L 263.23 + 65.81 6.55 + 1.64 0.36 + 0.09 0.38 £ 0.10
Antracen ug/L 93.81 + 23.45 0.09 £ 0.02 0.42 £ 0.11 0.07 £+ 0.02
Fluoranten pg/L 133.79 £ 33.45 1.22 +£0.31 0.16 £ 0.04 0.37 £ 0.09
Piren pg/L 322.10 £+ 80.53 0.45 £ 0.11 0.10 £ 0.03 0.45 £ 0.11
Benzo(a)antracen pg/L 291.30 + 72.83 0.08 + 0.02 < 0.050 + 0.013 0.10 £ 0.03
Chryzen ug/L 143.09 + 35.77 0.08 £ 0.02 < 0.050 + 0.013 0.08 £+ 0.02
Benzo(b)fluoranten pg/L 151.23 £ 37.81 0.09 £ 0.02 < 0.050 + 0.013 0.08 £ 0.02
Benzo(k)fluoranten pg/L 85.26 + 21.32 0.05 £ 0.01 < 0.050 £+ 0.013 0.05 £ 0.01
Benzo(a)piren pg/L 231.81 £+ 57.95 0.11 £+ 0.03 < 0.050 + 0.013 0.12 £+ 0.03
Dibenzo(a,h)antracen pg/L 51.53 +£12.88 0.03 + 0.01 < 0.050 £ 0.013 0.05 + 0.01
Benzo(g,h,i)perylen ug/L 47.85 £ 11.96 0.45 £ 0.11 0.31 £+ 0.08 0.36 £+ 0.09
Indeno(1,2,3-cd)piren pg/L 95.40 + 23.85 0.17 £+ 0.04 < 0.050 + 0.013 0.16 £+ 0.04
> PAH pg/L 2459.11 + 614.78 14.64 + 3.66 2.25 £ 0.56 2.32 £0.58

@ _— The pH of the wastewater after treatment was increased to 8.2, and another measurement was performed 1 h after the end of the process.

b _ redox potential after adding an oxidant to the wastewater.

have achieved results similar to those presented in this article. [103]
achieved nearly 100 % reduction of phenol in water using copper slag in
a Fenton-like process. Similarly, the use of zero-valent iron nano-
particles as catalysts in the Fenton-like process for the purification of
real oily produced water, as reported by [104], resulted in an 87.4 %
reduction in PAHs.

In an acidic environment (such as the analysed wastewater from the
coal gasification process), radicals are formed in accordance with re-
actions (10) and (11) [105]. In the case of an alkaline environment,
cerium creates stable peroxide forms, which block the process of pro-
ducing hydroxyl radicals. Another instance where the oxidising capacity
of the system may be hindered is when cerium salts are dissolved and
mixed with hydrogen peroxide before the actual process of pollutant
oxidation occurs [106].

Ce®" + H,0,-Ce*" + ¢ OH+HO™ (10)

Ce** +H,0,—Ce®*" +HO, o +H* 11

Experiments carried out under optimal conditions resulted in re-
ductions in pollutants such as cyanides, phenolics, and PAHs of 98.14 %,
99.66 %, and 99.91 %, respectively. Following the oxidation, the
wastewater was alkalised to a pH of 8.2 to precipitate certain metals,
including cerium, in the form of hydroxides.

When added to wastewater, cerium(IV) sulphate may undergo hy-
drolysis and produce the substances described in section 3.1. Some Ce**
ions oxidise pollutants and are reduced to Ce>*. In addition to the pre-
viously described formation of hydroxyl radicals, according to [107],
the addition of H30 in an acidic environment may result in the for-
mation of a Ce>" complex with hydrogen peroxide (12), which, ac-
cording to [108] in an acidic environment and with increasing pH in
subsequent stages, will react to form a series of intermediate products,
such as Ce(HOz)%a*q), Ce(02){ag), and Ce(Og)%a*q), to ultimately produce the
brown sludge Ce(O2)(OH)z() according to the general eq. (13). Sixty
minutes after the conclusion of the process, a subsequent pH

measurement indicated an increase in pH from 8.2 to 8.7. The increase
in the solution pH could have been caused by the partial decomposition
of Ce(02)(OH)y(s) with the release of OH™ ions.

Ce3* +H0, & C(E(HzOz)BJr 12)

2Ce™ + 3H,0;, + 60H ™ —2Ce(0,)(OH),, +4H,0 (13)

The wastewater from the coal gasification process used in the
experiment was characterised by a low pH of 1.8, which made it ideal for
oxidation by the Ce*" + hydrogen peroxide method and did not require
significant pH correction. It is worth mentioning that the presence of
Fe?" and Fe®' ions in wastewater can also initiate the formation of
hydroxyl radicals, but in the case of the process in question, their impact
is negligible due to the predominant concentration of Cce** ions [100].
As a result of the conducted experiment, the main pollutants in the
wastewater were oxidised at an almost identical level as in the first
experiment. However, the concentration of DOC was lower than in first
experiment, confirming that the Ce** + Hy0, system is stronger
oxidation agent than the Ce** solution alone. Additionally, the effect of
secondary contamination with an oxidant was greatly reduced by
binding to cerium in the stable sludge, which was not observed in the
first experiment. An increase in the pH of the solution to 8.7 can be
interpreted as a positive phenomenon, which results in the binding of
some metals in the hydroxide form and minimising the content of Ce>*
and Ce*" ions to the level of 2.1-4.5 pg/L (a concentration lower by
99.996 % compared to the amount used for the oxidation process). Such
a content of Ce in the solution does not pose a threat to aquatic organ-
isms and proves that Ce is effectively bound in the sludge. Attempts
should therefore be undertaken to recover this element and, conse-
quently, reduce the costs of the process by reusing Ce(SO4)2-4H0.

For this purpose, the wastewater sludge was tested for cerium re-
covery according to the acid extraction methodology described by [87].
The analysis was conducted by dissolving a 0.1 g sample of the sludge in
aqua regia to determine the total Ce content according to ISO 15587-
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1:2002. The Ce content in the sample dissolved in aqua regia was 624.4
+ 62.4 g/kg, whereas the sample after HCI leaching contained 621.4 +
62.1 g/kg, which translates to a 99.52 % extraction of cerium from the
sludge. This result indicates the possibility of Ce recovery and reuse in
the wastewater treatment process after performing additional chemical
operations aimed at reducing the pollutant content, i.e., HCI extraction,
cerium oxalate precipitation, thermal decomposition of cerium oxalate
to cerium(IV) oxide, and dissolution of cerium(IV) oxide in concentrated
H3S04.

3.3. Oxidation of contaminants in the Fe*" ions + Hz02 system

The third experiment was a comparison between the well-known,
commonly used Fenton method for oxidising pollutants and the rarely
used Fenton-like oxidation process in the Ce*t + Hy0, system. The
Fenton system, consisting of an Fe?" solution with the addition of
hydrogen peroxide (H205), was used in the same molar ratio as in the
experiment described in section 3.2 (C:Ce*:Hy0,, 1:2:10). The results
of this experiment are presented in Table 4.

In this process, hydroxyl radicals were generated, which, similar to
previous experiments, significantly reduced pollutants such as cyanides
by 95.07 %, total phenols by 99.95 %, PAHs by 99.91 %, and the ¥ of
heavy metals by 89.33 %. Other authors, in their studies using the
classical Fenton process, obtained results that were worse or similar to
those presented in this article. [110] used the Fenton process to treat
coke wastewater, which is chemically similar to coal gasification
wastewater, and reduced phenol by 88.46 % and cyanide by 79.34 %. In
this article, each of the three examined methods allowed for effective
pollutant reduction.

3.4. Perspective of using cerium compounds

The conducted studies and comparative analysis with the classical
Fenton process have demonstrated that the use of cerium(IV) sulphate is
an effective oxidising agent for pollutants present in acidic effluent from
the coal gasification process. An additional aspect is the utilisation of
waste heat from the gasification process, which enhances the efficiency
of pollutant reduction. The possibility of using cerium(IV) sulphate as a
pollutant oxidiser complements the previously conducted research,
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allowing for the proposal of a cerium cycle scheme in the wastewater
treatment process, as shown in Fig. 6. Industrial waste, such as spent
polishing agents and wastewater sludge after coagulation with cerium
(II1) chloride, which contain approximately 82 % CeO2 and 10 % Ce,
respectively, can be valuable sources of cerium. The process of obtaining
rare earth elements (REEs) is easier and less burdensome for the envi-
ronment than the processing of minerals containing REEs. Research on
the use of cerium compounds has shown that this element is an effective
agent in wastewater treatment technology and can be recycled, thus
closing its circulation in the process. Given the abovementioned aspects,
the use of cerium compounds in coagulation or pollutant oxidation
processes provides an interesting alternative to commonly applied
technologies [84,87].

4. Conclusions

The conducted research assessed the ability of selected oxidation
systems to reduce the content of pollutants in acidic wastewater from the
process of hard coal gasification. The analysed systems, based on Ge*™,
Ce** and hydrogen peroxide, and Fe>" and hydrogen peroxide (classical
Fenton method), demonstrated high oxidation efficiency, removing
95.07-98.14 % of the total cyanides, 99.66-99.97 % of the total phe-
nolics and 96.98 — ~100 % of the PAHs, and precipitating 89.0-99.0 %
of the heavy metals as a result of alkalisation after the oxidation process.
The conducted studies and obtained results showed that the proposed
methods are effective and can be applied in the oxidation of highly toxic
pollutants. Moreover, the possibility of secondary contamination of the
solution with the oxidising agent was assessed. When cerium(IV) sul-
phate was used, it was more advantageous to carry out the process with
the addition of Hy02 to produce hydroxyl radicals. After the oxidation
process in the Ce*t + hydrogen peroxide system and increasing the pH
to slightly alkaline, the sludge demonstrated very good stability by
binding 99.996 % of cerium ions, effectively reducing the risk of sec-
ondary contamination of the treated effluent. Due to the greater price of
cerium compounds compared to iron(II) compounds, attempts have
been made to extract cerium compounds from wastewater sludge
generated in the oxidation process to produce cerium(III) salts, which
are used as coagulants, cerium(IV) salts with oxidising properties, or
high-purity cerium compounds for other applications. Studies on the

Sediment

with CePO,
and/or
(o1 (0] )
and/or

Recovered
CeO,

recovering

Sediment
with

Ce(OH),
and/or

Ce(OH),

Fig. 6. Schematic diagram of the circulation of cerium compounds in the wastewater treatment process, considering recycling.
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extraction of cerium from sludge with the use of hydrochloric acid have
revealed its high efficiency, which creates the possibility of recovering
cerium and reusing it for pollutant oxidation, thus closing its circulation
in the process, which is extremely important from the point of circular
economy.
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Table S1
Chemical composition of wastewater from coal gasification processes.
Parameters Unit W1 W2 W3 W4 W5 W6
Material Semi- Semi- Bituminous Bituminous Semi- Semi-
Anthracite Anthracite Coal Coal Anthracite Anthracite
Coal Coal Coal Coal
Process pressure bar 20 40 20 40 atm. 30
pH - 6.4 5.2 5.3 4.9 7.3 5.7
Cerium (Ce) mg/L nd nd nd nd nd nd
Iron (Fe) mg/L 0.823 0.284 0.131 0.245 0.92 3.0
Manganese (Mn) mg/L 0.017 0.021 0.018 0.012 0.043 0.07
Cadmium (Cd) mg/L < 0.0005 0.001 < 0.0005 < 0.0005 <0.001 <0.001
Chromium (Cr) mg/L 0.013 0.012 0.010 0.006 0.12 0.25
Copper (Cu) mg/L 0.005 0.010 0.009 0.002 0.006 0.006
Nickel (Ni) mg/L 0.098 0.312 0.051 0.027 0.97 0.69
Lead (Pb) mg/L <0.005 0.064 0.046 0.060 0.007 0.06
Zinc (Zn) mg/L 0.021 0.499 0.320 0.200 0.10 19.85
Total Cyanides mg/L 1.11 1.43 1.7 0.87 7.52 0.25
Total phenols volatile mg/L 8.45 0.87 17.04 24.46 43.8 0.5
Naphthalene pg/L 1321.25 320.88 905 305.74 2188 10.79
Acenaphthene pg/L nd nd nd nd 28.35 418.8
Fluorene pg/L nd nd nd nd 436.2 708.8
Phenanthrene ng/L nd nd nd nd 1120 19.11
Anthracene pg/L nd nd nd nd 122.9 168.2
Fluoranthene pg/L nd nd nd nd 252.7 403.6
Pyrene pg/L nd nd nd nd 116.1 30.92
Benz(a)anthracene pg/L nd nd nd nd 109.4 30.36
Chrysene ug/L nd nd nd nd 181.7 9.015
Benzo(b)fluoranthene pg/L nd nd nd nd 183.7 1.337
Benzo(k)fluoranthene ng/L nd nd nd nd 32.39 2.847
Benzo(a)pyrene pg/L nd nd nd nd 46.19 0.7495
Dibenz(a,h)anthracene pg/L nd nd nd nd 92.29 0.1723
Benzo(g,h,i)perylene pg/L nd nd nd nd 60.95 0.2356
Indeno(1,2,3-cd)pyrene  ng/L nd nd nd nd 2491 0.1154
> PAH pg/L 1657.98 361.99 1090.34 407.2 2808 1805
Author - [41] [41] [41] [41] [40] [40]
nd — no data


mailto:plejwoda@gig.eu

Table S2

Redox potentials of selected oxidants.

Oxidant Eh, V  Source
«OH 280  [93]
o] 242 [94]
O3 (acidic conditions) 2.07 [94]
H,0, (acidic conditions) 1.78 [94]
HO,- 1.70 [94]
Ce** in 1M HCIO4 1.70 [91]
Ce* in 1M H,S04 1.44  [91]
Ce** in 1M HCI 1.28  [91]
O (acidic conditions) 1.23 [94]

Table S3

Analysis of the central composite design experiment using Statistica 13. Evaluation of the effects, DOC; R? =

0.909; Ragj? = 0.818, MS = 23.427

Standard Cl Cl Standard Cl Cl
Parameter Effect error t(10) p (-95%)  (+95%) Factor error (-95%)  (+95%)
Constant value 55.560 2.165 25,668 <0.001 50917 60.203 55.560 2.165 50.917 60.203
(1) time (L) 1.192 1.976 0.603 0.556 -3.046 5.430 0.596 0.988 -1.523 2.715
time (Q) 4501 1.900 2.369 0.033 0.425 8.577 2.251 0.950 0.213 4.289
(2) temperature (L) 12.608 1.976 6.381 <0.001 8.370 16.846 6.304 0.988 4.185 8.423
temperature (Q) 15.751 1.900 8.288 <0.001 11675 19.827 7.876 0.950 5.838 9.914
(3) Ce**: DOC ratio (L) 4.892 1.976 2.476 0.027 0.654 9.130 2.446 0.988 0.327 4.565
Ce** : DOC ratio (Q) 9.551 1.900 5026 <0.001 5.475 13.627 4,776 0.950 2.738 6.814
(4) pH (L) 3.825 1.976 1.936 0.073 -0.413 8.063 1.913 0.988 -0.207 4.032
pH (Q) 7.001 1.900 3.684 0.002 2.925 11.077 3.501 0.950 1.463 5.539
1L relativeto 2 L -3.638 2.420 -1.503 0.155 -8.828 1.553 -1.819 1.210 -4.414 0.777
1 L relativeto 3 L -0.663 2.420 -0.274 0.788 -5.853 4,528 -0.331 1.210 -2.927 2.264
1 L relativeto 4 L 0.087 2.420 0.036 0.972 -5.103 5.278 0.044 1.210 -2.552 2.639
2 L relative to.3 L 0.063 2.420 0.026 0.980 -5.128 5.253 0.031 1.210 -2.564 2.627
2 L relativeto 4 L 3.513 2.420 1.451 0.169 -1.678 8.703 1.756 1.210 -0.839 4.352
3 Lrelativeto 4 L -2.113 2.420 -0.873 0.397 -7.303 3.078 -1.056 1.210 -3.652 1.539
statistically significant if p <0.05
Table S4
ANOVA results for DOC removal
Parameter SS df MS F p
(1) time (L) 8.520 1 8.520 0.364 0.556
time (Q) 131.424 1 131.424 5.610 0.033
(2) temperature (L) 953.820 1 953.820 40.714 <0.001
temperature (Q) 1609.309 1 1609.309 68.693 <0.001
(3) Ce**: DOC ratio (L) 143.570 1 143.570 6.128 0.027
Ce** : DOC ratio (Q) 591.739 1 591.739 25.258 <0.001
(4) pH (L) 87.784 1 87.784 3.747 0.073
pH (Q) 317.951 1 317.951 13.572 0.002
1L relativeto 2 L 52.926 1 52.926 2.259 0.155
1L relativeto 3 L 1.756 1 1.756 0.075 0.788
1 L relativeto 4 L 0.031 1 0.031 0.001 0.972
2 L relative to.3 L 0.016 1 0.016 0.001 0.980
2 L relativeto 4 L 49.351 1 49.351 2.107 0.169
3 Lrelativeto4 L 17.851 1 17.851 0.762 0.397
Error 327.985 14 23.427
Total sum of square 3604.567 28




statistically significant if p <0.05

Table S5

Analysis of the central composite design experiment using Statistica 13. Evaluation of the effects, DOC;
R? = 0.904; Raqi? = 0.850, MS = 19.313

Standard Cl Cl Standard Cl Cl
Parameter Effect error t(10) p (-95%)  (+95%) Factor error (-95%)  (+95%)
Constant value 55.560 1.965 28.270 0.000 51.431 59.689 55.560 1.965 51.431 59.689
(1) time (L) 1.192 1.794 0.664 0.515 -2.578 4.961 0.596 0.897 -1.289 2.480
time (Q) 4.501 1.726 2.609 0.018 0.876 8.126 2.251 0.863 0.438 4.063
(2) temperature (L) 12.608 1.794 7.028 0.000 8.839 16.378 6.304 0.897 4.420 8.189
temperature (Q) 15.751 1.726 9.128 0.000 12.126 19.376 7.876 0.863 6.063 9.688
(3) Ce**: DOCrratio (L)  4.892 1.794 2.727 0.014 1.122 8.661 2.446 0.897 0.561 4.330
Ce* : DOC ratio (Q) 9.551 1.726 5.535 0.000 5.926 13.176 4.776 0.863 2.963 6.588
(4) pH (L) 3.825 1.794 2.132 0.047 0.056 7.594 1.913 0.897 0.028 3.797
pH (Q) 7.001 1.726 4.057 0.001 3.376 10.626 3.501 0.863 1.688 5.313
1L relativeto2 L -3.638 2.197 -1.655 0.115 -8.254 0.979 -1.819 1.099 -4.127 0.489
2 L relativeto 4 L 3.513 2.197 1.599 0.127 -1.104 8.129 1.756 1.099 -0.552 4.064
statistically significant if p < 0.05
Table S6
ANOVA results for DOC removal
Parameter SS df MS F p
(1) time (L) 8.520 1 8.520 0.441 0.515
time (Q) 131.424 1 131.424 6.805 0.018
(2) temperature (L) 953.820 1 953.820 49.387 0.000
temperature (Q) 1609.309 1 1609.309 83.327 0.000
(3) Ce** : DOC ratio (L) 143.570 1 143.570 7.434 0.014
Ce* : DOC ratio (Q) 591.739 1 591.739 30.639 0.000
(4) pH (L) 87.784 1 87.784 4,545 0.047
pH (Q) 317.951 1 317.951 16.463 0.001
1L relativeto2 L 52.926 1 52.926 2.740 0.115
2 L relativeto 4 L 49.351 1 49.351 2.555 0.127
Error 347.637 18 19.313
Total sum of square 3604.567 28

ANOVA model coefficients after excluding nonsignificant linear-linear interactions, statistically significant if p < 0.05
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Abstract

This article presents an innovative method for phosphate(V) removal from industrial
wastewater using cerium(IIl) chloride as a coagulant, integrated with reagent recovery.
The process combines coagulation, acid extraction, and multistage recovery of cerium and
phosphorus, enabling partial reagent loop closure. Based on our previously published
studies, at an optimised dose (81.9 mg Ce®* /L), phosphate(V) removal reached 99.86% and
total phosphorus (sum of all phosphorus forms as elemental P), 99.56%, and 99.94% of the
added cerium was retained in sludge. Reductions were also observed for TSS (96.67%),
turbidity (98.18%), and COD (81.86%). The sludge (101.5 g Ce/kg, 22.2 g P/kg) was
extracted with HC], transferring 99.6% of cerium and 97.5% of phosphorus to the solution.
Cerium was recovered as cerium(Ill) oxalate and thermally decomposed to cerium(IV)
oxide. Redissolution in HCl and HyO; yielded cerium(IIl) chloride (97.0% recovery and
98.6% purity). The HCl used for extraction can be regenerated on-site from chlorine and
hydrogen obtained from gas streams, improving material efficiency. Life cycle assessment
(LCA) showed environmental benefits related to eutrophication reduction but burdens from
reagent use (notably HCl and oxalic acid). Although costlier than conventional precipitation,
this method may suit large-scale applications requiring high phosphorus removal, low
sludge, and alignment with circular economy goals.

Keywords: industrial wastewater treatment; multifunctional coagulants; cerium coagulants;
life cycle assessment; rare earth elements

1. Introduction

The Earth’s water resources are estimated at 1.385 billion km?, with saline water
accounting for 97.5% of the total volume. Freshwater constitutes only 2.5% of the total
water resources, which are primarily stored in glaciers and snow cover (approximately 69%),
groundwater (30.1%), lakes (0.26%), soil moisture (0.05%), the atmosphere (0.04%), wetlands
(0.03%), rivers (0.006%), and biological water (0.003%) [1]. On the one hand, the continuous
growth of the global population necessitates addressing the increasing demand for potable
water [2]; on the other hand, industrial and domestic human activities contribute to the
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contamination of water bodies with a wide spectrum of pollutants, including pesticides [3];
heavy metals such as lead (Pb) [4], cadmium (Cd) [5], nickel (Ni) [6], mercury (Hg) [7],
copper (Cu) [8], and chromium (Cr) [9]; arsenic compounds (As) [10]; and microplastics [11].
This presents a significant challenge for ensuring high-quality water resources for both
current and future generations.

On the other hand, the utilisation of freshwater, depending on the end user, in most
cases results in the generation of wastewater with diverse chemical compositions. Domestic
wastewater is typically characterised by elevated concentrations of biogenic elements such
as carbon (C), nitrogen (N), and phosphorus (P) [12]. Wastewater from the food industry,
such as brewery effluents, has a composition similar to domestic wastewater but contains
pollutants at higher concentrations. Industrial wastewater, for example from the coking
industry [13,14] or coal gasification processes, is characterised by high concentrations
of cyanides, phenols, and polycyclic aromatic hydrocarbons (PAHs) [15]. Electroplating
wastewater, depending on the type of metal coating applied, may contain elevated levels
of heavy metals such as Cu, Ni, Cr, and Cd [16,17].

The increasing physicochemical complexity of wastewater poses a significant challenge
to treatment processes. A variety of methods are employed to remove specific groups of con-
taminants. Metal removal can be achieved, among other methods, by precipitation methods
involving the alkalisation of wastewater, followed by the precipitation of metal hydroxides,
or by the formation of metal sulphides, according to general reactions (1) and (2) [18].

M™ + nOH™ — M(OH),/. (1)
mM™ +nS?”~ — MmSnl 2)

However, these methods have several drawbacks, primarily due to their high demand
for chemical reagents, significant generation of secondary sludge, and limited effectiveness
in the presence of complexed metals (i.e., metals chelated by strong organic ligands such as
ethylenediaminetetraacetic acid (EDTA) or natural humic and fulvic acids, commonly found
in industrial and municipal wastewater) [19]. Additionally, precipitated sludge often dis-
plays low chemical stability. Therefore, to increase metal removal efficiency, various chemi-
cal agents, such as sodium dimethyldithiocarbamate (DMDTC) [20], sodium trithiocarbon-
ate (NapCS3) [21], trimercapto-s-triazine (TMT) [22], and 1,3-benzenediamidoethanethiol
dianion (BDET) [23], are applied. These compounds improve the precipitation performance
by forming stable complexes, reducing the metal solubility over a broad pH range, and
decreasing the sludge volume.

The removal of substances responsible for turbidity and colour, as well as the reduc-
tion in phosphorus concentrations, can be achieved via coagulation using, among other
methods, ferric or aluminium salts. These compounds operate through a similar mecha-
nism involving the adsorption of contaminants onto the surface of hydroxide flocs formed
during the process [24,25]. The efficiency of coagulants strongly depends on the pH of the
treated wastewater, with the optimal pH range for ferric salts being 5.5-7.0 [26] and that
for aluminium salts being 5.7-6.0 [27]. In the case of ferric salts, the phosphate(V) removal
efficiency may reach 98%, whereas for aluminium salts, it is typically approximately 83%.
A major disadvantage of these coagulants is the formation of large volumes of hydrated
sludge, which requires further handling. Following treatment, the effluents are usually
discharged into receiving bodies, most commonly surface waters such as rivers.

In cases of insufficient wastewater treatment, eutrophication is observed, resulting from
excessive enrichment of water with nitrogen and phosphorus, originating mainly from mu-
nicipal, industrial, and agricultural runoff. It leads to rapid algal growth, increased water
turbidity, and oxygen depletion, which can threaten aquatic ecosystems. This phenomenon is
also accompanied by the deterioration of water quality in terms of odour and taste [28,29].
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The removal of excess nitrogen and phosphorus from water is challenging for conven-
tional wastewater treatment processes, posing a significant challenge for water treatment
technologies. The removal of these elements requires advanced biological processes such
as denitrification (nitrogen removal) [30] and chemical processes such as coagulation (phos-
phorus removal) [31]. Given increasing water pollution, it is crucial to implement effective
strategies to manage nitrogen and phosphorus emissions in both agricultural and urban
areas to prevent further deterioration of water quality [32,33].

Compared with conventional coagulants, more effective removal of pollutants from
water and wastewater can be achieved by using innovative coagulants containing zir-
conium, titanium or, more recently, cerium compounds. For the removal of phosphorus
compounds, the use of cerium coagulants seems to be particularly beneficial. As recent
reports have shown, the use of cerium(Ill) chloride in wastewater treatment has been stud-
ied in the context of treating leachates from sewage sludge dewatering [34] and brewing
wastewater [35]. In the case of brewery wastewater, 99.86% of the phosphates(V) were
removed under optimal treatment conditions, indicating high removal efficiency. Further-
more, under optimal conditions, 99.94% of the applied cerium(Ill) was bound within the
sludge. Cerium compounds have proven to be effective not only in removing phosphates(V)
but also in removing other contaminants present in industrial wastewater, such as effluents
from the hard coal gasification process, where cerium(IV) sulphate (Ce(SO4),-4H,0) is
used for the oxidation of PAHSs, cyanides, and phenols [15].

The use of cerium compounds for wastewater treatment is promising; however, rare
earth elements (REEs) production is limited to a few countries worldwide (Table 1), posing
risks to supply chains in the event of adverse geopolitical developments.

Table 1. Contribution of individual producers to REE production and reserves [36].

Country REEs Production in 2024 (Tonnes) = REEs Reserves (Tonnes)
China 270,000 44,000,000
USA 45,000 1,900,000
Myanmar 31,000 Not available
Thailand 13,000 4500
Nigeria 13,000 Not available
Australia 13,000 5,700,000
Russia 2500 3,800,000
India 2900 6,900,000
Madagascar 2000 Not available
Vietnam 300 3,500,000
Brazil 20 21,000,000
Malaysia 130 Not available
Canada Not available 830,000
South Africa Not available 860,000
Greenland Not available 1,500,000
Tanzania Not available 890,000
Other countries 1100 Not available

In the European Union, nearly all REEs consumed are imported, and recycling is
carried out for only approximately 1% of REEs [37]. Given the higher price of cerium
coagulants than of widely used iron and aluminium coagulants, it is important to explore
recycling options. Additionally, owing to their initially high effectiveness, further research
should be conducted similarly to the previously studied and developed zirconium and
titanium coagulants.

Both cerium used as a coagulant and phosphorus removed during the process are
classified as critical raw materials for the European Union’s economy. Phosphorus, de-
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rived from minerals such as fluorapatite (Cas(POy)3F), chlorapatite (Cas(PO4)3Cl), and
hydroxyapatite (Cas5(PO4)3OH), is a key component in the production of mineral fertilisers,
which are essential for ensuring efficient agricultural output. Similar to REEs, phosphorus
deposits are concentrated in a limited number of countries, including Morocco and China.
This creates a significant supply risk and necessitates the search for alternative sources, in-
cluding recovery from waste streams. Due to the EU’s near-total dependence on imports of
these materials, the implementation of technologies enabling the closure of phosphorus and
cerium cycles through recovery from wastewater is of particular importance. Integrating
such solutions into wastewater treatment systems supports not only the circular economy
but also strengthens the raw material autonomy of the European Union [37].

Our studies on cerium recycling from wastewater sludge [38] demonstrated the effec-
tive removal of contaminants from industrial wastewater and the feasibility of recovering
cerium(IIl) chloride, cerium(Ill) sulphate, and cerium(IV) sulphate with efficiencies of
97.0%, 97.4%, and 98.3%, respectively. The recycling process involved cerium extraction
from wastewater sludge via hydrochloric acid, the selective precipitation of cerium(III)
oxalate, the thermal decomposition of cerium(III) oxalate to cerium(IV) oxide, and the syn-
thesis of salts via hydrogen peroxide, hydrochloric acid, or sulphuric acid. The recovered
salts can be reused for wastewater treatment. These studies and experiments on a laboratory
and semitechnical scale allowed us to propose a complementary process of recovery and
the use of cerium compounds to remove phosphorus from industrial wastewater.

This paper summarises our studies that demonstrate the usefulness of cerium coag-
ulants and their recycling, enabling the closure of the cerium cycle in wastewater treat-
ment [35,38]. The proposed new process for the recovery and use of cerium compounds
should be subjected to comprehensive process, environmental, and economic assessments.
The literature review revealed that no such comprehensive assessment has been conducted
to date. This paper presents the results of our research along with an assessment of the
entire upscaled process. The work includes a 10-stage process design, mass balance, LCA
evaluation, and cost analysis performed using the DGC method, thus addressing a knowl-
edge gap in this field. Therefore, this work can be an important step in the discussion,
research, development, and evaluation of advanced precipitation, coagulation, and recovery
processes for better environmental protection and sustainable development.

2. Results and Discussion
2.1. Process Analysis (Operating Conditions and Initial Assumptions)

The proposed model assumes an influent industrial wastewater flow of 5000 m3 per
day, containing phosphate(V) at a concentration of 37 mg/L, corresponding to 185 kg of
phosphate(V) ions. It is further assumed that the addition of the cerium-based coagulant
occurs in the primary settling tanks, with the resulting sludge subjected to a series of
processes aimed at recovering the cerium coagulant for reuse in wastewater treatment. On
the basis of the optimal coagulant dose described by Lejwoda et al. [35], with a molar ratio
of Ce(III) to phosphate(V) of 1.5:1, the required amount of cerium(III) chloride heptahy-
drate (CeCl3-7H,0) during start-up is 1088.3 kg, which corresponds to a concentration
of 81.9 mg Ce®* /L. Assuming a recovery efficiency of 97.1% in the form of CeClz-7H,O
(1057.3 kg), Stage I will require a top-up dose of approximately 31 kg CeCl;-7H,O to
compensate for losses.

The dewatered sludge obtained in Stage I is assumed to contain approximately 0.62%
dry matter, which translates to 4000 kg of dry sludge from 650 m> of wet sludge. The
supernatant and the filtrate generated in Stage II were subjected to nitrification. The sludge
is transported by a belt conveyor to reactors, each with a volume of 25 m3.
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In Stage III, 4000 kg of sludge is extracted following the addition of 45,333 kg of
water and 4667 kg of 30% hydrochloric acid (HCI). The process requires no heating. The
total reaction mass of 54,000 kg is divided into two reactors, with two batches per reactor,
resulting in four processing cycles of 13,500 kg each. Each cycle is assumed to last 3 h, after
which the reaction mixture is pumped to a filter press.

Stage IV involves filtration of the reaction mass (54,000 kg). The insoluble organic
residue (suspended solids) is assumed to be approximately 3406 kg and, following separa-
tion, is conveyed for agricultural or energy-related applications.

The extract, weighing approximately 50,600 kg and containing cerium, together with
an additional 5000 kg of water used for washing the sludge, is transferred to a buffer tank
and then to two 25 m? reactors, where the process is carried out in three consecutive batches
per reactor (six batches in total).

Stage V, which includes the precipitation of cerium(III) oxalate (Ce;(C,04)3), begins
with the addition of approximately 659 kg of oxalic acid dihydrate (HyCyO4-2H,O)—the
total required amount for the entire stage. To optimise the precipitation conditions, the pH
of the reaction mixture, initially 0.3, is increased to 1.8 by adding approximately 1077 kg of
sodium hydroxide (NaOH). The total water content of the NaOH and H,C,O; solutions was
24,500 kg. The extract contained 3763 mg/L of Ce, and after precipitation, the concentration
in the filtrate was reduced to 1.10 mg/L, resulting in a calculated yield of 99.97%.

The process results in the precipitation of 1049 kg of Cey(Cy04)3 (yield: 99.97%).
A total reaction mass of 82,281 kg is pumped to a filter press, where Stage VI involves
separating the precipitate from the filtrate. Cep(C204)3 (approx. 1049 kg) is transferred to a
furnace for thermal decomposition. The filtrate (approx. 81,232 kg) was transferred to a
storage tank.

The acidic solution (pH 1.8) contains phosphate(V) at a concentration of 570 mg/L,
which can be recovered by the addition of calcium hydroxide (Ca(OH),), which also
serves as a neutralising agent. Neutralisation and precipitation of calcium phosphate(V)
(Caz(POy)2) require the addition of 210.32 kg Ca(OH); per 81,232 kg of filtrate. The resulting
suspension is filtered, and the filtrate is pumped to evaporation ponds covering an area of
10 ha.

The thermal decomposition of (Ce;(C204)3) in Stage VII proceeded with an efficiency
of approximately 99.5%, yielding approximately 496.0 kg of cerium(IV) oxide (CeO;). The
process was conducted over 3 h at a temperature of 350 °C.

Stage VIII involves the synthesis of cerium(IIl) chloride (CeCl3) from the CeO, pro-
duced in Stage VII. The oxide is transferred to a 10 m® reactor, where it reacts with HCl
and hydrogen peroxide (H,O,). In the scenario analysed, 496.0 kg of CeO, was subjected
to a reaction with 2713.7 kg of 30% HCl and 993.3 kg of 30% H;O,. The process, carried
out at 90 °C for 3 h, achieves a yield of 98.5%, resulting in the production of 1057.3 kg of
CeCls. The by-products included approximately 621.1 kg of chlorine gas (Cl,) and 7.14 kg
of unreacted residue.

Stage IX involves heating the solution to evaporate water, which is then recirculated
into earlier stages of the process. At this point, the solution may also be concentrated to
reach the desired Ce(III) concentration for reuse in Stage I.

To minimise the environmental impact of by-products and reduce the reagents costs,
Stage X was expanded to include the recovery of both chlorine (Cl,) and hydrogen (Hy),
enabling the on-site production of HCl and partially eliminating the need for external
sourcing. During Stage VIII (CeCl;-7H,O synthesis), a gaseous by-product containing
chlorine (Cl,) and oxygen (O,) is generated. This mixture is separated via a membrane
system, which recovers approximately 619 kg/day of pure Cl,. The chlorine is then directed
to an HCl synthesis reactor, where it reacts with hydrogen.
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Hydrogen is derived from sewage sludge, which is first subjected to anaerobic diges-
tion, producing biogas (containing methane (CHy) and carbon dioxide (CO,)) and digested
sludge. The biogas may be utilised for in-house energy generation, reducing reliance on
external suppliers. The digested sludge is then gasified to yield synthesis gas containing
Hj (approx. 19.3 kg/day), carbon monoxide (CO), and carbon dioxide (CO,). Using a
membrane separation module, Hj is isolated and fed into the HCl synthesis reactor. The
resulting HCl gas is absorbed in water within an absorption column to produce a 30% HCI
solution. This solution (~1819 kg/day) can then be reused in Stage III for cerium extraction
from sludge, effectively closing the reagent loop. Hydrochloric acid constitutes a significant
portion of the chemicals used in the process. Implementing recovery reduces the demand
for external supply by approximately 24.6%. The implementation of this modification
significantly enhances the material and energy efficiency of the system while reducing CO,
and Cl, emissions to the atmosphere. Additionally, surplus hydrogen may be utilised as
a fuel for the plant’s energy needs or sold externally. The use of this hydrochloric acid
recovery technology aligns with the principles of the circular economy, increasing the
operational independence of the facility and minimising the environmental footprint of the
entire wastewater treatment process.

The integration of all the aforementioned processes enables the formation of a nearly
closed-loop system for cerium in wastewater treatment (Figure 1), forming the basis for
further process, environmental, and economic evaluation of the proposed technology.

External Source:
HCl
vy
External Source: PRODUCT: Stage 1: Y Stage 3: ]
Cerium(lII) — Cerium(l11) Precipitation of Fsllttar::l:n Sludge — FSI::I:::"
Chloride Chloride phosphates extraction
Stage 8 Stage 7: S.tage. 6: S.ta.lge 5
Stage 9: — Synthesis of Thermal Filtration, Precipitation of
Crystallisation Cerium(lll) Hecomposition management of cerium(lll)
Chloride p filtrates oxalate
External Source: Stage 10:
HCl and H,0, HCl recovery
A
External Source:
ca!(POA)I,
Nacl H,C,0, and
a NaOH

Figure 1. Conceptual diagram of wastewater treatment with cerium coagulant recirculation.

The developed concept comprises ten stages (Table 2), aimed at achieving near-
complete closure of the cerium loop within the treatment system.

Table 2. Subsequent stages of the use and recovery of cerium compounds.

Stage No. Stage
I Precipitation of phosphates(V) (a)
1I Filtration (a)
1II Sludge extraction (a)
v Filtration (a)

\Y Precipitation of cerium(IIl) oxalate (a)
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Table 2. Cont.

Stage No. Stage
VI Filtration, management of filtrates (a,b)
VIl Thermal decomposition (a)
VIII Synthesis of cerium(IlI) chloride (a,b)
IX Crystallisation (a)
X HCl recovery (b)

a—results from our previous studies [35,38]. b—results from studies conducted by other authors [39,40].

2.2. Environmental Assessment

Table 3 presents the environmental impact results over the life cycle of the wastewater
treatment process with phosphate(V) recovery.

The life cycle assessment (LCA) conducted via the ReCiPe 2016 method allows for the
evaluation of various process stages and materials used in relation to their environmen-
tal impact. The analysis considers impact categories such as climate change, ozone layer
depletion, acidification, eutrophication, toxicity, and resource consumption. The results
indicate that HyC,O4 and HCI have the greatest impact on multiple categories. Oxalic
acid is the dominant contributor to climate change (2.04 kg CO;-eq), terrestrial ecotoxicity
(5.96 kg 1.4-DCB-eq), and fossil resource depletion (0.479 kg oil-equivalent). Hydrochloric
acid significantly affects terrestrial ecotoxicity (5.41 kg 1,4-DCB-eq) and marine ecotoxic-
ity (7.85 x 1072 kg 1.4-DCB-eq). Oxalic acid and hydrochloric acid along with hydrogen
peroxide are main contributors which impact human carcinogenic toxicity. Improving
environmental efficiency could be achieved through enhancing the production efficiency
of oxalic acid and hydrochloric acid, replacing these substances with alternatives from
sustainable sources, and considering less harmful substitutes whenever possible. Addition-
ally, energy consumption at various process stages is a significant source of environmental
impact, highlighting the need to improve energy efficiency and transition to renewable
energy sources. Figure 2 shows the carbon footprint of the analysed process.

1m?
Wastewater
treatment EU
100 %

0.132kg 1.12 kg 0.348 kg 0.199 kg 1.81 MJ
H,C,0, HCl NaOH H,0, Electricity
61.4 % 17.8 % 13.8 % 7.13 % 5.69 %

Figure 2. Carbon footprint.

The results indicate that the greatest climate impact is associated with the production
of oxalic acid (indirect emission), the calcination of oxalic acid (direct emission), and the
consumption of hydrochloric acid.

In the next phase, the normalised results were examined. Normalisation in LCA involves
transforming environmental impact results into comparable values by referencing a defined
benchmark (e.g., the total environmental impact of a specific region or population). This
approach helps determine which impact categories are most significant. Figure 3 presents the
normalised environmental impact results calculated via the ReCiPe 2016 midpoint (H/A)
method. Normalisation in this method was performed using global per capita reference
values derived from annual emissions and resource use data for the year 2010, enabling
relative comparison of environmental impacts [41].
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Table 3. Results of characterisation—ReCiPe2016 midpoint H.
Impact Category Unit Total 1 2 3 4 5 6 7 8 9 10 11
Global warming kg CO; eq 3.30 2.08 x 1074 2.04 580 x 1071 284 x 107! 2.35x 107! 6.85x107%  391x1072 1.88x107!  —7.86x1072 0.00 7.67 x 1073
Stratospheric _s5 _5 7 7 _8 9 9 _8 —7 _8
ozone depletion kg CFClleq 192 x 10 0.00 1.80 x 10 7.94 x 10 2.86 x 10 5.75 x 10 3.83 x 10 1.32 x 10 8.65 x 10 —~1.02 x 10 0.00 7.56 x 10
rlaocrl‘llast‘ggn kBqCo60eq  3.75 x 10~ 0.00 3931072 168x1071 316x1072 328x1072 342x10% 389 x10* 108x10"!  —6.13 x 10°3 0.00 7.91 x 1074
Ozone formation, _ _ _ _ _ _ _ _ _ _
IZ{uman healih kgNOxeq  5.64 x 1072 0.00 536 x 1072 1.30 x 1073 758 x 107%  3.84 x 1074 2.71 x 1075 269 x 1075 348 x 1074 —1.54 x 1074 0.00 9.61 x 1075
Fine particulate Y 2 3 4 4 -5 6 4 4 _5
matter formation  K8PM25eq 125 x 10 0.00 1.02 x 10 1.39 x 10 5.80 x 10 212 x 10 135 x 10 8.42 x 10 2.88 x 10 —~1.94 x 10 0.00 1.67 x 10
Ozone formation,
Terrestrial kgNOxeq 567 x 1072 0.00 538 x 1072 136 x 1073 7.75x107* 422 x10°* 2.76 x 1075 3.02x1075  360x107*  —1.64 x 10~* 0.00 9.75 x 1075
ecosystems
a;rféffiigtlle(l)ln kgSO2eq  3.77 x 1072 0.00 3211072 389x1073 1.04x1073 559x107*  283x107°  228x107° 732x107%  —6.67 x10°* 0.00 4.88 x 105
Freshwater _ _ _ _ _ _ _ _ - _ _
eutrophication kg P eq 1.15 x 1073 0.00 394x107% 379 x107* 133 x107* 881 x107° 322 x 107 627 x1077 175 x107*  —2.78 x107° —3.31x107° 357 x107°
Marine _ _ _ _ _ _ _ _ _ -
eutrophication kg Neq 248 x 1074 0.00 274 x107% 553 x107° 1.19x 107 154 x 107 229 x 1075 329 x 1077  125x107°  —3.30 x 107° 0.00 1.05 x 10~*
gfg{giig’;‘; kg14-DCB 142 x 10! 0.00 5.96 541 1.25 931 x 1071 496 x 1072 145 x 1072 1.09 —5.30 x 1071 0.00 2.40 x 102
1; Egstgzgff; kg14-DCB 177 x 107! 0.00 643 x 1072 6.00x 1072 149x1072 165x1072 118 x1073 660 x107> 232x1072  —479 x 1073 0.00 1.65 x 1073
ecﬁ’{gﬁ(‘ﬁ’ty kg14-DCB 232 x 10~} 0.00 850 x 1072  785x10°2 196x102 218x102  152x1073  1.00x10°% 294x102 —632x103 0.00 2.03 x 1073
Human
carcinogenic kg14-DCB  1.90 x 107! 0.00 568 x 1072 640 x 1072 187 x 1072 3.82x 1072 492 x 107* 170 x 107* 133 x1072  —4.70 x 1073 0.00 2.72 x 1073
toxicity
Human
noncarcinogenic kg 1,4-DCB 3.65 0.00 1.49 1.18 331x 1071 330x107'  405x1072 170 x 1073 354x 107!  —-9.10 x 102 0.00 1.44 x 1072
toxicity
Land use m2acropeq  5.22 x 1072 0.00 1.82x 1072 211 x1072  682x 1073 441 x 1073 649 x 107 539 x107* 617 x107%  —583 x 1073 0.00 1.10 x 1074
Mineral 2 -3 -3 4 4 -3 6 4 -3 -5
resource scarcity kg Cueq 1.01 x 10 0.00 416 x 10 4.32 x 10 9.88 x 10 9.33 x 10 1.08 x 10 7.84 x 10 7.31 x 10 —2.15 x 10 0.00 3.61 x 10
Fossil ; -1 -1 -1 2 2 -3 3 2 2 -3
resotirce scarcity kg oil eq 8.40 x 10 0.00 479 x 10 1.79 x 10 6.90 x 10 7.92 x 10 1.55 x 10 3.55 x 10 5.09 x 10 —2.28 x 10 0.00 1.20 x 10
Water 2 2 2 -3 2 6 -5 -3 -3 4
consumption m3 5.87 x 10 0.00 1.55 x 10 1.92 x 10 6.76 x 10 1.51 x 10 —8.24 x 10 5.30 x 10 3.29 x 10 —1.38 x 10 0.00 1.40 x 10

(1) Wastewater treatment; (2) Oxalic acid, H,C,Oy; (3) Hydrochloric acid, HCl; (4) Sodium hydroxide, NaOH; (5) Hydrogen peroxide, HyO,; (6) Cerium(IV) oxide, CeO,; (7) Lime,
hydrated, packed, Ca(OH);,; (8) Electricity; (9) Inorganic phosphorus fertiliser, such as P,Os, prevents impact; (10) Phosphorus emission to river—avoided impact; (11) Raw sewage
sludge, municipal incineration.
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2.10x107
1.90x10
1.70x107
1.50x10*
1.30x10*
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1.00x10°*

Normalization results
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Figure 3. Normalised environmental impact results via the ReCiPe 2016 midpoint (H/A) method.

The highest environmental burden is observed in the category of human noncarcino-

genic toxicity, with oxalic acid being the dominant contributor. The next two dominant

categories are freshwater ecotoxicity and marine ecotoxicity, and this impact is also as-
sociated with the production of oxalic acid, hydrochloric acid, and sodium hydroxide.
Although greenhouse gas emissions and resource consumption are important concerns,

they are not the dominant issues in the analysed system.

The goal of the analysed process is the recovery of phosphate(V) (PO43~) from wastew-
ater, which is one of the main factors causing eutrophication, i.e., the enrichment of aquatic
ecosystems with excessive amounts of nutrients, leading to uncontrolled algal growth, oxy-
gen depletion in water, the death of aquatic organisms, the proliferation of toxic cyanobac-

teria species, and the disruption of aquatic ecosystem balance.

By effectively treating wastewater and reducing phosphate(V) emissions into rivers

and lakes, the process significantly reduces the impact in the eutrophication-related cate-
gory. In the freshwater eutrophication impact category, a negative value (impact reduction)
appears, indicating that avoiding phosphate(V) emissions significantly reduces eutrophi-
cation. A similar situation occurs in marine eutrophication, where reducing phosphorus
emissions lowers the negative impact on coastal ecosystems. Furthermore, phosphorus
recovery from wastewater sludge and the reuse of the obtained calcium phosphate(V)
as a substitute for phosphate(V) fertilisers reduce the need for phosphate(V) resource ex-
ploitation and subsequent environmental emissions. The proposed phosphate(V) emission
minimisation technology plays a significant role in protecting freshwater bodies and marine

ecosystems from degradation.

2.3. Economic Assessment

Table 4 presents the calculation results for the selected years covered in the economic

analysis, which were used to determine the DGC indicator.
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Table 4. Calculation results for selected years of the economic analysis used for DGC calculation.

It Unit Construction Period Plant Operation Period
em ni 2025 2026 2027 2030 2035 2040 2046
Investment

expen dituyes UsD 1,202,530 1,202,530 0 0 0 0 0
Raw materials, g 0 0 1,700,228 1,846,185 1,916,928 1,935208 1,952,690
chemicals

Maintenance

and repairs UsD 0 0 16,941 18,396 19,101 19,283 19,457
Electricity USsD 0 0 263,372 287,793 260,142 235,148 208,304
Efa‘ﬂgz{fe USD 0 0 114,133 123268 139,331 156,566 179,454
Monitoring USD 0 0 19,324 20,983 21,787 21,995 22,193
Total—Costs UsD 1,202,530 1,202,530 2,113,997 2,296,625 2,357,288 2,368,200 2,382,098
Volume of

treated m3 /year 0 0 1,825,000 1,825,000 1,825,000 1,825,000 1,825,000
wastewater
Discount factor - 1.00000 0.96154 0.92456 0.82193 0.67556 0.55526 0.43883
Discounted costs USsD 1,202,530 1,156,279 1,954,509 1,887,658 1,592,500 1,314,977 1,045,345
Discounted

volume of m3/year 0 0 1,687,315 1,500,017 1,232,905 1,013,358 800,871
wastewater

Total USD 32,670,246
discounted costs A
Total discounted

volume of m3 23,848,409

wastewater

The economic analysis conducted via the dynamic generation cost (DGC) method re-
vealed that the cost of phosphate (V) removal from wastewater via cerium(Ill) chloride and
its recovery is 1.37 USD/ mS3. As of Q1 2025, the average net wastewater fee calculated for
97 major cities in Poland [42] was approximately 2.13 USD/m?3. This cost includes not only
wastewater treatment but also the transportation of wastewater to treatment plants via the
sewage system and the general operational costs of enterprises managing urban wastewater
systems. At municipal wastewater treatment plants that use standard phosphate(V) removal
methods (typically chemical precipitation), the cost of phosphate(V) removal represents a
small fraction of the overall operational cost of the facility. However, precise data on what
proportion of the total expenses it constitutes are not readily available.

A review of market prices and literature sources [34,43] indicates that cerium(III)
chloride prices can be 2.5 to 14 times higher than those of commonly used iron- and
aluminium-based coagulants. Consequently, technology based on cerium(IIl) chloride
and its recovery may be significantly more expensive than simpler chemical precipitation
methods. However, the use of cerium-based coagulants reduces the amount of wastewater
sludge generated by approximately 20-25% compared with traditional methods. For large
wastewater treatment plants, lower sludge production translates into significantly reduced
costs associated with its management and disposal. Additionally, the phosphate(V) removal
efficiency of over 99.8% achieved with this technology is practically unattainable via
conventional chemical precipitation methods. Ultimately, despite the higher purchase costs
of the coagulant, this method may be economically justified in wastewater treatment plants
where high phosphate(V) removal efficiency and minimised sludge management costs are
a priority.
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3. Materials and Methods
3.1. Assumptions Underlying the Design of a Cerium-Based Wastewater Treatment Process

On the basis of the results of our previous research on the recovery, synthesis, prop-
erties, and application of cerium compounds [15,35,38], which were conducted at both
laboratory and semitechnical scales, an innovative solution for industrial wastewater
treatment using cerium(Ill) chloride heptahydrate (CeClz-7H,0O) as a coagulant has been
proposed. Although this concept was developed specifically for brewery wastewater, it
may also be suitable for other types of industrial effluents containing phosphorus com-
pounds. Furthermore, it is assumed that the proposed solution can be applied wherever
efficient precipitation of phosphorus from contaminated water or wastewater is particularly
important. The main objective of this process is the cyclic recovery of cerium from sewage
sludge and the management of by-products generated during recycling.

Stage I involves the removal of phosphate(V) from brewery wastewater through the
precipitation of poorly soluble cerium(III) phosphate(V), according to reaction (3) [34,44—46].
A molar ratio of Ce:PO4%~ equal to 1.5:1 was adopted for calculations on the basis of the
study by Lejwoda et al. [35], which ensures efficient phosphate(V) removal with a minimal
residual concentration of cerium coagulant in the treated effluent.

Ce** + PO, — CePO4l 3)

Stage II comprises sedimentation and filtration of the resulting sludge. The sludge
obtained contains, on average, 10.15 wt% of cerium and 2.22 wt% of phosphorus, making it
a valuable material for recovery. In Stage III, cerium and phosphorus are extracted from
wastewater sludge via hydrochloric acid, following reaction (4) [38].

CePOy/| + 3HCI + 3H,0 — Ce** + PO,3~ + 3H;0" + 3Cl1~ 4)

The solubilisation of cerium and phosphorus enables, in Stage IV, the separation of
dissolved substances from undissolved organic matter, which is subsequently used as
feedstock for the processes described in Stage X.

In Stage V, oxalic acid is first added to the acidic extract (pH 0.3), followed by pH
adjustment to 1.8 using sodium hydroxide (NaOH). The selective action of oxalic acid
under these conditions leads to the precipitation of poorly soluble cerium(IIl) oxalate, as
shown in reaction (5) [47—49].

2Ce3* +3C,04%~ + nHyO— Cey(Cp04)3-nH,OJ (where n =9, 10) (5)

Stage VI involves the filtration of the resulting suspension, with the solid cerium(III)
oxalate directed to Stage VII, while the acidic filtrate is neutralised, and the phosphate(V)
content is removed via precipitation with calcium hydroxide (Ca(OH),). The resulting solid
is filtered, and the brine is evaporated in solar ponds to recover NaCl.

Stage VII is the thermal decomposition of cerium(Ill) oxalate at 350 °C to obtain fine-
crystalline CeO, according to reaction (6), which is more reactive in subsequent processes
than the cerium(IV) oxide produced at higher temperatures [38,50,51].

Cez(C204)3~nHZO + 202—) 2C602 + 6C02 + nHZO (where n=9, 10) (6)

Stage VIII consists of the synthesis of cerium(III) chloride. This is achieved by reducing
Ce(IV) to Ce(III) via the use of hydrogen peroxide (30 wt%) in hydrochloric acid (30 wt%)
applied in 100% and 200% excess. This allows the conversion of cerium(IV) to cerium(Ill),
followed by the formation of cerium(Ill) chloride through concentration and crystallization,
according to reactions (7) and (8) [38,52].

Cet +e™ — Ce3* (7)

Ce** +3Cl~ — CeCls 8)
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Depending on the scale of demand, Stage IX may include the concentration of the
CeCl3 solution to the level required in Stage I or complete crystallisation, with the evapo-
rated water being redirected to earlier stages of the process.

To assess the process comprehensively, Stage X is introduced, with a focus on minimis-
ing waste streams. The gaseous by-products of Stage VIII (O, and Cl,) are separated via a
membrane system [53]. Chlorine can be used for HCl synthesis via reaction with hydrogen
(reaction 9), which is obtained through the gasification of organic matter remaining after
Stage III.

Fermented and/or gasified sludge may also serve as a source of methane (CHy4) and
carbon monoxide (CO), which can be utilised for energy production within the facility.

H, + Cl, — 2HCl )

The concentrations of elements at individual stages of the process (our studies are
marked in Table 2) were obtained from laboratory analyses performed using, among others,
ICP-OES and ICP-MS techniques, in accordance with EN ISO standards and our own
laboratory procedures, covering a total of 50 elements: Ca, Mg, Na, K, Li, Ba, Sr, Fe, Mn,
Cd, Be, Ti, Cr, Co, Zr, V, Cu, Mo, Nj, Pb, B, Zn, Al, Sb, Ag, As, Se, Sn, Bi, S, Si, P, T1, Hg,
Te, Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Tb, Th, Tm, Y, Yb, and U. Measurement
uncertainties ranged from 10% to 25%. The concentrations of the vast majority of these
elements were below 0.005 mg/L or 0.001 mg/L (for ICP-OES) and 0.05 png/L or 0.01 ng/L
(for ICP-MS); therefore, during the development of the laboratory-scale process, they
were omitted as irrelevant from a technical and technological perspective. The analyses
were conducted in an accredited laboratory (Central Mining Institute—National Research
Institute in Katowice, Poland).

3.2. Process Analysis (Operating Conditions and Initial Assumptions)

A process analysis was conducted as a preliminary assessment of the technological fea-
sibility of the proposed wastewater treatment process employing a cerium-based coagulant
and its subsequent recycling. The analysis incorporated realistic operational conditions by
scaling the results of previous laboratory- and pilot-scale studies to the conditions of a small
wastewater treatment plant with a daily capacity of 5000 m?. Initial process assumptions,
including pollutant concentrations and reagent doses and concentrations, as well as the
efficiencies of individual process stages, were adopted.

Each of the ten stages of the process was examined in terms of reaction implementation,
technological parameters, equipment configuration (e.g., reactors, filters, filter presses,
and buffer tanks), and the mass balance of reagents and products. The main and by-
products—including sludge, filtrates, and gaseous reaction products—were identified and
quantified, particularly with respect to their potential environmental impact. The possibility
of managing waste streams through hydrochloric acid recovery, the use of residual sludge
as an energy source, and the recovery of salts from postreaction waters was assumed, with
the aim of minimising pollutant emissions to the environment.

The process analysis was intended not only to confirm the technological coherence and
effectiveness of the proposed solution but also to identify potential critical points that could
affect environmental performance and operational costs. The results of the analysis were then
used for further environmental assessment via the life cycle assessment (LCA) methodology
and for economic evaluation via the dynamic generation cost (DGC) indicator.

3.3. Environmental Assessment

The environmental assessment was conducted via the life cycle assessment (LCA)
method, following ISO 14040 [54] and ISO 14044 [55] in four phases: (1) goal and scope
definition, (2) inventory analysis (LCI), (3) impact assessment (LCIA), and (4) interpretation.
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Life cycle assessment (LCA) is a method for identifying potential environmental risks
associated with the production, use, and disposal of a product. It evaluates the environ-
mental impact of a product by quantifying raw material and energy consumption as well
as emissions of waste and gases into the environment. A key feature of this approach is
that it covers the entire product life cycle—from raw material extraction, transport, and pro-
cessing through manufacturing processes, usage, and, finally, waste management or reuse.
The advantage of LCA is its comprehensive approach, which considers all environmental
impact factors as well as various ecological mechanisms and environmental issues [56]. An
LCA supports decision-making processes, enabling the evaluation of existing processes
and products as well as the design of new technological solutions [57]. The greatest envi-
ronmental and economic benefits can be achieved by reducing the environmental impact at
the early stages of production, which is the main goal of eco-design [58].

The purpose of this analysis was to assess the environmental impact associated with
operations, material consumption, emissions, and waste generation resulting from the
recovery of phosphates(V) from wastewater streams. The functional unit was defined
as 1,825,000 m® of wastewater treated per year, with all results normalised per 1 m® of
wastewater. The ReCiPe 2016 method was applied for impact assessment [41]. ReCiPe 2016
enables the assessment of potential environmental impacts in seventeen various impact
categories (midpoints): climate change, ozone depletion, ionising radiation, fine particulate
matter formation, and photochemical oxidant formation: terrestrial ecosystems, human
health, terrestrial acidification, and freshwater eutrophication; human toxicity: cancer,
noncancer, terrestrial ecotoxicity, freshwater ecotoxicity, and marine ecotoxicity; land use,
water use, mineral resource scarcity and fossil resource scarcity. The hierarchist perspective
was used during calculations, assuming a compromise between long-term and short-term
environmental effects.

The system boundaries included the life cycle associated with the production of mate-
rials (chemicals) and electricity, as well as the generated wastewater sludge. The analysed
system performs two main functions: wastewater treatment and phosphorus recovery. The
multifunctionality issue was addressed by expanding the system boundaries—considering
the avoided environmental impact associated with the production of phosphate(V) fertilis-
ers. It was assumed that wastewater sludge is neutralised in a waste incineration plant.
The system boundaries included in the analysis are illustrated in Figure 4.

1 I
i oxalic acid (H,C,0,) carbon dioxide (CO,) E
' hydrochloric acid (HCL) avoided fertilizer '
, sodium hydroxide (NaOH) avoided phosphorus emission |
H hydrogen peroxide (H,0,) sludge - municipalincineration i
i electricity |
i lime (Ca(OH),) Analysed process :
' cerium oxide (CeO,) !
! > >
1 I
1 I
1 1
1 |

I

Figure 4. System boundaries.

3.4. Economic Assessment Methodology

Since the analysed technology for phosphate(V) removal using cerium(III) chloride
complements the comprehensive wastewater treatment process, it is not possible to charge
separate fees for its implementation in treatment plants. Therefore, an economic assessment
was conducted via the dynamic generation cost (DGC) method. The dynamic unit cost
is equal to the price that allows for discounted revenues to equal discounted costs. DGC
demonstrates the technical cost of obtaining a unit of the product (in this project, 1 m?



Molecules 2025, 30, 3428 14 of 19

of treated wastewater). Since it does not consider revenues but includes investment and
operational costs (product life cycle), its value reflects the unit life cycle cost of the analysed
product or technology. When comparing DGC indicators calculated for different technolo-
gies, lower values are considered more favourable. The DGC indicator is calculated via the
following formula [59]:

n  KL+KE
Li=0 (1+i)f
n Pt
=0 (14i)f

DGC =

where

Kl—Investment costs incurred in a given year;

KE—Operational costs incurred in a given year;

P;—Volume of treated wastewater in a given year;

i—Discount rate;

t—Year, ranging from 0 to n, where 0 is the year when the first costs are incurred, and
n is the final year of wastewater treatment plant operation.

Investment expenditures were estimated on the basis of the proposed installation
concept for phosphate(V) removal via cerium(Ill) chloride presented in this article, as well
as the available online price lists for equipment and technological components. A summary
of investment expenditures (price level: Q1 2025) is presented in Table 5.

Table 5. Summary of investment expenditures for the implementation of a phosphate(V) removal
installation using cerium(III) chloride with a capacity of 5000 m3/day.

Item Cost [USD]
Stage 1. Phosphate(V) precipitation
Coagulant preparation tank with mixing 5000
Coagulant dosing pump 4000
Wastewater tank for phosphate(V) removal 50,000
Pump for wastewater discharge into the nitrification process (87% of wastewater) 2000
Pump for sludge discharge to filter press (650 m®) 2100
Stage II. Filtration
Filter press x 2 12,000
Pump for filtrate discharge into the nitrification process 2100
Belt conveyor to reactors x 2 2000
Stage III. Sludge extraction
Acid-resistant reactor for extraction x 2 76,000
30% HCI storage tank for extraction 5000
Acid-resistant pump for HC1 4000
Water storage tank 5000
Water pump 1500
Acid-resistant pump for acidic extract 8000
Stage IV. Filtration
Acid-resistant filter press 12,000
Belt conveyor for sludge transport for agricultural use 1000
Acid-resistant pump for acidic extract 4000
Acid-resistant reactor for cerium(IIl) oxalate precipitation x 2 76,000
Stage V. Cerium(IIl) oxalate precipitation
NaOH preparation tank with mixing 8000
Alkali-resistant pump 4000
Oxalic acid preparation tank 8000

Acid-resistant pump x 2 8000
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Table 5. Cont.

Item Cost [USD]
Stage VI. Filtration and filtrate management
Acid-resistant filter press 6000
Belt conveyor for cerium oxalate transport 2000
Acid-resistant pump 8000
Reaction tank with agitator 130,000
Sedimentation tank 70,000
Filter press 75,000
Lime dosing system 30,000
Land preparation, membrane, drainage systems, and barriers 600,000
Stage VII. Thermal decomposition
Furnace for cerium(Ill) oxalate decomposition into cerium(IV) oxide at 350 °C 5500
Belt conveyor for cerium(IV) oxide to CeCl; synthesis reactor 1000
Stage VIII. CeCl;-7H,O synthesis
Acid-resistant reactor 20,000
Acid-resistant pump for HCl 4000
H,O, storage tank 5400
High-resistance pump for HyO, 4000
Acid-resistant pump 4000
Stage IX. Crystallisation
Evaporator for concentration 350,000
Coagulant dosing pump—recirculation after recovery 4000
Stage X. Hydrochloric acid recovery
Gasification reactor, control system, and pumps 60,000
Membrane module 15,000
High-pressure tanks, compressor 12,260
Tubular reactor, cooling, and control system 82,500
Absorption tower and pumps 55,000
Membrane module for Cl, separation 5700
Pressure tank for Cl, 12,000
Pumps, pipelines, and process control system 25,000
Total—Stages I to X 1,886,060
Additional equipment + piping 200,000
Automation and control system 150,000
Buildings 75,000
Project documentation, administrative decisions, and permits 94,000
Total —CAPEX 2,405,060

Similar to the investment expenditures, the operational costs were estimated on the

basis of the proposed installation concept for phosphate(V) removal via cerium(III) chloride,

as presented in this article, and available online price lists for chemicals used in the analysed
wastewater treatment process. A summary of the operational costs (price level: Q1 2025) is

presented in Table 6.

Table 6. Summary of operational costs for phosphate(V) removal installation using cerium(III)

chloride with a capacity of 5000 m3/day.

Item Unit Amount Cost [USD/Year]
Electricity kWh 993,006 248,253
Monitoring - - 18,250
Labour - - 108,000
Maintenance and repairs - - 16,000
CeCl3-7H,O kg/year 11,315 16,973
30% HCl solution kg/year 2,693,956 1,131,461
30% H,0O, solution kg/year 362,555 141,396
Oxalic acid kg/year 240,535 127,965
NaOH kg/year 393,105 157,242
Calcium hydroxide kg/year 76,767 30,707
Total—OPEX - - 1,996,247
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Recommended Practice 18R-97 of the Association for the Advancement of Cost Engi-
neering International (AACE) describes a Cost Estimate Classification System as applied in
Engineering, Procurement, and Construction for the process industries [60]. The techno-
economic studies conducted in this article provide cost estimates at the “Study or Feasibility”
level (AACE Class 4). Cost estimates in the Class 4 have an expected accuracy range of
—15% to —30% on the low side and +20% to +50% on the high side.

For the purpose of dynamic generation cost (DGC) analysis of the developed phos-
phate(V) removal technology, a discount rate of 4% was applied. This value is recommended
in the guidelines [61] for financial analyses conducted at constant prices. The analysis cov-
ers a 22-year period (2025-2046), including a 2-year investment implementation period and
20 years of plant operation. Throughout this period, the operational costs of the analysed
phosphate(V) removal installation were adjusted via the macroeconomic indices presented
in the guidelines [62] and the energy price forecasts outlined in the study [63].

4. Conclusions

The wastewater treatment process employing cerium(III) chloride was shown in our
previous studies to reduce phosphate(V) concentration by more than 99.86%. The coagulant
can also be recovered via acid extraction using hydrochloric acid, with a recovery efficiency
of 97.0-98.3%. This enables the reuse of the recovered salt in wastewater treatment pro-
cesses, with only minimal replenishment required to compensate for losses. An additional
advantage of this process is the utilisation of waste materials for energy production or as
substrates for the chemical manufacturing required by the treatment plant. The closed-loop
reagent cycle in both wastewater treatment and cerium(Ill) recycling ensures that this
innovative technology aligns with the principles of the circular economy.

The conducted life cycle assessment (LCA) demonstrated that the proposed phos-
phate(V) emission minimisation technology plays a significant role in protecting freshwater
bodies and marine ecosystems from degradation. Moreover, the proposed process has
adverse environmental impacts, primarily due to the consumption of chemical reagents, no-
tably oxalic acid and hydrochloric acid. The most critical environmental concern identified
within the analysed system is related to human carcinogenic toxicity.

The economic analysis revealed that this technology is more expensive than commonly
used phosphate(V) removal methods, which are based on chemical precipitation. However,
in situations where significantly higher phosphate(V) removal efficiency is needed, the use
of cerium(Ill) chloride becomes an economically justified alternative. The combination of
environmental and economic analysis results with the excellent outcomes of experimental
studies suggests that this promising technology is worthy of further development and
modification to further reduce its environmental impact, lower its operating costs, and
improve the utilisation of process by-products.

A recommendation for future research is to compare the efficiency, as well as the
environmental and economic aspects, of the proposed solution with other innovative
coagulants, such as those based on zirconium or titanium salts, as well as with conventional
methods using iron and aluminium salts.
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The following abbreviations are used in this manuscript:

1.4-DCB-eq 1,4-dichlorobenzene equivalent (used in toxicity assessment)
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DGC Dynamic Generation Cost
LCA Life Cycle Assessment
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LCIA Life Cycle Impact Assessment
OPEX Operational Expenditures
REE Rare Earth Elements
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