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1. Wykaz skrotéow

REE (ang. rare earth elements) - pierwiastki ziem rzadkich

SEM (ang. scanning electron microscopy) - skaningowa mikroskopia elektronowa

PHpzc (ang. point of zero charge) - punkt tadunku zerowego

ATR-FTIR (ang. attenuated total reflectance Fourier transform infrared spectroscopy) -
spektroskopia w podczerwieni z transformatg Fouriera z technika ostabionego catkowitego
odbicia

XPS (ang. X-ray photoelectron spectroscopy) - spektroskopia fotoelektronow w zakresie
promieniowania rentgenowskiego

ICP-OES (ang. inductively coupled plasma optical emission spectrometry) - optyczna
spektrometria emisyjna ze wzbudzeniem w plazmie indukcyjnie sprzgzone;j

PFO (ang. pseudo-first order) - model pseudo-pierwszego rzedu

PSO (ang. pseudo-second order) - model pseudo-drugiego rzedu

Ln(III) - lantanowiec

L - czynnik kompleksujacy

CA - kwas cytrynowy

IDHA - kwas iminodibursztynowy

GLDA - kwas glutaminodioctowy

S957 - jonit chelatujacy Purolite S957

S950 - jonit chelatujacy Purolite S950

SP112 - kationit Lewatit MonoPlus SP112

MS00 - anionit silnie zasadowy Lewatit MonoPlus M500

M600 - anionit silnie zasadowy Lewatit MonoPlus M600

MP500 - anionit silnie zasadowy Lewatit MonoPlus MP500

4200 - anionit silnie zasadowy Amberjet 4200

4400 - anionit silnie zasadowy Amberjet 4400

4600 - anionit silnie zasadowy Amberjet 4600

IRA 458 - anionit silnie zasadowy Amberlite IRA 458

IRA 958 - anionit silnie zasadowy Amberlite IRA 958

IRA 67 - anionit stabo zasadowy Amberlite IRA 67

PS-DVB - polistyren usieciowany diwinylobenzenem

SD - odchylenie standardowe



2. Wykaz prac naukowych wchodzacych w sklad rozprawy doktorskiej

Rozprawe¢ doktorskg stanowi cykl powigzanych tematycznie artykutow naukowych
opublikowanych w czasopismach z aktualnego wykazu wydanego przez Ministerstwo Edukacji
i Nauki. Prace naukowe oznaczono symbolami D1, D2, D3 i D4, natomiast materiaty

uzupetniajace do artykuldw odpowiednio SD2, SD3 i SD4.

D1 K. Araucz, A. Aurich, D. Kotodynska, Novel multifunctional ion exchangers for metal

ions removal in the presence of citric acid, Chemosphere, 251 (2020) 126331.
IF2020: 7,086 Punkty MEIN: 100

D2 K. Burdzy, A. Aurich, S. Hunger, R. Jastrzab, M. Zabiszak, D. Kolodynska, Green
citric acid in the sorption process of rare earth elements, Chemical Engineering Journal, 437

(2022) 135366.
1F2022: 16,744 Punkty MEIN: 200

D3 K. Burdzy, Y. Ju, D. Kotodynska, Iminodisuccinic acid (IDHA) as an effective
biodegradable complexing agent in the adsorption process of La(Ill), Nd(IIl) and Ho(Ill) ions,
Chemical Engineering Journal, 461 (2023) 142059.

1F2022: 16,744 Punkty MEIN: 200

D4 K. Burdzy, R. Jastrzab, D. Kotodynska, GLDA and ion exchangers: unlocking
sustainable solutions for recovery of rare earth elements, Sustainable Materials and

Technologies (2023) — w recenz;ji.

1F2022: 10,681 Punkty MEIN: 200

Sumaryczny IF: 51,255
Sumaryczna liczba punktow MEiN: 700



3. Wprowadzenie

Pierwiastki ziem rzadkich (REE), obejmujace skand (Sc), itr (Y) oraz lantanowce (La-
Lu) ze wzgledu na wyjatkowe wlasciwosci magnetyczne, optyczne i1 fluorescencyjne zyskaty
w ostatnich latach miano pierwiastkow strategicznych dla rozwoju nowoczesnych technologii
[1]. Ich wykorzystanie w szerokiej gamie produktéw high-tech wraz z szybkim rozwojem
technologicznym sprawia, ze popyt na te metale stale ros$nie [2]. Jednocze$nie, bardzo duze
rozproszenie zi0z tych pierwiastkow w skorupie ziemskiej oraz ich problematyczne
pozyskiwanie i rozdzielanie stalo si¢ przyczyng dominacji na $wiatowym rynku jednego
panstwa — Chin, doprowadzajac do wzrostu cen i ograniczenia dostaw tych niezwykle cennych
SUrOWCOW.

Dlatego tez coraz wigcej uwagi poswieca si¢ opracowaniu efektywnych metod odzysku
REE ze Zrédet wtornych, m.in. ze zuzytego sprzetu elektronicznego [3—6]. Wsrod metod
stuzacych do odzysku i rozdzielania jonow metali mozna wyr6zni¢ metody stragceniowe,
procesy utleniania i redukcji, ekstrakcje rozpuszczalnikows, frakcjonowang krystalizacj¢ oraz
adsorpcje. Jedng z najczesciej wykorzystywanych metod rozdziatu jest adsorpcja, ktora
charakteryzuje si¢ wysoka wydajnoscia oraz mozliwos$cig uzyskania pierwiastkéw o wysokim
stopniu czystosci, przy jednoczesnej prostocie i niskich kosztach procesu [7]. Pierwszym,
bardzo istotnym etapem projektowania uktadu adsorpcyjnego, ktéory pozwolitby na
zadowalajacy odzysk jondw metali jest dobor odpowiedniego adsorbentu. W handlu dostepna
jest szeroka gama adsorbentow, wsrod ktorych popularng grupa sa wymieniacze jonowe.
Ponadto, nalezy rozwazy¢ mozliwo$¢ wprowadzenia do uktadu zwigzkoéw zwiekszajacych
efektywnos¢ tego procesu, np. czynnikow kompleksujacych.

Czynniki kompleksujace to zwiagzki posiadajace zdolno$¢ tworzenia stabilnych,
rozpuszczalnych w wodzie kompleksow z licznymi jonami metali. Doskonate wtasciwos$ci
kompleksujace staly si¢ przyczyng ich szerokiego zastosowania m.in. w przemysle
spozywczym, kosmetycznym, tekstylnym, ale takze w rolnictwie 1 medycynie. Zwiazki te
stosowane sg takze w procesach usuwania i odzysku jonéw metali [8—10]. Powszechnie
znanymi i wykorzystywanymi przedstawicielami tej grupy sa kwas etylenodiaminotetraoctowy
(EDTA) oraz kwas dietylenotriaminopentaoctowy (DTPA). Jednak istotng wada
wymienionych zwigzkow jest ich staba biodegradowalnos¢, ktora w polaczeniu z trwatoscig
tworzonych przez nich kompleksow powoduje zaburzenie naturalnej specjacji pierwiastkow
w $rodowisku. Konsekwencja tego jest uwalnianie toksycznych jonow metali z osadéw,
zwigkszenie ich mobilnoSci oraz zagrozenie zanieczyszczeniem wod [11]. Rosngca
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swiadomos$¢ spoteczna na temat zagrozen srodowiska sprawia, ze prowadzonych jest coraz
wigcej badan nad zastgpieniem w/w zwigzkow tymi o korzystniejszym profilu ekologicznym.
Dlatego tez w ostatnich latach zwigkszonym zainteresowaniem ciesza si¢ czynniki
kompleksujace takie jak kwas iminodibursztynowy (IDHA) oraz kwas glutaminodioctowy
(GLDA), ale takze kwas cytrynowy (CA). W odroznieniu od tradycyjnych kompleksonow
charakteryzuja si¢ one wysokga zdolno$cia do biodegradacji oraz bezpieczenstwem uzytkowania
[12—-14]. Przeprowadzone badania poréwnawcze dotyczace kompleksowania jonow metali
takich jak Fe, Mn, Zn, Cu, Cd oraz Pb dowodzg, ze mogg stac si¢ one skuteczng alternatywa
dla konwencjonalnych czynnikow kompleksujacych [8,15-18]. Pomimo wielu doniesien
literaturowych na temat kompleksow kwasu cytrynowego, IDHA oraz GLDA z jonami metali
cigzkich, czy Ca, Mg i Ba, niewiele wiadomo o tego typu potaczeniach z jonami pierwiastkow
ziem rzadkich, a takze mozliwo$ci zastosowania biodegradowalnych kompleksonow

w procesie odzysku tych cennych jonow metali.



4. Cel rozprawy doktorskiej

Celem rozprawy doktorskiej bylo okreslenie mozliwosci zastosowania czynnikdéw
kompleksujacych charakteryzujacych si¢ wysoka biodegradowalnoscia, tj. kwasu 2-hydroksy-
1,2,3-propanotrikarboksylowego (CA, kwas cytrynowy), kwasu N-(1,2-dikarboksyetylo)-D,L-
asparaginowego (IDHA, kwas iminodibursztynowy) oraz kwasu N,N-bis(karboksymetylo)-L-
glutaminowego (GLDA, kwas glutaminodioctowy) w procesie efektywnego odzysku
wybranych pierwiastkow ziem rzadkich (La(IIl), Nd(IITI) i Ho(IIl)) metoda adsorpcji
z zastosowaniem wymieniaczy jonowych roznigcych si¢ matrycg (polistyrenowe
i poliakrylowe), grupami funkcyjnymi (fosfonowe, sulfonowe, aminofosfonowe, IV-rzgdowe
amoniowe typu I, [V-rzedowe amoniowe typu II, III-rzedowe aminowe), wielkoscig ziarna oraz
strukturg (makroporowate lub zelowe).

Gloéwne etapy badawcze zrealizowane w ramach przedstawionego zagadnienia
obejmowaty:

» Dbadania potencjometryczne czynnikow kompleksujacych oraz ich kompleksow
z wybranymi jonami pierwiastkdw ziem rzadkich tj. La(Ill), Ce(III), Pr(III), Nd(IIT),
Sm(III) i Ho(III),

» charakterystyke fizykochemiczng zastosowanych wymieniaczy jonowych (Purolite
S957, Purolite S950, Lewatit MonoPlus SP112, Lewatit MonoPlus M500, Lewatit
MonoPlus M600, Lewatit MonoPlus MP500, Amberjet 4200, Amberjet 4400, Amberjet
4600, Amberlite IRA 458, Amberlite IRA 958 i Amberlite IRA 67) metodami
skaningowej mikroskopii elektronowej (SEM), spektroskopii w podczerwieni
z transformatg Fouriera z technikg ostabionego catkowitego odbicia (ATR-FTIR),
spektroskopii fotoelektrondow w zakresie promieniowania rentgenowskiego (XPS),
miareczkowania potencjometrycznego (MPT) oraz dryftu (MD), a takze analizy
sitowe],

» badania adsorpcji kompleksow La(Ill), Nd(III) i Ho(Ill) z biodegradowalnymi
czynnikami kompleksujacymi metoda statyczng, z uwzglednieniem parametrow
procesu takich jak masa jonitu, stosunek molowy metal:ligand, pH roztworu, czas
kontaktu faz, stezenie poczatkowe roztworu 1 temperatura, oraz regeneracj¢
zastosowanych jonitow,

» badania adsorpcji kompleksow La(Ill) z biodegradowalnymi czynnikami

kompleksujacymi metoda dynamiczna.



Wstepem do glownej czesci prac badawczych bylo zweryfikowanie, czy proces
adsorpcji jonow La(IIl) (oraz dodatkowo jonéw Ni(Il)) moze zachodzi¢ z dobrg wydajnoscia
z zastosowaniem biodegradowalnego czynnika kompleksujacego, na przyktadzie handlowo
dostgpnego kwasu cytrynowego [D1]. Kolejnym etapem byto rozszerzenie badan o innych
przedstawicieli REE (Nd(III) i Ho(Ill)). Do badan wytypowano szereg jonitdéw o réznych
parametrach fizykochemicznych. Dla tak zaprojektowanych uktadéw prowadzono proces
adsorpcji z wykorzystaniem biodegradowalnych czynnikow kompleksujacych:

» CA otrzymany we wspotpracy z Helmholtz-Centre for Environmental Research-UFZ

(Niemcy) w procesie fermentacji przy udziale drozdzy z gatunku Yarrowia lipolytica

H181 [D2],

» IDHA (Baypure CX 100, Lanxess, Bayer AG Leverkusen, Niemcy) [D3],
» GLDA (Dissolvine GL, Akzo-Nobel, Holandia) [D4].

Dodatkowo zbadano uktady Ln(III) (La(III), Ce(III), Pr(III), Nd(III), Sm(III) i Ho(III))

z czynnikami kompleksujacymi CA [D2], IDHA [D3] oraz GLDA [D4] z zastosowaniem

miareczkowania potencjometrycznego.



5. Materialy i metody badawcze

5.1. Badania potencjometryczne czynnikéw kompleksujacych oraz ich kompleksow

z jonami pierwiastkow ziem rzadkich

Pomiary potencjometryczne prowadzono w uktadach dwusktadnikowych (jon metalu-
czynnik kompleksujacy) za pomocg titratora 907 Titrando wyposazonego w system dozujacy
800 Dosino z zespolong elektrodg pH Metrohm 6.0259.100, mieszadlem magnetycznym typu
801 1 czujnikiem temperatury Pt 1000 (Metrohm, Szwajcaria). Do termostatowanego naczynka
wprowadzano odpowiednie ilosci: uwodnionych azotandw(V) pierwiastkéw ziem rzadkich
(La(NO3)3-6H20, Ce(NO3)3-6H20, Pr(NO3)3-6H20, Nd(NO3)3-6H20, Sm(NO3)3-6H0 Iub
Ho(NO3)3-5H20, Sigma-Aldrich, Niemcy), czynnika kompleksujacego (CA, IDHA lub
GLDA), mianowanego 0,1 M HCIl (Chempur, Polska), 1 M KNO3 (Chempur, Polska) oraz
wody demineralizowanej. SteZenie jonéw Ln(II) w probce wynosito 1,0x107 M. Badania
prowadzono przy statej sile jonowej wynoszacej 0,1 M dla stosunkoéw molowych metalu do
czynnika kompleksujacego réwnych 1:1, 1:2 oraz 2:1. Probke termostatowano w temperaturze
293 £ 1 K przez 15 minut, a nast¢pnie miareczkowano w zakresie pH od 2,5 do 11,0
mianowanym roztworem wodorotlenku sodu NaOH wolnym od CO: (Chempur, Polska)
w $rodowisku gazu obojetnego (hel 5.0). Do wyznaczenia warto$ci stalych protonacji
czynnikow kompleksujacych oraz stalych trwatosci ich komplekséw z jonami Ln(III)
zastosowano program HYPERQUAD2008, uwzgledniajac w analizie od 150 do 350 punktéw

dla kazdego pomiaru.
5.2. Charakterystyka fizykochemiczna zastosowanych wymieniaczy jonowych

Do badan adsorpcji wybrano 12 handlowych wymieniaczy jonowych réznego typu:

» Purolite S957 - jonit chelatujacy z fosfonowymi i sulfonowymi grupami funkcyjnymi,
makroporowaty o matrycy PS-DVB (Purolite International Ltd., USA),

» Purolite S950 - jonit chelatujacy z aminofosfonowymi grupami funkcyjnymi,
makroporowaty o matrycy PS-DVB (Purolite International Ltd., USA),

» Lewatit MonoPlus SP112 - kationit z sulfonowymi grupami funkcyjnymi,
makroporowaty o matrycy PS-DVB (Lanxess, Niemcy),

» Lewatit MonoPlus M500 - anionit silnie zasadowy z IV-rzegdowymi amoniowymi
grupami funkcyjnymi typu I, Zzelowy o matrycy PS-DVB (Lanxess, Niemcy),

» Lewatit MonoPlus M600 - anionit silnie zasadowy z IV-rzedowymi amoniowymi

grupami funkcyjnymi typu II, Zzelowy o matrycy PS-DVB (Lanxess, Niemcy),
10



» Lewatit MonoPlus MP500 - anionit silnie zasadowy z IV-rzedowymi amoniowymi
grupami funkcyjnymi typu I, makroporowaty o matrycy PS-DVB (Lanxess, Niemcy),

» Amberjet 4200 - anionit silnie zasadowy z IV-rzgdowymi amoniowymi grupami
funkcyjnymi typu I, zelowy o matrycy PS-DVB (Rohm and Haas, Francja),

» Amberjet 4400 - anionit silnie zasadowy z IV-rzedowymi amoniowymi grupami
funkcyjnymi typu I, zelowy o matrycy PS-DVB (Rohm and Haas, Francja),

» Amberjet 4600 - anionit silnie zasadowy z IV-rzgdowymi amoniowymi grupami
funkcyjnymi typu II, zelowy o matrycy PS-DVB (Rohm and Haas, Francja),

» Amberlite IRA 458 - anionit silnie zasadowy z IV-rzgdowymi amoniowymi grupami
funkcyjnymi typu I, zelowy o matrycy poliakrylowej (Rohm and Haas, Francja),

» Amberlite IRA 958 - anionit silnie zasadowy z IV-rzedowymi amoniowymi grupami
funkcyjnymi typu I, makroporowaty o matrycy poliakrylowej (Rohm and Haas,
Francja),

» Amberlite IRA 67 - anionit stabo zasadowy z Ill-rzegdowymi aminowymi grupami
funkcyjnymi, zelowy o matrycy poliakrylowej (Rohm and Haas, Francja).
Wymieniacze jonowe przemywano woda destylowana w celu usunig¢cia zanieczyszczen,

dekantowano i suszono w temperaturze pokojowe;j.

Skaningowa mikroskopi¢ elektronowa (SEM) wykorzystano w celu poznania
morfologii i struktury powierzchni jonitow. Zdjecia SEM wymieniaczy jonowych przed i po
adsorpcji badanych kompleksow rejestrowano przy uzyciu wysokorozdzielczego
skaningowego mikroskopu elektronowego Quanta 3D FEG (FEIL, USA).

Punkt tadunku zerowego (pHpz) badanych jonitow wyznaczono metoda
miareczkowania potencjometrycznego oraz metodg dryftu. W metodzie miareczkowania
potencjometrycznego zastosowano zestaw analityczny 907 Titrando (Metrohm, Szwajcaria).
W tym celu 0,5 g jonitu wprowadzano do 50 mL roztworu NaCl, a nastgpnie miareczkowano
mianowanymi roztworami 1 M HCI 1 1 M NaOH. Badania prowadzono przy trzech sitach
jonowych 0,1 M, 0,01 M oraz 0,001 M. W celu wyznaczenia pHp,c wymieniaczy jonowych
metoda dryftu do kolb stozkowych o pojemnosci 100 mL dodawano 0,2 g odpowiedniego jonitu
oraz 20 mL 0,1 M roztworu NaCl o pH w zakresie od 2,0 do 12,0 (pHo) 1 wytrzasano
z szybkos$cig 180 obr./min przez 24 godziny. Po tym czasie zmierzono pH roztwordéw (pHi).
Punkt przecigcia z osig x krzywej na wykresie pHi-pHo vs. pHo byt rowny wartosci pHpzc.

Identyfikacja grup funkcyjnych na powierzchni jonitow byla mozliwa poprzez

rejestracje widm FTIR metoda spektroskopii w podczerwieni z transformatg Fouriera z technika
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ostabionego catkowitego odbicia (ATR-FTIR) z zastosowaniem spektrometru Agilent Cary 630
FT-IR (Agilent Technologies, USA).

Analize sktadu pierwiastkowego powierzchni wymieniaczy jonowych dokonano za
pomoca spektroskopii fotoelektronow w zakresie promieniowania rentgenowskiego (XPS)
stosujgc wielokomorowy system analityczny UHV (Prevac, Polska).

Rozktad wielkosci ziaren badanych jonitow okreslono za pomoca analizy sitowej,
wykonanej z zastosowaniem sit laboratoryjnych o $rednicy 200 x 50 mm i wielkosci oczek od

100 do 900 um (Retsch, Polska).
5.3. Badania adsorpcyjne metodg statyczng

Roztwory podstawowe jonéw Ln(III) o stezeniu 1,0x102 M przygotowywano poprzez
rozpuszczenie odpowiednich ilo$ci uwodnionych azotanéw(V) pierwiastkéw ziem rzadkich
La(NO3);3:6H20, NdA(NO3)3-:6H,0 lub Ho(NOs3)3-5H,O w wodzie destylowanej. W celu
sporzadzenia roztworéw roboczych komplekséw do roztworu czynnika kompleksujacego (L)
wprowadzano odpowiednie ilosci roztworu podstawowego jonow Ln(III). Badania adsorpcji
kompleksow Ln(IIl) z biodegradowalnymi czynnikami kompleksujacymi metoda statyczng
prowadzono w kolbach stozkowych o pojemnosci 100 mL. Do 0,1 g odpowiedniego jonitu
dodawano 10 mL roztworu kompleksow Ln(III)-L, a nast¢pnie wytrzasano przy uzyciu
wytrzasarek laboratoryjnych Elpint+ typ 357 oraz Elpint+ typ 358A (Elpin Plus, Polska)
z predkoscia 180 obr./min 1 amplituda 8. Po uptywie okre§lonego czasu jonit oddzielano od
roztworu metodg filtracji. Stezenie jonéw Ln(IIl) w przesaczu analizowano metoda optyczne;j
spektrometrii emisyjnej ze wzbudzeniem w plazmie indukcyjnie sprze¢zonej z zastosowaniem
spektrometru ICP-OES Varian 720-ES (Varian Inc., USA) przy dlugo$ciach fali 333,749 nm
dla La(IIl), 401,224 nm dla Nd(III) i 345,600 nm dla Ho(IIl). Przebadano wptyw réznych
czynnikow na adsorpcje kompleksow Ln(III)-L:

» masy jonitu (0,1-0,2 g),
stosunku molowego metal:ligand (Ln(II1)-L=1:1, 1:2, 1:4),
pH roztworu (2,0-12,0),
czasu kontaktu faz (1-240 minut),

stezenia poczatkowego roztworu (0,5x1073-1,4x102 M),

YV V. V VYV V

temperatury (293-333 K).
Ze wzgledu na wysoka efektywno$¢ adsorpcji, podczas badan wpltywu pH stosowano

0,05 g jonitu oraz 20 mL roztworu kompleksow Ln(IIl)-L. Poczatkowe pH roztwordéw
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doprowadzano do wartosci pozadanej za pomocag 1 M HNO3 oraz 1 M NaOH (Chempur,
Polska).

Na podstawie przeprowadzonych badan wyznaczono pojemnosci adsorpcyjne w stanie
rownowagi ¢. [mg/g], pojemnosci adsorpcyjne po okreslonym czasie g: [mg/g] oraz procent

adsorpcji %S stosujac nastepujace wzory:

”
q.=(Cy-C, ) — (1)
m
.
(_’I[:(CU_Cz)X_ (2)
m
C,-C
65 =) 109 3)

0

gdzie: Cy to stgzenie poczatkowe jondw Ln(II) [mg/L], C. to stezenie rOwnowagowe jonow
Ln(Ill) [mg/L], C: to stezenie jonow Ln(IIl) po czasie ¢ [mg/L], V to objetos¢ roztworu [L],
m to masa jonitu [g].

Badania kinetyczne przeprowadzono dla stgzen poczatkowych w przedziale od
0,5x10 M do 2,5x10 M. Uzyskane wyniki analizowano za pomocg nastgpujacych modeli
kinetycznych [19-23]:

» model pseudo-pierwszego rzgdu (PFO)
q,=q.(1-exp(-k 1)) (4)
» model pseudo-drugiego rzedu (PSO)
k,q’t
ST ®)
» model dyfuzji wewnatrzziarnowej Webera-Morrisa
q,=kt"’+C (6)

» model Boyda

2
F
B=(Nm-y|n-> S’ dla wartosci F < 0,85 (7)
B=-0,4977-In(I1-F), dla warto$ci F > 0,85 (8)
» model Dumwalda-Wagnera
log(1-F* )= k )
B T 303

gdzie: k; to stala szybkosci reakcji dla modelu PFO [1/min], 4> to stata szybkosci reakcji dla
modelu PSO [g/mg min], &; to stata szybko$ci dyfuzji dla modelu dyfuzji wewnatrzziarnowe;j
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Webera-Morrisa [mg/g min'?], C to stala okre$lajaca grubo$é warstwy granicznej, F to
stosunek pojemnosci adsorpcyjnej po czasie ¢ do pojemnosci rownowagowej (F=q/q.), B: to
funkcja matematyczna parametru F, k to stata szybkosci w modelu Dumwalda-Wagnera
[1/min].

Do opisu wynikow badan rownowagowych zastosowano modele izoterm adsorpcji
[24-26]:

» Langmuira

le% (10)
» Freundlicha

q.~K,C" (11)
» Temkina

q.=BInA+BInC, (12)

gdzie: go to maksymalna pojemno$¢ adsorpcyjna [mg/g], Kz to stata Langmuira [L/mg], Kr to
stala Freundlicha [mg/g], n to parametr zwigzany z intensywnoscig adsorpcji, 4 to stala
Temkina odpowiadajaca maksymalnej energii wigzania [L/g], B to stala Temkina
odpowiadajaca cieptu adsorpcji [J/mol]. Stata Temkina B moze by¢ wyrazona jako B=RT/br
(R to stata gazowa (8,314 J/mol K), T to temperatura bezwzgledna [K], b7 to stata izotermy
Temkina).

Dopasowanie modeli kinetycznych i rdwnowagowych do danych eksperymentalnych
oceniano na podstawie analizy wspotczynnikow korelacji R’ oraz testu niezaleznosci Chi
kwadrat »°.

Przeprowadzone badania wplywu temperatury na adsorpcj¢ komplekséw Ln(III)-L
pozwolily na wyznaczenie podstawowych parametrow termodynamicznych, takich jak zmiana
energii swobodnej Gibbsa 4G° [kJ/mol], zmiana entalpii 4H° [kJ/mol] i entropii 45° [J/mol K],

z zastosowaniem nastepujacych zaleznosci:

AG°=-RTInK, (13)
TR TRT (14)

gdzie: K. to bezwymiarowa stata rownowagi podziatu [27].

4d.
C

e

K,= (15)
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Oceny zdolnos$ci regeneracyjnych wymieniaczy jonowych dokonano na podstawie
badan desorpcji. Jako czynniki desorbujace wybrano kwas chlorowodorowy oraz kwas
azotowy(V) o stezeniach 0,5, 112 M. Do kolb stozkowych o pojemnosci 100 mL wprowadzano
0,1 g wysuszonego jonitu po adsorpcji komplekséw Ln(II)-L, zalewano 10 mL czynnika
desorbujacego i wytrzasano z szybkoscig 180 obr./min w temperaturze 293 K przez 240 minut.
Probki przesaczono, a zawarto$¢ jondw Ln(IIl) analizowano metoda ICP-OES. Efektywno$¢
desorpcji oceniono na podstawie wartosci procentu desorpcji %D, wyznaczonego na podstawie
WZOru:

%D=%X100% (16)

CO
gdzie: Cges to stezenie jonow Ln(III) po procesie desorpcji [mg/L].

Mozliwo$¢ ponownego zastosowania wymieniaczy jonowych przedstawiono w pracach
D2 i D3. W tym celu przeprowadzono pi¢¢ cykli adsorpcji/desorpcji kompleksow La(Ill)-CA
oraz La(Ill)-IDHA z wykorzystaniem eluentu, dla ktérego uzyskano najwyzsze wydajnosci
desorpcji.

5.4. Badania adsorpcyjne metoda dynamiczng

Badania z zastosowaniem metody dynamicznej przeprowadzono dla kompleksow
La(Ill)-L [D2, D3, D4] stosujac w tym celu parametry procesu, dla ktorych podczas badan
metodg statyczng uzyskano najwyzsze pojemnosci adsorpcyjne. Kolumny szklane o $rednicy
1,5 cm 1 wysokosci 25 cm wypelniano 10 mL spgczniatego jonitu. Przez ztoze przepuszczano
roztwor komplekséw La(I1I)-L o stezeniu 1,0x103 M ze statg predkoscia 0,6 mL/min. Badania
prowadzono w temperaturze 293 K. Eluat zbierano frakcjami o okreslonej objetosci
1 analizowano za pomocg metody ICP-OES. Proces prowadzono do momentu, gdy stgzenie
jonéw La(Ill) w wycieku bylo rowne stezeniu roztworu wprowadzanego na kolumne.
Na podstawie uzyskanych wynikow sporzadzono krzywe przebicia C/Co=f(V) oraz
wyznaczono podstawowe parametry dynamiczne, takie jak pojemno$¢ adsorpcyjna jonitu
w stanie rownowagi g. [mg/g], robocza zdolnos¢ wymienna C,, [mg/mL], catkowita zdolnos¢
wymienna C; [mg/mL], masowy wspotczynnik podziatu Dy i objetosciowy wspodtczynnik

podziatlu D,, opisane przez nast¢pujace zaleznosci:

1 %
9.=—| ' (C,-C)av (17)
m;
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w V] (18)

.U, N

T, (19)

b U

=, (20)
J

5 U

= 1)

gdzie: Cy to stezenie jonodw La(Ill) w roztworze wprowadzanym na kolumne [mg/mL], C to
stezenie jonow La(Ill) w wycieku [mg/mL], Vi to objetos¢ roztworu wprowadzona na kolumng
do momentu wyczerpania ztoza [mL], m; to masa suchego ztoza jonitu [g], U to objetosc
zebranego wycieku do osiggniecia przebicia ztoza [mL], V; to objgtos¢ jonitu umieszczonego
w kolumnie [mL], U to objetos¢ wycieku do momentu, gdy C/Cyp=0,5 [mL], Up to objetos¢
martwa kolumny [mL], ' to objetos¢ pustej przestrzeni pomigdzy ziarnami jonitu (0,4 mL).

Dynamike adsorpcji komplekséw La(Ill)-L w uktadach kolumnowych opisano
z zastosowaniem nastepujacych modeli matematycznych [28-31]:

> model Thomasa

k k. C,
ln(%- )= Thg()m ) ThQ 0y (22)
> model Adamsa-Boharta

c H
In (C_o):kABCOt_kABq _ (23)
1
» model Yoona-Nelsona
n( e )=kt T (24)
» model Wolborskiej

ln(f%)==£%;gt-£%?[ 25)
p=2 (22 26)

2D .
gdzie: k7, to stata szybkoS$ci w modelu Thomasa [mL/mg min], go to pojemnos$¢ adsorpcyjna
jonitu [mg/g], m to masa suchego ztoza jonitu [g], O to predkos$¢ przeptywu [mL/min], V to
objetos¢ wycieku [L], k45 to stata szybkosci w modelu Adamsa-Boharta [L/mg min], ¢ to czas
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[min], ¢ to pojemno$¢ adsorpcyjna jonitu na jednostke objetosci ztoza [mg/L], v to predkos¢
liniowa [cm/min], H to wysoko$¢ ztoza kolumny [cm], kyw to stata szybkosci w modelu Yoona-
Nelsona [1/min], 7 to czas potrzebny do osiagnigcia 50% wyczerpania zloza [min], £ to
wspotczynnik kinetyczny zewnetrznego przenoszenia masy [ 1/min], D to wspotczynnik dyfuzji
osiowej [cm?/min], By to wspdlczynnik zewnetrznego przenoszenia masy przy pomijalnym

wspotczynniku dyspersji osiowej D.
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6. Omowienie wynikow

6.1. Badania potencjometryczne biodegradowalnych czynnikéw kompleksujacych

i ich kompleksow

Pomiary potencjometryczne rozpoczeto od wyznaczenia statych protonacji czynnikow
kompleksujacych CA, IDHA oraz GLDA. Stwierdzono, ze w czasteczkach IDHA 1 GLDA,
zawierajacych grupe aminowa, w srodowisku silnie zasadowym pierwszym etapem protonacji
jest przylaczenie protonu do atomu azotu. W przypadku CA protonacja w grupie hydroksylowej
nastepuje przy bardzo wysokim pH (pK.=11,6), przez co jest czesto pomijana, a CA jest
traktowany jako czasteczka o trzech grupach zdolnych do dysocjacji [32]. Wraz ze spadkiem
pH roztworu nastgpuje przylaczanie kolejnych protonéw do grup karboksylowych, czemu

odpowiadaja kolejne warto$ci logK (Tabela 1).

Tabela 1. Ogodlne (logp) i stopniowe (logK) stale protonacji czynnikow kompleksujacych.

Roéwnanie ogoélne CA [D2] IDHA [D3] GLDA [D4]
protonacji logf | SD | logk | logB | SD | logk | log8 | SD | logk
L+H 2 HL 536 | 004 | 536 | 10,12 | 0,01 | 10,12 | 9,69 | 0,01 | 9,69
HL+H 2HL | 948 | 0,04 | 4,12 | 14,67 | 0,01 | 4,56 | 14,66 | 0,01 | 4,97
HL+H 2HL | 12,64 | 0,04 | 3,16 | 1832 | 0,01 | 3,65 | 1827 | 0,01 | 3.6l
H;L + H 2 HiL - - - 21,63 | 0,01 | 3,30 | 20,88 | 0,02 | 2,61

W  kolejnym kroku analizie poddano uklady dwuskladnikowe jonéw Ln(III)
z czynnikami kompleksujacymi, dla ktorych stosunek molowy metal:ligand wynosit 1:1, 1:2
lub 2:1. Zaobserwowano wystepowanie trzech gtownych form kompleksow (kompleksy typu
LnL, kompleksy protonowane LnHxL oraz hydroksokompleksy LnL(OH)x), a takze,
w zaleznos$ci od badanego uktadu, jednak w mniejszych ilo$ciach, formy LnHL,, LnL>, LnoL,
LnoL(OH)2. Poréwnanie wyznaczonych stalych trwatosci kompleksow, na przyktadzie
uktadéw zawierajacych jony La(Ill), zaprezentowano w Tabeli 2 (dla stosunku molowego

Ln(II)-L=1:1).

Tabela 2. State trwatosci kompleksow La(Ill)-L przy stosunku molowym metal:ligand rownym 1:1.

CA [D2] IDHA [D3] GLDA [D4]
Forma kompleksu

logf SD logk | logf SD logk | logf SD logK
LaH,L - - - 18,19 | 0,02 3,51 | 18,70 | 0,02 4,04
LaHL 9,52 0,03 4,16 | 1441 | 0,01 4,30 | 15,01 | 0,01 5,33
Lal 6,15 0,01 6,15 9,75 0,01 9,75 9,95 0,02 9,95
LalL(OH) -1,01 | 0,04 6,60 0,31 0,02 4,33 0,20 0,02 4,02

Lal(OH), -7,59 | 0,05 7,19 - - - - - -
LaHL, - - - 23,85 | 0,03 3,98 | 2421 | 0,04 4,57
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Na podstawie uzyskanych statych trwatosci analogicznych form komplekséw Ln(III)-L
mozna stwierdzié, ze najwyzszg stabilno$cig charakteryzuja si¢ kompleksy z GLDA. Nieco

nizsze wartos$ci otrzymano dla IDHA, a najnizsze dla CA.
6.2. Charakterystyka fizykochemiczna zastosowanych wymieniaczy jonowych

Analiza zdje¢ SEM wykazala, ze badane wymieniacze jonowe majg posta¢ ziaren
o kulistym ksztatcie. Na powierzchni jonitow makroporowatych mozna zaobserwowaé
obecno$¢ pordow i szczelin, ktore sg typowe dla tego typu materiatdéw, podczas gdy jonity
o strukturze zelowej charakteryzujg si¢ bardziej jednorodng i zwartg budowa [D2]. Porownujac
obrazy SEM przed i po adsorpcji komplekséw La(Ill)-L stwierdzono, ze powierzchnia
zelowych wymieniaczy jonowych stata si¢ nieco bardziej zwarta 1 upakowana. Najwigksze
zmiany zarejestrowano dla jonitu IRA 67, gdzie po adsorpcji powierzchnia byla jeszcze
bardziej chropowata i niejednorodna [D2-D4].

Przeglad literatury pozwolil na pordéwnanie powierzchni wiasciwej (Sprr) oraz
sredniego rozmiaru poréw (D) badanych jonitéw, ktorych wartosci miescity si¢ odpowiednio
w zakresie 0,45-14,98 m?/g i 2,84-34,10 nm, co $wiadczy o tym, Ze s3 to materiaty adsorpcyjne
o niezbyt rozwini¢tej powierzchni, charakteryzujace si¢ obecnoscia mezoporow [D2].

Punkt tadunku zerowego pHp. jest waznym parametrem pozwalajacym okresli¢
tadunek powierzchni adsorbentu w zaleznos$ci od pH roztworu. Na podstawie jego wartosci
mozna przewidzie¢ wystepujace oddzialywania elektrostatyczne pomigdzy powierzchnia,
a obecnymi w roztworze jonami [33]. Wartosci pHp. badanych jonitow wyznaczono
z zastosowaniem metody potencjometrycznej oraz metody dryftu [D2]. Wyniki uzyskane w/w
metodami byly zblizone. Rozwazajac tadunek powierzchni jonitow w odniesieniu do
uzyskanych warto$ci pHp,c mozna stwierdzi¢, ze ujemnie natadowane kompleksy Ln(III)-L
beda adsorbowac si¢ z najwigkszg efektywnoscia, gdy pH roztworu bedzie nizsze od pHpzc,
a powierzchnia przyjmie tadunek dodatni. Gléwnym mechanizmem adsorpcji w takim
przypadku sa oddziatywania elektrostatyczne. Jednak w znacznej wigkszosci analizowanych
uktadow adsorpcja byla bardziej uprzywilejowana przy pH wyzszym niz pHp., co sugeruje
udzial innych mechanizméw w proces adsorpcji kompleksow Ln(I1I)-L.

Zestawienie uzyskanych zdje¢ SEM jonitéw oraz ich powierzchni whasciwej (Szer),
Sredniego rozmiaru poréw (D) i1 wartosci punktu tadunku zerowego pHp.c zaprezentowano

w Tabeli 3.
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Tabela 3.

Charakterystyka fizykochemiczna badanych wymieniaczy jonowych.

Zdjecic SEM | Sger | D PHpze . lfli"?k.*a‘.l
(>< 10000) [I‘IlZ/g] [I’]IIl] WICIKOSC1 21a{na
MPT | MD vs. % frakcji
9
$957 14,90 | 34,10 | 1,96 | 1,60 21% ‘
A | |
$950 14,90 | 30,90 | 9,81 | 9,82 | f- ‘
e :' ':-!I!"—'_
SP112 . 14,98 | 32,72 | 6,06 | 643 | I- |
M500 238 | 2,84 | 5,06 | 425 | I l
B |
M600 045 |1922] 631 | 626 | I- I ‘
| S
MP500 . 1,87 | 9,60 | 7,35 | 7,08 | I I
4200 . 527 | 9,03 | 642 | 672 | - Il ‘
4400 1,96 | 6,14 | 641 | 625 I
4600 147 17,53 ] 6,78 | 6,60 | i- I
Wl
IRA 458 203 | 3,60 | 633 | 655 | I- J
| ™
IRA 958 2,03 | 646 | 599 | 6,41 | ! J
i : IIII-._...
IRA 67 4,05 | 7,10 | 9,50 | 9,67 | -
A | | .
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Identyfikacji grup funkcyjnych obecnych na powierzchni wymieniaczy jonowych oraz
ich potencjalnych oddziatywan z kompleksami Ln(III)-L w procesie adsorpcji dokonano
wykorzystujac metode spektroskopii w podczerwieni z transformata Fouriera z technikg
ostabionego catkowitego odbicia (ATR-FTIR). W tym celu zarejestrowano widma jonitow
przed 1 po adsorpcji kompleksow La(Ill), Nd(III) i Ho(Ill) z badanymi czynnikami
kompleksujacymi [D2-D4]. Dla wszystkich widm zaobserwowano obecno$¢ szerokiego pasma
w zakresie 3500-3300 cm™, ktore przypisywane jest drganiom rozciagajacym grup O-H,
pochodzacym od czasteczek wody zawartej w fazie jonitu oraz grup N-H, ktére, z wyjatkiem
jonitow S957 1 SP112, mozna przypisaC obecnym w strukturze IV-rzedowym grupom
amoniowym, Ill-rzegdowym grupom aminowym lub grupom aminofosfonowym. Kolejne
pasma, pochodzace od matrycy jonitdw, obecne sa w zakresie 3050-3015 cm™ (drgania
rozciggajagce C-H w pierScieniu benzenowym), 2940-2920 cm™' oraz 2850-2840 cm
(asymetryczne i symetryczne drgania rozciagajace C-H w grupach -CH>), a takze 1480-1470,
1420-1410 i 1380-1370 cm™ (asymetryczne drgania rozciggajace C=C w pierécieniu oraz
asymetryczne drgania nozycowe w grupach metylenowych). Potwierdzono rowniez obecnos¢
grup funkcyjnych:

> fosfonowych i sulfonowych w przypadku jonitu S957 (pasma przy 2283 i 2112 cm’!
oraz przy 1123 i 988 cm! - drgania rozciagajace grup P-OH i S-OH oraz grup P=O0,

P-O, S=01 S-0),

> fosfonowych w przypadku jonitu S950 (pasma przy 2312 cm™ oraz 1083 i 973 cm’!
- drgania rozciagajace grup P-OH, P=0 1 P-O),
> sulfonowych w przypadku jonitu SP112 (pasma przy 1177, 1123, 1037 i 1008 cm

- drgania rozciagajace grup S=0 1 S-0),

» [V-rzedowe amoniowe w przypadku anionowych wymieniaczy jonowych (pasmo przy

975 cm™).

Widma jonitow po adsorpcji kompleksow Ln(IIl) z CA, IDHA lub GLDA wskazywaty
na podobny mechanizm ich adsorpcji, niezaleznie od zastosowanego czynnika
kompleksujacego. Analiza widm jonitow S957, S950 1 SPI112 wykazala zmiany
w intensywnos$ci oraz niewielkie przesunigcia pasm pochodzacych od grup fosfonowych
i sulfonowych. Swiadczy to o udziale tych grup w procesie adsorpcji. Mozna zatem
wnioskowac, ze w tym przypadku dochodzi do rozpadu komplekséw w fazie jonitu, a nastgpnie
tworzenia wigzan pomi¢dzy wolnymi jonami metali a zdysocjowanymi grupami fosfonowymi

lub sulfonowymi. Widma uzyskane dla anionowych wymieniaczy jonowych sugeruja
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natomiast obecno$¢ kompleksow w fazie jonitu, co wynika z pojawienia si¢ nowych pasm
w zakresie 1600-1565 cm™ i 1380-1330 cm™!, reprezentujacych odpowiednio asymetryczne
1 symetryczne drgania rozciggajace grup karboksylowych.

Analize¢ sktadu pierwiastkowego powierzchni wymieniaczy jonowych zarowno przed,
jak 1 po adsorpcji kompleksow La(Ill)-L dokonano z zastosowaniem spektroskopii
fotoelektronow w zakresie promieniowania rentgenowskiego XPS [D3, D4]. Uzyskane widma
ujawnily obecnos$¢ pasm C 1s oraz O 1s, pochodzacych od C i O, stanowigcych matryce
jonitow, a takze pasm potwierdzajacych obecnos$¢ fosfonowych (pasma P 2p), sulfonowych
(pasma S 2p) oraz aminowych i amoniowych (pasma N 1s) grup funkcyjnych. Na widmach
jonitéw po adsorpcji komplekséw La(Ill)-L pojawily si¢ pasma w zakresie 833,0-836,7 eV,
ktére przypisano poziomowi La 3d [34]. Jest to potwierdzeniem obecnosci La na powierzchni
wymieniaczy jonowych, a zarazem skutecznej adsorpcji. Zawarto$¢ La, wedlug sktadu
pierwiastkowego, miesdcita si¢ w zakresie od 0,1 do 0,9 %. Zarejestrowane pasma Na 1s (widma
jonitéw S950 i SP112) oraz Cl 1s (widma anionitéw), pochodzace od formy sodowej lub
chlorkowej jonitow, ulegly zmniejszeniu lub catkowitemu zanikowi, co wskazuje na wymiang
jonowa.

W pracy [D4] zaprezentowano wyniki analizy sitowej badanych wymieniaczy
jonowych, ktorej celem bylo okreslenie wielkosci ziaren oraz procentowego rozkladu ich
frakcji (Tabela 3). Potwierdzono monodyspersyjno$¢ jonitow SP112, M500, MP500
1 M600. Badania wykazaty, ze 90% ziaren kationitu SP112 posiadato rozmiar
500 pum, natomiast 91% anionitu MP500 charakteryzowato si¢ wielkosciag 400 pm. Anionity
M500 1 M600 cechowata nieco wigksza réoznorodno$¢ w wielkosci ziaren, odpowiednio 81%
1 72% frakcji o wielkosci 500 um. Pozostale wymieniacze jonowe sklasyfikowano jako

polidyspersyjne.
6.3. Badania adsorpcyjne metodg statyczng
6.3.1. Wplyw masy jonitu

Badania nad wplywem masy jonitu na adsorpcje¢ komplekséw przeprowadzono dla
wybranych wymieniaczy jonowych (S957 1 S950), a uzyskane wyniki opisano w pracach [D1,
D3]. Niezaleznie od badanego czynnika kompleksujacego, a takze jonitu stwierdzono, ze
wzrost masy wymieniacza jonowego zastosowanego w procesie powoduje znaczny (nawet
dwukrotny) spadek uzyskiwanych pojemnosci adsorpcyjnych. Jest to spowodowane

niewysyceniem wszystkich dostepnych miejsc adsorpcji [35]. Dlatego tez, zgodnie

22



z uzyskanymi wynikami, badania adsorpcji metoda statyczng przeprowadzono stosujac 0,1 g

jonitu (dawka 10 g/L, wyjatek badania wptywu pH roztworu).
6.3.2. Wplyw stosunku molowego metal:ligand

Stosunek molowy jonu metalu do ligandu obecnego w roztworze determinuje stopien
skompleksowania metalu, a takze rodzaj oraz ilo$¢ powstajacych komplekséw. W zwigzku
z tym dobdr odpowiednich proporcji pomiedzy stezeniem jonu metalu i1 czynnika
kompleksujacego jest istotny w procesie optymalizacji procesu adsorpcji. Badania
przeprowadzono dla trzech stosunkéw molowych metal:ligand, wynoszacych 1:1, 1:2 1 1:4
tj. w zakresie zmiany stezenia ligandu od 1,0x107 do 4,0x10"* M. Stezenie jonéw Ln(III) byto
state i wynosito 1,0x10~ M. Jonity chelatujgce S957 i S950 wykazywaty wysokie zdolnosci
adsorpcyjne niezaleznie od zastosowanego stosunku molowego. Podczas zastosowania GLDA
jako czynnika kompleksujacego uzyskane wartosci pojemnosci adsorpcyjnych dla tych jonitow
miescily si¢ w zakresie 13,88-14,30 mg/g dla uktadu La(III)-S957, 13,81-14,23 mg/g dla uktadu
La(III)-S950, 13,56-13,71 mg/g dla uktadu Nd(III)-S957, 13,33-13,65 mg/g dla uktadu Nd(III)-
S950, 15,79-16,01 mg/g dla uktadu Ho(II1)-S957 oraz 9,54-12,94 mg/g dla uktadu Ho(III)-
S950. W przypadku kationitu SP112 wzrost stezenia czynnika kompleksujacego powodowat
znaczny spadek pojemnos$ci adsorpcyjnej. Podczas adsorpcji kompleksow La(Ill)-GLDA na
SP112 wartos$ci ge zmniejszyty si¢ z 7,67 do 0,23 mg/g, natomiast dla kompleksow Nd(III)
1 Ho(Ill) odpowiednio z 6,99 do 1,69 mg/g i 4,77 do 0,24 mg/g. Dla silnie zasadowych
anionitow zaobserwowano wzrost efektywnosci adsorpcji podczas zmiany stosunku molowego
z 1:1 do 1:2, natomiast dalsze zwigkszanie stezenia ligandu nie wplywato juz znaczaco na
efektywnos$¢ tego procesu. W przypadku, gdy jako adsorbent wykorzystano IRA 67, duzy
nadmiar czynnika kompleksujacego (stosunek molowy 1:4) powodowat pogorszenie adsorpc;ji.
Analogiczne wyniki uzyskano dla wszystkich badanych czynnikow kompleksujacych [D2, D3,
DA4].

6.3.3. Wplyw pH roztworu

Wpltyw pH na efektywnos¢ adsorpcji kompleksow Ln(III)-L byt uzalezniony od typu
zastosowanego jonitu oraz od rodzaju czynnika kompleksujacego obecnego w uktladzie.
W przypadku, gdy do kompleksowania jonow Ln(III) zastosowano CA, jonity chelatujace S957
1 S950 oraz kationit SP112 wykazywatly wysoka wydajnos¢ adsorpcji w szerokim zakresie pH,
a ich pojemnosci adsorpcyjne zmniejszaty si¢ jedynie przy pH 12,0. Wyjatek stanowity tu
uktady Nd(III)-CA-S950, Nd(IIT)-CA-SP112, Ho(IIT)-CA-SP112, gdzie nastgpowat spadek
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efektywnosci adsorpcji wraz ze wzrostem pH. Adsorpcja kompleksow z CA na anionitach silnie
zasadowych byla najwigksza przy pH 8,0, natomiast na anionicie stabo zasadowym IRA 67
przy pH 4,0 [D2]. W przypadku, gdy jako czynnik kompleksujacy zastosowano IDHA lub
GLDA, jonity chelatujagce wykazywaly podobng zalezno$¢ jak w przypadku CA (wysokie
pojemnosci adsorpcyjne w zakresie pH 2,0-10,0). Podczas adsorpcji kompleksow La(IIl)-
GLDA uzyskane wartosci g. wynosity od 55,03 do 56,98 mg/g dla jonitu S957 oraz od 42,98
do 47,31 mg/g dla jonitu S950. Dla kompleksow Nd(III)-GLDA pojemnos$ci adsorpcyjne
wahaty si¢ od 56,17 do 57,13 mg/g dla S957 i od 35,75 do 40,94 mg/g dla S950. Wartosci g.
podczas adsorpcji kompleksoéw Ho(III)-GLDA na jonicie S957 réwniez wykazywaty stabilnos¢
wraz ze zmianami pH (od 63,85 do 65,34 mg/g), jednak wyjatek stanowit uktad Ho(I1I)-GLDA-
S950, gdzie wzrost pH powodowal zmniejszenie pojemno$ci adsorpcyjnej z 44,88 do
24,63 mg/g. Dla jonitu SP112 zadowalajaca wydajnos¢ adsorpcji zaobserwowano jedynie
w Srodowisku kwasnym, natomiast dla anionitow silnie zasadowych przy pH 10,0 [D3, D4].
W uktadach zawierajacych czynnik kompleksujacy GLDA i kationit SP112 maksymalne
pojemnosci adsorpeyjne uzyskane przy pH 2,0 wynosity 56,56 mg/g dla kompleksoéw La(III),
55,86 mg/g dla kompleksow Nd(III) oraz 64,30 mg/g dla komplekséw Ho(Ill), podczas gdy
wzrost pH do 12,0 spowodowat ich spadek odpowiednio do 20,24; 10,46 1 13,19 mg/g. Badania
przeprowadzone z zastosowaniem anionitéw silnie zasadowych i GLDA przy pH 10,0
pozwolity na uzyskanie nast¢pujacych maksymalnych wartosci g.:
» dla kompleksow La(IIl): 54,58 mg/g dla M500, 54,25 mg/g dla M600, 53,76 mg/g dla
MP500, 54,67 mg/g dla 4200, 53,24 mg/g dla 4400, 54,64 mg/g dla 4600, 54,14 mg/g
dla IRA 458 153,55 mg/g dla IRA 958,
» dla kompleksow Nd(III): 58,20 mg/g dla M500, 58,24 mg/g dla M600, 58,18 mg/g dla
MP500, 58,31 mg/g dla 4200, 57,91 mg/g dla 4400, 58,22 mg/g dla 4600, 58,06 mg/g
dla IRA 4581 57,97 mg/g dla IRA 958,
» dla kompleksow Ho(III): 66,35 mg/g dla M500, 66,33 mg/g dla M600, 66,32 mg/g dla
MP500, 66,34 mg/g dla 4200, 66,26 mg/g dla 4400, 66,33 mg/g dla 4600, 66,32 mg/g
dla IRA 4581 66,31 mg/g dla IRA 958.
Wyniki uzyskane dla anionitu stabo zasadowego IRA 67 byly analogiczne dla wszystkich
badanych czynnikow kompleksujacych, najwyzsze wartosci g. uzyskano przy pH 4,0,
aw przypadku uktadéw z GLDA wynosity one 50,97 mg/g dla kompleksow La(III), 51,96 mg/g
dla Nd(III) i 62,97 mg/g dla Ho(III).
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Znacznie korzystniejsze warunki adsorpcji w Srodowisku kwasnym w przypadku
kationitu SP112 wynikaja prawdopodobnie z obecnoéci wolnych kationow Ln*, ktére sa
kompleksowane tylko w niewielkim stopniu. Zalezno$§¢ uzyskana dla anionitéw silnie
zasadowych, gdzie wzrost pH powodowal zwigkszenie pojemnosci adsorpcyjnych (najwyzsze
wartosci przy pH 8,0 dla CA oraz 10,0 dla IDHA 1 GLDA), jest zwigzana z obecno$cig w tych
warunkach ujemnie natadowanych kompleksow Ln(III)-L, ktére moga by¢ adsorbowane przez
IV-rzedowe amoniowe grupy funkcyjne:

R-"N(CH:3):CI" + [LnL] 2 [R-"N(CH3)3][LnL] + CI (27)
R-"N(CH3).CH2CH,OHCI + [LnL] 2 [R-"N(CH3)CH,CH2OH][LnL] + CI (28)

Najwyzsze pojemnosci adsorpcyjne uzyskane przy pH 4,0 w przypadku anionitu stabo
zasadowego IRA 67 mozna natomiast wytlumaczyé obecnoscig Ill-rzgdowych grup
aminowych na jego powierzchni. Grupy te w srodowisku oboj¢tnym i1 zasadowym dysocjuja
w niewielkim stopniu zgodnie z rownaniem:

R-N(CH3)2'H20 2 R-"NH(CH3),OH (29)
Jest to przyczyna stabej adsorpcji w tych warunkach. Dla wystarczajaco wysokiego st¢zenia
jondéw wodorowych (niskie wartosci pH) zachodzi protonacja grup funkcyjnych i adsorpcja
wzrasta [36]. Jednak przy zbyt niskim pH, w roztworze obecne sa gtéwnie catkowicie
sprotonowane czasteczki czynnika kompleksujacego oraz wolne jony Ln®*) ktére nie s3

adsorbowane przez jonit.
6.3.4. Kinetyka adsorpcji

Badania kinetyczne adsorpcji sa niezbednym etapem pozwalajacym na wyznaczenie
czasu, w ktorym uklad osiagga stan réwnowagi. Czas ten jest jednym z wazniejszych
parametrow, jakie nalezy rozwazy¢ podczas projektowania uktadéw adsorpcyjnych.
W zwiazku z tym przeanalizowano w jaki sposob czas kontaktu faz jonit-roztwor kompleksow
Ln(IIT)-L wptynie na adsorpcj¢. Badania przeprowadzono dla réznych stezen poczatkowych
w zakresie 0,5%10°-2,5x10" M. Wykazano, ze adsorpcja komplekséw Ln(Ill) z CA, IDHA
oraz GLDA w niemal wszystkich przypadkach przebiega bardzo szybko, a rownowaga zostaje
osiggnieta w ciggu 30-60 minut. Dla jonitéw S950 oraz IRA 67 czas ten nie byt dtuzszy niz
240 minut. Jonit chelatujagcy S957 adsorbowal wszystkie badane kompleksy z wydajnoscia
réwng 100%. Najnizsza efektywno$¢ procesu odnotowano dla uktadu La(IIl)-CA-SP112, gdzie
przy stezeniu 2,5x10° M warto$¢ %S wynosita 60% [D2]. W przypadku pozostatych
wymieniaczy jonowych efektywno$¢ adsorpcji przewyzszata 93%. Podczas badan wptywu

czasu kontaktu faz na adsorpcje La(Ill) i Nd(II) prowadzonych w obecnosci czynnika
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kompleksujacego IDHA na jonicie IRA 67 ilo$¢ zaadsorbowanych komplekséw wzrastata
w ciggu pierwszych 120 minut, po czym po czasie 240 minut malata na skutek procesu desorpcji
[D3].

Do opisu kinetyki adsorpcji zastosowano modele pseudo-pierwszego rzedu, pseudo-
drugiego rzedu, dyfuzji wewnatrzziarnowej, Boyda oraz Dumwalda-Wagnera. Badania
przeprowadzone z wykorzystaniem CA wykazaly, ze za pomocg modelu PSO mozna uzyska¢
najlepsze dopasowanie do danych eksperymentalnych [D2]. W przypadku, gdy adsorpcji
poddano kompleksy Ln(IIl) z IDHA oraz GLDA wybdr odpowiedniego modelu kinetycznego
byt zalezny od zastosowanego w uktadzie jonitu. Proces przeprowadzony z jonitem
chelatujacym S957, kationitem SP112 lub anionitami silnie zasadowymi byl najlepiej
opisywany przez model PFO, podczas gdy model PSO znalazl zastosowanie do opisu kinetyki
adsorpcji na jonicie chelatujacym S950 i anionicie stabo zasadowym IRA 67 [D3, D4]. Jedynie
dla uktadow La(IIl)-IDHA na anionitach silnie zasadowych proces adsorpcji przebiegat
zgodnie z modelem PSO [D3].

Analiza uzyskanych danych eksperymentalnych z zastosowaniem modeli dyfuzji
wewnatrzziarnowej, Boyda oraz Dumwalda-Wagnera wskazata, ze adsorpcja kompleksow
Ln(Ill) z CA, IDHA oraz GLDA na wybranych wymieniaczach jonowych jest procesem
ztozonym, na szybko$¢ ktorego maja wplyw dyfuzja w warstwie granicznej oraz dyfuzja

wewnatrzziarnowa [D2, D3, D4].
6.3.5. Badania r6wnowagowe

Opisu badan rownowagowych dokonano stosujac modele izoterm Langmuira,
Freundlicha oraz Temkina. Wyznaczenie izoterm adsorpcji jest waznym elementem badan
w uktadach ciato state-ciecz, poniewaz umozliwiaja one okreSlenie interakcji pomigdzy
adsorbatem a adsorbentem, dostarczajac informacji na temat mechanizmu procesu.

W przypadku adsorpcji kompleksow Ln(IIT)-CA w niemal wszystkich badanych
uktadach modelem, najlepiej opisujacym proces byl model Langmuira, co sugeruje adsorpcje
monowarstwowg na energetycznie jednorodnej powierzchni adsorbentu. Jednak dla uktadow
Nd(IIT)-CA-SP112, La(Ill)-CA-IRA 67 oraz Ho(IIl)-CA-IRA 67 odnotowano lepsze
dopasowanie do modelu Freundlicha, wskazujace na adsorpcj¢ na powierzchni heterogenicznej
[D2]. Wyniki badan réwnowagowych adsorpcji jonéw Ln(IIl) z zastosowaniem IDHA oraz
GLDA jako czynnikéw kompleksujacych wykazaly, ze proces zachodzacy na jonitach
chelatujacych S957, S950 1 kationicie SP112 jest zgodny z modelem Temkina (adsorpcja

wielowarstwowa, z uwzglednieniem oddziatywan adsorbent-adsorbat). Wprowadzenie do
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uktadu silnie zasadowych anionitow powodowato, ze adsorpcje najlepiej opisywal model
Langmuira, podczas gdy adsorpcja kompleksow Ln(III)-IDHA oraz Ln(III)-GLDA na
anionicie stabo zasadowym IRA 67 przebiegata wedlug modelu Freundlicha. Odstepstwem od
opisanych zaleznos$ci byty uktady La(IIl)-IDHA-S957 oraz Nd(III)-IDHA-IRA 458, ktore
wykazaty wiekszg zgodnos¢ odpowiednio z modelami Langmuira oraz Temkina [D3, D4].

Na podstawie przeprowadzonych badan ustalono szeregi powinowactwa wybranych
wymieniaczy jonowych w stosunku do kompleksow Ln(Ill) z CA, IDHA oraz GLDA,
1 zaprezentowano je w pracach [D2, D3, D4]. W przypadku uktadow zawierajacych czynnik
kompleksujacy GLDA szeregi powinowactwa prezentowaty si¢ nastepujaco:

» dla kompleksow La(Ill): IRA 67 < 4400 < 4600 < M600 < IRA 958 < 4200 < M500
<MP500 <IRA 458 < S950 < S957 <SP112,
» dla kompleksow Nd(III): IRA 67 <4400 < M600 < MP500 < M500 <4600 <IRA 958
<4200 < S950 <IRA 458 <SP112 < S957,
» dla kompleksow Ho(III): S950 <IRA 67 <4400 < MP500 < M600 < IRA 958 <M500
<4200 <4600 <IRA 458 <SP112 < S957.
Uzyskane maksymalne pojemnosci adsorpcyjne jonitow wskazuja na bardzo dobra
efektywnos¢ adsorpcji badanych kompleksow. Zdolnos$ci adsorpeyjne niektorych wymieniaczy
jonowych rdéznily si¢ w zaleznosci od zastosowanego czynnika kompleksujacego lub jonu
Ln(III). Jonit chelatujacy S950 charakteryzowat si¢ wysokimi warto$ciami pojemnos$ci
adsorpcyjnych (do 139,15 mg/g dla komplekséw La(Ill)-CA), jednak w uktadzie
z kompleksami Ho(IIl)-GLDA uzyskano warto$¢ g. réwna 55,66 mg/g, najnizszg wsrod
badanych wymieniaczy jonowych. Analogicznie w przypadku kationitu SP112 1 kompleksow
Ho(IIT)-IDHA zdolno$¢ adsorpcji wynosita 201,74 mg/g, a dla kompleksow La(III)-CA byta
réwna 40,40 mg/g. Sposrod 12 wybranych do badan wymieniaczy jonowych jako ten
o najwyzszej zdolnosci adsorpcji jonéw Ln(IIl) z czynnikami kompleksujacymi CA, IDHA
oraz GLDA wybrano jonit chelatujacy S957, dla ktérego uzyskane pojemnosci adsorpcyjne

zestawiono w Tabeli 4.

Tabela 4. Maksymalne pojemnosci adsorpcyjne jonitu chelatujacego S957 wzgledem kompleksow
Ln(IID)-L.

Maksymalna
pojemnos$¢ adsorpcyjna CA IDHA GLDA
g [mg/g]
La(II) 162,04 142,29 138,66
Nd(1I) 142,65 149,15 152,72
Ho(1II) 180,26 166,01 151,29
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6.3.6. Badania termodynamiczne

Badania adsorpcji kompleksoéw Ln(III)-L przeprowadzono w trzech temperaturach 293,
313 1 333 K. Na podstawie uzyskanych wynikow okreslono wptyw temperatury na badany
proces, a takze wyznaczono parametry termodynamiczne. Wigkszo$¢ wymieniaczy jonowych
charakteryzowata si¢ zalezno$cig czgsto opisywang w literaturze, gdzie wzrost temperatury
sprzyjal poprawie efektywnosci adsorpcji (proces endotermiczny) [37-39]. Przyczynag tego jest
wzrost energii kinetycznej czasteczek adsorbatu, co zwigksza ich mobilno$¢ do miejsc
aktywnych [40,41]. W przypadku adsorpcji komplekséw z CA, IDHA oraz GLDA na anionicie
stabo zasadowym IRA 67 zmiana temperatury z 293 K do 333 K powodowata znaczny spadek
wydajnosci procesu, co $wiadczy o jego egzotermicznej naturze [D2-D4]. Przykladowo
w uktadzie La(Ill)-GLDA-IRA 67 wraz ze wzrostem temperatury odnotowano spadek
pojemnos$ci adsorpcyjnej z 52,83 do 39,38 mg/g. Analogiczne wyniki uzyskano podczas
adsorpcji kompleksow La(Ill) z CA na SP112 [D2], Nd(IIT) i Ho(IIT) z IDHA na IRA 459 i IRA
958 [D3] oraz La(III), Nd(III) i Ho(Ill) z GLDA na IRA 459 i IRA 958 [D4]. W wigkszosci
w/w jonity posiadaly matryce poliakrylowa. Dla tego typu ukladow proces nalezy zatem
prowadzi¢ w temperaturze 293 K. Mozna wnioskowaé, ze dla opisanych ukladow wzrost
temperatury sprzyjal desorpcji poprzez ostabienie sil adsorpcyjnych pomiedzy miejscami
aktywnymi a kompleksami [42].

Wyznaczone parametry termodynamiczne wskazuja, ze proces adsorpcji byt korzystny
termodynamicznie i spontaniczny. Wartosci 4G° mieszczace si¢ w zakresie od -20 do 0 kJ/mol
oraz wartosci AH° ponizej 40 kJ/mol sugerujg znaczny udzial oddzialywan fizycznych
w procesie adsorpcji kompleksow Ln(II1)-L (oddziatywania elektrostatyczne) [43,44]. Ponadto,

uzyskane wartosci 4H° potwierdzity w/w efekt energetyczny adsorpcji.
6.3.7. Badania desorpcji

Istotnym aspektem podczas doboru odpowiedniego wymieniacza jonowego, ze wzgledu
na kwestie ekonomiczne oraz §rodowiskowe, jest mozliwos¢ jego ponownego zastosowania.
Regeneracja materialow adsorpcyjnych, ktéra jednoczesnie pozwala na odzysk jonow metali,
jest bardzo czesto prowadzona z zastosowaniem kwasdéw nieorganicznych [45,46]. W zwiazku
z tym przeprowadzono badania desorpcji, okre$lajac wptyw rodzaju czynnika desorbujacego
(HC1, HNO:3) oraz jego stezenia (0,5, 1, 2 M). Czynnik kompleksujacy stosowany w etapie
adsorpcji nie miat znaczacego wplywu na proces desorpcji. Wykazano, ze desorpcja

z zastosowaniem jonitow chelatujagcych S957 1 S950 oraz kationitu SP112 byla zalezna
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w gléwne] mierze od stezenia czynnika desorbujacego, a wydajnos¢ procesu rosta wraz ze
wzrostem jego st¢zenia. Maksymalna uzyskana wydajnos$¢ desorpcji wynosita 69% dla S957
przy zastosowaniu 2 M HNOs jako eluentu, jednak w pozostatych uktadach byta znacznie
nizsza [D2]. Wskazuje to na duze powinowactwo badanych kompleksow do jonitow S957,
S950 oraz SP112, a zarazem konieczno$¢ dalszych badan nad poszukiwaniem odpowiednich
czynnikow desorbujacych lub warunkéw procesu. Najlepsze wlasciwosci regeneracyjne
uzyskano dla anionowych wymieniaczy jonowych, gdzie niezaleznie od czynnika
desorbujacego oraz jego stezenia efektywnos¢ desorpcji byta wysoka 1 siggata nawet 100%.
Na przyktadzie kompleksow La(Ill)-CA oraz La(Ill)-IDHA przeprowadzono
dodatkowo pie¢ cykli adsorpcji i desorpcji w celu oceny mozliwosci wielokrotnego
zastosowania badanych wymieniaczy jonowych [D2, D3]. Jako czynniki desorbujace na tym
etapie badan wybrano eluenty, dla ktorych uzyskano najwyzsze wartosci %D. Wyniki
pozwolily stwierdzi¢, ze jonity S957, S950 oraz SP112 z powodzeniem moga by¢ wielokrotnie
stosowane bez spadku ich pojemnosci adsorpcyjnej. Po pigciu cyklach adsorpcji/desorpcji
efektywnos$¢ adsorpcji wcigz wynosita niemal 100%. Spadek efektywnosci procesu, ale nie
wigcej niz o 15% zaobserwowano w przypadku polistyrenowych anionowych wymieniaczy
jonowych, a dla anionitow poliakrylowych IRA 458, IRA 958 oraz IRA 67 nawet do 30%.
Prowadzi to do stwierdzenia, ze jonity polistyrenowe posiadaja lepsza zdolnos¢ do regeneracji

w poréwnaniu z poliakrylowymi.
6.4. Badania adsorpcyjne metoda dynamiczna

W celu weryfikacji wynikow uzyskanych metoda statyczng badania adsorpcji, na
przyktadzie kompleksow La(Ill) z CA, IDHA oraz GLDA, przeprowadzono stosujac uktady
kolumnowe, powszechnie wykorzystywane w procesach przemystowych [47]. Badania
wykazaty, Ze anionit stabo zasadowy IRA 67 nie jest odpowiedni do tego celu i juz pierwsze
100 mL roztworu kompleksoéw La(Ill)-L powodowato przebicie ztoza 1 pojawienie si¢ La(IlI)
w wycieku. Lepsze wlasciwosci adsorpcyjne posiadaly silnie zasadowe anionity. W grupie
anionitow wigksze powinowactwo do komplekséw La(IIl)-L posiadaly jonity polistyrenowe.
Z kolei dla anionitow poliakrylowych (IRA 458 1 IRA 958) zaobserwowano nieco nizsza
efektywnos¢ adsorpcji. Zastosowanie w uktadzie kolumnowym jonitow S950 oraz SP112
pozwolito na uzyskanie wyzszych pojemnos$ci adsorpcyjnych w poréwnaniu z anionitami.
Wyznaczone parametry dynamiczne potwierdzily, ze najlepsze zdolnosci adsorpcyjne
wzgledem badanych kompleksow posiada jonit chelatujacy S957, dla ktorego robocza zdolnosé

wymienna C, wyniosta 102,96 mg/mL, 93,82 mg/mL oraz 77,72 mg/mL odpowiednio dla
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kompleksow La(Ill) z CA, IDHA oraz GLDA. Porownanie krzywych przebicia zloza
wyznaczonych dla jonitu S957 podczas adsorpcji kompleksow La(Ill)-L oraz krzywe przebicia
ztoza wszystkich badanych wymieniaczy jonowych na przykladzie adsorpcji kompleksow

La(IIT)-GLDA przedstawiono na Rysunku 1.
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Rys. 1. Porownanie krzywych przebicia ztoza (a) jonitu S957 podczas adsorpcji komplekséw La(IlI)
z CA, IDHA oraz GLDA, (b) jonitow S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600,
IRA 458, IRA 958 i IRA 67 podczas adsorpcji kompleksow La(IIT)-GLDA (C=1,0x107 M).

Dane eksperymentalne adsorpcji komplekséw La(Ill) z czynnikami kompleksujgcymi
CA, IDHA oraz GLDA metoda dynamiczng przeanalizowano z zastosowaniem modeli
matematycznych Thomasa, Adamsa-Boharta, Yoona-Nelsona 1 Wolborskiej. Modele te sa
jednymi z najczesciej wykorzystywanych w celu interpretacji danych dotyczacych adsorpcji
w kolumnach ze ztozem statym [48,49]. Nalezy jednak podkresli¢, ze stosujac modele Thomasa
oraz Yoona-Nelsona mozliwy jest opis krzywych przebicia w catym ich zakresie, podczas gdy
modele Adamsa-Boharta i Wolborskiej stuzg jedynie do opisu ich poczatkowej czgsci
(C/Cy<<1) [48]. Zastosowanie powyzszych modeli pozwolilo na wyznaczenie istotnych
parametrow, takich jak stale szybkosci, czas potrzebny do osiggniecia 50% wyczerpania ztoza,
czy pojemnos$ci adsorpcyjne, ktore zostaly przedstawione w [SD2], [SD3] i [SD4]. Analiza
uzyskanych wynikow pozwolita stwierdzi¢, ze jonit chelatujacy S957 posiadat najwieksza
zdolno$¢ adsorpcji badanych kompleksow, co jest potwierdzeniem badan prowadzonych
metodg statyczng. Zestawienie parametrow uzyskanych za pomocg modeli dla S957 podczas
adsorpcji  La(Ill) z biodegradowalnymi czynnikami kompleksujagcymi zaprezentowano

w Tabeli 5.
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Tabela 5. Parametry adsorpcji kompleksow La(Ill)-L wyznaczone na podstawie modeli Thomasa,
Adamsa-Boharta, Yoona-Nelsona i Wolborskiej dla jonitu chelatujacego S957.

Parametr La(IID-CA La(IID-IDHA | La(IIl)-GLDA
Model Thomasa
ko % 103
(ml/mg min] 5,06 11,01 4,52
0 347,71 274,89 308,95
[mg/g]
R’ 0,944 0,990 0,966
Model Adamsa-Boharta
kg % 106
[L/mg min] 6,46 9,20 2,32
q 116211,44 97678,56 130779,92
[mg/L]
R’ 0,903 0,961 0,866
Model Yoona-Nelsona
kYA{ 0,0007 0,0015 0,0007
[1/min]
¢ 18506,58 14595,54 15275,70
[min]
R’ 0,944 0,990 0,966
Model Wolborskiej
B
[1/min] 0,751 0,899 0,304
9 116211,44 97678,56 130779,92
[mg/L]
R’ 0,903 0,961 0,866

Na podstawie warto$ci wspotczynnikow korelacji R’ wykazano, ze dla jonitu S957,
modele Thomasa 1 Yoona-Nelsona nieco lepiej opisujg uzyskane dane eksperymentalne.
Porownanie parametrow wyznaczonych dla uktadow z poszczegdlnymi czynnikami
kompleksujacymi pokazuje, ze w przypadku analizowanych jonéw La(Ill) najwyzsze warto$ci

uzyskano dla adsorpcji w obecnosci CA.
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7. Podsumowanie i wnioski

Badania zrealizowane w ramach przedstawionej rozprawy doktorskiej mialy na celu
okreslenie mozliwosci wykorzystania biodegradowalnych czynnikéw kompleksujacych
(CA, IDHA, GLDA) w procesie adsorpcji wybranych pierwiastkow ziem rzadkich (La(IIl),
Nd(I1I) i Ho(Il)) z zastosowaniem wymieniaczy jonowych réznego typu.

Pierwszym etapem badan byla analiza w/w czynnikow kompleksujacych, a takze ich
kompleksow z jonami Ln(Ill) przeprowadzona za pomocg miareczkowania
potencjometrycznego. Pozwolito to na szczegdlowe opisanie procesu protonacji ligandow
(wyznaczenie stalych protonacji) oraz tworzenia kompleksow Ln(III)-L (wyznaczenie statych
trwalosci). Jako glowne formy kompleksow zidentyfikowano typ LnL, kompleksy
protonowane LnHxL oraz hydroksokompleksy LnL(OH)x. Na podstawie stalych trwalosci
stwierdzono, ze najwyzsza stabilno$cig charakteryzowaly si¢ kompleksy utworzone
z czynnikiem kompleksujacym GLDA. Kompleksy Ln(III)-CA byty najmniej trwate.

Do badan adsorpcyjnych wytypowano 12 jonitéw, ktére poddano charakterystyce
fizykochemicznej. Posiadaly one ziarna o kulistym ksztalcie i w zaleznosci od typu struktury
(makroporowate lub zelowe) r6zng morfologi¢ powierzchni. Wybrane charakteryzowaty si¢
niezbyt rozwini¢ta powierzchnig wlasciwa i obecnoscia mezoporow w strukturze. Po adsorpcji
kompleksow Ln(II)-L. réznice zaobserwowano w przypadku jonitow zelowych, gdzie
powierzchnia ta stata si¢ bardziej zwarta i upakowana. Wyznaczono warto$ci punktu tadunku
zerowego pHpzc jonitow, ktore miescity si¢ w zakresie od 1,60 do 9,82. Analiza FTIR wykazata
obecnos¢ typowych dla badanych jonitow grup funkcyjnych i potwierdzita skuteczng adsorpcje
kompleksow Ln(II1)-L na anionitach oraz na wymieniaczach jonowych S957, S950 1 SP112,
gdzie proces zachodzi poprzez wiazanie przez grupy funkcyjne jonow Ln(IIl), uwolnionych
podczas rozpadu komplekséw w fazie jonitu. Na podstawie widm uzyskanych metoda XPS
mozna wnioskowac, ze gtbwny mechanizm adsorpcji oparty jest na wymianie jonowe;j.

Adsorpcje jonéw Ln(IIl) w obecnosci czynnikéw kompleksujacych CA, IHDA oraz
GLDA przeprowadzono metodg statyczng analizujagc wptyw masy jonitu, stosunku molowego
Ln(IIT):L, pH roztworu, czasu prowadzenia procesu, st¢zenia poczatkowego roztworu oraz
temperatury, co pozwolito na wybor najbardziej korzystnych parametrow pozwalajacych
uzyska¢ najwyzsze pojemnosci adsorpcyjne. Stwierdzono, ze rodzaj wymieniacza jonowego
ma kluczowy wplyw na optymalizacj¢ warunkow procesu.

Adsorpcja kompleksow Ln(IIT) z CA, IDHA oraz GLDA na badanych jonitach byta
procesem szybkim. W wigkszo$ci uktadéw mozliwe byto usunigcie ponad 93% kompleksow

32



w czasie do 60 minut. Badania kinetyczne wykazatly, ze zar6wno model PFO, jak i PSO
znajduja zastosowanie do opisu danych eksperymentalnych, przy czym jest to zalezne od
czynnika kompleksujacego, typu wymieniacza jonowego, a w pewnych przypadkach takze od
jonu Ln(IIT) obecnego w uktadzie. Modele dyfuzyjne potwierdzilty, ze adsorpcja kompleksow
Ln(III)-L jest procesem ztozonym, ktérego szybkos¢ warunkowana jest przez dyfuzje
w warstwie granicznej oraz dyfuzj¢ wewnatrzziarnowa.

Na podstawie badan rownowagowych stwierdzono, ze jonitem charakteryzujacym si¢
najwickszym powinowactwem do komplekséw Ln(III) zarowno z CA, IDHA oraz GLDA byt
jonit chelatujacy S957, a najwyzsza pojemnos$¢ adsorpcyjng uzyskano w stosunku do
kompleksow Ho(II1)-CA wynoszaca 180,26 mg/g.

Wykazano, ze adsorpcja jonow Ln(III) w obecnosci CA, IDHA oraz GLDA na
badanych jonitach to proces spontaniczny o znacznym udziale oddzialywan fizycznych.
Podwyzszenie temperatury zwigkszato zdolnosci adsorpcyjne jonitow polistyrenowych (proces
endotermiczny), podczas gdy dla jonitéw poliakrylowych zaobserwowano obnizenie
efektywnosci (proces egzotermiczny).

Anionity wykazywaly bardzo dobrag podatno$¢ na regeneracj¢ (do 100%)
z zastosowaniem kwaséw HCIl oraz HNOs. Odzysk jonéw Ln(Ill) z jonitéw chelatujacych
S957, S950 oraz kationitu SP112 byl utrudniony (ponizej 69%), co wskazuje na konieczno$¢
dalszych badan nad wyborem bardziej efektywnych czynnikow desorbujacych. Na podstawie
cykli adsorpcji/desorpcji potwierdzono, Ze jonity polistyrenowe wykazuja lepsza zdolnos¢ do
regeneracji w porownaniu z poliakrylowymi.

Badania przeprowadzone w uktadach kolumnowych nie tylko potwierdzity wysoka
skutecznos¢ S957 w poréwnaniu do innych jonitow, ale 1 wykluczyty anionit stabo zasadowy
IRA 67 jako nieodpowiedni do zastosowania w procesie adsorpcji komplekséw Ln(III) z CA,
IDHA Iub GLDA.

Zaprezentowane w niniejsze] rozprawie doktorskiej wyniki badan dowodza, ze
biodegradowalne 1 bezpieczne dla srodowiska czynniki kompleksujace takie jak kwas
cytrynowy, kwas iminodibursztynowy oraz kwas glutaminodioctowy charakteryzujg si¢ bardzo
dobrymi wtasciwosciami kompleksujacymi w stosunku do jondéw pierwiastkow ziem rzadkich.
Poprzez dobor odpowiednich parametrow zwigzki te moga zosta¢é z powodzeniem
wykorzystane w procesie odzysku REE metoda adsorpcji. Ponadto moga by¢ alternatywa dla

konwencjonalnych ligandéw tego typu.
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9. Streszczenie w jezyku polskim

Rozwdj nowoczesnych technologii corocznie zwigksza zapotrzebowanie przemystu na
metale takie jak pierwiastki ziem rzadkich (REE), ktére zostaty uznane za surowce krytyczne
pod wzgledem dostepnosci. Duze rozproszenie zt6z w skorupie ziemskiej, problematyczne
pozyskiwanie oraz ich rozdzielanie doprowadzity do dominacji Chin na §wiatowym rynku
REE, co powoduje wiele obaw o zapewnienie cigglosci dostaw oraz utrzymanie cen na
poziomie optacalnosci produkcyjnej. Dlatego tez tematem wielu badan jest mozliwos¢
recyklingu REE ze zrédet wtornych, np. sprzetéw elektronicznych, co pozwolitloby na
zabezpieczenie zasobow tych wartosciowych pierwiastkdbw. W procesach odzysku jonéw
metali szeroko stosowang metoda jest adsorpcja, dysponujaca szeroka gamg adsorbentow
réznego rodzaju, w tym grupg wymieniaczy jonowych.

W zaprezentowanej rozprawie doktorskiej opisane zostaly zagadnienia dotyczace
zastosowania  czynnikow  kompleksujacych, nalezacych do  grupy zwigzkow
biodegradowalnych (kwas cytrynowy, kwas iminodibursztynowy, kwas glutaminodioctowy),
w procesie adsorpcji jonow pierwiastkow ziem rzadkich z wykorzystaniem wymieniaczy
jonowych réznigcych si¢ matryca, grupami funkcyjnymi, wielko$cig ziarna oraz strukturg.

Analizie poddano kompleksy biodegradowalnych czynnikow kompleksujacych
tworzone z jonami REE 1 wyznaczono ich state trwalosci. Opisu wilasciwosci
fizykochemicznych 12 wytypowanych do badan wymieniaczy jonowych, zardwno przed jak
1 po procesie adsorpcji kompleksow, dokonano stosujac metody skaningowej mikroskopii
elektronowej, spektroskopii w podczerwieni z transformata Fouriera, spektroskopii
fotoelektronow ~ w  zakresie = promieniowania  rentgenowskiego, = miareczkowania
potencjometrycznego oraz dryftu, a takze analizy sitowej. Proces adsorpcji z zastosowaniem
metody statycznej przeprowadzono dla wybranych REE (La(III), Nd(III) i Ho(III)) rozpatrujac
wplyw takich warunkow procesu jak masa jonitu, stosunek molowy Ln(IIl):L, pH roztworu,
czas kontaktu faz, stezenie poczatkowe roztworu oraz temperatura. Wykazano wysoka
zalezno$¢ efektywnosci adsorpcji od w/w parametrow. Istotnym etapem byta ocena mozliwosci
ponownego zastosowania wymieniaczy jonowych. Uzyskane wyniki zweryfikowano
przeprowadzajac adsorpcje kompleksow Ln(III)-L metoda dynamiczng, powszechnie
stosowang w procesach przemystowych. Dane eksperymentalne zostaty opisane za pomocag
modeli  kinetycznych  pseudo-pierwszego rzedu, pseudo-drugiego rzedu, dyfuzji
wewnatrzziarnowej, Boyda oraz Dumwalda-Wagnera, modeli izoterm Langmuira, Freundlicha
oraz Temkina, a takze modeli wyjasniajacych dynamike adsorpcji w uktadach kolumnowych
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Thomasa, Adamsa-Boharta, Yoona-Nelsona oraz Wolborskiej. Wyznaczono ponadto
parametry termodynamiczne adsorpcji kompleksow. Ta szczegdlowa analiza umozliwita
okreslenie szybkos$ci adsorpcji, wskazanie mechanizmu oraz natury procesu.

Przedstawione wyniki badan adsorpcji komplekséw pierwiastkéw ziem rzadkich
z kwasem cytrynowym, kwasem iminodibursztynowym oraz kwasem glutaminodioctowym
dowodza, ze biodegradowalne czynniki kompleksujace wykazuja bardzo dobre wlasciwosci
kompleksujace 1 po odpowiedniej optymalizacji procesu mogg zosta¢ z powodzeniem
wykorzystane w recyklingu REE, jednoczes$nie eliminujgc negatywny wplyw na srodowisko

tradycyjnych stabo biodegradowalnych ligandow.

39



10. Streszczenie w jezyku angielskim

The development of modern technologies results in the annual increase in the demand
for metals such as rare earth elements (REEs), which were identified as critical raw materials
with risk availability. The large dispersion of deposits in the earth crust, problematic sourcing
and separation led to the dominance of China on the global REE market, which raises a lot of
concern about ensuring constant supply and maintaining prices at a viable production level.
Therefore, the topic of many studies is the possibility of REEs recycling from secondary
sources, such as electronic equipment, which would help safeguard the resources of these
valuable elements. The recommended method in the metal ion recovery processes is adsorption,
which employs a wide range of adsorbents of various types, including a group of ion
exchangers.

The presented doctoral dissertation describes the issues concerning the application of
complexing agents belonging to the group of biodegradable compounds (citric acid,
iminodisuccinic acid, and glutamic acid) in the adsorption process of rare earth element ions
using ion exchangers differing in matrix, functional groups, bead size, and structure.

The complexes of biodegradable complexing agents formed with REE ions were
analyzed, and their stability constants were determined. The physicochemical properties of the
12 ion exchangers selected for the study, both before and after the complexes adsorption, were
described using scanning electron microscopy, Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy, potentiometric titration and drift method, as well as sieve analysis.
Using the static method the adsorption process was carried out for selected REE (La(Ill),
Nd(IIT) and Ho(IIl)) considering the influence of such process conditions as ion exchanger
mass, Ln(III):L molar ratio, solution pH, phase contact time, initial solution concentration, and
temperature. The adsorption efficiency proved to be largely dependent on the studied factors.
An important step was to evaluate the feasibility of the ion exchangers reuse. The obtained
results were verified conducting the adsorption of Ln(Ill)-L complexes by means of the
dynamic method commonly used in industrial processes. The experimental data were described
using the pseudo-first order, pseudo-second order, intraparticle diffusion, Boyd and Dumwald-
Wagner kinetic models, Langmuir, Freundlich, and Temkin isotherm models as well as the
models explaining adsorption dynamics in the column systems by Thomas, Adams-Bohart,
Yoon-Nelson, and Wolborska. In addition, the thermodynamic parameters of the complexes
adsorption were determined. This detailed analysis made it possible to determine the adsorption
rate and to identify the mechanism and nature of the process.
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The presented results of the adsorption studies of rare earth element complexes with
citric acid, iminodisuccinic acid, and glutamic acid prove very good complexing properties of
the biodegradable complexing agents and that, after the appropriate process optimization, they
can be successfully used in the REE recycling while eliminating the negative environmental

impact of the traditional poorly biodegradable ligands.
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The present study deals with the potential application of Purolite S957 and Diphonix Resin® for the
removal of rare earth elements from aqueous liquors as a result of the extraction of spent Ni-MH bat-
teries in the presence of citric acid. The effects of the metal ion and the citric acid ratio, pH, ion exchanger
dose, contact time, initial concentration and temperature were studied using the batch technique. The
Langmuir and Freundlich adsorption isotherm models were used for the description of the adsorption
process. The equilibrium adsorption data were fitted using the pseudo first order, pseudo second order,
intraparticle diffusion, Boyd, film diffusion and Dumwald-Wagner models. The maximum adsorption
capacity qop obtained from the Langmuir isotherm was found to be 46.63 mg/g for Ni(Il) and 60.75 mg/g
for La(Ill) on Purolite S957 as well as 46.55 mg/g for Ni(Il) and 60.12 mg/g for La(Ill) on Diphonix Resin®.
The kinetics followed the pseudo second order reaction. Based on the Weber-Morris model the
adsorption process proved to proceed in two stages. Based on the Boyd model the rate controlling steps
were film and intraparticle diffusions. The adsorption process was spontaneous and endothermic in
nature. Reusability of ion exchangers in the desorption studies was also evaluated as a sustainable
approach. The physicochemical properties of Purolite S957 and Diphonix Resin® were studied using the
ASAP analysis, optical and scanning electron microscopy, potentiometric titration, pHpzc and FT-IR as well
as XPS analysis.

© 2020 Elsevier Ltd. All rights reserved.

* Corresponding author.

1. Introduction

Several methods can be used to remove rare earth elements
(REEs) from the secondary sources such as waste electronic and
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electrical equipment (WEEEs), mine coal combustion products
(CCPs) and acid mine drainages (AMDs) and these are precipitation,
ion exchange and extraction. A critical review on secondary wastes
has been provided in (Binnemans et al., 2013) including a summary
of different components containing REEs and heavy metal ions
(HMs). It is well known that using 2 M H,SO4 it is possible to
recover Ni(Il) and other metal ions from Ni-MH batteries. After
neutralization by NaOH (pH about 1.2) the lanthanides precipitate,
however, the highest efficiency for La(Ill) can be obtained. After
leaching, Fe(Ill) ions are usually the most predominant impurities
and can be present at high concentrations (Agarwal et al., 2019). At
pH 3.5 it is also possible to remove Fe(Ill) ions at a temperature
higher than 353 K (increasing pH and temperature reduced the
solubility of iron hydroxide) (Izadi et al., 2017). As follows from the
literature data 2-ethylhexylphosphonic acid mono 2-ethylhexyl
ester (PC88A) and bis(2,4,4-trimethylpentyl) phosphinic acid
(Cyanex 272) have the potential to remove impurities like Fe(III),
Cd(ll) and Mn(Il) whereas di-2-ethylheyxl phosphoric acid
(D2EHPA) can be used for removal of Zn(II), Al(IIT) and Mn(II) at low
pH values from leachates of spent Ni-MH. Typically Ni(II) and Co(II)
ions are further separated by Cyanex 272. However, it should be
pointed out that the REEs separation process and mechanism
depend on the state in which REEs occur in the aqueous solutions
(Akcil et al., 2018).

In the ion exchange process the presence of ligands in a solution
changes both the mechanism and capacity of sorption due to the
modification of metal speciation. In the recovery process, the
complexing agents such as ethylenediaminetetraacetic (EDTA) and
nitrilotriacetic (NTA) acids are used. However, despite their very
good chelating properties these synthetic compounds have some
disadvantages such as poor biodegradability. 2-hydroxy-1,2,3-
propanotricarboxylic acid also known as 3-hydroxy-3-carboxy-
pentanodiacetic acid or simply citric acid is a common organic acid
containing three carboxyl and one hydroxyl groups. Therefore it is
well known for its ability to form quite strong complexes with
uranium. It is also known to remove metal ions from soils and
wastewaters effectively. It is environmentally friendly, exhibits
relatively consistent removal efficiency and is cost-effective. Citric
acid forms different types of complexes with the transition metals,
lanthanides and actinides (Rajan and Martell, 1965; Zabiszak et al.,
2018). It has been used to extract plutonium from contaminated
soils, to decontaminate the components of nuclear reactors and to
extract metals and radionuclides, such as As(IILV), Ba(Il), Cd(II),
Cs(I), Co(II), Cu(ll), Cr(IILV), Pb(II), Ni(II), Zn(II), Sr(Il), Th(IV) and
U(VI) from contaminated soils, wastes and municipal solid waste
ashes. Exemplary, the extraction procedure using citric acid in
combination with dithionite followed by the ammonium carbonate
extraction allows to decrease U(VI) amounts from 450 to 540 mg/kg
to less than 50 mg/kg (Francis et al., 1999). Citrates were used to
chelate Fe(Ill) ions and prevent its precipitation, however, the ef-
ficiency is largely dependent on pH. Citric acid has several advan-
tages as an extracting agent; (i) it biodegrades rapidly to carbon
dioxide and water, making the treatment and disposal of the
effluent more environmentally friendly, (ii) it is inexpensive and
can be obtained as an industrial waste product and (iii) it offers a
buffered system in contrast to sulphuric acid. One possible solution
to obtain citric acid during the biosynthesis, as proposed in the
INCOVER project whose aim is to develop innovative and sustain-
able added-value technologies for a resource recovery-based
treatment of wastewater, is using smart operation monitoring
and control methodologies (Aurich et al., 2017; Forster et al., 2007;
Kamzolova et al., 2005). It is important because in the EU the citric
acid consumption is 530,000 t/year, the annual import is about
200,000 t and the demand is expected to increase by 5% every year.
Citric acid is used in many industrial processes as a cleaner,

decalcifier, colour-stabilizer, acidulant and flavour enhancer. Citric
acid is safe and can be used as food additives (Soccol et al., 2006).

The main objective of this study was to develop the strategy of
heavy metals (HMs) and rare earth elements (REEs) removal from
liquors obtained from the extraction of spent Ni-MH batteries as
WEEEs. As follows form the literature the overall cost to process 1 t
of Ni-MH batteries is at maximum US$ 50.00 and this produces
316 kg of Ni worth at least US$ 680.00 (Bertuol et al., 2006; Dvorak
and Vu, 2015; Tendrio and Espinosa, 2002). Obtaining the Ni(II)
salts is well described, however, REEs, which can be obtained by the
ion exchange separation, are also valuable. The assumption for this
was the fact that the strong cation ion exchangers with the sul-
phonic functional groups were ineffective for selective uptake of
useful rare earth metal ions. Therefore, for their preparation the ion
exchangers with di- and trifunctional groups were used. The
introduction of different functional groups improves the effec-
tiveness of separation, adsorption kinetics and elution processes
(Alexandratos, 2007; Smolik et al., 2014). Within this type of ion
exchangers there can be distinguished: Purolite S957 which con-
tains the phosphonic and sulphonic functional groups as well as
Diphonix Resin® with 1,1-diphosphonic, sulphonic and carboxylic
ones. The adsorption capacity was investigated by changing
different parameters such as the different ratio of metal ions and
citric acid solution, pH, ion exchanger dose, contact time as well as
the initial concentration and temperature. Moreover, the adsorp-
tion mechanisms were examined studying kinetic and isotherm
models. The reusability of ion exchangers was also evaluated as a
sustainable approach.

2. Materials and methods
2.1. Materials characterization

Ni(Il) and La(Ill) stock solutions were prepared using
Ni(NO3),-6H,0 and La(NOs)s3-H,0, respectively by dissolving a
suitable amount of salt. The final concentration was estimated by
the ICP-OES method. Ni(Il) and La(Ill) working solutions were
prepared by diluting stock solutions with deionized water before
the use. Citric acid CgHgO7-H,0 was purchased from Chempur
Company (Poland).

The chelating ion exchanger Purolite S957 produced by Purolite
Ltd (Germany) contains the phosphonic and sulphonic functional
groups. Diphonix Resin® produced by EiChrom Industries (France)
contains geminally substituted diphosphonic, sulphonic and car-
boxylic acid groups covalently bonded to the polymer matrix (Silva
et al., 2018). Both of them were used for the sorption of Ni(Il) and
La(Il). Typical properties of both ion exchangers are collected in
Table 1.

To avoid the changes of acidity during the studies the initial Na*
form of the ion exchangers was converted to the H" one (Izadi et al.,
2017). The changes of the pH during equilibration in the DI water
are presented in Table 1. For both ion exchangers the additional
physicochemical properties were determined.

Ion exchange capacity (IEC) represents the totality of active sites
or functional groups responsible for the ion exchange process
which was determined by the titration method (Contescu et al.,
1997). The functional groups content was determined using the
potentiometric titration methods. Purolite S957 and Diphonix
Resin® were converted to the H' form, i.e. all acid groups obtain H*
as counter ions and were titrated with 0.1 M NaOH. The titrations
were made at room temperature with the variation +1 °C. For this
purpose the 907 Titrando titrator equipped with the 800 Dosino
type dosing systems, 801 type magnetic stirrer, high performance
unitrode and Pt 1000 temperature sensor (Metrohm) were used.

Point of zero charge (abbreviated as PZC) of ion exchangers was
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Physical and chemical properties of Purolite S957 and Diphonix Resin®.

Properties Purolite S957 Diphonix Resin®
Manufacturer Purolite EiChrom Industries (France)
(Germany)
- - gichrom
€3 Puroine | eishrom
Appearance Dark brown with some cream-coloured Beige small
spherical beads spherical beads
Structure macroporous gel
Matrix PS-DVB PS-DVB
Functional phosphonic, sulphonic diphosphonic, sulphonic, carboxylic
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shipped
Total capacity 8.0 (meqg/g) 5.6 (meg/g)
18 Fe (g/dm®)
Density 1.12 (g/lem®) 1.05-1.11 (g/em”)
Moisture content 55-70 % 70 %
Specific surface 14.9 (m*lg) 0.2 (m¥g)
area Sger
Average pore 34.1 (nm) 4.52 (nm)
diameter Dgyy .
Micropore 0.0007 (cm/g) 0.0001
volume Vmicro
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determined using the pH drift method based on the curve pHg vs.
ApH (pH1-pHp) (Lopez-Ramon et al., 1999). To this end 0.5 g of ion
exchanger was added into a flask containing 50 cm® of the pH-
adjusted solution of 0.01 M NaCl. The initial pH was adjusted to a
value from 2 to 12. The flasks were stoppered and stirred for 24 h.
The final pH values were measured (pH;). The potentiometric ti-
trations in the presence of sodium chloride NaCl at 0.1, 0.01 and
0.001 M were also conducted. 0.5 g of Diphonix Resin® or Purolite
5957 and 50 cm? of NaCl solutions were added to the 50 cm? beaker
and stirred. As for potentiometric titrations the standard 0.1 M HCI
and 0.1 M NaOH solutions were used. After each addition the sus-
pension pH was measured. As previously the 907 Titrando titrator
was used for this purpose.

The parameters of the porous structure of Purolite S957 and
Diphonix Resin® were determined measuring the N, adsorption/
desorption isotherms at 77 K. The accelerated surface area and
porosimetry system, ASAP 2420 M (Micromeritics Instrument
Corporation, USA) were used to this end. Before measurements the
samples were degassed at 378 K. The Brunauer-Emmett-Teller
(BET) method was used for the surface area calculation and the
Barrett-Joyner-Halenda (BJH) method was applied to determine the
pore size distribution.

SEM images of Purolite S957 and Diphonix Resin® were also
made. To this end the Quanta 3D FEG (FEI Corporation) instrument
was used.

Purolite S957 and Diphonix Resin® were analysed using an
attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectrometer (Agilent Cary 630, Agilent Technologies) under the
ambient conditions. The spectra were recorded from 4000 to
644 cm™,

The X-ray photoelectron spectroscopy (XPS) method was used
to study chemical compositions of the samples using the multi
chamber ultra-high vapour XPS UVH (Prevac) equipped with the
monochromatized AlK, radiation. As for the charge neutralization
of ion exchangers the flood gun source was applied. The binding-
energy scale with the binding energy 285.0 eV was calibrated by
means of the carbon line.

2.2. Kinetic and adsorption/desorption tests

The sorption process was studied for the three different metal
ion to citric acid ratios 1:1, 1:2 and 2:1. Working solutions were
prepared weighing the appropriate amounts of citric acid and stock
solutions of Ni(Il) and La(III).

Stock solutions of Ni(II) and La(IIl) ions at the concentration of
1000 mg/dm> were prepared from NiCl,-6H,0 and La(NO3)3-H,0
(Avantor Performance Materials Poland S.A.) and suitably diluted
accordingly to various required initial concentrations. The appro-
priate amount of citric acid was also added. The concentration of
metal ion corresponds to the content of Ni(Il) and La(Ill) ions in the
leachates from the spent Ni-MH batteries. The detailed procedure
for their extraction by citric acid was not presented due to patent
preparation.

Adsorption experiments in the single component systems were
performed at 293 K using the batch (static) technique. Static
sorption experiments were carried out in terms of the invariable
solid to solution ratio. 50 cm> of metal ion solutions with the initial
concentration of Ni(Il) and La(Ill) in the presence of citric acid
ranging from 25 to 200 mg/dm> were placed in 100 cm? conical
flasks with 0.1 g ion exchanger samples and stirred at 180 rpm, in
the time interval from 1 to 360 min using the laboratory shaker
type 358A (Elpin Plus, Poland). The experiments were conducted at
room temperature (298 K). The initial pHs of the solutions were
adjusted to 5.0 using the 1 M HNO3 or 1 M NaOH solution to avoid
metal ions precipitation. The pHs of the solution during the

sorption studies were not regulated. After stirring the samples were
separated by filtration using the filter paper.

To determine the adsorption capacity of selected ion exchangers
experiments were conducted with the various initial concentra-
tions of metal ions in the presence of citric acid from 25 to 600 mg/
dm?. For the desorption process different eluting agents were
proposed. The systems were performed as described previously.

The concentrations of Ni(Il) and La(Ill) in the solutions were
analysed by the Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) using ICP-OES 720 (Varian, USA) at
216.555 nm for Ni(II) and 333.749 nm for La(IIl), respectively. The
experiments were performed in triplicate and the average values
were obtained.

Ni-MH batteries are composed mainly the LaNi5 and/or MnNis
compounds combined with rare earth elements such as La(lll),
Ce(I1I), Pr(IlI) and Nd(III) as well as Fe(III), Ni(II), Co(II), Cu(II) and
Zn(II) (Tenorio and Espinosa, 2002). Therefore during the selectivity
determination these elements were taken into account. Adsorption
experiments were performed in the batch mode.

3. Results
3.1. Ion exchangers properties characterization

The ion exchangers can be used for removal of metallic impu-
rities from complex solutions containing chlorides, fluorides, sul-
phates and phosphates as well as EDTA, citrate and tartrate ligands
(Kotodynska and Hubicki, 2012; Silva et al., 2018; Zhao et al., 2007).
The properties of ion exchangers depend on the degree of cross-
linking. With the increasing percent of divinylbenzene (%DVB),
the resistance to oxidation and the differences in affinity grow, but
the operating capacities and rate of kinetics diminish. With the
increase of DVB the water content also decreases. In our experi-
ments it was found that the water content was equal to 53% for
Purolite S957 and 67% for Diphonix Resin®. The pH changes during
the equilibration in the DI water are presented in Table 1. Both
Purolite S957 and Diphonix Resin® are characterized by the
spherical shape.

Diphonix Resin® is the result of the investigations carried out at
the Argonne National Laboratory and University of Tennessee. It
was developed primarily for actinide separation in the acidic so-
lutions. However, it also adsorbs strongly divalent transition metal
cations at pH 1-2 and trivalent cations at pH 0—2. It is fine-grained
as can be seen on the optical microscope scan (Table 1). Another
important parameter is the particle size which ranges from 0.55 to
0.75 mm for Purolite S957 and from 0.074 to 0.15 mm for Diphonix
Resin®. The sieve analysis shows that in the case of Diphonix
Resin® the beads are monodispersive and for Purolite S957 slightly
more than 40% mass beads have a coarse grain size 0.40—0.60 mm
(Table 1). This is relevant taking into account the kinetic process
proportional to the inverse of the square of the particle diameter. In
the case of Purolite S957 the fraction of beads below 0.30 mm and
above 0.71 mm which is about 4% by mass is comparable. The ion
exchangers being tested have only about 1.5% of the mass fraction
with a relatively small size. The analogous results were obtained in
(Gargul et al., 2019). Diphonix Resin® is characterized by smaller
particles and all of them are in the range of 0.1-0.2 mm. In the
literature for the other commercial ion exchangers such as Lewatit
TP 207 and Chelex 100 the bead size is 0.4—1.250 mm and
0.3—1.20 mm, respectively.

Purolite S957 and Diphonix Resin® are macroporous and gel
types, respectively. Macroporous ion exchangers contain a network
of pores within a gel matrix making them appear opaque in
contrast to the gel resins with clear glassy beads that are fully
translucent to light. As follows from the ASAP analysis for Purolite
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S957 (Table 1, Fig. 1) the BET total surface area is equal to 14.9 m?/g
and the average pore diameter 34.1 nm. For Diphonix Resin® these
values were 0.2 m?/g and 4.52 nm, respectively (Fila et al., 2019).
According to the IUPAC classification the average pore diameter is
in the mesoporosity range (2—50 nm).

The obtained results were confirmed by the SEM analysis at the
same magnification (Table 1). The porous structure with large voids
and cavities can be seen only in the case of Purolite S957.

Another parameter characterizing ion exchangers is the capac-
ity. The content of functional groups by the unit of mass or volume
is expressed as the total exchange capacity in millimoles or milli-
equivalents ie. mmol/g (meq/g) or mmol/cm®> (meq/cm?)
(Nikoloski and Ang, 2014). The IEC value (meq/g) was determined
using the following equation:

IEC = Vnaon % CNaoH/m (1)

where: Vnaon is the volume of NaOH used for the titration (cm?), m
is the dry weight of the ion exchanger (g), Cnaon is the NaOH
concentration.

For Purolite S957 and Diphonix Resin® they are equal to 8.0
meq/g and 5.3 meq/g, respectively. However, under real operating
conditions particularly the dynamic ones, the use of all functional
groups is practically impossible. Therefore the working ion ex-
change capacity is a more useful unit characteristic of ion ex-
changers. It determines the number of ions that can be exchanged
between the solution and the ion exchanger under the given
operating conditions. It also determines the sorption mechanism.
Based on the potentiometric titration Purolite S957 contains about
60% of sulphone groups. For Diphonix Resin® this content is 45%
and about 5% for the carboxylic groups (titration is characterized by
three distinct phases and the total amount of acidic groups can be
determined from the second intersection point). The content of the
diphosphonic group was determined as a subtraction result. Their
presence was confirmed by the XPS analysis (Fig. 2).

For Purolite S957 the pHpyzc values obtained using the drift and
potentiometric titration methods were equal to 1.95 and 1.99,
respectively. For Diphonix Resin® previously determined by us the
value was 2.18 (or 1.85 by the drift method) (Fila et al., 2019).

The Fourier transform infrared spectra with the ATR mode for
Purolite S957 and Diphonix Resin® before and after Ni(II) and La(III)
ions adsorption in the presence of citric acid are shown in Fig. 3.
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Fig. 2. XPS analysis of Purolite S957 after La(Ill) sorption.

The hydroxyl —OH stretching vibration broad band occurred at
3412 and 3436 cm~! for Purolite S957 and Diphonix Resin®,
respectively. After the sorption of Ni(ll) and La(lll) ions in the
presence of citric acid its maximum is at 3420 and 3426 cm ™. This
band is characterized by not only the residual hydration water but
also the presence of the sulphonic groups. A weak band at 1440-
1395 cm™! refers to the O—H deformation in the plane. The ab-
sorption band at 875-960 cm ™! has been ascribed to the OH—O out-
of-plane deformation. The bands in the range from 2800 to
3000 cm~! are characteristic of the polystyrene structure (Lazar
et al., 2014; Zagorodni et al., 2002). The gel and macroporous
styrene-divinylbenzene (ST-DVB) copolymer matrices correspond
to the vibrations of the asymmetric v,s and symmetric v stretching
vibrations of aliphatic —CH chains at 2960 cm~! and 2920 cm™!
(double peaks). After the sorption of La(Ill) and Ni(ll) ions in the
presence of citric acid they are at 2968, 2931 as well as 2973 and
2929 cm™ !, respectively. The next are C—H bending vibrations in
the side chain at 669, 703, 830 and 1029 cm™!, —CH, scissoring at
1411 and 1449 cm™! as well as 85 CHy 1470 cm™ ! scissoring bands
(Bogoczek and Surowiec, 1986; Ghosh et al., 2015). Additionally, the
absorption peaks at 1627 and 1656 cm™! correspond to the simple
C=C bonds in the ST-DVB structure. For both ion exchangers the
absorption bands in the 1200-900 cm ™! region are attributed to the
S=0 stretching vibrations in the —SO3 groups i.e. at 1230 cm™!
asymmetric v, stretching, 1220 cm~! symmetric vs stretching,
985 cm™! stretching » vibrations of single S—OH as well as P=0
stretching vibrations in the -PO3™ groups (Zagorodni et al., 2002).
The absorption band of carbonyl C=0 stretching and hydroxyl —OH
deformation vibrations of the carboxylic groups is at about
1740 cm ™! and 1644 cm™ ), respectively. A peak around 1450 cm ™' is
characterized of the symmetric C=0 stretching vibrations. After
metal ions sorption the stretching frequency of the carboxylate
carbonyl is shifted to the lower wavelength of 1560 cm™. These
functional groups can coordinate metal ions by the unidentate,
bidentate and bridging complexes. The presence of the phosphonic
group in Purolite S957 and Diphonix Resin® is confirmed by the
bands at 2280 cm~! which corresponds to the stretching vibrations
of the P—OH groups. The bands at 1132 and 989 cm ™! correspond to
the stretching vibrations of the P=0 and P—O groups.

3.2. Physicochemical properties of citric acid and its complexes with
metal ions

The main objective of this study was to develop the removal
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Fig. 3. FTIR spectra for a) Purolite S957 and b) Diphonix Resin® before and after the adsorption of Ni(Il) and La(Ill) ions in the presence of citric acid.

strategy of heavy metal ions and rare earth elements represented
by the Ni(II) and La(Ill) ions from the aqueous solutions containing
citric acid based on the extraction of spent Ni-MH batteries. Tech-
nological progress with the increased demand for REEs resulted in
the need to develop new methods of recovery of these elements
from the secondary sources such as WEEEs, CCPs and AMDs. One of
the solutions can be the use of non-toxic and biodegradable citric
acid. It is obtained from many sources, commercially through the
fermentation of waste potatoes after the starch extraction by
mycological fermentation using Candida spp. or by the solvent
extraction process from the Aspergillus niger fermentation solution
(Huang et al., 2011). It occurs in living organisms playing a very
important role in metabolism as a transitional product in the Krebs
cycle in which it is isomerized to isocitric acid. It is generally
recognized as safe approved by the Joint Food and Agriculture Or-
ganization and World Health Organization Expert Committee on
Food Additives (Soccol et al., 2006). Citric acid has also been clas-
sified by the U.S. Food and Drug Administration as a nontoxic
compound and approved for the general use as a food additive. In
the EU it is designated by the E numbers: E330 (citric acid), E331-
E333 (citrates). In the food industry it plays a variety of roles, for
example, prevents spoilage of food caused by the presence of mi-
croorganisms, acts as an antioxidant, prevents changes in colour or
taste and is used as a pH control agent and acidulant. In addition,
iron ammonium citrate acts as an anti-caking agent added to loose
products and prevents the absorption of moisture. Besides the food
industry, citric acid is also used in the cosmetics, pharmaceutical,
textile and many other industries (Dhillon et al., 2011; Soccol et al.,
2006).

Citric acid (CA) is commonly considered to be a tribasic
moderately strong organic acid, with the pK, values extrapolated to
the zero ionic strength of 2.92, 4.28 and 5.21 at 298 K. The per-
centage contents of the citric acid forms as a function of pH are
presented in Table 2. The successive pK, values for citric acid
deprotonation at 293 K are pK;; = 3.15, pK; = 4.77 and pK,3 = 6.39
(Aurich et al., 2017). The pK, of the hydroxyl group has been found
to be 14.4 by means of '>C NMR spectroscopy. The speciation dia-
gram shows that the citric acid solution is the buffer between the
pH about 2 and 8 (or in the pH range 2.5—6.5 according to (Aurich
et al,, 2017)). In the biological systems at the pH about 7 the two
species are the citrate ion and the monohydrogen citrate ion. At the
zero ionic strength, the enthalpy change associated with two ion-
izations was reported to be 0.28 and —0.71 kcal/mol. The presence

of active carboxyl and hydroxyl groups in the molecule makes citric
acid a chelating agent of great complexation affinities not only for
REEs but also for other elements. The comparison of the stability
constants of REE complexes with various chelating agents is pre-
sented in Table 2.

The ability to coordinate metal ions for citric acid is not as high
as for EDTA or DTPA but its undoubtful advantage is its biode-
gradability, particularly when more and more attention is paid to
the environmental protection and the principles of green chemistry
are widely used (Romkens et al., 2002).

The chelating properties of citric acid against heavy metals, e.g.
Fe(Il) and Cu(II) have also contributed to its use as a stabilizer of
oils and fats as well as for cleaning of power station boilers. Mg(II)
and Ca(Il) ions complexation is used in the process of water soft-
ening (Begum et al., 2012; Kirimura et al., 2011).

The types of complexes formed by citric acid depend on the
metal ions (Table 2). They can be mononuclear, binuclear or poly-
nuclear as well as bi-, tri- and multidentate. For example with Ni(II)
or Fe(Il) it forms bidentate, mononuclear complexes with two
carboxyl acid groups of the citric acid molecule and with Cu(Il) and
Cd(II) tridentatate, mononuclear complexes with two carboxyl acid
groups and the hydroxyl group (Bassi et al., 2000; Huang et al.,
2011). The general reaction of complex formation is as follows:

M?* 4 cit>~ 2 [M(cit)] (2)

M3+ 4 cit>~ 2 [M(cit)) (3)

The citrate ligand binds tridentately with a-hydroxy or a-alkoxy,
a-carboxy and one of B-carboxy groups. This is the most common
coordination mode found for the transition metal citrates such as
those with Ni(Il) (Chen et al., 2012). Biodegradation of these com-
plexes by Pseudomonas fluorescens revealed that this process is
influenced by the type of the formed complex. According to (Francis
et al., 1998) bidentate Ca(ll), Fe(II), Ni(Il), Zn(II) citrate complexes
are readily degraded. Tridentate Cd(II), Cu(Il), binuclear U(VI) and
polynuclear U(VI) species are recalcitrants. Several metals such as
Cr(IIT) with In(III), Cd(II) with Ni(II), Mn(II) or Zn(II), and U(VI) with
AI(IIT), Cu(lI), Fe(IlT) and In(III) formed mixed-metal complexes with
citric acid.

In the paper (Ohyoshi et al., 1972) it was found that different
lanthanide complexes are formed depending on pH of the solution.
They can be as follows: [Ln(Hcit]]*, [Ln(cit)], [Ln(cit)2]?, [Ln(OH)(-
cit)]” (Svoronos et al., 1981). The mole fraction of La(III) species vs.
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Table 2
Comparison of the percentage contents of the citric acid forms as a function of pH, the stability constants of REE complexes with various chelating agents of [LnL] type (1= 0.1;
T=293K) and pH of REE precipitation from different solutions.

The percentage contents of the citric acid forms as a function of pH

The types of metal complexes with citric acid

o, o 0
00C c—0., o —¢
CH,COOH H O - 00C, _OH s HaC =, C—CH,C00
; ¢ - s | [ b 3 2
HO —C— COOH JEOI O HO=-M--00¢ 00CH,C— ¢ _H-O = s
H,0 0OCCH, H,CCO0" _-C——CH,C00" | uo, S i
CH,COOH 0~ L—g o0—C
; H o) (o}
Bidentate complex )
elric el Tridentate complex Binuclear complex

REE(III) logK[LnL]

CA EDTA PDTA HEDTA DTPA
La 7.10 15.50 16.42 13.82 19.96
Ce 7.40 15.98 16.79 14.45 20.90
Pr 7.60 16.40 17.17 14.96 21.85
Nd 7.70 16.61 17.54 15.16 22.24
Pm 7.71 16.90 17.80 15.40 22.50
Sm 7.80 17.14 17.97 15.64 22.84
Eu 7.80 17.35 18.26 15.62 2291
Gd 7.72 17.37 18.21 15.44 23.01
Tb 7.74 17.93 18.64 15.55 23.21
Dy 7.79 18.30 19.05 15.51 23.46
Ho 7.84 18.60 19.30 15.55 23.30
Er 7.86 18.85 19.61 15.61 23.18
Tm 8.00 19.32 20.08 16.00 22.97
Yb 8.05 19.51 20.25 16.17 23.01
Lu 8.07 19.83 20.56 16.25 23.00
pH of REEs precipitation from different solution

sof c- NO3 CH3C00™ cloy
La 7.41/7.61 8.03 7.83/8.35/8.71 7.93 8.76/8.10
Ce 7.35/7.07 7.41 76/8.1 7.77 na.
Pr 7.17/6.98 7.05 7.35 7.66 7.40
Nd 6.95/6.73 7.02[7.40 7.00/7.31 7.59 7.6/73
Sm 6.70 6.83 6.92 7.40 7.57[7.13
Eu 6.68 na. 6.82 7.18 6.91
Gd 6.75 na. 6.83 7.10 7.45/6.81
Y 6.83 6.78 7.95/7.39 6.83 7.57/6.81
Er 6.50 n.a. 6.76 6.59 n.a.
Tm 6.21 n.a. 6.40 6.53 n.a.
Yb 6.18/6.16 na. 6.30 6.50 7.30/6.45
Lu 6.18 na. 6.30 6.46 6.45
Sc n.a. 4.8 n.a. 6.1 n.a.

CA — citric acid, EDTA — ethylenediaminetetraacetate, PDTA — 3-propanediamine-tetraacetate, HEDTA — N-(2-hydroxyethyl)ethylenediaminetriacetate, DTPA —
diethylenetriaminepentaacetate.
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pH for the solution with citric acid can be calculated from the
stability constant logarithms according to the reactions:

L3+ + cit>~ 2 [Ln(cit)) (4)
Ln3* 4 Hcit?>~ = [Ln(Hcit)]" (5)
Ln®* + Hycit~ = [Ln(Hycit))*+ (6)

In the pH range 7—8, the precipitation of neutral complex of the
Ln:cit = 1:1 system was observed. A small amount of [Ln(Hacit)]*>*
of low stability is likely to form near pH 3 (Zhou et al., 2008). For
Hcit?>~ the complexes are as follows:

Ln3* + Hcit?>~ 2 [Ln(cit)] + H* (7)

3.3. Effect of the citric acid to metal ion ratio

In the preliminary studies the sorption process was examined
for the three different metal ion to citric acid ratios 1:1,1:2 and 2:1.
The adsorption capacity (q;) at time t, adsorption percentage (S%) as
well as the partition coefficient of metal ions between the ion ex-
changers and solution (Kq) were calculated according to Egs.
(8)—(10):

Gi=(co— ) x (8)

5%:(‘70CJX 100 9)
t

Ky=

MX% (10)

Ce

where: q; is the adsorption amount of Ni(Il) or La(Ill) ions in the
presence of citric acid at time t (mg/g), ¢y is the initial concentration
of Ni(Il) or La(Ill) in the solution in the presence of citric acid (mg/
dm?), ¢; is the concentration of Ni(Il) or La(lll) in the presence of
citric acid at time t (mg/dm?), Vis the volume of solution (dm?), m is
the mass of dry ion exchange sample (g), S¥ is the adsorption
percentage (%). All the experiments were performed in triplicate
and the general agreement of the obtained values was within 5%.

For t equal to the equilibrium contact time when ¢; is equal to c.
and q; is equal to qe, the amount of M(II/III) adsorbed at equilibrium,
e, can be calculated using Eq. (11):

Go= (0o —co) x (1)

The research results show that the optimal citric acid to metal(Il/
III) ion ratio in the sorption of Ni(Il) and La(Ill) ions from the citrate
solutions is 1:1 due the largest values of q; (Fig. 4a). Therefore,
subsequent studies were carried out for this ratio. For La(Ill) the
neutral complexes with citric acid are supposed.

3.4. Ion exchangers mass effect

As for the ion exchanger mass effect, different quantities of
Purolite S957 and Diphonix Resin® varying from 0.05, 0.1, 0.5 and
1 g were used. The results showed that the amount of La(Ill) ions
sorbed on Diphonix Resin® decreased from 5.63 to 2.75 mg/g
increasing the ion exchange amount (Fig. 4b). The analogous results
for Ni(II) are as follows 4.92 and 2.60 mg/g. With decreasing the ion
exchange amount, the number of ion exchange functional groups
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Fig. 4. The effect of a) the citric acid:metal ion ratio and b) the mass on the sorption of
Ni(Il) and La(Ill) ions in the presence of citric acid on Purolite S957 and Diphonix
Resin® (the initial concentration of La(lll) and Ni(ll) 50 mg/dm?>).

also decreases. However, increasing the amount of resin the La(III)
and Ni(II) removal efficiency (%S) increased from 55 to 99.9%. This is
due to the fact that there are no available functional groups for
complete removal of the metal ions/complexes from the solution.
At a higher adsorbent dose the solution ion concentration drops to
lower values and the system reaches equilibrium at lower values of
g: which indicates that the adsorption sites remain unsaturated. In
addition, this phenomenon may be caused by the aggregation of
sorbent particles at a larger mass which will reduce the chemically
active sites.

3.5. pH effect

As for pH effects it was found that SACs such as these containing
sulphonic groups and SBA with the quaternary ammonium can
dissociate over the entire pH range. The sulphonic groups, which
ionise even under strongly acidic conditions (pK;~1), are not
characterized by good selectivity towards metal ions. WACs are
ionized at the solutions pH higher than the acid dissociation con-
stant i.e. pK; of the functional groups, so they operate when the
solution pH is higher than the pK, and the ion exchangers with
higher pK, are preferred. Therefore the ion exchangers containing
carboxylic groups operate at pH higher than 4, whereas the ion
exchangers with the amino groups operate at pH lower than 11. The
phosphonic ion exchangers are characterized by intermediate
acidity which results in greater selectivity than that of the sul-
phonic ion exchangers as well as much higher capacity than the
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carboxylic ones at low pH (both studied ion exchangers contain the
phosphonic groups). The influence of pH on the sorption of HMs
and REEs has been extensively studied by many authors. The
sorption of metal ions is low at very acidic pH and increases with
the increasing pH to a certain value. This phenomenon can be
explained by the surface charge of the adsorbent. At low pH the
cations compete with the H ions in the solution for the active sites
which causes low adsorption. At high pH the adsorbent surface has
a negative charge as a result of the complete dissociation of the
functional groups, whereby it is easy for the positively charged ions
to be adsorbed resulting in the higher adsorption. A very high pH
value makes the adsorption process impossible due to formation of
metal hydroxides and precipitation.

It can be assumed that basicity of rare earth elements increases
successively from Sc(Ill) to La(Ill). Of all the elements with the III
oxidation degree, lanthanides form the most basic hydroxides. This
is confirmed by (i) the ease of hydroxides to dissolve in acids or
ammonium salts solutions and (ii) their absorption of CO, from the
atmosphere as well as (iii) great electrode potentials, tendency
towards hydrogen removal from water and large heat of their ox-
ides dissolution in acids.

The change of rare earth elements basicity, decreasing with the
order number often constituted the basis for various methods of
their separation. Another method of fractionation precipitation is
the basic precipitation of hydroxides and basic salts based on pre-
cipitation in the order of increasing basic properties of lanthanides
with the decrease of hydrogen ions concentration in the solution.
The hitherto investigations show that precipitation of hydroxides of
all lanthanides proceeds in a narrow range of pH values. The pH
values, at which precipitation of lanthanide salts solutions begins,
are presented in Table 2. Therefore further studies on the La(Ill) ions
sorption on the ion exchangers Purolite S957 and Diphonix Resin®
were carried out for the pH value 6.0. The discrepancies in the pH
values of the precipitation threshold given by various authors are a
result of different precipitation process conditions.

3.6. Kinetic studies

The kinetic parameters of La(Ill) or Ni(Il) ions in the presence of
citric acid on the ion exchange samples were compared and
calculated based on the following models (Eqs.(12)—(18)) (Ho and
McKay, 1999; Ho and McKay, 1998):

a) the pseudo first order (PFO)

% = k1(qe — qt) and the applying boundary conditions t = 0 to

t=tand qt=0to qt = qy,
kit

2303 (12)

log(qe — qr) =log(qge) —

b) the pseudo second order (PSO)

% =ky(qe — qt)zand the applying boundary conditions t = 0 to

t=tand q¢=0to q; = qt¢

t 1 t

r_ _t 13
qc kg% qe (13)

with the initial sorption rate for q¢/t—0

h=kyq?

c) the Weber-Morris model also known as the intraparticle diffu-
sion model (IPD)

qr=kt% +C (14)

d) the Boyd model (BM)

Bt= —0.497 — In(1 — F) (15)

e) the film diffusion model (FD)

In(1 - F) =kt (16)

f) the Dumwald-Wagner model (DW)

k
2\ _ _ Kpw
l°g(1—F)* 2.303¢ (7)
as well as

g) the pore and film diffusion coefficients:

2
Dp—0.03-"— and Dy — 0.23.7%
t2 t1/2€0

(18)

where: g, g; were defined as previously, k; is the pseudo first order
rate constant (dm3/min), k; is the pseudo second order rate con-
stant (g/mg-min), k; is the intraparticle diffusion rate constant (mg/
g-min®?), C is the intercept called the Weber-Morris diffusion
constant, F is the fraction of solute adsorbed at any time (fractional
attainment of equilibrium at time t equal to F=q;/qe), for F > 0.85 B
is the diffusion constant, kris the film diffusion model rate constant
(1/min), kpy is the Dumwald-Wagner model rate constant (1/min),
ris the mean radius of the sorbent (cm), d is the film thickness equal
to1 x 1073 cm, ty/2 is the time at which the half of the maximal
sorption was achieved (s), cg is the initial concentration of Ni(Il) or
La(IIl) ions in the presence of citric acid (mg/dm?>).

It was found that the removal of Ni(Il) and La(Ill) increased
rapidly during the first 10—15 min caused by the strong forces of
Ni(Il) and La(IIl) and the ion exchangers and then more slowly until
the equilibrium. The %sorption increased from 10% to 100%. How-
ever, when the initial concentration of metal ions increased from 25
to 200 mg/dm? it decreased. The results showed that the removal
efficiency increased rapidly from 40% to 100% and thereafter it
remained almost constant at a lower concentration particularly in
the case of Diphonix Resin®. This is due to the fact that the removal
efficiency depends more upon the concentration of the solution
and less upon the dose larger than the optimal. Moreover, the
greater the concentration of the ion in the solution, the greater is
the ion exchange process. It is obvious that for the ion exchanger
with a low percentage of cross-linking, the solution passes quickly
through the matrix and the kinetics is fast. With the increase of the
cross-linking diffusion of the exchangeable ions is hindered by the
dense matrix and the kinetics is slow. However, those with the low
cross-linking are characterized by the tendency towards swelling
which confines their physical strength. For the applied ion ex-
changers %DVB was equal to 10.

In the case of the ion exchange process metal ions transfer is
usually characterized by either external mass transfer (boundary
layer diffusion) or intraparticle diffusion or both. The most
commonly used technique to identify the sorption mechanism and
to predict the rate controlling step is fitting the experimental data
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in an intraparticle diffusion plot. Therefore the obtained results
were analysed by different kinetic models. The kinetic parameters
and other values were estimated based on Fig. 5a—b and they are
listed in Table 3.

Practically all kinetic theories (except for the PSO equation) lead
to dependence of the exponential type F = 1-exp(-kt) described by
the Boyd model. In the PFO the parameter k;(g.-q:) does not
represent the number of available sites. The expression of ge-q;
represents the fraction of available functional groups at time t.
Additionally, log(qe) is an adjustable parameter and often not equal
to the intercept of a plot of log(qe-q¢) vs. t (Douven et al., 2015; Ho
and McKay, 1998). Moreover, the PFO equation does not adjust
the whole range of contact time and generally is applicable over the
initial 10—20 min of the sorption process (Fig. 5c—d). During the
kinetic experiments in which adsorption phenomena are important
in addition to the intramolecular diffusion, a gradual shift in the
impact of individual phenomena from pure diffusion (c=0, high
constant Kd) to pure adsorption (high ¢, low Kd) is evidently
observed. Therefore, the nature of kinetic phenomena can be
indirectly identified using the empirical Weber-Morris equation.
However, it should be remembered that in this case this equation
can be treated as only a comparative tool. If the diffusion is rate
controlling, the slope of the plots based on the PFO will vary
inversely with the particle size, the film thickness and the distri-
bution coefficient k;. If the sorption rate controlling step is chemical
exchange, the slope is independent of particle diameter and de-
pends only on the concentration of the sorbate in solution and the
temperature.

Table 3
The kinetic parameters for the sorption of Ni(Il) and La(Ill) on Purolite S957 and
Diphonix Resin® for the selected models.

Parameter/Model  Purolite S957 Diphonix

Ni(II) La(Il1) Ni(II) La(IlI)
e exp (Mg/E) 1832 19.04 1833 19.04
PFO
Qe.cal (Mg/g) 0.42 0.46 0.01 0.02
kq 0.04 0.04 0.03 0.03
R? 0.955 0.984 0.803 0.979
PSO model
Qe.cal (ME[E) 18.34 19.06 1833 19.04
ko 0.017 0.239 8.808 4.705
h 5.72 94.42 93.66 132.92
R? 0.999 1.000 1.000 1.000
IPD model
ki 6.38 2.98 6.02 441
G 2.403 10.710 18.280 18.068
R? 0.910 0.971 0.970 0.756
Ki> 0.27 0.11 0.00 0.00
R? 0.958 0.964 0.992 0.947
Boyd model
B 7.05x10°% 167x107 429x1077 3.96x 1077
R? 0.855 0.984 0.926 0.979
FD model
ke 0.322 0314 0.392 0.321
R? 0.955 0.984 0.911 0.979
DW model
Kpw 0.027 0.059 0.079 0.085
R? 0.9645 0.9863 0.9031 0.980
log K4
Fe(IIl) 3.75 5.88
Ni(11) 3.94 5.96
Co(I1) 3.20 5.65
Cu(Il) 3.18 5.51
Zn(I1) 3.04 5.23
La(1II) 435 6.66
Ce(I11) 3.74 6.31
Pr(Ill) 3.62 5.90
Nd(II1) 3.60 5.78

According to (Ptazinski and Rudzinski, 2011) for PFO the differ-
ence (ge-q¢) becomes smaller and the value In(q.-q;) greater and
greater. The effect of random errors will grow proportionally to the
reverse of the factor (ge-qt). As for PSO the plot of t/q; vs. t should
give a linear relationship, based on which ¢y, k» and h can be
determined from the slope and intercept of the plot. The PSO
equation can be used for extrapolation of the kinetic data q; and
estimation of the value g, corresponding to them. It should be
mentioned that extrapolation confinement to the points measured
for the states close to equilibrium is q; > 80% ge.

In our studies the better R? values were observed for the PSO
kinetic model which indicates that this model fits the adsorption
kinetic data best. The kinetic data of Ni(Il) and La(Ill) were plotted
with the excellent correlation coefficients 0.999 for Ni(Il) and 1.000
for La(Ill). It was found that the equilibrium adsorbed amounts
calculated from the PSO kinetics (Gecq) are also close to the
experimental amounts adsorbed at equilibrium (geexp). The PSO
constant ky decreased with the increase of Ni(Il) and La(IIl) con-
centration. It also increased with the decrease in the particle size of
Diphonix Resin® compared to Purolite S957. The values of the rate
constant were found to decrease from 0.564, 0.632, 0.175, 0.026 to
0.017 g/mg-min for Ni(Il) on Purolite S957 as well as from 20.918,
14.419, 10.334, 9693 to 8.804 g/mg-min for Ni(Il) on Diphonix
Resin®. For La(Ill) on Purolite S957 they were as follows from:
0.782,0.437,0.359, 0.247 to 0.239 g/mg-min as well as on Diphonix
Resin® from 14.462, 13.206, 10.344, 9668 to 4.705 g/mg-min with
the increase of the initial concentration from 25 to 200 mg/dm?>. As
for h these values were as follows: 1.09, 1.19, 2.75, 3.63 and 5.72 mg/
g-min for Ni(Il) on Purolite S957 and 35.25, 54.27, 63.69, 74.58, and
93.66 mg/g-min for Ni(II) on Diphonix Resin®, for La(Ill) on Purolite
$957 4,91, 11.00, 38.37, 50.15 and 94.42 mg/g-min as well as 100.99,
103.75, 116.52, 129.66, 132.92 mg/g-min on Diphonix Resin®.

As for the Weber-Morris model (Fig. 5 e-f) it is known that the
intraparticle diffusion is the only rate limiting step when the plot q;
vs. t% is linear and passes through the origin. If the plot does not
pass through the origin, this indicates that the adsorption processes
do not follow only the intraparticle diffusion but also the film
diffusion (connected with the thickness of the boundary layer). The
external mass transfer is significant, particularly in the initial re-
action phase. The IPD plots can be sometimes divided into steps.
The initial stages of sorption are connected with the boundary layer
diffusion effect (diffusion/convection in the bulk solution and
boundary layer diffusion) and the later stages (linear portion of the
curve) due to the intraparticle diffusion (diffusion into pores) and
approaching the equilibrium state. This kind of multilinearity was
also reported in the recent studies (Fila et al., 2019). The intercept of
the plot reflects the boundary layer effect. The larger is the inter-
cept, the greater is the surface sorption contribution in the rate
controlling step. In our studies the slope of the first and second
portions is defined as the intraparticle diffusion parameter k; dis-
played in Table 3. The values of C; and R? are also listed in this table.
For the C; parameter there was found the following relation: C;> Cy.
They indicate that the resistance to the external mass transfer de-
creases as the intercept decreases. Additionally, the intraparticle
diffusion parameter k; (mg/g-min®?) is proportional to the initial
concentration due to the greater deriving force with the increasing
initial concentration.

After determination of g value, the fractional attainment of
equilibrium at time t (min) equal to F=q;/qe can be used for the
identification of the slowest step of sorption process according to
the Boyd model. If the plots Bt (where Bt is a function of F) vs. t
(t < 120 min) are linear and pass through the origin, the slowest
step in the adsorption process is the internal diffusion. The plot of Bt
vs. t is linear with the distribution coefficients 0.885—0.994 indi-
cating that sorption is controlled by the film diffusion connected
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with the external mass transfer. The values of B, D; and R? are listed
in Table 3. In the case of Purolite S957 the calculated values of the
effective diffusion coefficients D; for Ni(ll) were found to be
109 x 1077, 137 x 1077, 241 x 107, 656 x 107 and
7.05 x 10~8 m?/min for the initial concentration of 25, 50, 100, 150
and 200 mg/dm?, respectively. The analogous values for Diphonix
Resin® are as follows: 1.64 x 1077, 1.85 x 1077, 319 x 1077,
3.27 x 1077 and 4.29 x 10~7 m?/min. For La(lll) they are equal to:
140 x 1077, 143 x 1077, 147 x 1077, 1.56 x 1077 and
1.67 x 107 m?/min for Purolite $957 and 3.24 x 1077, 3.33 x 1077,
3.65 x 1077, 3.89 x 1077 and 3.96 x 107 m?/min for Diphonix
Resin®.

As for the film diffusion (FD) model it was found that the kf
parameters were as follows for Ni(Il): 0.072, 0.241, 0.276, 0.330 and
0.322 1/min on Purolite S957 and 0.148, 0.247, 0.298, 0.381 and
0.392 1/min on Diphonix Resin®. For La(Ill) they are equal to: 0.268,
0.209, 0.272, 0.304 and 0.314 1/min on Purolite S957 as well as
0.259, 0.264, 0.276, 0.302 and 0,321 1/min on Diphonix Resin®.

The Dumwald-Wagner model assumes that for the linearity the
plots do not intersect the origin, the rate limiting step is an intra-
particle diffusion process, otherwise that is a film diffusion.
Furthermore, the higher intercept indicates that the film diffusion
rate control step has greater influence on the rate limiting step
(Fig. 5g—h).

It should be concluded that the rate limiting step is not a sole
intraparticle diffusion process and there can be also the film
diffusion. The adsorption of Ni(Il) and La(Ill) ions proceeds in the
presence of citric acid on Purolite S957 and Diphonix Resin® by a
complex mechanism consisting of both film adsorption and intra-
particle transport. Some limitations could be also due to the
structure of the applied ion exchangers. The macroporous ion
exchanger Purolite S957 is characterized by the much more het-
erogeneity than Diphonix Resin®.

In the presented studies the adsorption kinetics is mainly con-
nected with the film diffusion as well as the internal diffusion. Both
these steps can take considerable time. The external mass transfer
is several times as important as the migration of the metal species
through the pore volume. The obtained results confirm that the
film diffusion is the rate controlling step because the film diffusion
coefficients Dyare in the range 107°—~10~8 cm?/s. If pore diffusion is
to be rate controlling, the pore diffusion coefficient D, should be in
the range 107 "1'—10~1 cm?/s.

3.7. Partition coefficient determination

In the separation processes the partition between two phases is
described by the partition coefficient (Kq). As metal ions occur in
different forms, the more appropriate is the use of the distribution
ratio (D). Kq and D are identical if the solute has only one chemical
form in each phase. If the solute exists in more than one chemical
form in both the solution and solid phase, then Kd and D have
usually different values, however, D changes depending on the
operating conditions (Fryxell et al., 2004; Shaibu et al., 2006). The
high values of Ky indicate that the majority of the metal ions are
adsorbed on the ion exchangers, however, this does not indicate the
strength of the process. It should be noted that it provides only
indirect information on the type of surface interactions taking
place. Often these values are determined over a range of concen-
trations at a constant temperature. Plotting of logKy as a function of
pH (or acid concentration) provides some information about the
mechanism involved in the ion exchange process i.e. the number of
protons exchanged during the process referring to the chemical
equation. Taking into account their values in our studies it was
established that they increase with the increasing concentration of
the complexes. In Table 3 the comparison of the distribution

coefficients (logKy) for the sorption of metal ion complexes with
citric acid on Purolite S957 and Diphonix Resin® is presented. The
highest values were obtained for La(Ill) and the smallest in the case
of Zn(Il) complexes with citric acid. These values were referred to
those reported in the literature. Even at low concentrations the
majority of REEs reported are in the III oxidation state in the acid
leaching solutions. Therefore compared to Fe(Ill) the selective
sorption is a challenging task.

Strong cationic ion exchangers with the sulphonic functional
groups sorb Fe(Ill) and other HMs quickly (Silva et al., 2018) due to
fast diffusion/convection in the solution bulk. As presented in
(Canner et al., 2018) U(VI), Cu(ll), Ni(Il) and Co(Il) follow the
chelating mechanism with respect to the iminodiacetate functional
groups. For Fe(Ill) partial hydrolysis occurs. However, the pure
anion exchange mechanism was observed for REEs. In malic acid
buffer the ion exchanger Purolite S910 shows a preference towards
the medium REEs. Unlike Purolite S910, Amberlite IRC86 with the
carboxylic functional group exhibits a definite selectivity towards
the light REEs with La(Ill) and Ce(Ill) showing the highest adsorp-
tion (Bezzina et al.,, 2018). It was found that the ion exchange
process involves the ion exchange with a slight difference between
La(Il) and Gd(III), increase in the case of Tb(IIl) and constant value
for Lu(Ill). An unusual behaviour of Y(III) is observed. The slope
gradient from this plot for the Y(III) ion indicates a process
involving the transfer of another proton.

3.8. Adsorption isotherm determination

The influence of the concentration of selected metal ions on the
sorption capacity was analysed. The adsorption data of La(Ill) or
Ni(II) in the presence of citric acid on Purolite S957 and Diphonix
Resin® were analysed using the Langmuir (Eq. (19)) and Freundlich
(Eq. (20)) isotherm models:

_ qoKice
E71+K]_Ce (19)
ge :KFCe]/n (20)

where: ge, c. were defined as previously, qp is the maximum
amount of metal complexes sorbed per unit mass of adsorbent to
form a complete monolayer on the surface of ion exchanger (mg/g),
K; is the Langmuir constant related to the affinity of the binding
sites (dm3/mg), Kr is the Freundlich adsorption capacity (mg/g), 1/n
is the Freundlich constant related to the surface heterogeneity. The
above mentioned parameters can be calculated from the linearized
plots of ce/qe vs. c. and logge vs. logce, respectively. Moreover, the
obtained results can be described with the separation factor R; as
well as 1/n. Ry and 1/n are dimensionless and R; is defined as
follows:

1

RL:l + K;co

(21)

The Langmuir and Freundlich models are two isotherm models
generally used for quantitative description of the adsorption equi-
librium between the ion exchanger and the solution phase
(Nikoloski and Ang, 2014). The shape of the obtained isotherm is
indicative of adsorption processes.

The Langmuir isotherm can be used for quantitative determi-
nation and comparison of different sorbents (Deepatana et al.,
2006; Escudero et al., 2008). At first it was elaborated for descrip-
tion of adsorption of gases on active carbon. Its application was
extended to the empirical description of the equilibrium between
the liquid and solid phases. The model is based on the assumptions:
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(i) the adsorbent possesses active sites on its surface called active
centres (these may be lattice defects or interfaces), (ii) the
adsorption process proceeds on the active centres, (iii) each centre
can adsorb only one molecule, thus a monomolecular layer is
formed on the adsorbent surface, (iv) the adsorbed molecules in the
active sites do not interact and the adsorption process is charac-
terized by the dynamic equilibrium between the sorption and
desorption. This equation describes particularly well the chemical
adsorption when the adsorbed substance forms a monomolecular
layer on the solid phase surface.

The Freundlich isotherm is the earliest known relationship
describing the sorption equation. This fairly satisfactory empirical
isotherm can be used for non-ideal sorption that involves hetero-
geneous surface energy systems. In general, as the K value in-
creases the adsorption capacity of adsorbent for a given adsorbate
increases. Additionally, n is indicative of adsorption preference. The
value of 1/n below one indicates the Langmuir isotherm while 1/n
above one is indicative of cooperative adsorption. The plot of logg.
vs. logce gives a straight line with the slope of 1/n and the intercept
of the values of Kr The evaluated constants are given in Table 4.
Comparing the parameters of isotherms (Fig. 6a-d, Table 4) it can be
stated that the value of R? from the Langmuir isotherm is the
highest indicating a good fit to the experimental data. In addition,
the values of R; from O to 1 indicate favourable adsorption nature.
The results also showed that the adsorption was enhanced upon
increasing temperature, suggesting that the adsorption process
could be more likely chemical adsorption rather than physical one.

Table 4
Adsorption isotherm parameters for the sorption of Ni(Il) and La(Ill) complexes with
citric acid on Purolite S957 and Diphonix Resin®.

Parameter Purolite S957 Diphonix Resin®
Ni(I1) La(1I1) Ni(II) La(1I1)
293 K
Qe.exp (ME[E) 41.29 58.29 41.83 58.59
Langmuir isotherm
qo (mg/g) 40.14 60.35 41.81 60.15
K (dm?/mg) 1.121 5.623 1.206 9.121
R? 0.9968 0.9941 0.9937 0.9944
Freundlich isotherm
Kg (dm3/mg) 17.24 45.25 15.97 102.35
n 3.979 2.375 2.929 1.716
R? 0.9191 0.6893 0.6911 0.6536
313K
Qe.exp (ME[8) 43.26 58.33 43.22 59.07
Langmuir isotherm
qo (mg/g) 45.11 62.29 45.30 63.00
K (dm?/mg) 0.951 5.465 0.899 0.911
R? 0.9899 0.9962 0.9996 0.9999
Freundlich isotherm
Ke (dm3/mg) 16.29 46.99 16.12 38.32
n 2.334 2.137 2.266 2.227
R? 0.7485 0.8903 0.7178 0.8899
333K
Qe.exp (ME[E) 44.09 58.35 4414 60.01
Langmuir isotherm
qo (mg/g) 46.63 60.75 46.55 60.12
K (dm?/mg) 0.896 4.648 0.856 3.789
R? 0.9979 0.9943 0.9968 0.9999
Freundlich isotherm
Kg (dm3/mg) 17.18 45.59 16.76 35.55
n 2.146 2.078 2.119 2.011
R? 0.7485 0.8813 0.7507 0.8898
Thermodynamic parameters
AG° at 293 —-16.96 -23.31 -17.35 —26.53
AG° at 313 —20.06 -25.13 -19.99 -33.11
AG° at 333 -22.92 -26.91 —-23.06 —38.46
AH° (kJ/mol) 26.77 23.06 24.43 61.01
AS° (J/mol K) 91.9 32.6 849 24.0

3.9. Temperature effect

The nature of the sorption process can be estimated by ther-
modynamic parameters such as the change in free energy (AG®),
enthalpy (AH°) and entropy (AS°). These parameters can be esti-
mated considering the equilibrium constants at different temper-
atures. Thermodynamic parameters of the adsorption were
calculated from the variations of the thermodynamic equilibrium
constant Kq determined by plotting In(ge/ce) Vs. ge and extrapo-
lating to zero ge. The standard free energy change AG can be
calculated using Eqs.(22)—(24):

45°  AH°
InKy =2 7= (22)
AG° = — RT In K, (23)
AG° = AH® — TAS° (24)

where: 4G’ is the standard free energy change of the ion exchange
(kJ/mol), R is the universal gas constant (8.314 J/mol K), T is the
absolute temperature (K), 4H° is the enthalpy (kJ/mol), 45° is the
entropy (J/mol K).

The values of enthalpy 4H° and entropy 4S° were obtained from
the slope and intercept of [nKy vs. 1/T plots. The Gibbs free energy
AG° was calculated using the Ky value. The values of the thermo-
dynamic parameters for the sorption of Ni(Il) and La(Ill) ions on
Purolite S957 and Diphonix Resin® are given in Table 4. The positive
value of enthalpy change 4H° shows that the adsorption of Ni(II)
and La(Ill) ions is of an endothermic nature. An adsorption process
is generally considered as physical if AH°< 20 kJ/mol and as
chemical when 4H° > 40 kJ/mol. The negative value of AG® de-
creases with an increase in temperature, indicating that the reac-
tion is spontaneous and demonstrating that the higher
temperatures facilitate the adsorption. The obtained positive values
of AS° showed the affinity of Purolite S957 and Diphonix Resin® for
Ni(Il) and La(Ill) and the increasing randomness. The positive value
of AH° indicated the endothermic nature of adsorption process. On
the other hand, either change in the pore size of the ion exchangers
causing intraparticle diffusion within the pores or enhancement in
the chemical affinity of Ni(Il) and La(lll) ions for the functional
groups leading to some chemical interactions takes place during
the adsorption process.

The Arrhenius equation was applied to evaluate the activation
energy of adsorption representing the minimum energy that re-
actants must have for the reaction to proceed, as shown by the
following relationship:

lnkZ:lnA—% (25)
where: k; (g/mg min) is the rate constant obtained from the pseudo
second-order kinetic model, E, (kJ/mol) is the Arrhenius activation
energy of adsorption and A is the Arrhenius factor (g/mg min).
When In k; is plotted against 1/T, a straight line with the slope
of —E,/R is obtained.

The activation energy values were found to be: 0.47 k]/mol for
Ni(II) on Purolite S957, 0.83 kJ/mol for La(Ill) on Purolite S957 as
well as 68.1 kJ/mol for Ni(Il) on Diphonix Resin®, 76.5 kJ/mol for
La(Ill) on Diphonix Resin®. It is evident that there is an apparent
relationship between the E; and the relevant structural parameters
of the ion exchangers (gel and macroporous). It is also known that
the value < 50 kJ/mol generally indicates a film and particle diffu-
sion controlled process, whereas higher values represent chemical
reaction processes. In similar studies, E, values for Amberlite IRA-
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Fig. 6. Non-linear fitting of the isotherms to the experimental data for sorption of a) and c) Ni(II) as well as b) and d) La(IlI) ions on Purolite S957 (a—b) and Diphonix Resin® (c—d).

743 and XSC-800 ion exchangers were reported to be 4.952 kJ/mol
(Ohyoshi et al., 1972) and 20.38 kJ/mol (Canner et al., 2018),

respectively.

The comparison of the obtained results with those by other
researchers is presented in Table 5. In our studies the obtained

results were not compared to those of the ion exchangers with the
sulphonic functional groups although they are mainly used in metal
separation processes without specific adsorption requirements.
This group of resins shows the strongest adsorption capacity of the
cation exchangers but poor metal selectivity and difficulties of the

Table 5
Comparison of the obtained results with those by other researchers for the Ni(Il) and La(Ill) sorption.

Metal ion Adsorbent Qe.max (ME/g) Ref.

Ni(II) Purolite S957 44.09 This work
Diphonix Resin® 4414 This work
Purolite S930 1043 Deepatana et al. (2006)
Purolite S950 18.42
Coffee wastes 7.25 Escudero et al. (2008)
Grape stalk 38.31
Lignin 5.99 Guo et al. (2008)
Brewer’s spent grain 1.64 Wierzba and Ktos (2019)
Magnetic peptide resins with glycine (MGLY) 391.00 Hamza and Abdel-Rahman (2015)

La(III) Purolite S957 58.35 This work
Diphonix Resin® 60.01 This work
Amberlite IRC86 40.60 Bezzina et al. (2018)
Lewatit TP 207 114.70 Esma et al. (2014)
Lewatit TP 260 106.70
polyaminophosphonic acid sorbent (PPA-PGMA) 109.59 Galhoum et al. (2019)
Iron oxide loaded Ca-alginate beads 123.50 Wau et al. (2010)
Fe;04@DTPA superparamagnetic nanoparticles 62.00 Almeida and Toma (2016)
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adsorbed metal ions elution. Additionally, it depends on the ion
exchanger form. For example in the wastewater treatment from
inorganic industrial streams such ion exchanger as Dowex 50Wx8
in the Na* form shows a 10% higher metal loading capacity than in
the H" form.

3.10. Desorption and mechanism description

As for desorption studies two eluents were applied e.g. hydro-
chloric and nitric acids at a concentration 0.5, 1.0 and 2.0 mol/dm?3
(Fig. 7).

Since using 2.0 mol/dm> nitric acid resulted in the highest
leaching of lanthanide ions, it was proposed for desorption.
Generally, the HMs ions such Ni(Il) are more readily desorbed than
REEs such as La(Ill). As follows from the literature data there is the
strict relationship between the functional groups and their metal
ions removal. The presence of sulphonic functional groups de-
termines better hydrophilic properties of Purolite S957 and
Diphonix Resin® compared to the traditional ion exchangers such
as Lewatit SP112 (Kotodynska, 2010). The sulphonic acid groups
increase the hydrophilicity of ion exchanger, metal accessibility and
ensures fast kinetics:

2R —SO3H + M** 2 (R — S03)3~ — M?** 4+ 2H™ (26)

For M3* this reaction should be analogous.

Moreover, the diphosphonic acid groups determine selectivity
of the resin with pKy =1.27, pK; = 2.41, pK3 = 6.67 and pK4 = 10.04.
They also ensure high selectivity and low desorption for Fe(IIl) over
the divalent cations M(II) in the acid solutions as well as high af-
finity for lanthanides, actinides and polyvalent cations over a wide
range of acid concentrations. The complexation reaction can be as
follows:

R — (PO3H;)5~ + M?* 2R — (PO3Hy)5~ —M** (27)

In the case of metal ions with the additional charge (M>*), it can
be neutralized by the sulphonate functional groups. It was found
that phosphoryl oxygen and acidic oxygen cannot be simulta-
neously coordinated to the metal ion. In acidic solutions, for
example the neutral metal-nitrate(V) species may be bound to the
phosphoryl groups of diphosphonic acid.

However, in the case of the carboxylic groups, the resin has
strong affinity for protons (above a low acid concentration, ion
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I Diphonix

100 A - HCI 0,5 molidm®
B - HCI 1 molidm®
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Fig. 7. The effect of desorbing agents for the desorption of Ni(Il) and La(lll) from
Purolite S957 and Diphonix Resin®.

exchangers are completely converted to the free acid and do not
react with neutral salts) (Holl, 1984). WAC sorbs metal ions only
when protons are neutralized by co-ions of the solution:

R— COOH + NaOH=R — COONa + H,0 (28)

2R — COONa + M?** 22(R— C00~) — M?* + 2Na* (29)

Such groups have a great ability to remove REEs from solution
due to their ability to form the strongest complexes with O-donor
ligands (Bezzina et al., 2018).

In the case of Purolite S957 containing only sulphonic and
phosphonic functional groups the selectivity series at low pH fol-
lows the order of
Fe(IIT) > AI(IIT) > Mn(II) = Cu(Il) = Zn(II) = Co(II) = Ni(Il), therefore it
preferentially extracts trivalent metal cations below pH 1. It should
be added that the sulfonic acid resin Bio-Rad™ AG MP-50 displayed
much lower selectivity at these higher proton concentrations.
These combined properties provide high selectivity for Fe(Ill) and
other transitional metals in the acidic solutions (Canner et al.,
2018). To describe the mechanism of metal ion sorption it should
be known that according to the Pearson Hard and Soft Acids and
Bases (HSAB) theory, the ligands of the functional groups in ion
exchangers behave as electron donors (bases) and the metal ions as
electron acceptors (acids) following the Lewis theory. Hard acids
are ions with low electronegativity, non-polarizable, have the high
charge to ionic radius ratio and are attracted to hard bases of high
electronegativity. On the other hand, soft acids are polarizable ions
with the low charge to ionic radius ratio and with relatively high
electronegativity that matches the relatively low electronegativity
of soft bases. Thus ion exchangers with the phosphonic, phosphinic,
phosphonic, carboxylic groups (hard base) can interact with hard
acids like Fe(III), AI(III), Sc(Ill) and Ln(Ill). When high selectivity
between two hard or soft acids (metal ions) is required a base group
containing the number of donor atoms similar to the oxidation
state of the target acid ion is preferred e.g. carboxylic groups with
two electron donor atoms favour the interactions with metal ions
with II over III the oxidation state.

The characterization of selected ion exchangers requires the
determination of both their equilibrium and kinetic properties.
Acidity of a solution has two effects on metal sorption. Under the
acidic conditions protonation of the binding chelating functional
groups is observed, however, hydroxide ions in the basic solution
complexed and precipitated metal ions. Therefore, pH of a solution
is the first parameter which should be optimized. At pH of the
solution equal to pHpzc, the surface charge of the ion exchangers is
neutral and therefore the negligible sorption of La(Ill) and Ni(II) or
their complexes with citric acid is observed. When pH is lower than
pHpzc, the surface charge of the ion exchangers is positive. There is
an electrostatic repulsion between La(Ill) and Ni(Il) and low sorp-
tion efficiency. In the case of negative metal ions complexes with
citric acid they are supposed to be adsorbed, however, in this pH
region they do not exist. At pH greater than pHpyc this value is
negative which produces the attraction of metal ions. Generally, the
lower pHpzc is, the more metal ions are attracted. Maximum
sorption is likely to occur at pH values greater than PZC when ad-
sorbents have a net negative charge. In the case of the citric acid in
the solution, the carboxylic groups act with La(III) and Ni(II) to form
complexes by releasing protons. This indicates that the ion ex-
change reaction increases acidity of solution as described in (Lu
et al., 2009). The negligible effect of the increased ionic strength
on the REEs cation extraction suggests chelating interactions of the
phosphonic acid functionality with La(lll) and not strong in-
teractions with Ni(Il) ions. However, this mechanism is rather
complicated.
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4. Conclusions

The use of ion exchange resins is constantly evolving and new
areas are emerging. In this study, the removal of Ni(Il) and La(III)
ions from the citrate solutions onto the ion exchangers Diphonix
Resin® and Purolite S957 was investigated under different experi-
mental conditions varying such parameters as solution pH, contact
time, ion exchanger dose, different ratio of ion exchanger and the
initial concentration of metal ions. The optimal sorption process
conditions were determined. The adsorption mechanisms were
examined studying kinetic and isotherm models. Based on the
obtained results, it can be concluded that the phase contact time,
concentration and citric acid to metal ion ratio affect the sorption
process. The results show that the sorption of Ni(II) and La(Ill) ions
on the tested ion exchangers is very fast. The equilibrium is
determined after 10—20 min for Diphonix Resin® and Purolite
S957. Moreover, the adsorbents exhibit excellent adsorption of
Ni(II) and La(IIl) ions from the citric solutions achieving removal of
almost 100%. The suitability of the pseudo first order, pseudo sec-
ond order, intraparticle diffusion, Boyd, film diffusion and
Dumwald-Wagner kinetic models for the adsorption is also dis-
cussed. The pseudo second order kinetic model agrees very well
with the adsorption behaviour over the studied range of metal ions
concentration. The Langmuir model was found to provide the best
fit to the data, as evidenced by the highest correlation coefficient.
The obtained results have practical significance in the process of
removing heavy metal ions and lanthanide ions from the solutions
after the extraction of the Ni-MH batteries. The experimental re-
sults of this study demonstrate that Purolite S957 and Diphonix
Resin® are suitable for adsorption of Ni(Il) and La(Ill) ions from
solutions. Moreover, citric acid can be proposed as an alternative
chelating agent to EDTA, having the advantage of low price and
high biodegradability. Both ion exchangers can be used for pre-
treatment of the acidic liquors to remove less valuable iron and to
maximize further stages of exchange columns usage.
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In this study the effects of citric acid (CA) as a biodegradable complexing agent in the sorption process of La(IIl),
Nd(II) and Ho(Ill) ions (single component systems) on various types of ion exchangers (chelating ion ex-
changers, cation exchanger, strongly and weakly basic polystyrene and polyacrylate anion exchangers) were
investigated. The effects of pH, Ln(III):CA molar ratio, phase contact time and initial concentrations as well as
temperature on the adsorption capacity were analysed. The optimal process conditions were also determined
which varied depending on the ion exchanger and the metal ion. The process was fast in all systems (up to 60
min). The sorption data was analysed using the pseudo-first order (PFO), pseudo-second order (PSO), intra-
particle diffusion (IPD), Boyd and Dumwald-Wagner (DW) kinetic models as well as the Langmuir, Freundlich,
and Temkin isotherm models. Among the studied adsorbents, the highest adsorption capacity was obtained for
the Purolite S957 chelating ion exchanger which was 162.04 mg/g for the La(III) complexes, 142.65 mg/g for the
Nd(III) complexes and 180.26 mg/g for the Ho(III) complexes. Reusability of ion exchangers in the desorption
studies was also evaluated as a sustainable approach. Moreover, dynamic experiments were performed using the
columns set. The Thomas, Adams-Bohart, Yoon-Nelson and Wolborska models were applied to the experimental
data to predict the dynamic behaviour of fixed bed columns. The physicochemical properties of adsorbents were
characterized by scanning electron microscopy (SEM), pHp,c, and Fourier transform infrared spectroscopy
(FTIR). The binary complexes of Ln(III) ions with CA at various metal:ligand ratios were investigated using the
potentiometric method. The overall stability constants of the complexes were determined.

1. Introduction

Nowadays when highly developed technology accompanies the life
of almost every human being, it is difficult to imagine life without it.
However, when using our everyday electronic gadgets, we do not always
realize that it would not be possible without the extremely important
metals, which are rare earth elements (REEs). Due to their unique
physical and chemical properties, REEs are essential in the production of
batteries, capacitors, magnets, superconductors, catalysts, pharmaceu-
ticals, for clean energy technologies (including lighting, wind turbines,
electrified vehicles) or in military applications (e.g. defense missiles)
[1-3]. Such a wide application of REEs meant that the demand for these
elements increased rapidly over the last two decades with the devel-
opment of high-tech products. Most REEs are not as rare as the name
suggests, for example cerium, which is the most abundant REE in the
earth’s crust, is more common than copper or lead [4]. The main sources

* Corresponding authors.

of REEs in nature are the mineral deposits of bastnasite, monazite,
xenotime as well as loparite and apatite [5]. Among them, bastnasite is
the most abundant. The largest resources are in China, USA, Australia,
India and Russia. However, there are several challenges to mining,
processing and global REEs availability. This is, among others, their
geological distribution. REE minerals are rarely concentrated which
makes them difficult to exploit. In addition, REEs, due to similar phys-
icochemical properties, often occur together in the same deposits which
further complicates the process. Another fact that does not facilitate the
extraction of these elements is that they often occur together with the
radioactive decay chains of uranium or thorium. All these factors cause
that many countries, even those with REEs deposits on their territories,
rely heavily on imports. This has led to a situation where one country,
China, has played a dominant role in the global extraction of REEs since
1990. Up till 2010 China controlled 97% of the global REEs production
[6]. The dangerous situation on the REEs market, caused by the market
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monopoly, fears of a sharp increase in prices and limited supplies,
resulted in the resumption of production in the United States, supple-
mented by new or increased production in Australia, Burma (Myanmar)
and Burundi as well as the start of searching for alternative sources of
their recovery. For example, according to the Mineral Commodity
Summaries 2020 report in the United States, domestic production of
mineral concentrates increased to 26,000 tons, which is a 44% increase
compared to 2018 [7]. However, the undeniable fact is that the global
resources of REEs are shrinking, and in conjunction with the constantly
growing demand, it becomes necessary to develop new methods of
obtaining them. A promising alternative to the traditional extraction of
REEs is their recovery from the secondary sources. However, at present
only limited quantities of REEs from batteries, permanent magnets, and
fluorescent lamps are recycled [7]. The development of optimal recov-
ery methods for REEs, apart from securing their reserves, would also
contribute to reducing the amount of toxic waste in the environment.
One of the most effective methods of separating and recovering metal
ions is adsorption which successfully uses ion exchangers with various
functional groups [8-11]. Recently the literature has reported many
adsorbents used in the recovery of REEs. Esma et al. [8] carried out the
research on the La(Ill) ions adsorption using the commercial macro-
porous resins containing iminodiacetic (Lewatit TP 207) and amino-
methylphosphonic acid groups (Lewatit TP 260). In their paper
Galhoum et al. [12] described the synthesis and application of cysteine-
functionalized chitosan magnetic nano-based particles in the recovery of
La(IlI), Nd(III) and Yb(III) while Liao et al. [13] used the prepared
graphitic-C3N4 nanosheets in the adsorption process of Eu(IIl), La(IIl),
Nd(III) and Th(IV) ions. In the series of publications Javadian et al.
[14-17] described the synthesis of the magnetic nanocomposites: cal-
cium alginate carrying poly(pyrimidine-thiophene-amide), calcium
alginate/carboxymethyl chitosan containing Nig2Zng oFes 604, CMC
bionanocomposite  carboxymethyl chitosan/poly(pyrimidine-thio-
pheneidine-amide)/Nig 2Zng oFez 604 and Ca-alginate/carboxymethyl
chitosan/Nig 2Zng oFey 604, which they used in the adsorption process
of Nd(III), Tb(III) and Dy(III) ions.

It is well-known that the eluting agents based on the inorganic sub-
stances are not suitable for separation of REEs [18,19]. Therefore, to this
aim organic substances forming complexing compounds of varying
stability with Ln(III) were proposed. In the sixties of the last century
citric acid (CA) solutions neutralized to various pH values were studied
first. Then the obtained results show that the separation efficiency of the
citrate solutions increases with the decreasing values of pH and the
increasing time of separation. The 5% CA solutions or its ammonium
salts with the pH gradient from 3.5 to 3.9 were typically used to separate
Sc, La and Y or Ce-group using the citrate-acetate mixture. For example,
the separation factors were for the pairs of Lu(III)-Yb(III) 1.31, Yb(IID)-
Tm(III) 1.52, Tm(I)-Er(IlI) 1.60, Er(IlI)-Ho(III) 1.50, Ho(III)-Dy(III)
1.37, Dy(IID)-Tb(III) 1.40, Tb(II)-GA(II) 1.37, GA(IID)-Eu(Ill) 1.12, Eu
(IID-Sm(III) 1.19, Sm(II)-Pm(III) 1.38, Pm(III)-Nd(II) 1.09, Nd(III)-Pr
(II1) 1.18, Pr(IIN)-Ce(III) 1.69 at 360 K. Therefore this was proved to
be very valuable in developing separation techniques and has found
several applications in radiochemistry.

Nowadays, however, a new perspective is associated with the use of
CA originated from the fermentation process as green CA. As for the
amount of production and utility, citric acid is one of the most important
bioproducts. It has been used not only as a complexing agent in metal
treatment but also as a monomer for the polymers production, a softener
as the effect of its organic acid chelating and buffering properties [20]. It
exists in human plasma at a concentration of 0.1 mM. It is an important
intermediate in the Krebs cycle and is involved in the metalloenzyme
systems, such as aconitase and NifV™ nitrogenase in the nitrogen fixation
[21]. In addition, rare earth citrates can be used to prepare homoge-
neous gels of metal oxides by the solvent evaporation. This causes a
rapid increase in viscosity which reduces the diffusion of complexes and
thus prevents phase separation and allows for obtaining such oxides as
(Lay _xSry)Co03, (Bi,La)4Tiz012 [22,23]. Citrates are used in food
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industry for production of soft drinks, as food additives, acidity regu-
lators, buffers, antioxidants, preservatives and stabilizing agents, in di-
etary supplements against zinc, copper, iron etc. They are also used in
producing medicaments, cosmetics, plastics and in oral rehydration
treatment [24,25].

CA is produced biotechnologically on a large industrial scale using
the fungus Aspergillus niger, sugars (glucose, sucrose) and sugar molasses
as substrates [20,26]. The use of these substrates for the bioprocesses is
in competition with their essential application as food and feed. As an
advantage, the yeast Yarrowia lipolytica has a broader variety in terms of
the substrates for the production of CA, e.g. carbohydrates, (raw) glyc-
erol, ethanol, fatty acids, plant oils, and by-products like waste frying oil
(WFO) [27-29]. In particular, the use of waste products such as WFO
allows the production of CA in a sustainable, green way without
competition to the food supply [30].

On the other hand, lanthanide(III) ions and their complexes are used
in medicine because of their anti-cancer, anti-inflammatory, anti-
coagulating and anti-allergic properties. Gadolinium(III) complexes
with their magnetic properties have been used in the magnetic reso-
nance imaging method [31].

Due to its significant impact on the development of separation
techniques and applicability of CA, in this paper we will discuss the
possibility of the use of its green form obtained in the fermentation
process in the REE sorption and separation using different types of ion
exchangers (the most commercially common) with the phosphonic and
sulphonic, aminophosphonic, sulphonic as well as quaternary ammo-
nium functional groups of types I and II as well as with the different
types of polymer matrix (polystyrene and polyacrylate). The focus will
be made on presenting the applicability of varying parameters of the
effectiveness of La(IlI), Nd(II) and Ho(IIl) sorption process in the
presence of CA.

2. Materials and methods
2.1. Materials

In this study there were used the following adsorbents: Purolite
S957, Purolite S950, Lewatit Monoplus SP112, Lewatit MonoPlus M500,
Lewatit MonoPlus M600, Lewatit MonoPlus MP500, Amberjet 4200,
Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958
and Amberlite IRA 67. The details of the studied ion exchangers are
given in the Supplementary Materials.

Citric acid (CA) containing the biomass-free fermentation solution
derived from a non-sterile bioprocess with the yeast Yarrowia lipolytica
H181 using waste frying oil as a substrate was obtained by the
Helmholtz-Centre for Environmental Research-UFZ (Germany). The
details of the yeast cultivation process are presented in the Supple-
mentary Materials.

La(N03)3-6H20, Ce(N03)3-6H20, PI‘(N03)3-6H20, Nd(N03)3-6H20,
Sm(NO3)3-6H20, Ho(NO3)3-5H20 were obtained from Sigma-Aldrich
and were used without further purification.

2.2. Apparatus and instruments

All apparatus and equipment used in this study are presented in the
Supplementary Materials.

2.3. Potentiometric measurements

Before each measurement series, the pH-meter indication was cali-
brated with two buffer solutions at pH 4.00 and 9.00. Potentiometric
titrations were made in the atmosphere of neutral gas (helium 5.0) at
293 + 1 K and with the constant ionic strength (u = 0.1 M KNOs3).
Measurements were made in the pH range from 2.5 to 11.0. The CO»-
free NaOH solution at the concentration of 0.1940 M was used as a
titrant. The concentration of the complexing agent (CA) in the sample
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was 1.0 x 1073 M. The selection of the model as well as the protonation
constants for the used ligand and the stability constants for the com-
plexes were studied on the basis of the points obtained from the titration
curve using the HYPERQUAD2008 program. The determined ionic
product for water was pK,y = 13.77. The calculations were made using
150-350 points for each job. The hydrolysis constants of metal ions were
also determined and included in the computer analysis of potentiometric
data.

2.4. Adsorption studies - static method

The stock solution of Ln(III) ions at the concentration of 1 x 1072 M
was prepared by dissolving appropriate amounts of La(NO3)3-6H20, Nd
(NO3)3-6H50 or Ho(NO3)3-5H20 in the deionised water. The solutions of
the Ln(III) ions and CA system with the various required initial con-
centrations were prepared by adding the equimolar amounts of metal
ions solution to the CA solutions. The final concentration of Ln(III) was
estimated by the ICP-OES method.

To find out the optimal conditions for the sorption of Ln(II) com-
plexes with CA on the selected ion exchangers the batch method was
used in the single component systems. To test the influence of the initial
PH of the solution for Ln(III)-CA on Purolite S957, Purolite S950, Lewatit
SP112, Lewatit M500, Lewatit M600, Lewatit MP500, Amberjet 4200,
Amberjet 4400 and Amberjet 4600 as well as Amberlite IRA 458,
Amberlite IRA 958 and Amberlite IRA 67 the 20 mL solution of 1.0 x
1073 M concentration in the pH range 2.0-12.0 and 0.05 g of the
selected ion exchanger were used. In this research stage 1 M HNO3 or 1
M NaOH solutions were used to adjust the initial pHs of the solution. The
effect of the Ln(II[):CA ratio of 1:1, 1:2 and 1:4 on the adsorption effi-
ciency was also investigated. To evaluate the kinetics of the sorption
process the 10 mL solution of 1.0 x 1073-2.5 x 10~> M concentration
and 0.1 g of the ion exchanger were placed in the 100 mL conical flasks
and shaken in the time interval from 1 to 240 min. The above experi-
ments were performed at 293 K with a shaking speed of 180 rpm. The
influence of temperature in the range from 293 to 333 K on the Ln(III)
adsorption efficiency was also evaluated. After shaking all samples were
separated by filtration using the filter paper. The sorption isotherm
studies were carried out analogously at the initial concentrations of the
studied solutions in the range 1.0 x 107°-1.3 x 1072 M.

2.5. Desorption studies

The desorption studies were also carried out to evaluate the regen-
eration abilities of the adsorbents. Hydrochloric and nitric(V) acids in
the concentrations of 0.5, 1 and 2 M were used as the desorbing agents.
Prior to testing, the Ln(III)-CA complexes were adsorbed on a given ion
exchanger using an initial concentration of 1.0 x 107> M and a phase
contact time of 240 min. After the sorption process, the prepared sam-
ples were allowed to dry. The desorption tests were carried out using an
adsorbent dose of 10 g/L and a temperature of 293 K. The reusability
studies of ion exchangers were carried out on the example of adsorption/
desorption of La(III)-CA complexes in the same way for the best
desorbing agent in five sorption/desorption cycles. The experiments
were performed in triplicate, therefore the obtained results were
averaged.

2.6. Adsorption studies — Dynamic method

The studies with the dynamic method were carried out only for the
La(Ill) complexes with CA. For this purpose, the solution of La(IlI)-CA
complexes with a concentration of 1.0 x 10~> M, pH values equal to
8.0 and La(III):CA ratio 1:1 for the chelating ion exchangers and the
cation exchanger and 1:2 for the anion exchangers were used. The pH
values of the solutions were adjusted with 1 M HNO3 or 1 M NaOH.
These studies were carried out at room temperature (293 K). The dy-
namic experiments were performed using glass columns with a diameter
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of 1.5 cm and a height of 25 cm packed with 10 mL of swollen ion
exchanger. The flow rate of the solution through the bed was 0.6 mL/
min. The effluent was collected in defined volume fractions and ana-
lysed by the ICP-OES method. The column experiments were conducted
until the concentration of La(III) ions in the effluent reached the initial
concentration.

2.7. The equations

2.7.1. Static method

Based on the experiments the basic parameters such as the amount of
Ln(II1) adsorbed per amount of ion exchanger at the equilibrium g, [mg/
gl, the amount of adsorbed Ln(III) at the time t g; [mg/g], the adsorption
effectiveness %S and the desorption percentage %D as well as the dis-
tribution coefficients K4 were estimated using the following equations
(Egs.(1)-(5)):

1%
ge = (Co — C.) x — (€]
m
14
g =(Cy—C) x— (2)
m
%S = G-6), 100% 3
t
%D = Caes 100% (©)]
C()
K; = 4(6'0 —C) X X 5)
C, m

where Cj is the initial concentration of Ln(III) in the solution [mg/L], C,
is the equilibrium concentration of Ln(IIl) in the solution [mg/L], C; is
the concentration of Ln(III) at the time t [mg/L], V is the solution volume
[L], m is the mass of the ion exchanger [g] and Cg is the Ln(III) ions
concentration after the desorption process [mg/L].

In order to study the adsorption kinetics five kinetic models were
applied to fit the adsorption kinetic data:

a) pseudo-first order kinetic equation [32]

qr = q.(1 — exp(—ki1)) (6)
b) pseudo-second order kinetic equation [33]

kzqgt

— 7
1 +k2qel 2

t

c) intraparticle diffusion kinetic model (Weber-Morris model) [34]
g =k*>4+C (8)
d) Boyd kinetic model [35]
B, = — 04977 —In(1 — F) )
e) Dumwald-Wagner model [36]

k

log(1-F) = —5203,

(10)
where ¢., q; were defined as previously, k; is the pseudo-first order rate
constant [1/min], ks is the pseudo-second order rate constant [g/mg
min], k; is the intraparticle diffusion rate constant [mg/g min!/ 2], Cis
the value of intercept related to the boundary layer thickness, F is the Ln
(III) adsorbed fraction at the time t (F = q/qe), k is the Dumwald-Wagner
model rate constant [1/min].

The adsorption data were also analysed using the following isotherm
models:

a) Langmuir model [37]
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= q0K,.C, a1
1+K,.C,
b) Freundlich model [38]
g. = KeCI" 12)
¢) Temkin model [39]
q. = BInA + BinC, (13)

where q,, C. were defined as previously, qp is the maximum monolayer
adsorption capacity of the ion exchanger [mg/g]l, K is the Langmuir
constant related to the affinity of the binding sites [L/mg], Kr is the
Freundlich adsorption capacity [mg/g], n is the Freundlich constant
related to the adsorption intensity, A is the Temkin constant related to
the maximum binding energy [L/g], B is related to the adsorption heat
[J/mol] and can be expressed as B = RT/br where R is the gas constant
(8.314 J/mol K), T is the absolute temperature [K], and by is the Temkin
isotherm constant.

Thermodynamic parameters such as the Gibbs free energy change
AG° [kJ/mol], the enthalpy change AH° [kJ/mol] and the entropy
change AS° [J/mol K] were determined to evaluate the nature of the
adsorption process based on the following equations [40]:

AG° = —RTInkK, 14

AG® = AH’ — TAS° (15)
AS” AH(}

InK, = — — 1

nKe = —~pr (16)

where R is the universal gas constant (8.314 J/mol K), T is the absolute
temperature [K], K, is the thermodynamic equilibrium constant which is
determined by plotting In(q./c.) vs. q. and extrapolating to zero q..

Additionally, the error function - the Chi-square (%) was used for the
isotherm models fitting:

2
r= ZM a7

Ge.cal

where g exp is the adsorption capacity determined experimentally and
Qe cal is the adsorption capacity according to the given model.

2.7.2. Dynamic method

On the basis of the breakthrough curves obtained in the dynamic
tests, the basic parameters such as the working exchange capacity C,,
[mg/mL], the mass distribution coefficient Dy and the volume distribu-
tion coefficient D, were determined using the following equations:

U x Cy
] 1
Cy v, (18)
p,=Y=th=V 19)
n;
U-Uy -V
D =—-" " 20
v, (20)

where: Cp is the initial La(III) ions concentration [mg/mL], U is the
effluent volume to the break point [L], V; is the bed volume [mL], m; is
the dry ion exchanger mass [g], U is the volume of the leakage equal C/
Co = 0.5 [mL], Up is the dead volume in the column [mL] and V is the
empty space volume between the resin beads equal 0.4 mL.

Several mathematical models have been developed to predict the
dynamic behaviour of the column. The following models were used to
determine the breakthrough performance as well as to calculate the
column kinetic parameters and adsorption capacity of the fixed bed
column:

a) the Thomas model
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Co ) krngom kg, Co
Inf——-1| = — \% 21)
( Cc 0 0

b) the Adams-Bohart model

H
In (E) = kagCot — kAqu (22)
CQ v

¢) the Yoon-Nelson model

C
In (CO — C) = kyN[— kyNT (23)

d) the Wolborska model

ln<£> _bCo, BH (24)
Co q v

o 48,D
p. = 2D ( 1+ . 1) (25)

where C is the outlet concentration [mg/L], Cp is the initial concentra-
tion [mg/L], kg is the Thomas rate constant [mL/mg min], qp is the
adsorption capacity [mg/g], m is the mass of the adsorbent in the col-
umn [g], Q is the flow rate [mL/min], V is the effluent volume [L], kap is
the Adams-Bohart rate constant [L/mg min], t is the time [min], g is the
adsorption capacity [mg/L], H is the bed depth of the fixed bed column
[em], v is the linear velocity calculated by dividing the flow rate by the
column section area [cm/min], kyy is the Yoon-Nelson rate constant [1/
min], 7 is the time required for 50% adsorbate breakthrough [min], 3, is
the kinetic coefficient of the external mass transfer [1/min] and D is the
axial diffusion coefficient [cmz/min], Po is the external mass transfer
coefficient with a negligible axial dispersion coefficient D.

3. Results and discussion
3.1. Materials characterization

3.1.1. Citric acid

Citric acid is a tricarboxylic organic compound (Fig. 1). CA has a
hydroxyl group and three carboxyl functional groups which allow for
the formation of thermodynamically stable complexes with many metal
ions, e.g. Ca(Il), Sr(Il), Mn(I), Co(II), Ni(II), Cu(Il), Fe(II), La(III)
[41-45]. This contributes to the increasing solubility of metal ions and
at the same time their bioavailability facilitating the ions adsorption in
the biological systems [46]. The X-ray crystallographic patterns proved
that the central hydroxyl and carboxyl groups lie in a plane perpendic-
ular to the backbone plane [47].

In the acidic and neutral solutions CA dissociates readily in three
stages [46]:

HsCit + HyO 2 HyCit™ + H;0™" (26)
. _ it JH0 "]

@ [H,Cit]
H,Cit™ + H,O 2 HCit*~ + H;0™" 27)

Fig. 1. Structure of CA.
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K. [HCit" ™ ][H,0 * ]

@ [H,Cit "]
HCit>~ + H,0 2 Cit*™ + H;0" (28)
K. — [Cit~ |[H,0 * ]

‘ [HCit*"]

At 298 K the respective equilibrium constants pKy;, pKaz, and pKas
are 3.13,4.76, and 6.4 [48]. However, in the strongly basic solutions, CA
can also split off the hydroxyl proton with a pKa4 equal 11.6 [49]. Due to
the high pKg,4 value, hydroxyl citrate ionization can be neglected in most
cases of complex formation, therefore most speciation studies treat CA as
having only three ionisable groups. For this reason, citrates act as tri-
dentate ligands [46].

The relatively low protonation constants of CA cause deprotonation
of carboxyl groups to occur at low pH values, therefore in the biological
systems where the pH oscillates around 7.0, these compounds are pre-
sent in a completely deprotonated form (Table 1).

The solid-phase studies proved that at first CA loses the proton of the
central carboxyl group and then those from the terminal carboxyl groups
[47,50]. Based on the examination of the NMR spectra, a similar
dissociation pattern can be expected in the solution (Fig. 2).

Bastug et al. [51] determined the protonation constants of CA and
the stability constants of the 1:1 binary complexes of CA with Cu(II), Ni
(ID), Co(II), Mn(II) and Ce(III) potentiometrically at the temperatures of
288, 298 and 308 K and the ionic strength of 0.10 mol/L (NaClO4). The
thermodynamic parameters for the complex formation reaction were
also given. It was found that all the three protonation constants of CA
increased with the increasing temperature, proving that the process is
endothermic. Therefore, a higher temperature is favourable for all
protonation reactions of the ligand in the aqueous solution. Oxygen
atoms act as electron donors and each of them can serve as a metal
ligand. CA tends to form various types of complexes with metal ions.
These include weak complexes with alkali metal ions and alkaline earth
metal ions and very strong ones with heavy metal ions and lanthanides.

Among the complexes of CA depending on the complexed metal ion,
one can distinguish mononuclear, binuclear, or polynuclear and bi-, tri-
as well as multidentate complexes (Fig. 3). For example, metals such as
Ca(II), Fe(Il) and Ni(II) form bidentate, mononuclear complexes with
two carboxyl groups of the CA molecule. Cu(Il), Cd(II) and Pb(II) form
tridentate, mononuclear complexes, involving two carboxyl groups and
the hydroxyl group [52]. U(VI) complexes with CA are an example of the
binuclear complexes with two uranyl ions and two CA molecules
involving four carboxylic acid groups and two hydroxyl groups [53].

NMR study of the Ln(III) complexes with CA at the ratio 1:2 and at
pH 7.4 was carried out and the possible coordination geometry of Ln
(cit)2 complex was proposed [54]. It was found that one lanthanide ion
is coordinated by two citrate ligands through a central hydroxyl group
and a central carboxylate group, forming a coordination center
involving some water molecules (Fig. 4). Two terminal carboxylate
groups are not directly involved in the complexation but are directed to
the coordination center due to the hydrogen bond interactions between
the carboxylate groups and the coordinated water molecules.

The stability constants of REE complexes with CA as a chelating

Table 1
The protonation constants for CA.

Protonation
equilibria

Overall protonation SD
constants (logf)

Successive protonation
constants (logK)

12.64 0.04 H.Cit” +Hs0' =2  3.16
HsGit

9.48 0.04 HCit> +HsO" =2  4.12
H,Cit™

5.36 0.04 Git’” + HsO" 2 5.36
HGit>~
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agent of [LnL] type (u=0.1; T = 293 K) are equal to 7.10, 7.40, 7.60,
7.70,7.71, 7.80, 7.80, 7.72, 7.74, 7.79, 7.84, 7.86, 8.00, 8.05, 8.07 for
La(IIl), Ce(III), Pr(III), Nd(III), Pm(III), Sm(III), Eu(IIl), GA(III), Tb(III),
Dy(1II), Ho(IIT), Er(Ill), Tm(III), Yb(IID), Lu(lIl), respectively [48].

This paper presents the results of the analysis of the potentiometric
data of the binary systems of CA with La(III), Ce(III), Pr(III), Nd(III), Sm
(III), Ho(Ill) during the formation of complexes. The results of the
potentiometric titrations of solutions containing La(IIl), Ce(III), Pr(III),
Nd(III), Sm(III) and Ho(III) and CA at the various metal:ligand ratios are
presented in Fig. 5, Fig. S1 and Table 2.

The obtained data were used for the modelling of the reactions of
soluble complexes formation. The positively charged Ln(III) ions can
interact with the negatively charged CA. The overall protonation con-
stants of HsCit are equal to 12.64, 9.48 and 5.36 (logf). These reactions
are pH dependent. Therefore the conditional constant gives the rela-
tionship between the concentration of formed complexes and the
unreacted Ln(II) ions as well as the complexing agent (HsCit). The
protonated complexes of LnHL type, LnL and LnLy types as well as
hydroxycomplexes of LnL(OH)y type were identified in all systems. The
complex formation starts with the formation of the protonated species.
Almost the whole CA introduced into the system at all studied ratios was
coordinated by Ln(III) ions. Interestingly, the species made of CA and Sm
(II) ions exhibit the slightly lower equilibrium constants of complex
formation which is a consequence of the gadolinium break effect
(Table 2).

Under the thermodynamic conditions especially in the equilibrium
the complexes formation reaction is selective and only those metal ions
with the highest values of the stability constant are formed first.

For La(III), Ce(III), Pr(III), Nd(III), Sm(III) and Ho(III) and L (CA) in
the 1:1 system, for the LnHL complexes they are: 4.16, 4.49, 4.28, 4.59,
4.46 and 5.43; for LnL 6.15, 6.68, 6.69, 6.73, 6.67 and 7.14 as well as for
LnL(OH) 6.60, 8.12, 8.26, 7.41, 7.69 and 7.90, respectively. In the 1:2
system these values are: for the LnHL complexes: 4.08, 4.34, 4.50, 4,86,
3.85 and 5.52; for LnL 6.19, 6.61, 6.84, 7.11, 6.81 and 7.42 as well as for
LnL(OH) 7.94, 8.60, 8.85, 8.69, 8.85 and 7.64, respectively. For La(IlI),
Ce(IID), Nd(I11), Sm(III) and Ho(III) and L (CA) in the 2:1 system, for the
LnHL complexes they are: 4.05, 3.74, 4.53, 4,39 and 8.72; while for LnL
6.11, 6.38, 6.25, 6.84, 6.83 and 10.85 as well as for LnL(OH) 7.61, 7.56,
8.20, 8.70, 8.58 and 7.65, for La(IIl), Ce(III), Pr(II), Nd(III), Sm(III) and
Ho(III) and L (CA), respectively.

3.1.2. Ion exchangers

The morphology of ion exchangers surface was studied by means of
the SEM method. The images were taken before and after the La(IIl)
complexes adsorption process and are presented in Fig. S2. The obtained
SEM images show the difference between the structure of macroporous
and gel ion exchangers. As follows from the Fig. S2 the surface of
macroporous ion exchangers (Purolite S957, Purolite S950, Lewatit
SP112, Lewatit MP500, Amberlite IRA 958) is rather homogeneous and
porous which is confirmed by the presence of pores in their structure
which are the site for the sorption of metal ions. In the case of gel ion
exchangers (Lewatit M500, Lewatit M600, Amberjet 4200, Amberjet
4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 67), a homo-
geneous surface is also observed.

After the sorption process the surface of macroporous ion exchangers
does not change significantly. The SEM images of gel ion exchangers
show that their surface became denser after the sorption process than
before. The most visible changes are in the case of Amberlite IRA 67
where the surface became much rougher and irregular.

In order to characterize the porous structure of the ion exchangers, a
review of the literature was made. Table 3 shows the specific surface
area (Sppr) and the average pore diameter (D) of the tested adsorbents
obtained by other researchers. In all cases the surface area as well as the
pore size were calculated using the Brunauer-Emmett-Teller (BET) and
the Barrett-Joyner-Halenda (BJH) methods, respectively.

It can be noticed that the specific surface area of the ion exchangers
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Fig. 4. Possible coordination geometry of Ln(cit), complex in the pH
7.4 solution.

selected for the study was quite diverse but it had small values in the
range of 0.45-14.98 m?/g. The average pore size was in the range of
2.84-34.10 nm which indicates the presence of mesopores (2-50 nm) in
the structure of the ion exchangers.

The point of zero charge (pHp,) of the ion exchangers, i.e. the pH

methods. As follows from the comparison of the two methods, similar
values were obtained. It is known that if the pH < pHy,, the surface of
the ion exchangers is positively charged. In this case the electrostatic
repulsion occurs between the Ln(III) ions and the adsorbent surface
which is the cause of low sorption efficiency. In this pH range, negative
complexes of Ln(III) with CA could be easily adsorbed but they do not
exist at low pH values. If pH > pHj,. the surface is negatively charged
which results in the attraction of metal ions and the repulsion of nega-
tively charged Ln(III)-CA complexes. However, our studies showed a
different effect of pH on the adsorption process than that described here
which suggests that apart from the electrostatic attraction, other
mechanisms are involved in the process of Ln(III)-CA complexes
adsorption.

The FTIR spectra of the investigated ion exchangers recorded before
and after the sorption of Ln(IIl) complexes with CA are presented in
Fig. 6.

A broad, intensive peak present in each recorded spectrum in the
range of 3500-3300 cm ! is characteristic of the hydroxyl or hydroxyl
and amino groups. The peaks originating from the ion exchanger matrix
(cross-linked polystyrene or polyacrylic) are also clearly visible. The
bands at about 3020 cm™! and 2920 cm™! are ascribed to the asym-
metric and the corresponding symmetric stretching vibrations of the
—CH, groups. The asymmetric, stretching vibrations of the carbon-
—carbon bonds in the ring (v55(C = C)) and the asymmetric, scissoring
vibrations of the methylene groups (8,5(-CH3)) exist at the frequencies
in the range of 1480-1470, 1420-1410, and 1380-1370 cm™'. The
deformation vibrations of 1,4-disubstituted benzene rings were
confirmed and they are visible in the case of the polystyrene-
divinylbenzene matrix in the wave number range 975-823 cm ™.

In the case of the ion exchangers with a polyacrylic matrix, the
characteristic peaks appearing in the frequency range 1650-1550,
1460-1370 and 1260 cm ™' were assigned to the C-C stretching, C-H
deformation, and C-N stretching bonds, respectively [61]. Besides the
peaks from the matrix, those confirming the presence of functional
groups are also visible.

The presence of the phosphonic and sulfonic functional groups in
Purolite $957 is confirmed by the bands at 2283 and 2112 cm ™ cor-
responding to the stretching vibrations of the P-OH and S-OH groups,
respectively. The bands at 1123 and 988 cm ™! correspond to the
stretching vibrations of the P = O, P-O, S = O and S-O groups [62-64]. In
the Purolite S950 spectrum, the bands at 2312 cm™! indicate the
stretching vibrations of the P-OH groups. At 1081 and 973 cm ™! the
presence of the P = O and P-O groups in the phosphonic group was
observed. Moreover, in the range of 1530-1400 cm ™! there are weaker
bands corresponding to the N-H deformation vibrations [63].

The four peaks observed in the Lewatit SP112 spectrum at 1176,
1124, 1037 and 1008 cm™! are attributed to the presence of sulfonic
groups. These peaks arise as a result of the stretching vibrations of the S
= O and S-O groups in the -SO3 group.

Comparing the FTIR spectra of the ion exchangers obtained before
and after the sorption of the Ln(III) complexes with CA, some changes in
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Fig. 5. Percentage of CA individual forms depending on the pH values (a) and the distribution diagrams for the Ln(III)-L systems (where Ln = La(III), Nd(III), Ho(III)

and L = citric acid, CA) at the Ln(III):L ratio 1:1 (b-d).

the spectra were observed. The peak shifts and intensity changes were
found in the characteristic bands of the functional groups. After the
sorption process of Ln(IlI) complexes with CA, the peaks from the
phosphonic and/or sulfonic functional groups in the spectra of the
chelating ion exchangers were shifted towards higher wave numbers.
This suggests that these groups are involved in the Ln(IIl) ion binding.
After the sorption the FTIR spectra of the anion exchangers exhibit two
strong bands at 1565 and 1370 cm™! which can be assigned to the
asymmetric and symmetric stretchings of the COO™ groups, respectively
(Vas(COO™) and v5(CO0 7)) [65].

3.2. Adsorption studies - static method

3.2.1. Effect of initial pH

It is well-recognized that the solution pH has a significant influence
on the behaviour of the adsorption process due to its effect on the
chemical speciation of the adsorbate in the aqueous solution and the
surface charge of the adsorbent by ionization of resin functional groups
[66]. To determine the optimal pH values for the adsorption of La(IIl),
Nd(III) and Ho(III) ions in the presence of CA with the use of the tested
adsorbents, the experiments were conducted in the pH range of 2.0-12.0
by adjusting with 1 M HNO3 or 1 M NaOH. In this research stage, the
ratio between the Ln(IIl) ions and CA was maintained at 1:1 for the
chelating ion exchangers and the cation exchanger and 1:2 for the anion
exchangers.

The obtained results for the La(II[)-CA complexes are demonstrated
in Fig. 7 and for the Nd(III) and Ho(III) complexes in Figs. S3 and S4.

It can be seen that changing the solution pH influences the sorption
process in a different way, depending on the adsorbent and the metal
ion. In the case of La(Ill) complexes adsorption on the chelating ion
exchangers (Purolite S957, Purolite S950) and the cation exchanger
(Lewatit SP112), the obtained sorption capacity is almost constant and

independent of the solution pH. Only in a very alkaline environment a
decrease in the sorption efficiency can be observed.

Similar results were obtained for the sorption of Nd(III) and Ho(III)
complexes on Purolite S957 and for Ho(III) complexes sorption on
Purolite S950. The studies of the Nd(III) complexes adsorption on Pur-
olite S950 and Lewatit SP112 as well as Ho(III) complexes on Lewatit
SP112 showed that in these cases, as the solution pH increases, the
sorption efficiency decreases which indicates that ion exchangers bind
the uncomplexed form of metal ions more easily. A similar relationship
was observed for the weakly basic anion exchanger Amberlite IRA 67
where the highest adsorption capacity was recorded at pH 4.0 while a
further increase in pH resulted in a decreasing sorption efficiency.

A completely different behaviour, regardless of the tested metal, is
shown by the strongly basic anionic ion exchangers (Lewatit M500,
Lewatit M600, Lewatit MP500, Amberjet 4200, Amberjet 4400,
Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958), the sorption
capacity of which depends largely on the pH value of the solution. The
potentiometric measurements showed that at pH 2.0, free Ln(III) ions
and the protonated species H3Cit are the dominant forms in the solution
therefore probability of Ln(III)-CA chelates formation is not sufficient.
The repulsion between the Ln(IIl) cations and the positively charged
active sites of the anionic ion exchangers can be considered the reason
for the insignificant removal obtained at the studied pH lower value. On
the other hand, free Ln(III) ions are easily removed by the chelating ion
exchangers and the cation exchanger. As the pH increases, the propor-
tion of Ln(III) complex forms in the solution also increases being more
easily trapped by the functional groups of anionic ion exchangers. The
decrease in the sorption capacity at high pH values may result from the
competition between the OH™ and Ln(III)-CA complexes for adsorption
on the positively charged active sites of the adsorbent.

Therefore for the further studies of Ln(III) ions sorption in the
presence of CA there were selected the following pH values of the
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The overall stability constants (logp) and the equilibrium constants of complex formation (logKe) in the systems of Ln(III)-L (where Ln = La(I1I), Ce(IIL), Pr(III), Nd(III),

Sm(III), Ho(IlI) and L = citric acid, CA) for various metal:ligand ratios.

Species 1:1 1:2 2:1
logp SD logK, logp SD logK, logp SD logK,
La(III)-CA
LnHL 9.52 0.03 4.16 9.44 0.06 4.08 9.41 0.05 4.05
LnL 6.15 0.01 6.15 6.19 0.03 6.19 6.11 0.02 6.11
LnL(OH) -1.01 0.04 6.60 0.36 0.07 7.94 —0.05 0.06 7.61
LnL(OH), —7.59 0.05 7.19 - - - -6.10 0.03 7.73
LnL, - - - 10.16 0.06 3.98 - - -
Ce(II)-CA
LnHL 9.85 0.06 4.49 9.70 0.05 4.34 9.10 0.10 3.74
LnL 6.68 0.03 6.68 6.61 0.02 6.61 6.38 0.02 6.38
LnL(OH) 1.03 0.06 8.12 1.44 0.05 8.60 0.17 0.10 7.56
Ln(OH), -7.53 0.07 5.21 —6.86 0.07 5.47 —5.30 0.03 8.31
LnL, - - - 10.58 0.06 3.97 - - -
Pr(III)-CA
LnHL 9.63 0.10 4.28 9.86 0.06 4.50 - - -
LnL 6.69 0.03 6.69 6.84 0.03 6.84 6.25 0.07 6.25
LnL(OH) 1.18 0.06 8.26 1.92 0.06 8.85 0.68 0.06 8.20
LnL(OH), -7.07 0.07 5.52 -5.80 0.08 6.05 -5.71 0.05 7.38
LnLy - - - 10.94 0.07 4.10 - _ -
LnyL - - - - - - 9.69 0.09 3.44
Nd(III)-CA
LnHL 9.95 0.04 4.59 10.22 0.03 4.86 9.89 0.08 4.53
LnL 6.73 0.02 6.73 7.11 0.02 7.11 6.84 0.04 6.84
LnL(OH) 0.37 0.04 7.41 2.03 0.04 8.69 1.77 0.08 8.70
LnL(OH), -8.81 0.07 4.59 —6.05 0.05 5.70 —4.45 0.08 7.55
LnL, - - - 11.30 0.04 4.19 - - -
Sm(III)-CA
LnHL 9.82 0.04 4.46 9.21 0.12 3.85 9.75 0.04 4.39
LnL 6.67 0.02 6.67 6.81 0.02 6.81 6.83 0.02 6.83
LnL(OH) 0.59 0.04 7.69 1.89 0.05 8.85 1.64 0.04 8.58
LnL(OH), -8.33 0.05 4.85 —5.65 0.05 6.23 —-4.63 0.03 7.51
LnL, - - - 10.93 0.05 4.13 - - -
Ho(III)-CA
LnH,L - - - - - - 17.09 0.05 7.61
LnHL 10.79 0.02 5.43 10.88 0.02 5.52 14.08 0.06 8.72
LnL 7.14 0.02 7.14 7.42 0.02 7.42 10.85 0.04 10.85
LnL(OH) 1.28 0.03 7.90 1.29 0.02 7.64 4.73 0.03 7.65
LnL(OH), —6.62 0.04 5.88 —-6.92 0.02 5.56 - - -
LnL, - - - 11.22 0.03 3.80 - - -
Purolite S950, Lewatit SP112 and Amberlite IRA 67, pH 8.0 for Ho(III)
Table 3 on Purolite S957, Purolite S950 and strongly basic anion exchangers, pH
The textural parameters [55-60] and pHy,e of adsorbents. 2.0 for Ho(III) on Lewatit SP112 and pH 4.0 for Ho(III) on Amberlite IRA
Adsorbent Sger [m?/g] D [nm] PHpze 67.
PTM* DM*
purolite S957 14.90 3410 1.96 1.60 3.2.2. Effect of Ln(IIl):CA molar ratio
Purolite S950 14.90 30.90 9.81 9.82 The sorption process was examined for the three different Ln(III) to
Lewatit SP112 14.98 32.72 6.06 6.43 CA ratios 1:1, 1:2 and 1:4. The initial Ln(III) ions concentration of 1.0 x
Lewatft M500 2.38 2.84 5.06 4.25 1073 M, the initial solution pH 8.0 (La(IIl) on all tested ion exchangers
Lewatit M600 0.45 1922 6.31 6.26 except Amberlite IRA 67, NA(III) on Purolite $957 and strongly basic
Lewatit MP500 1.87 9.60 7.35 7.08 . . .
Amberjet 4200 5.97 9.03 6.42 6.72 anion exchangers, Ho(III) on Purolite S957, Purolite S950 and strongly
Amberjet 4400 1.96 6.14 6.41 6.25 basic anion exchangers), pH 4.0 (La(III) on Amberlite IRA 67, Nd(III) on
Amberjet 4600 1.47 17.53 6.78 6.60 Purolite S950, Lewatit SP112, Amberlite IRA 67 and Ho(III) on
Amberlite IRA 458 2.03 3.60 6.33 6.55 Amberlite IRA 67), pH 2.0 (Ho(IIl) on Lewatit SP112), the adsorbent
Amberlite IRA 958 2.03 6.46 5.99 6.41 .
Amberlite IRA 67 405 710 .50 0.67 dose of 10 g/L and the temperature of 293 K remained constant.

PTM* - the potentiometric titration method, DM* - the drift method.

solutions: pH 8.0 for La(Ill) on all tested ion exchangers except
Amberlite IRA 67 where the pH value was 4.0, pH 8.0 for Nd(III) on
Purolite S957 and strongly basic anion exchangers, pH 4.0 for Nd(III) on

The effect of La(III):CA molar ratios on the adsorption efficiency onto
the tested adsorbents is shown in Fig. 8. Similar results were obtained for
the Nd(III) and Ho(III) complexes (Fig. S5, Fig. S6).

As follows from Fig. 8 the concentration of CA has a significant
impact on the sorption capacity of the tested cation exchanger and anion
exchangers. For example, increasing the concentration of CA from 1.0 x
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Fig. 6. FTIR spectra for (a) Purolite S957, Purolite $950, Lewatit SP112, (b) Lewatit M500, Lewatit M600, Lewatit MP500, (c) Amberjet 4200, Amberjet 4400,
Amberjet 4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67 before and after the adsorption of La(III), Nd(III) and Ho(III) ions in the presence

of CA.
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Fig. 7. The effect of pH on the sorption of La(IIl)-CA complexes on (a) Purolite S957, Purolite S950, Lewatit SP112, (b) Lewatit M500, Lewatit M600, Lewatit MP500,
(c) Amberjet 4200, Amberjet 4400, Amberjet 4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67.

1073 M to 4.0 x 10~3 M decreased the amount of adsorbed La(III) ions
from 13.37 to 7.37 mg/g for Lewatit SP112.

In the case of strongly basic anion exchangers, the increase in the CA
concentration increased the sorption capacity from 8.14 to 13.82 mg/g
for Lewatit M500, 9.78 to 13.80 mg/g for Lewatit M600, 8.52 to 13.85
mg/g for Lewatit MP500, 8.43 to 13.83 mg/g for Amberjet 4200, 8.08 to
13.84 mg/g for Amberjet 4400, 7.81 to 13.80 mg/g for Amberjet 4600,
6.57 to 13.76 mg/g for Amberlite IRA 458 and 6.39 to 13.73 mg/g for
Amberlite IRA 958.

Moreover, the change of the La(IlI):CA ratio from 1:1 to 1:2 influ-
enced significantly the amount of adsorbed La(IIl) ions while a further
increase in CA did not cause great changes in the sorption capacity. For
Amberlite IRA 67, an increase from 1.0 x 107> M to 2.0 x 10™2 M caused
an increase in the sorption capacity in relation to the La(IIl) complexes
from 13.05 to 14.02 mg/g while a further increase from 2.0 x 10~ M to
4.0 x 103 M reduced the sorption capacity to 12.02 mg/g.

The studies with the use of chelating ion exchangers proved that the
sorption capacity does not change significantly and is around 14 mg/g
for Purolite S957 and Purolite S950 regardless of the CA concentration.

In the case of Nd(III) and Ho(III) ions adsorption in the presence of
CA, the same relationships were observed, however, for the Ho(III) ions
the changes in the concentration of CA had a smaller impact on the
values of sorption capacity (Fig. S6). In connection with the above
considerations, further studies were carried out with the Ln(III):CA ratio
1:1 for the chelating ion exchangers and the cation exchanger and 1:2 for
the anion exchangers.

3.2.3. Kinetic studies
One of the basic factors affecting the metal uptake from the solution
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is the phase contact time. The effect of contact time on the sorption
capacity of ion exchangers was investigated at the previously deter-
mined optimal pH values, the Ln(III):CA ratio 1:1 for the chelating ion
exchangers and the cation exchanger and 1:2 for the anion exchangers
and at a temperature of 293 K. Fig. 9a-d shows an example of the La(IIl)-
CA complexes adsorption at a concentration of 2.5 x 10~> M on the
tested ion exchangers within 240 min.

In the studied systems the rate of complexes adsorption is rapid at the
beginning of the process and then gradually slows down until it reaches
an equilibrium state where there is no significant increase in the com-
plexes removal. In less than about 60 min, over 90% of the adsorption
process is completed. This phenomenon can be explained by the satu-
ration of the available active sites of the ion exchangers. Moreover, an
increase in the initial concentration from 1.0 x 10 2 Mto 2.5 x 107> M
resulted in a longer time for the system to equilibrate (not presented
here). The increase in the initial concentration of metal ions increases
the sorption capacity. For example, for the La(III)-CA complexes, as the
initial concentration increases from 1.0 x 107> M to 2.5 x 10~> M, the
sorption capacity increases from 13.76 to 35.22 mg/g for Purolite S957,
from 14.27 to 36.87 mg/g for Purolite S950, from 13.94 to 22.22 mg/g
for Lewatit SP112, from 14.05 to 36.87 mg/g for Lewatit M500, 14.00 to
36.99 mg/g for Lewatit M600, 13.75 to 35.56 mg/g for Lewatit MP500,
12.14 to 34.07 mg/g for Amberjet 4200, 12.59 to 33.76 mg/g for
Amberjet 4400, 11.90 to 33.80 mg/g for Amberjet 4600, 14.40 to 37.20
mg/g for Amberlite IRA 458, 13.45 to 37.20 mg/g for Amberlite IRA 958
and 14.43 to 36.75 mg/g for Amberlite IRA 67.

The adsorption capacity is of great importance when choosing the
best ion exchanger. However, for a pilot application the kinetic char-
acteristics of a given adsorbent are also important. Based on the kinetic
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Fig. 8. The effect of the La(III):CA molar ratio on the sorption of La(III)-CA complexes on (a) Purolite S957, Purolite S950, Lewatit SP112, (b) Lewatit M500, Lewatit
M600, Lewatit MP500, (c) Amberjet 4200, Amberjet 4400, Amberjet 4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67.

analysis, it is possible to determine the adsorbate uptake rate, which
determines the time required to complete the process. There are several
mathematical models describing the kinetics of the adsorption process
which can generally be classified as the adsorption reaction models and
the adsorption diffusion models. However, these models are of a
completely different nature.

The adsorption diffusion models are always constructed based on the
following steps: (1) the bulk phase transport of the metal ions to the
external surface, (2) the transport across the boundary layer (external
mass transfer), (3) the diffusion in the liquid contained in the pores and/
or along the pore walls (intraparticle diffusion), and (4) the adsorption
and desorption between the adsorbate and the active sites [67]. How-
ever, the models of adsorption reactions are based on the entire
adsorption process without taking into account the above-mentioned
steps.

The kinetic parameters of the sorption process were determined and
matched to the pseudo-first order (PFO), pseudo-second order (PSO),
Weber-Morris intraparticle diffusion, Boyd, and Dumwald-Wagner ki-
netic models. The calculated kinetic parameters for a La(III)-CA con-
centration of 2.5 x 107> M are presented in Table 4. The experimental
data fitting for the La(III)-CA complexes sorption for the kinetic models
and at the La(III)-CA concentration of 2.5 x 10~3 M is shown in Fig. 9.
Additionally, the kinetic parameters for Nd(III) and Ho(III) as well as for
the initial concentrations of 1.0 x 1073-2.0 x 103 M are presented in
Tables S2-S10.

The pseudo-first order (PFO) model was used as the first to describe
the Ln(II)-CA complexes adsorption process. It does not adjust the
whole range of contact time and generally is applicable over the initial
10-20 min of the sorption process. The obtained values of the correla-
tion coefficients R? are very high (0.927-1.000), however, the values of
the adsorption capacity (q;,cq) calculated on the basis of the model are
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different from those obtained experimentally. This condition must be
met for the model that describes the experimental data best.

The use of the pseudo-second order (PSO) model allowed to obtain
the best fit of the experimental amounts adsorbed at equilibrium (qe,exp)
to the calculated values. This is also confirmed by the values of the
correlation coefficients R?, which in most cases are equal to 1. Consid-
ering the constant rate values (kz), it was observed that the rate constant
decreases when the initial concentration of Ln(II[)-CA complexes in-
creases. With a higher amount of complexes in the solution and the same
mass of ion exchanger i.e. the same number of available active sites, the
sorption sites are quickly exchanged and the kinetic rate decreases [68].
For example, for the La(III)-CA complexes, the values of the rate con-
stant decreased from 0.110 to 0.036 g/mg min for Purolite S957, from
0.008 to 0.002 g/mg min for Purolite S950, from 0.018 to 0.007 g/mg
min for Lewatit SP112, from 0.061 to 0.028 g/mg min for Lewatit M500,
from 0.037 to 0.025 g/mg min for Lewatit M600, from 0.049 to 0.012 g/
mg min for Lewatit MP500, from 0.052 to 0.020 g/mg min for Amberjet
4200, from 0.027 to 0.004 g/mg min for Amberjet 4400, from 0.043 to
0.016 g/mg min for Amberjet 4600, from 0.042 to 0.029 g/mg min for
Amberlite IRA 458, from 0.121 to 0.049 g/mg min for Amberlite IRA
958 and from 0.042 to 0.010 g/mg min for Amberlite IRA 67 with the
increase of the initial concentration from 1.0 x 10 > M to 2.5 x 10~> M.
The constant rate values (kz) for the Nd(III) and Ho(III) complexes
adsorption are presented in Tables S5 and S8. The experimental data
fitting of the sorption process of La(III)-CA complexes to the pseudo-first
order and pseudo-second order models is presented in Fig. 9a—d.

In the next stage of the description of the Ln(III)-CA complexes
sorption process kinetics, the adsorption diffusion models (Weber-
Morris intraparticle diffusion, Boyd, and Dumwald-Wagner models)
were used. The Weber-Morris intraparticle diffusion model assumes that
if the adsorption process is controlled by the intraparticle diffusion, then



K. Burdzy et al.

40
(a) o o *
35{ g & W !
.f
WA L LT e e R
25 4
—
o A
S 20 e .
- s
15
r /
104 = 5957
® 5950 g
g A SP112 | —Linear fitting
Nonlinear fitting of PFO o of Weber-Morris
ol— onlinear fitting of PSO 0 2 4 & 84510 12 14 1
T T T T T T T T T
0 30 60 90 120 150 180 210 240 270
t [min]
40
(c)
36 . e
S 2
. !
_ 281 : =t
o e
S 20
E
l‘5_-' 16 4
10 4 — Linear fitting
® 4400 of Weber-Morris
5 A 4600 € B 10 12 14 19
Nonlinear fitting of PFO e
—— Nonlinear fitting of PSO
0 T T T T T T T T T
0 30 60 20 120 150 180 210 240 270
t [min]
16
Linear fitting of Boyd [B]
14 -~ Linearfitting of D-W "t E—
| ’ . .
4 > -2: L v o
12 e .
43 ¥
10 £ 1 »
g4
- B "j N >
o .
64 0 20 40 (-] ] 100 120 149
timin] m s957
4 ® 5950
T A SP112
v M500
2 > M600
¢ MP500
0 T T T T T T
0 30 60 90 120 150 180 210 240 270 300

t [min]

Chemical Engineering Journal 437 (2022) 135366

35 : :_tj_—i ‘
e ! ]
30 35|
30
_ 25+ ]
=] 320
o 20 E
E g & 151
= 15 4 10
e ® M500 s — Linear fitting
104 ® M600 ] of Weber-Morris
A MP500 o 2 4 8 .10 12 14 1§
B o Nonlinear fitting of PFO 2
—— Nonlinear fitting of PSO
u T T T T T T T T T
] 30 60 a0 120 150 180 210 240 270
t [min]
“ i ; 5 (@
.......... : T |
35 ——_j_ *
“ 4
304 35 -
/r‘_
25 =
—_— 28
D =
S 20 EE
E sul Y/
d
6»" 15+ 10
® IRA 458 . — Linear fitting
104 ® IRA958 of Weber-Morris
A IRAGBT 2 4 [] 8 10 12 W 18
54 Nonlinear fitting of PFO e
—— Nonlinear fitting of PSO
0 T T T T T T T T
0 30 60 a0 120 150 180 210 240 270
t [min]
16
Linear fitting of Boyd (f)
14 - Linear fitting of D-W " -
0ty .
12 R . :
10 .
|3 1 "
.h
+— 8
(1]
64 M 40 B0 B0 100 120 144
t{min] M 4200
® 4400
44 A 4600
v IRA 458
24 > IRA958
& IRA67
0 T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300
t [min]

Fig. 9. Experimental data fitting for the La(III)-CA complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500,
Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67 for the (a-d) pseudo-first order, pseudo-second order,
Weber-Morris intraparticle diffusion, (e-f) Boyd, and Dumwald-Wagner (D-W) kinetic models (Co = 2.5 x 107> M).

the plot of g, vs. /2 should give a straight line which goes through the
origin of the coordinate system. When the plot does not pass through the
origin, the intraparticle diffusion is not the only rate limiting step but
also other kinetic processes can control the adsorption rate [69]. In the
case when different mechanisms with different rate constants are
involved in sorption, the plot is multilinear. Then the multiple linear
regressions should be applied: one for each linear region [70]. The
fitting of the experimental data to the Weber-Morris model on the
example of the La(IlI)-CA complexes adsorption is shown in Fig. 9a-d.
On the basis of the obtained dependencies g, vs. t//?, it can be concluded
that the kinetics of the Ln(III)-citric acid complexes adsorption process is
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a two or three-step process, depending on the adsorbent and metal ion.
For example, for the La(III)-CA complexes adsorption, it was shown that
the process is three-stage when using the Purolite S950, Lewatit SP112,
Lewatit M500, Lewatit M600, Lewatit MP500, Amberjet 4200, Amberjet
4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 67 ion ex-
changers, while for Purolite S957 and Amberlite IRA 958 ion exchangers
the process proceeds in two steps. These are external (first, the steeply
sloping portion) and intraparticle diffusion (the steady adsorption stage)
as well as the equilibrium establishing one where the intraparticle
diffusion starts to slow down due to the extremely low adsorbate con-
centrations in the solution [71]. Such multilinearity was also reported in
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Kinetic parameters for the La(III)-CA complexes sorption on Purolite S957, Purolite $950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500, Amberjet
4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67 (Cy = 2.5 x 1073 M).

Model Pseudo-First Order Pseudo-Second Order
Adsorbent Qe.exp [Mg/g] Q1.cal [mg/g] Kk R? Qa.cal [Mg/g] ko R?
[1/min] [g/mg min]

Purolite S957 35.22 31.38 0.340 0.999 35.38 0.036 1.000
Purolite $950 36.87 28.17 0.020 0.984 38.59 0.002 0.998
Lewatit SP112 22.22 16.16 0.052 0.954 22.70 0.007 1.000
Lewatit M500 35.85 25.93 0.259 0.991 36.04 0.028 1.000
Lewatit M600 36.99 28.70 0.252 0.993 37.22 0.025 1.000
Lewatit MP500 35.56 23.93 0.125 0.989 35.96 0.012 1.000
Amberjet 4200 34.07 25.35 0.208 0.986 34.32 0.020 1.000
Amberjet 4400 33.76 25.90 0.630 0.974 34.53 0.004 0.999
Amberjet 4600 33.80 25.29 0.184 0.989 34.08 0.016 1.000
Amberlite IRA 458 37.20 26.30 0.248 0.998 37.40 0.029 1.000
Amberlite IRA 958 37.20 26.69 0.343 0.985 37.32 0.049 1.000
Amberlite IRA 67 36.75 27.99 0.146 0.986 37.11 0.010 1.000

ki1 [mg/g min'/?] Cy R? kiz [mg/g min'/?] Cy R? ki3 [mg/g min'/?] Cs R?
Purolite S957 11.91 2.00 0.978 0.01 35.04 0.394 - - -
Purolite S950 4.46 0.73 0.964 4.04 2.25 1.000 1.22 19.03 0.926
Lewatit SP112 3.72 1.33 0.993 2.31 6.11 0.930 0.32 17.61 0.795
Lewatit M500 11.17 3.54 0.959 1.15 29.35 0.848 0.35 35.39 0.764
Lewatit M600 11.93 1.92 0.984 1.46 29.13 0.910 0.00 36.97 0.738
Lewatit MP500 7.67 5.88 0.996 2.60 19.47 0.976 0.19 32.94 0.800
Amberjet 4200 10.50 1.70 0.986 1.47 25.25 0.925 0.08 32.98 0.729
Amberjet 4400 5.30 3.37 0.986 3.05 9.36 0.986 0.73 23.26 0.858
Amberjet 4600 9.68 2.18 0.992 1.61 23.58 0.909 0.14 31.85 0.780
Amberlite IRA 458 9.81 7.22 0.996 1.37 29.85 0.891 0.00 37.19 0.933
Amberlite IRA 958 10.52 8.15 0.966 0.01 37.12 0.425 - - -
Amberlite IRA 67 9.65 1.94 0.993 2.38 21.55 0.965 0.21 33.61 0.911

Boyd Dumwald-Wagner

B R? K intercept R?
Purolite $957 11.87 0.873 0.208 0.37 0.875
Purolite S950 2.14 0.998 0.016 0.01 0.998
Lewatit SP112 2.70 0.886 0.022 0.10 0.891
Lewatit M500 5.81 0.790 0.044 0.52 0.799
Lewatit M600 12.14 0.866 0.102 0.51 0.869
Lewatit MP500 5.51 0.972 0.042 0.19 0.977
Amberjet 4200 2.79 0.894 0.044 0.36 0.904
Amberjet 4400 2.79 0.988 0.021 0.07 0.990
Amberjet 4600 4.63 0.882 0.035 0.31 0.893
Amberlite IRA 458 9.38 0.732 0.080 0.65 0.734
Amberlite IRA 958 10.35 0.702 0.081 0.97 0.706
Amberlite IRA 67 3.62 0.852 0.027 0.25 0.863

our recent studies [55]. Additionally, the values of intercept (C) give an
idea about the thickness of the boundary layer. The larger is the inter-
cept, the greater is the surface sorption contribution in the rate con-
trolling step. For the C parameter there was found the following relation:
C3 > Cy > C;. With the increasing initial concentration of the solution
the values of C;, C2 and Cs increased, as a result of the greater influence
of the boundary layer on the process rate. In our studies the slope of the
successive portions is defined as the intraparticle diffusion parameter k;.
The values of parameters k;;, kiz and k;3 decreased in the series k;j; > ki
> ki3 and increased with the increasing initial metal concentrations due
to the greater deriving force with the increasing initial concentration.
Another adsorption diffusion model is the Boyd model. This model
also allows to define the actual rate controlling step of the sorption
process. The Boyd model is based on the dependence B= — 0.4977 — In
(1—(q/qe)) vs. t, which is shown in Fig. 9e-f. on the example of La(III)
complexes adsorption. If the plot of B, vs. t is linear and passes through
the origin, then the actual slowest step in the adsorption is the intra-
particle diffusion. However, the plots obtained by us are linear only for
the adsorption of La(II)-CA complexes on Purolite S950 and Amberjet
4400. For the other metal ions and ion exchangers the plots are
nonlinear. Moreover, for all the tested systems, the plots do not pass
through the origin of the coordinate systems. This indicates that the
studied process of Ln(III)-CA complexes adsorption on the selected
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chelating ion exchangers, cation exchanger and anion exchangers is a
complex process including both intraparticle and boundary layer
diffusions.

Finally, to confirm the mechanism of Ln(III)-CA complexes adsorp-
tion, the Dumwald-Wagner model was used. It assumes that if the plot of
log(1-F?) vs. t is linear and passes through the origin, the rate limiting
step is the intraparticle diffusion process, otherwise it is the film diffu-
sion. Furthermore, the higher intercept indicates that the film diffusion
rate control step has greater influence on the rate limiting step [72]. The
Dumwald-Wagner kinetic plots for the La(III)-CA complexes sorption are
presented in Fig. 9e-f. The obtained results show that, according to the
Dumwald-Wagner model, the stage controlling the adsorption process of
La(III) ions on the Purolite S957, Lewatit SP112, Lewatit M500, Lewatit
M600, Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600,
Amberlite IRA 458, Amberlite IRA 958 as well as the Amberlite IRA 67
ion exchangers and Nd(III) and Ho(IIl) ions on all tested adsorbents is
film diffusion as evidenced by the fact that the straight lines do not pass
through the origin. In the case of La(IIl) ions adsorption in the presence
of CA on Purolite S950, a straight line was obtained for which the
intercept value was 0.01. This suggests that unlike other studied systems
this process can be mainly controlled by the intraparticle diffusion.
Additionally, for the remaining systems the obtained intercept values
(Tables 4, S4, S7, S10) indicate that the film diffusion has the greatest
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impact on the sorption of La(III)-CA complexes onto the Amberlite IRA
958 ion exchanger.

Summing up, the obtained results indicate that the pseudo-second
order model is the best one describing the sorption process of La(III),
Nd(III) as well as Ho(III) complexes in the presence of CA on the Purolite
S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600,
Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600,
Amberlite IRA 458, Amberlite IRA 958 and Amberlite IRA 67 ion ex-
changers. Additionally, these processes were found to be complex
including both intraparticle and boundary layer diffusions. However,
when the Purolite S950 ion exchanger is used for the adsorption of La
(III) ions, the rate controlling step of the process is mainly the intra-
particle diffusion.

3.2.4. Equilibrium studies

The adsorption mechanism depends on many factors, including the
type of adsorbent, adsorbate and their mutual affinity, properties of the
sorbent surface or those of the aqueous solutions [73]. For the solid-
-liquid adsorption systems, the adsorption isotherms are important
models explaining the adsorbent and adsorbate interactions. When the
adsorption reaction reaches the equilibrium state, the adsorption iso-
therms can indicate the distribution of adsorbate between the solution
and the adsorbent. Therefore, it is important to identify the model that
describes the process under study in the best way.

For the best determination of the isotherm model, sorption experi-
ments of Ln(III)-CA complexes on various adsorbents were conducted
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under the optimal conditions at the concentrations ranging from 1.0 x
107 M to 1.3 x 1072 M. The Langmuir, Freundlich and Temkin
isotherm models were employed to investigate the adsorption behav-
iour. Fig. 10a-c presents the fit of the experimental data to different
models of adsorption isotherms on the example of the La(II)-CA com-
plexes adsorption.

The calculated values of isotherm models parameters at the tem-
perature of 293 K as well as the correlation coefficient (R?) and error
function Chi-square (y%) are listed in Table S11. The adsorption iso-
therms parameters for higher temperatures (313 and 333 K) are sum-
marized in Tables S12-S14. The Langmuir model is used to describe the
monolayer adsorption process on the homogeneous adsorbent surface
where there are no significant interactions between the adsorbed spe-
cies. The Freundlich isotherm model is the earliest known empirical
equation used to describe the multilayer adsorption on the heteroge-
neous surface. The Temkin isotherm model is based on the assumption
that there are adsorbent-adsorbate interactions that cause the heat of
adsorption to decrease linearly with the coverage. In this model the
chemical adsorption is regarded as electrostatic interactions. By ana-
lysing the obtained correlation coefficient (R?) and error function Chi-
square (,1/2) values, it can be concluded that for most of the studied
systems the Langmuir model is the best one to describe the adsorption
process. The exceptions were the processes of NA(III) complexes
adsorption on the Lewatit SP112 ion exchanger and La(IIl) and Ho(III)
complexes adsorption on the Amberlite IRA 67 ion exchanger, for which
a better fit to the Freundlich model was obtained, indicating adsorption
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Fig. 10. Non-linear fitting of (a) Langmuir, (b) Freundlich and (c) Temkin isotherms to the experimental data for the sorption of La(II[)-CA complexes on Purolite
$957, Purolite $950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite
IRA 958, Amberlite IRA 67 and (d) comparison of the maximum sorption capacity of adsorbents in relation to the La(III)-CA complexes for different temperatures.
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on the heterogeneous surfaces.

On the basis of the calculated Langmuir constants Kj, the affinity of
the tested Ln(III) complexes for the adsorbents was determined. The
higher value of the K parameter, the stronger the interactions between
the adsorbent and the adsorbate. For the chelating ion exchangers, the
affinity for the Ln(II[)-CA complexes increases according to the
following series: Nd(III) < La(III) < Ho(II) for Purolite S957 and Ho(III)
< Nd(III) < La(IIl) for Purolite S950, for the cation exchanger Lewatit
SP112 and all anion exchangers this series has the form: La(III) < Nd(III)
< Ho(III). Moreover, the determined values of K; increase with the
increasing temperature for all adsorbents except Amberlite IRA 67 for
which this parameter decreases. This proves that the affinity of Ln(III)
complexes for the ion exchanger depends on the temperature. Using the
Langmuir model, the parameter of the maximum surface coverage
(maximum monolayer capacity, gp) was also determined for each ion
exchanger in relation to the tested Ln(III) complexes. For the La(III)-CA
complexes, the gy values for the ion exchangers increased in the
following series: Lewatit SP112 < Amberjet 4400 < Amberjet 4600 <
Lewatit M600 < Amberjet 4200 < Lewatit MP500 < Lewatit M500 <
Amberlite IRA 958 < Amberlite IRA 458 < Amberlite IRA 67 < Purolite
S950 < Purolite S957. The highest maximum adsorption capacity in
relation to the La(Ill) complexes was obtained for the Purolite S957
chelating ion exchanger which was 163.27 mg/g. For the Nd(III)-CA
complexes, the series was as follows: Amberjet 4400 < Amberjet
4600 < Lewatit M600 < Amberjet 4200 < Lewatit MP500 < Lewatit
M500 < Lewatit SP112 < Amberlite IRA 958 < Purolite S950 <
Amberlite IRA 458 < Amberlite IRA 67 < Purolite S957. In this case the
highest maximum adsorption capacity was also obtained for the Purolite
S957 chelating ion exchanger which was 142.65 mg/g. Whereas for the
Ho(III) complexes the series was as follows: Amberjet 4400 < Amberjet
4600 < Purolite S950 < Lewatit M600 < Lewatit MP500 < Lewatit
M500 < Amberlite IRA 958 < Amberjet 4200 < Amberlite IRA 458 <
Amberlite IRA 67 < Lewatit SP112 < Purolite S957. In relation to the Ho
(III) complexes, the highest maximum adsorption capacity was also
obtained for Purolite S957 being 180.26 mg/g.

The use of the Freundlich model allowed to determine the dimen-
sionless parameter n which indicates the intensity of the sorption pro-
cess. The obtained values of the parameter n in the range from 1 to 10
indicate that the adsorption process in the tested systems was favourable
and efficient. Moreover, based on the inverse of the n parameter, the
degree of diversity of the sorption sites on the sorbent surface can be
predicted. In our paper the values of 1/n in the range from 0.137 to
0.473 were obtained satisfying the condition: 0 < 1/n < 1. The ob-
tained values are closer to zero than one which proves the surface het-
erogeneity [74].

Another applied isotherm model was the Temkin model. On its basis
the parameter A related to the maximum binding energy and the
parameter B related to the adsorption heat were determined. The B
parameter values were smaller than 8 kJ/mol. This result suggests the
weak interactions between the Ln(III) complexes and the adsorbents. In
most of the tested systems, except for the systems with the Amberlite IRA
67 ion exchanger, the value of the parameter A increased with the
increasing temperature, which confirms that the binding capacity
increased as the temperature increased in the adsorption process.

The obtained adsorption capacities of the studied ion exchangers
were compared with various adsorbents described in the literature and
are presented in Table S15.

3.2.5. Effect of temperature and thermodynamic parameters
Temperature is an important parameter influencing the adsorption
process. The reason for this is that the temperature of the solution can
affect the solid/liquid interfaces, the swelling property of adsorbents
and the mobility of metal ions [75]. In our paper, the influence of
temperature on the adsorption of La(III), Nd(III) and Ho(III) complexes
with CA on different adsorbents was examined at 293, 313 and 333 K.
The comparison of the maximum sorption capacity of adsorbents in
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relation to the La(III)-CA complexes for different temperatures is shown
in Fig. 10d. Moreover, the parameters of adsorption isotherms for higher
temperatures (313 and 333 K) were also calculated and are summarized
in Tables S12-S14.

As follows from the obtained results, it can be concluded that the
increase in the temperature caused an increase in the sorption capacity
in most of the tested systems. This increase in the adsorption capacity
can be explained by a decrease in the thickness of the boundary layer
surrounding the ion exchange beads with the increasing temperature
which results in reduction in the mass transfer resistance of the mole-
cules in the boundary layer. This may also be a result of an increase in
the mobility of the complex molecules with an increase in their kinetic
energy and an increased rate of intramolecular diffusion of the adsorbate
with an increase in the temperature. However, there were exceptions to
this dependency. In the case of the La(III) complexes adsorption on the
Lewatit SP112 ion exchanger, the temperature increase from 293 K to
333 K caused a slight decrease in the sorption capacity from 40.40 to
38.61 mg/g. The decrease in the sorption efficiency with the increasing
temperature is also visible in the adsorption processes on the weakly
basic anion exchanger Amberlite IRA 67 regardless of the tested Ln(III)
ions (from 98.79 to 88.12 mg/g for the La(III) complexes, from 119.35 to
116.62 mg/g for the Nd(III) complexes and from 123.07 to 122.15 mg/g
for the Ho(III) complexes). A possible explanation for this phenomenon
may be the weak interactions between the molecules of the complexes
and weakly basic Amberlite IRA 67 at these temperatures which results
in the escape of the adsorbate from the solid phase to the bulk phase
again with the increasing temperature [76].

Thermodynamic considerations of the sorption process are necessary
to understand the nature of the adsorption process. The values of ther-
modynamic parameters for the sorption of La(II[)-CA complexes are
listed in Table 5. The thermodynamic parameters for the sorption of Nd
(II1) and Ho(III) complexes are presented in Tables S16 and S17. The
linear plots of InK_ vs. 1/T are presented in Fig. S7. As can be seen from
the obtained results, the negative values of Gibbs free energy (AG°) for
all tested systems at different temperatures indicate that the adsorption
process occurs spontaneously and is thermodynamically favourable. On
the basis of the AG® value, one can conclude about the nature of the
interactions between the adsorbent and the adsorbate. If AG® is in the
range from —20 to 0 kJ/mol, this can indicate a significant contribution
of physical interactions in the adsorption process (electrostatic in-
teractions). On the other hand, if the values of AG® are in the range from
—80 to —400 kJ/mol, then chemisorption (coordination bonds) is
dominant [77]. The values of enthalpy change (AH°) obtained in our
research were mainly positive which proves that the process was
endothermic. However, in the case of the systems in which the Amberlite
IRA 67 ion exchanger was used as the adsorbent and for the La(III)-CA-
Lewatit SP112 system, negative values were obtained, indicating the

Table 5

Thermodynamic parameters for the sorption of the La(Il[)-CA complexes on
Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600,
Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA
458, Amberlite IRA 958 and Amberlite IRA 67.

Adsorbent AH° AS° AG® [kJ/mol]
ty/mol] — [/molKl oo rv™ 313k 333K

Purolite S957 20.79 62.84 ~1467 -1635 —19.55
Purolite S950 20.61 58.35 ~1318 -1593 -17.78
Lewatit SP112 ~1.32 ~30.81 914  —961 -10.21
Lewatit M500 14.41 30.11 ~11.15  -13.18  —14.63
Lewatit M600 18.04 41.93 ~1091 1342  -14.84
Lewatit MP500 19.34 45.67 ~10.86 -12.95 —14.99
Amberjet 4200 14.02 28.02 ~10.86 -13.08 —14.24
Amberjet 4400 25.32 60.44 ~9.08 -11.90 -13.75
Amberjet 4600 22.54 55.01 ~1020 -13.13  —14.64
Amberlite IRA 458 9.59 19.11 _1277  -1451  -15.82
Amberlite IRA 958 11.03 19.68 ~11.52  -13.20 -14.59
Amberlite IRA 67  —10.44 ~41.86 ~14.94 1545 1555
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exothermic nature of the adsorption process. In addition, the AH° value
below 40 kJ/mol indicates the physical nature of the adsorption while
chemisorption is characterized by the AH° values ranging from 40 to
120 kJ/mol [78]. In our studies the values of both AG° and AH° for all
tested systems were in the range of physisorption which suggests that
adsorption of Ln(III) complexes with CA on the applied ion exchangers
was driven by a physisorption process. Another determined thermody-
namic parameter was the entropy change (AS°). The positive values of
AS° for most systems indicate an increase in the randomness during the
adsorption of Ln(III) complexes while the negative values in the case of
the systems with the Amberlite IRA 67 ion exchanger and for the La(IIl)-
CA-Lewatit SP112 system indicate a decrease in the randomness at the
solid/solution interface [79].

3.3. Desorption studies

When assessing the adsorbent, apart from the adsorption efficiency,
the possibility of its regeneration should be also taken into account. For
this purpose, the desorption process was carried out. Three different
concentrations, i.e. 0.5, 1 and 2 M of hydrochloric acid and nitric acid(V)
as eluents were used in this study in the recovery process. Fig. 11 shows
the obtained desorption results on the example of La(III) ions. The re-
sults for the Nd(III) and Ho(III) ions are shown in Figs. S8 and S9. It can
be easily noticed that the desorption process proceeded with different
efficiency depending on the tested ion exchanger.

The best regenerative properties were obtained for the polystyrene
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anion exchangers while the lowest desorption ability was demonstrated
for the chelating ion exchangers and the cation exchanger. This may be
due to the greater affinity of the chelating ion exchangers and the cation
exchanger for Ln(III) ions compared to the anion exchangers. For the
chelating ion exchangers and the cation exchanger, significant influence
of the eluent on the desorption process was demonstrated. It was
observed that in the case of these ion exchangers, an increase in the
concentration of the desorbing agent increases the desorption process
efficiency. Desorption of Ln(Ill) ions from both strongly basic and
weakly basic anion exchangers proceeded with satisfactory efficiency,
regardless of the desorbing agent. Taking into account the studied rare
earth elements ions, the desorption process from the anion exchangers is
the most effective for Nd(III) ions for which %D was achieved in the
range of 86-100%, then for Ho(III) ions where %D was obtained in the
range of 68-94%, the lowest desorption capacity was recorded for La
(II1) ions where %D was in the range of 54-84%.

On the example of La(IlI) ions, five sorption/desorption cycles were
also performed to evaluate the possibility of reusing and recycling sor-
bents. For this purpose there were selected the following desorbing
agents: 2 M HNOg for Purolite S957 and Lewatit SP112, 2 M HCI for
Purolite S950 and 0.5 M HCI for all anion exchangers. Table S18 shows
the obtained results. After five cycles, the changes in the sorption effi-
ciency of La(III) complexes on the polystyrene ion exchangers did not
vary more than 10%. In the case of the polyacrylic ion exchangers, a
decrease in the adsorption efficiency of up to 66% was observed. Thus
the polystyrene ion exchangers show a better regeneration ability
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Fig. 11. Dependence of La(Ill) ions desorption capacity on (a) Purolite S957, Purolite S950, Lewatit SP112, (b) Lewatit M500, Lewatit M600, Lewatit MP500, (c)
Amberjet 4200, Amberjet 4400, Amberjet 4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67 using the desorption agents: HCl and HNO;3 at

various concentrations.
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compared to the polyacrylic ones, and therefore they can be used many
times in adsorption processes.

3.4. Adsorption studies - dynamic method

The adsorption process can be conducted using various methods.
Among them the static and dynamic methods can be distinguished. The
dynamic method is available in several varieties but the most preferred
method in the industry is the dynamic method on a fixed bed. This
method is easy, inexpensive, allows for the purification of large amounts
of solutions because the adsorbate is in a continuous contact with the
fresh adsorbent and also allows to shorten the process time. Therefore,
the research was also carried out using the dynamic method, selecting La
(II) as a representative of rare earth elements. The La(IIl) complexes
sorption process was examined for the pH values equal to 8.0, the La(III):
CA ratio 1:1 for the chelating ion exchangers and the cation exchanger,
1:2 for the anion exchangers, and the initial concentration equal to 1.0
x 1073 M.

Based on the breakthrough curves (C/Cy vs. V) (Fig. 12), the basic
parameters such as the working exchange capacity C,, the mass distri-
bution coefficient Dy and the volume distribution coefficient D, were
determined and are presented in Table 6.

The typical “S” shaped breakthrough curves were obtained in almost
all cases. Only for the weakly basic polyacrylate anion exchanger
Amberlite IRA 67 sorption of different types of complexes is evident. The
obtained results allowed to present the affinities series towards the La
(II1)-CA complexes on the tested adsorbents which was as follows:
Amberlite IRA 958 < Lewatit MP500 < Amberlite IRA 458 < Lewatit
M600 < Amberjet 4600 < Amberjet 4400 < Lewatit M500 < Amberjet
4200 < Lewatit SP112 < Purolite S950 < Purolite S957. The highest
value of the working exchange capacity was obtained for the Purolite
S957 chelating ion exchanger which is consistent with the previous
batch experiments.

The adsorption process studied by the dynamic method is influenced
by the axial dispersion as well as the internal and external mass transfer
resistances. Therefore there were developed the mathematical correla-
tions for description of these processes as accurately as possible. There
are many mathematical models that can be used to evaluate the column
performance. The Thomas model, Adams-Bohart model, Yoon-Nelson
model and Wolborska model were used in this study.

The Thomas model is one of the most general and commonly used
models to interpret the fixed bed column adsorption data. It is based on
the assumption that the process follows the Langmuir isotherm model
without the axial dispersion. Moreover, it assumes a constant separation
factor and that the rate driving force obeys the second-order reversible
reaction kinetics [80]. This model describes best the systems in which
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Table 6
Dynamic studies parameters of La(III)-CA complexes adsorption (pH = 8.0, Cp =
1.0 x 107> M).

Adsorbent U U Cy [mg/ Dg D, %D
[mL] [mL] mL]
Purolite S957 7700 10,800 102.96 2528.24 1079.56 99.65
Purolite S950 4500 6900 60.17 1824.23 689.56 99.24
Lewatit SP112 3250 6100 43.46 1618.50 609.56 92.06
Lewatit M500 2700 3370 38.12 1012.94 336.56 95.35
Lewatit M600 2500 3150 35.30 896.34 314.56 96.31
Lewatit MP500 1650 2400 23.30 958.05 239.56 81.59
Amberjet 4200 2750 3480 38.83 955.94 347.56 97.66
Amberjet 4400 2650 3300 37.42 830.67 329.56 94.44
Amberjet 4600 2650 3250 37.42 897.72 324.56 95.26
Amberlite IRA 2100 3080 29.65 818.85 307.56 95.54
458
Amberlite IRA 1300 2010 18.36 618.82 200.56 62.40
958
Amberlite IRA - - - - - 97.42
67

the internal and external diffusion resistances are small, which is
particularly relevant for adsorption in most liquid systems and therefore
is the most important for adsorption in the aqueous environment [81].

The Adams-Bohart model was developed on the basis of the
adsorption of chlorine from the air on charcoal and is the fundamental
equation defining the relationship between C,/Cy and t in the continuous
system. Initially it was used to describe the gas-solid systems but over
time it became widely used also in other types of systems [82]. The
Adams-Bohart model was established based on the surface reactions
theory and assumes that equilibrium is not reached immediately,
therefore the adsorption rate is proportional to the residual capacity of
the adsorbent (the fraction of adsorption capacity still remained on the
adsorbent) and the concentration of the adsorbate. It is used to describe
the initial part of the breakthrough curve when C/Cy < 1 [81,83].

Another widely used model is the Yoon-Nelson model, developed to
investigate the adsorption and breakthrough of gaseous adsorbate in the
activated carbons. This model assumes that the probability of the
adsorbate breakthrough on the adsorbent and the adsorbate adsorption
are proportional to the rate of the decrease in the probability of
adsorption of each adsorbate molecule [84,85]. The Yoon-Nelson model
does not require such detailed data as adsorbate characteristics, adsor-
bent type or physical properties of the adsorption bed. It is applicable for
a single component system [80].

The Wolborska model is a model used to describe the adsorption
dynamics developed on the basis of the analysis of the p-nitrophenol
adsorption on the activated carbon. It is used to describe the initial
segment of the breakthrough curve (for low concentration range) and
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Fig. 12. Breakthrough curves of La(III)-CA complexes sorption on (a) Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500, (b)
Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67 (pH = 8.0, Cp = 1.0 x 1073 M).
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applies the mass transfer phenomenon for the diffusion mechanism. The
model describes the adsorption process controlled by the film diffusion
with the constant kinetic coefficient. The concentration profile moves
steadily at a constant velocity through the bed depth at a nearly constant
width [86]. It was also observed that generally the axial diffusion can be
neglected when the bed height is short or when the flow rate of influent
through the column is high, then g, = fy. The expression describing the
Wolborska model is equivalent to the expression from the Adams-Bohart
model if the kup coefficient is equal to S,/q [87].

The experimental data were fitted with the Thomas model, Adams-
Bohart model, Yoon-Nelson model and Wolborska model in order to
investigate the behaviour of the La(III)-CA complexes adsorption on the
columns. The parameters of the models were evaluated from the plots of
In(Cy/C)-1 vs. V, In(C/Cp) vs. t, In(C/Cp-C) vs. tand In(C/Cy) vs. t for the
Thomas, Adams-Bohart, Yoon-Nelson and Wolborska models, respec-
tively, and are listed in Table S19. It should be noted that when the
Adams-Bohart and Wolborska models were used, only the initial part of
the curve (the concentration C/Cyp < 0.5) was taken into account.

The use of the Thomas model made it possible to determine the
Thomas rate constants (k7y) and the maximum solid-phase concentra-
tions (adsorption capacities - qp). The values of the correlation coeffi-
cient R? for this model are in the range of 0.911-0.980 which indicates a
good fit to the experimental data. Only in the case of the system with
Amberlite IRA 67 the correlation coefficient is very low and equals 0.377
which can be explained by a completely different shape of the break-
through curve, probably caused by the adsorption of only selected types
of complexes.

On the basis of the Adams-Bohart model, the parameters of column
performance, such as the maximum saturation concentration of the
metals (adsorption capacities - q) and the Adams-Bohart rate constant
(kag) were determined. In this case, the obtained values of the correla-
tion coefficient R? were in the range of 0.870-0.985 (except for
Amberlite IRA 67 where the R? value was equal to 0.097). The Adams-
Bohart model described the experimental data quite well but only in the
initial parts of the breakthrough curves.

The Yoon-Nelson model which is a simple theoretical model that
does not require much detailed data, allowed to determine the Yoon-
Nelson rate constant (kyy) and the time required for 50% adsorbate
breakthrough (7). It can be observed that the 7 value obtained for the
Purolite S957 chelating ion exchanger was 18506.58 min and was over
three times higher than the 7 value for the anion exchanger (r =
3398.99-6014.75 min), being also significantly higher than the values
obtained for the second chelating ion exchanger Purolite S950 and the
cation exchanger Lewatit SP112. This means that the column filled with
the Purolite S957 ion exchanger could work more than three times
longer compared to that of the tested anion exchangers and twice longer
compared to the tested chelating and cation exchangers to achieve 50%
adsorption capacity. The values of the correlation coefficient R for this
model are in the range of 0.911-0.980 which indicates a good fit to the
experimental data.

The Wolborska model like the Adams-Bohart model was used to
describe only the initial part of the curve (the concentration C/Cy <
0.5). On its basis, the kinetic coefficient of the external mass transfer (f,)
and the maximum saturation concentration of the metals (adsorption
capacities - q) were determined. The results showed that the model
described the experimental data satisfactorily with the correlation co-
efficient R? ranging from 0.870 to 0.985 (except for Amberlite IRA 67
where the R? value was equal to 0.097).

Comparing the parameters obtained on the basis of the four models
used in this paper, it can be concluded that all of them were acceptable
to describe the whole or a part of the dynamic behaviour of the column.
The Thomas and Yoon-Nelson models described the experimental data
best for the columns filled with the Purolite S957, Purolite S950, Lewatit
SP112, Lewatit M600, Lewatit MP500, Amberlite IRA 958, and
Amberlite IRA 67 ion exchangers while for the Lewatit M500, Amberjet
4200, Amberjet 4400, Amberjet 4600 and Amberlite IRA 458 ion
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exchangers, a slightly better fit was obtained for the Adams-Bohart and
Wolborska models.

After the columns were exhausted, the desorption studies were car-
ried out using 2 M HNOs for the chelating ion exchangers and the cation
exchanger, and 0.5 M HCI for the anion exchangers as the eluents. As
shown in Table 6 the La(Ill) ions desorption was highly efficient
(62.40-99.65%) and much higher compared to the results obtained
using the static method. This may be due to different process conditions,
e.g. the amount of the desorbing agent.

4. Conclusions

This paper investigated the sorption process of rare earth elements
representatives ions (La(III), Nd(III), Ho(II)) in the presence of CA on
various types of ion exchangers by conducting batch and column ex-
periments. In the first stage the formation of binary complexes con-
taining rare earth elements ions and CA was studied using the
potentiometric methods. In the tested systems the formation of pro-
tonated complexes of LnH,L type, LnL type and hydroxy complexes of
the LnL(OH)y type was found. Then in the main part of the research the
effect of different pHs, Ln(III):CA molar ratio, contact time, initial con-
centrations, and temperature on the adsorption capacity of ion ex-
changers was analysed. These studies made it possible to conclude that
the sorption process is highly dependent on these factors and made it
possible to determine the optimal process parameters which sometimes
differed significantly depending on the tested metal-adsorbent system.
The sorption process in all systems was fast. The sorption equilibrium
was established within 60 min. The kinetic studies suggested that the
sorption of rare earth elements complexes followed the pseudo-second
order kinetic model (R? close to 1). Based on the determined isotherm
parameters, it was found that for most of the studied systems the
Langmuir model is the best one to describe the adsorption process. In the
case of NA(III) complexes adsorption on the Lewatit SP112 ion
exchanger and La(Ill) and Ho(III) complexes on the Amberlite IRA 67
ion exchanger, a better fit was obtained for the Freundlich model. The
maximum equilibrium capacities were obtained for the Purolite S957
chelating ion exchanger which were equal to 162.04 mg/g for the La(III)
complexes, 142.65 mg/g for the Nd(III) complexes, and 180.26 mg/g for
the Ho(II) complexes. The results of the desorption process of the ion
exchangers showed the possibility of their reuse. The column tests were
the confirmation of the very good adsorption capacity of the ion ex-
changers. The experimental results of this study demonstrate that the
studied ion exchangers are suitable for adsorption of rare earth elements
complexes with CA from the solutions. Moreover, CA can be proposed as
an alternative chelating agent for the currently used poorly biodegrad-
able synthetic compounds.
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1. lon exchangers

Purolite S957 with the phosphonic and sulphonic functional groups and Purolite
S950 with the aminophosphonic functional groups are commercially available chelating
ion exchangers manufactured by Purolite Ltd. (Germany). Lewatit Monoplus SP112
cation exchanger with the sulphonic functional groups was supplied by Lanxess
(Germany). Lewatit MonoPlus M500, Lewatit MonoPlus M600, Lewatit MonoPlus
MP500 (Lanxess, Germany) and Amberjet 4200, Amberjet 4400, Amberjet 4600
(Rohm and Haas, France) are strongly basic polystyrene anion exchangers with the
quaternary ammonium functional groups (M500, MP500, 4200, 4400 — type | and
M600, 4600 — type II). Amberlite IRA 458, Amberlite IRA 958 and Amberlite IRA 67 are
polyacrylate anion exchangers obtained from Rohm and Haas (France). Amberlite IRA
458 and Amberlite IRA 958 are strongly basic anion exchangers of type |, while
Amberlite IRA 67 is a weak base anion exchanger with the tertiary amine functional
groups. All ion exchangers were washed several times with distilled water to remove

impurities and dried at room temperature.

2. Apparatus and instruments

The laboratory shakers Elpin type 357 and Elpin type 358A (Elpin Plus, Poland)
were used in the sorption process by the static method. The pH values were measured
at the start and end of each study by pHmeter pHM82 (Radiometer, Copenhagen).

The concentrations of Ln(lll) ions were analysed by the inductively coupled plasma
optical emission spectrometry using ICP-OES 720-ES (Varian, USA) at 333.749 nm
for La(lll), 401.224 nm for Nd(lll) and 345.600 nm for Ho(lll). The ICP-OES instrument
has been calibrated using the ICP standards. To avoid matrix interference, ultrapure

nitric acid was used for preparation of all standards and blank samples. The relative



standard deviation (RSD) for the triplicate analysis was within 5%.

Scanning electron microscopy (SEM) was used to study the surface morphology of
ion exchangers. All samples were gold sputtered prior to the analysis with the CCU-
010 sputter (Safematic, Switzerland). The SEM images were recorded using a Phenom
Pro X scanning electron microscope operating at 5 kV at the magnifications of 10000x.

Point of zero charge (pHpzc) of the ion exchangers was determined using the
potentiometric titration method for the three ionic strengths (0.1, 0.01 and 0.001 M
NaCl). The suspensions of the resin (0.5 g) and NaCl solution (50 mL) were mixed
using a magnetic stirrer and titrated with the standard solutions (0.1 M HCl and 0.1 M
NaOH). To this end the Dosino and Titrando kit (Metrohm) was used. pHpzc was also
determined using the drift method. For this purpose 0.2 g of ion exchanger and 20 mL
of the pH-adjusted 0.1 M NaCl solution were added into a flask and stirred with the rate
of 180 rpm for 24 h. The initial pH (pHo) of the solution was in the range from 2.0 to
12.0. The solution was separated from the sorbent by filtration. The final pH (pH1)
values were measured. Based on the curve pHo vs. ApH (pH1-pHo) pHpze was
determined as the point of intersection with the x axis.

The Fourier transform infrared (FTIR) spectroscopy was used to confirm the
presence of the expected functional groups. To this end the Cary 630
spectrophotometer with the attenuated total reflectance mode (ATR-FTIR) (Agilent
Technologies) was used. FTIR spectra were recorded over the interval 4000-530 cm™".

The 907 Titrando titrator equipped with the 800 Dosino type dosing systems, 801
type magnetic stirrer, high performance unitrode and Pt 1000 temperature sensor

(Metrohm) was used to perform potentiometric measurements.



3. Yeast strain, media and cultivation conditions

The strain Yarrowia lipolytica H181 obtained from the strain collection of the
Helmholtz Centre for Environmental Research - UFZ (Leipzig, Germany) was used for
the production of citric acid. This strain is able to produce citric acid with the high
concentration from 95 to 198 g/L from triglycerides like plant oils and waste frying oil
[S1, S2]. For pre-cultivation the yeast was incubated at Reader agar plates at 30°C for
48 h.

The sterile pre-culture of Y. lipolytica H181 was grown in 500 mL shaking flasks
with baffles and a working volume of 100 mL being incubated for 51 h at 30°C on a
rotary shaker at 135 rpm. The medium was composed of: 3.0 g/L NH4Cl, 0.7 g/L
KH2PO4, 0.35 g/L MgSO4-7H20, 0.1 g/L NaCl, 0.13 g/L CaCl2-2H20, 3.5 mg/L
FeS04-7H20 and 1 mg/L thiamine hydrochloride. The concentrations of trace elements
were: 20 mg/L CuSO4-5H20, 20 mg/L MnS0O4-5H20, 10.5 mg/L ZnCl2, 2.5 mg/L
CoS04-7H20 and 28.5 g/L H3BOs. All components were dissolved in the running water.
3 mL of sunflower oil as the carbon source was added into each flask at the beginning
and after the 21 h cultivation. After 21 h and 51 h (end) the pH was measured and
adjusted with 40% NaOH to be 5-6.

The medium of the pre-culture was used for the non-sterile main culture in the
bioreactors too except for NH4Cl which was substituted with 3.7 g/L (NH4)2SOa.

The waste frying oil (WFO, based on brand “Amphora de Risso”, Cargill, Germany)
was added as the sole carbon after its two-day use for deep-frying of french fries. The
WFO was composed of: 5.4% myristic acid (14:0), 0.2% palmitic acid (16:0), 1.6%
stearic acid (18:0), 58.7% oleic acid (18:1, w9c), 3.5% vaccenic acid (18.1, w7c),
19.6% linoleic acid (18:2), 8.7% linolenic acid (18:3), 0.4% arachidonic acid (20:0),

0,9% eiocsenic acid (20:1, w9c) and 1.0% other fatty acids.



The non-sterile CA production process (166 h) was performed as a fed-batch mode
in a 20-L stirred tank reactor (ISF215, Infors AG, Switzerland) with an initial working
volume of 9 L. The bioreactor was inoculated with 10% (v/v) pre-culture of
Y. lipolytica H181. The initial WFO concentration was 20 g/L and 1,500 g was added
over the first 95 h of cultivation. The optimized process conditions for the CA production
were determined with pH at 5.0 by 40% NaOH, temperature at 30°C and a dissolved
oxygen concentration DOC > 20% using a stirrer speed of 800 rpm and an airflow of 4

L/min. All added substances were completely non-sterile.

4. Analytical methods (CA production)

The determination of organic acids, inorganic anions and cations was carried
out using the ion chromatography (IC) system ICS 5000* DP (Thermo Fisher Scientific,
Germany). For the anion separation a lonPac AS19 (2 mm diameter, 250 mm length)
analytical column was used. The separation of anionic components was made under
the following conditions: the sample injection volume, 5 uL; the eluent flow rate,
0.2 mL/min; the KOH eluent gradient: isocratic at 10 mM hold for 5 min, linear to 40 mM
from 5 to 15 min, linear to 60 mM from 15 to 28 min and isocratic at 10 mM hold for
28-40 min. For the cation separation the lonPac CS12A (2 mm diameter, 250 mm
length) analytical column was used. The separation of cationic components was made
under the following conditions: the sample injection volume, 5 uL; the eluent flow rate,
0.25 mL/min; the methanesulfonic acid eluent gradient: isocratic at 5 mM hold for
12.5 min, linear to 20 mM from 12.5 to 27.5 min and isocratic at 5 mM hold for 27.5-
30 min. The organic acids were quantified with the software Chromeleon 7.2.4

(Thermo Fisher Scientific, Germany) using the calibration curves.



5. Separation of yeast biomass and WFO

The Sartoflow® Alpha crossflow microfiltration equipment (Sartorius, Gottingen,
Germany) was used to separate the yeast biomass (15.5 g/L) and the residual waste
frying oil (12.7 g/L) completely from the final culture broth. The microfiltration process
was conducted by the Hydrosart® type membranes (Sartorius) with 0.2 um pore sizes
and the total filtration area of 0.1 m2.

After separation of the yeast biomass and the waste frying oil residues, the
concentrations of the ionic components (Table S1) were measured in the permeate.
The sustainable form of CA solution was used in all experiments on the sorption of rare

earth elements.

Table S1. Composition of yeast based citric acid solution after removing the yeast biomass and the
residual waste frying oil.

. Concentration
lonic component

[g/L]
Citric acid 186.74

Isocitric acid 8.5

Crl 0.36

Caz* 0.63

K* 0.08

Na* 23.19

Mg>2* 0.03

SO42 2.04
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Fig.S1. Distribution diagrams for the Ln(lll)-L systems (where Ln=La(lll), Ce(lll), Pr(lll), Nd(lll), Sm(lll),
Ho(lll) and L=citric acid, CA): (a-c) Ln(lll)-L 1:1, (d-i) Ln(lll)-L 1:2, (j-o) Ln(lll)-L 2:1.

7. The morphology of ion exchangers surface




Fig.S2. SEM images of (a,b) Purolite S957, (c,d) Purolite S950, (e,f) Lewatit SP112, (g,h) Lewatit M500,
(i,j) Lewatit M600, (k,I) Lewatit MP500, (m,n) Amberjet 4200, (o,p) Amberjet 4400, (g,r) Amberjet 4600,



(s,t) Amberlite IRA 458, (u,v) Amberlite IRA 958, and (w,x) Amberlite IRA 67 (a,c,e,q,i,k,m,0,q,s,U,w)
before and (b,d,f,h,j,I,n,p,r.t,v,x) after the adsorption of La(lll) ions in the presence of CA (magnification
x 10000).

8. Kinetic and adsorption studies
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Fig.S3. The effect of pH on the sorption of Nd(III)-CA complexes on (a) Purolite S957, Purolite S950,

Lewatit SP112, (b) Lewatit M500, Lewatit M600, Lewatit MP500, (c) Amberjet 4200, Amberjet 4400,
Amberjet 4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67.
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Fig.S4. The effect of pH on the sorption of Ho(lll)-CA complexes on (a) Purolite S957, Purolite S950,
Lewatit SP112, (b) Lewatit M500, Lewatit M600, Lewatit MP500, (c) Amberjet 4200, Amberjet 4400,
Amberjet 4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67.
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Fig.S5. The effect of molar ratio on the sorption of Nd(I11)-CA complexes on (a) Purolite S957, Purolite

S950, Lewatit SP112, (b) Lewatit M500, Lewatit M600, Lewatit MP500, (c) Amberjet 4200, Amberjet
4400, Amberjet 4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67.
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Fig.S6. The effect of molar ratio on the sorption of Ho(lll)-CA complexes on (a) Purolite S957, Purolite
S950, Lewatit SP112, (b) Lewatit M500, Lewatit M600, Lewatit MP500, (c) Amberjet 4200, Amberjet

4400, Amberjet 4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67.

Table S2. Kinetic parameters for the pseudo-first order and pseudo-second order kinetic models for the
La(lll)-CA complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit
M600, Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite

IRA 958, Amberlite IRA 67 (Co=1.0x10* M - 2.0x103 M).

Model Pseudo-First Order Pseudo-Second Order
Adsorbent x108'3 Ge.exp qt.cal ki R2 9z.cal [g;(r;g R2
v Mol Img/g] [1/min] [mg/g] min]
1.0 13.76 12.93 0.407 0.998 13.81 0.110 1.000
Purolite S957 1.5 20.90 20.01 0.432 0.996 20.98 0.076 1.000
2.0 28.40 27.44 0.423 0.999 28.50 0.056 1.000
1.0 14.27 12.00 0.045 0.999 14.90 0.008 0.999
Purolite S950 1.5 21.11 15.60 0.026 0.985 22.00 0.004 0.999
2.0 28.71 21.71 0.023 0.987 30.00 0.003 0.998
1.0 13.94 9.42 0.072 0.956 1417 0.018 1.000
Lewatit SP112 1.5 17.51 12.30 0.056 0.964 17.86 0.010 1.000
2.0 18.78 14.52 0.056 0.996 19.26 0.008 1.000
1.0 14.05 10.84 0.237 0.996 14.15 0.061 1.000
Lewatit M500 1.5 21.26 15.40 0.246 0.986 21.38 0.044 1.000
2.0 28.59 19.81 0.248 0.988 28.74 0.036 1.000
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1.0 14.00 11.36 0.210 0.996 14.13 0.037 1.000

Lewatit M600 1.5 21.34 16.60 0.216 0.988 21.50 0.033 1.000
2.0 20.25 24.31 0.268 0.995 2044 0.031 1.000

1.0 13.75 8.16 0.173 0.941 13.83 0.049 1.000

Lewatit MP500 1.5 21.02 12.33 0.174 0.949 21.14 0.033 1.000
2.0 28.34 18.70 0.162 0.983 28.57 0.020 1.000

1.0 12.14 9.13 0.200 0.959 12.23 0.052 1.000

Amberjet 4200 1.5 19.75 16.04 0.244 0.991 19.89 0.039 1.000
2.0 27.03 21.33 0.215 0.993 27.24 0.024 1.000

1.0 12.59 9.08 0.138 0.946 12.73 0.027 1.000

Amberjet 4400 1.5 19.91 14.12 0.140 0.944 20.11 0.019 1.000
2.0 26.91 19.79 0.096 0.960 27.33 0.009 1.000

1.0 11.90 9.07 0.177 0.985 12.00 0.043 1.000

Amberjet 4600 1.5 20.07 14.97 0.170 0.976 20.27 0.022 1.000
2.0 26.89 25.11 0.255 0.981 27.10 0.024 1.000

1.0 14.40 12.31 0.243 0.994 14.51 0.042 1.000

Amberlite IRA 458 1.5 21.39 15.88 0.207 0.992 21.55 0.031 1.000
2.0 29.39 23.31 0.257 0.999 29.57 0.032 1.000

1.0 13.45 9.52 0.329 0.994 13.49 0.121 1.000

Amberlite IRA 958 1.5 20.74 18.16 0.388 0.987 20.81 0.075 1.000
2.0 29.39 28.19 0.469 0.984 2948 0.068 1.000

1.0 14.43 11.59 0.214 0.996 14.55 0.042 1.000

Amberlite IRA 67 1.5 21.50 17.80 0.178 0.990 21.70 0.020 1.000
2.0 29.30 22.09 0.155 0.986 29.56 0.014 1.000

Table S3. Kinetic parameters for the Weber-Morris intraparticle diffusion kinetic model for the La(lll)-CA
complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600,
Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958,
Amberlite IRA 67 (Co=1.0x10° M - 2.0x10-3 M).

Model Weber-Morris Intraparticle Diffusion
Co ki1 ki kis
x10%  [mg/g C1 R? [mg/g C2 R? [mg/g Cs R2
[M] min'/2] min'?] min'/2]
1.0 4.81 0.91 0.961 0.01 13.66  0.431 - - -
Purolite S957 1.5 7.35 1.50 0.952 0.02 20.64 0.393 - - -
2.0 9.97 1.87 0.970 0.00 28.34  0.401 - - -
1.0 2.09 0.32 0.967 1.81 1.19 0.999 028 1046 0.675
Purolite S950 1.5 2.88 0.52 0.980 2.64 1.38 1.000 0.52 13.66 0.885
2.0 3.61 0.63 0.952 3.14 2.83 0.994 0.87 16.18 0.904
1.0 3.22 0.21 0.955 1.22 6.15 0.971 0.11 1240 0.823
Lewatit SP112
1.5 3.52 0.52 0.987 1.67 5.92 0.991 0.24 14.07 0.907
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2.0 3.1 1.06 0.999 2.33 3.23 1.000 024 1534 0.748
1.0 4.24 1.13 0.993 0.59 10.79  0.902 0.01 13.95 0.676
Lewatit M500 1.5 6.72 1.70 0.973 0.73 1712 0.909 0.02 20.98 0.838
2.0 8.57 3.58 0.949 0.97 2313 0.859 0.02 2826 0.636
1.0 4.41 0.11 0.986 0.43 10.70  0.655 0.09 1278 0.623
Lewatit M600 1.5 6.85 0.38 0.987 1.03 15.57 0.938 0.02 21.03 0.793
2.0 9.92 0.38 0.987 1.07 2349 0.899 0.00 2925 0.724
1.0 3.68 2.27 0.954 0.56 10.15  0.969 0.05 1297 0.876
Lewatit MP500 1.5 5.48 3.88 0.962 0.81 15.74  0.968 0.08 19.84 0.833
2.0 7.06 4.47 0.986 1.46 19.13 0.934 0.12 26.60 0.810
1.0 3.95 0.04 0.994 0.55 8.85 0.994 0.02 11.80 0.812
Amberjet 4200 1.5 6.47 0.40 0.993 0.72 15.56  0.895 0.03 19.33 0.724
2.0 8.40 0.90 0.994 1.21 19.93 0.910 0.05 26.27 0.783
1.0 3.45 0.52 0.974 0.59 7.91 0.920 0.14 10.68 0.758
Amberjet 4400 1.5 5.61 0.78 0.989 0.99 12.71 0.996 0.17 17.49 0.851
2.0 5.93 1.87 0.984 2.17 11.57  0.987 0.33 22.18 0.847
1.0 3.50 0.38 0.984 0.71 7.67 0.929 0.04 1136 0.921
Amberjet 4600 1.5 5.79 0.91 0.999 0.80 14.22  0.949 0.16 1791 0.811
2.0 7.90 1.38 0.996 1.22 19.86  0.648 0.06 26.06 0.851
1.0 4.11 1.25 0.998 0.35 11.65 0.423 0.08 13.29 0.585
Amberlite IRA 458 1.5 6.34 1.55 0.984 0.85 16.03  0.880 0.07 20.48 0.638
2.0 8.76 2.92 0.983 1.20 2295 0.834 0.00 29.38 0.794
1.0 3.77 2.95 0.969 0.01 13.37  0.963 - - -
Amberlite IRA 958 1.5 6.39 3.21 0.986 0.01 20.58 0.627 - - -
2.0 8.97 5.47 0.988 0.00 2038 0.820 - - -
1.0 4.49 0.37 0.987 0.62 10.65 0.860 0.04 13.82 0.777
Amberlite IRA 67 1.5 5.80 1.02 0.973 1.14 14.19  0.900 0.11 19.90 0.907
2.0 8.07 1.29 0.992 1.88 17.66  0.955 0.14 2718 0.972

Table S4. Kinetic parameters for the Boyd and Dumwald-Wagner kinetic models for the La(lll)-CA
complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600,
Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958,
Amberlite IRA 67 (Co=1.0x10° M - 2.0x10-3 M).

Model Boyd Dumwald-Wagner
Co 5 : 5
«103 [M] Bt R k intercept R
1.0 10.67 0.780 0.077 1.21 0.548
Purolite S957 1.5 13.20 0.680 0.108 0.99 0.682
2.0 11.27 0.674 0.093 1.07 0.677
1.0 5.15 0.997 0.041 -0.06 0.995
Purolite S950
1.5 2.90 0.995 0.023 0.01 0.996
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2.0 2.51 0.997 0.019 0.01 0.997

1.0 3.78 0.912 0.030 0.16 0.921

Lewatit SP112 1.5 3.05 0.945 0.024 0.11 0.952
2.0 3.01 0.895 0.026 0.09 0.900

1.0 6.86 0.819 0.056 0.47 0.826

Lewatit M500 1.5 5.17 0.728 0.040 0.52 0.735
2.0 6.71 0.847 0.053 0.50 0.855

1.0 6.70 0.972 0.050 0.22 0.977

Lewatit M600 1.5 6.46 0.870 0.051 0.38 0.879
2.0 13.66 0.898 0.114 0.48 0.901

1.0 4.45 0.875 0.032 0.37 0.887

Lewatit MP500 1.5 4.57 0.883 0.033 0.38 0.894
2.0 4.77 0.916 0.035 0.30 0.925

1.0 5.35 0.857 0.041 0.36 0.867

Amberjet 4200 1.5 9.55 0.973 0.072 0.26 0.976
2.0 5.50 0.868 0.042 0.37 0.878

1.0 4.14 0.962 0.030 0.19 0.969

Amberjet 4400 1.5 3.90 0.934 0.028 0.23 0.943
2.0 3.59 0.969 0.027 0.13 0.975

1.0 4.56 0.853 0.035 0.31 0.864

Amberjet 4600 1.5 7.17 0.954 0.052 0.14 0.953
2.0 5.39 0.844 0.040 0.38 0.856

1.0 5.12 0.873 0.039 0.34 0.883

Amberlite IRA 458 1.5 7.41 0.974 0.057 0.27 0.980
2.0 10.20 0.784 0.087 0.59 0.787

1.0 6.35 0.602 0.043 0.82 0.608

Amberlite IRA 958 1.5 5.86 0.549 0.041 0.85 0.555
2.0 14.49 0.812 0.106 0.99 0.817

1.0 7.07 0.962 0.053 0.26 0.967

Amberlite IRA 67 1.5 3.89 0.845 0.029 0.28 0.857
2.0 3.68 0.829 0.027 0.28 0.840

Table S5. Kinetic parameters for the pseudo-first order and pseudo-second order kinetic models for the
Nd(l11)-CA complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit
M600, Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite
IRA 958, Amberlite IRA 67 (Co=1.0x103 M - 2.5x10-3 M).

Model Pseudo-First Order Pseudo-Second Order
Co q Q1.cal k1 Q2.cal ke
Adsorbent 103 ©-exp ca , R2 - /m R2
y  [molel  mg/gl  [1/min] [mgl/g] [?mn]g
Purolite S957 1.0 13.87 14.96 0.395 0.996 13.94 0.072 1.000
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1.5 21.55 23.40 0.404 0.999 21.67 0.051 1.000
2.0 27.48 27.97 0.339 0.998 27.64 0.033 1.000
2.5 34.58 29.90 0.233 0.993 34.87 0.020 1.000
1.0 14.12 8.00 0.026 0.927 14.22 0.011 0.998
1.5 22.51 13.26 0.045 0.980 22.81 0.010 1.000

Purolite S950
2.0 29.75 17.92 0.043 0.988 30.28 0.007 1.000
2.5 36.41 21.27 0.035 0.976 37.13 0.005 1.000
1.0 14.85 13.44 0.265 0.998 14.96 0.053 1.000
1.5 22.86 19.99 0.276 0.992 23.01 0.038 1.000

Lewatit SP112
2.0 29.73 23.82 0.244 0.996 29.93 0.027 1.000
2.5 35.93 27.20 0.233 0.977 36.18 0.022 1.000
1.0 13.91 11.06 0.218 0.993 14.02 0.043 1.000
1.5 21.32 16.78 0.257 0.993 21.43 0.041 1.000

Lewatit M500
2.0 28.37 21.50 0.254 0.995 28.53 0.034 1.000
2.5 34.30 26.13 0.256 0.992 34.49 0.028 1.000
1.0 13.51 10.42 0.217 0.992 13.59 0.047 1.000
1.5 21.09 16.59 0.248 0.992 21.22 0.041 1.000

Lewatit M600
2.0 28.34 21.25 0.232 0.986 28.53 0.029 1.000
2.5 34.39 25.68 0.216 0.990 34.65 0.022 1.000
1.0 13.79 8.55 0.206 0.967 13.88 0.063 1.000
1.5 21.38 13.66 0.188 0.996 21.50 0.032 1.000

Lewatit MP500
2.0 28.70 20.07 0.124 0.998 29.05 0.015 1.000
25 34.57 24.48 0.103 0.999 35.08 0.010 1.000
1.0 14.12 12.60 0.242 0.995 14.22 0.048 1.000
1.5 21.58 18.61 0.230 0.997 21.76 0.031 1.000

Amberjet 4200
2.0 28.98 24.66 0.233 0.999 29.21 0.024 1.000
2.5 35.15 27.43 0.209 0.993 35.41 0.018 1.000
1.0 13.71 10.58 0.173 0.987 13.84 0.035 1.000
1.5 19.96 10.61 0.033 0.949 20.37 0.011 1.000

Amberjet 4400
2.0 28.50 21.32 0.031 0.995 29.57 0.004 0.999
25 34.43 27.31 0.020 0.995 36.08 0.002 0.994
1.0 13.64 10.68 0.215 0.991 13.74 0.051 1.000
1.5 19.91 15.39 0.202 0.978 20.08 0.032 1.000

Amberjet 4600
2.0 28.66 23.01 0.205 0.990 28.90 0.021 1.000
25 34.81 26.89 0.185 0.991 35.12 0.016 1.000
1.0 13.93 10.05 0.216 0.989 13.97 0.046 1.000
1.5 21.25 13.89 0.229 0.992 21.35 0.047 1.000

Amberlite IRA 458

2.0 28.31 18.20 0.243 0.990 28.45 0.041 1.000
2.5 34.09 21.62 0.251 0.998 34.25 0.036 1.000
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1.0 13.85 20.10 0.506 0.967 13.91 0.092 1.000

1.5 21.40 23.07 0.375 0.984 21.51 0.048 1.000
Amberlite IRA 958

2.0 28.88 24.80 0.318 0.999 29.03 0.037 1.000

2.5 34.96 31.36 0.312 0.993 35.16 0.029 1.000

1.0 14.28 11.21 0.264 0.982 14.37 0.065 1.000

1.5 21.93 18.58 0.299 0.995 22.05 0.044 1.000
Amberlite IRA 67

2.0 29.25 24.04 0.232 0.993 29.47 0.024 1.000

2.5 35.29 28.93 0.195 0.998 35.62 0.016 1.000

Table S6. Kinetic parameters for the Weber-Morris intraparticle diffusion kinetic model for the Nd(lll)-
CA complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600,
Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958,
Amberlite IRA 67 (Co=1.0x103 M - 2.5x10-3 M).

Model Weber-Morris Intraparticle Diffusion
Co ki1 kiz kis
x10°%  [mg/g C1 R? [mg/g C2 R? [mg/g Cs R2

[M]  min'2] min'’2] min'/?|

1.0 4.58 0.37 0.924 0.02 13.60 0.618 - - -

1.5 7.04 0.88 0.915 0.03 2125 0428 - - -
Purolite S957

2.0 8.61 1.23 0.955 0.06 26.69 0.567 - - -

2.5 9.42 3.01 0.985 0.16 32.61 0.420 - - -

1.0 2.17 2.23 0.979 0.69 7.05 0.987 0.24 10.31 0.982

1.5 3.70 3.54 0.999 1.38 11.27  0.949 0.14 20.33 0.883
Purolite S950

2.0 4.32 5.62 0.990 2.03 13.14  0.953 0.19 26.91 0.980

2.5 5.10 7.13 0.980 2.24 16.78 0.972 0.35 31.33 0.825

1.0 4.77 0.28 0.998 0.61 11.53  0.830 0.01 14.78 0.629

1.5 7.38 0.88 0.991 0.77 18.65 0.862 0.01 22.74 0.728
Lewatit SP112

2.0 9.19 1.81 0.988 1.22 22.87 0.844 0.03 29.30 0.783

2.5 11.33 2.02 0.991 1.27 28.51 0.967 0.05 3525 0.768

1.0 4.45 0.20 0.986 0.55 10.46  0.852 0.05 13.21 0.879

1.5 6.58 1.70 0.991 0.75 1712  0.878 0.02 21.05 0.913
Lewatit M500

2.0 8.49 3.05 0.992 1.04 2269 0.888 0.01 28.22 0.964

2.5 10.36 3.50 0.989 1.24 27.50 0.891 0.01 34.13 0.901

1.0 4.18 0.63 0.991 0.57 10.15 0.917 0.03 13.03 0.957

1.5 6.82 0.89 0.989 0.80 16.61 0.910 0.01 2091 0.747
Lewatit M600

2.0 9.08 1.34 0.981 1.10 22.01 0.919 0.03 27.89 0.607

2.5 10.40 2.39 0.991 1.46 25.89  0.921 0.06 33.61 0.644

1.0 3.75 2.43 0.984 0.47 10.87  0.957 0.03 13.36 0.676

1.5 4.99 4.86 0.999 0.83 16.12  0.902 0.07 20.34 0.859
Lewatit MP500

2.0 5.49 5.54 0.989 2.44 14.45 0.968 0.08 27.62 0.531

2.5 6.39 5.76 0.996 3.40 14.32 0.988 0.16  32.38 0.750

17



1.0 4.33 0.39 0.999 0.65 10.53 0.865 0.01 13.97 0.981
1.5 6.68 0.44 0.999 0.98 15.96 0.876 0.03 21.19 0.594
Amberjet 4200
2.0 8.94 0.91 0.998 1.34 21.46 0.863 0.03 28.56 0.761
2.5 10.91 1.07 0.986 1.76 25.15 0.922 0.05 34.33 0.969
1.0 3.89 0.62 0.999 0.72 9.17 0.963 0.06 12.90 0.824
1.5 3.98 0.97 0.994 2.02 6.72 0.985 0.21 16.96 0.829
Amberjet 4400
2.0 4.07 1.65 0.997 2.90 4.79 1.000 0.75 17.97 0.816
2.5 3.74 1.85 0.994 2.92 4.23 1.000 1.42 14.01 0.905
1.0 4.24 0.47 0.994 0.65 9.96 0.947 0.01 13.43 0.938
1.5 6.13 0.64 0.998 0.96 14.35 0.980 0.03 19.50 0.762
Amberjet 4600
2.0 8.61 1.02 0.990 1.45 20.27 0.926 0.05 27.88 0.817
2.5 10.25 1.28 0.993 2.04 23.01 0.943 0.07 33.77 0.865
1.0 3.99 1.57 0.997 0.50 10.83 0.921 0.04 13.29 0.828
1.5 5.48 4.43 0.973 0.85 16.51 0.837 0.02 21.00 0.853
Amberlite IRA 458
2.0 7.63 5.72 0.981 0.99 22.92 0.905 0.01 28.19 0.868
2.5 8.06 9.52 0.987 1.07 28.21 0.841 0.02 33.87 0.729
1.0 4.02 1.88 0.953 0.01 13.78 0.514 - - -
1.5 6.24 2.37 0.964 0.03 20.98 0.675 - - -
Amberlite IRA 958
2.0 8.09 413 0.946 0.07 28.00 0.565 - - -
2.5 9.72 4,73 0.960 0.08 33.96 0.495 - - -
1.0 4.88 0.28 0.986 0.44 11.77 0.937 0.01 14.14 0.646
1.5 7.56 0.50 0.986 0.58 18.67 0.825 0.02 21.66 0.890
Amberlite IRA 67
2.0 9.36 0.53 0.984 1.36 21.58 0.851 0.04 28.75 0.827
2.5 10.57 0.58 0.992 2.18 23.03 0.901 0.05 34.62 0.780

Table S7. Kinetic parameters for the Boyd and Dumwald-Wagner kinetic models for the Nd(Ill)-CA
complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600,
Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958,
Amberlite IRA 67 (Co=1.0x10° M - 2.5x10-3 M).

Model Boyd Dumwald-Wagner
Co 5 : 5
<103 [M] Bt R k intercept R
1.0 5.94 0.679 0.042 0.67 0.690
1.5 7.63 0.693 0.060 0.76 0.699
Purolite S957
2.0 5.88 0.729 0.043 0.57 0.740
25 7.56 0.819 0.062 0.43 0.824
1.0 1.88 0.892 0.014 0.13 0.896
1.5 2.70 0.834 0.022 0.16 0.838
Purolite S950
2.0 3.28 0.939 0.026 0.12 0.945
25 3.67 0.994 0.028 0.08 0.996
Lewatit SP112 1.0 7.46 0.815 0.062 0.47 0.821
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1.5 7.00 0.801 0.056 0.51 0.808
2.0 6.61 0.874 0.051 0.42 0.883
2.5 7.29 0.931 0.055 0.37 0.939
1.0 4.87 0.874 0.035 0.35 0.887
1.5 4.91 0.683 0.038 0.53 0.691
Lewatit M500
2.0 6.28 0.750 0.049 0.54 0.756
2.5 6.86 0.787 0.054 0.53 0.794
1.0 3.79 0.677 0.027 0.43 0.686
1.5 5.71 0.737 0.046 0.51 0.744
Lewatit M600
2.0 6.18 0.833 0.050 0.44 0.841
2.5 8.77 0.977 0.068 0.27 0.981
1.0 8.86 0.981 0.066 0.29 0.984
1.5 4.30 0.826 0.031 0.39 0.838
Lewatit MP500
2.0 6.39 0.908 0.054 0.21 0.913
2.5 5.01 0.937 0.040 0.17 0.944
1.0 5.07 0.691 0.040 0.47 0.697
1.5 7.59 0.930 0.061 0.32 0.937
Amberjet 4200
2.0 6.23 0.849 0.049 0.39 0.858
2.5 4.90 0.787 0.037 0.40 0.796
1.0 4.76 0.905 0.036 0.28 0.915
1.5 3.84 0.964 0.030 0.10 0.970
Amberjet 4400
2.0 3.60 0.993 0.028 -0.01 0.990
2.5 2.23 0.987 0.017 -0.01 0.986
1.0 5.54 0.801 0.043 0.41 0.809
1.5 7.31 0.943 0.057 0.30 0.950
Amberjet 4600
2.0 5.63 0.877 0.044 0.34 0.887
2.5 5.28 0.868 0.041 0.32 0.877
1.0 3.22 0.598 0.022 0.45 0.606
1.5 5.24 0.726 0.040 0.53 0.733
Amberlite IRA 458
2.0 7.79 0.841 0.060 0.53 0.847
2.5 7.12 0.837 0.055 0.55 0.844
1.0 8.05 0.688 0.062 0.82 0.695
1.5 5.97 0.716 0.045 0.61 0.725
Amberlite IRA 958
2.0 7.40 0.866 0.054 0.52 0.876
2.5 8.96 0.886 0.073 0.50 0.892
1.0 9.54 0.959 0.074 0.37 0.964
1.5 6.10 0.797 0.045 0.53 0.808
Amberlite IRA 67
2.0 5.33 0.788 0.042 0.43 0.797
2.5 5.76 0.849 0.046 0.34 0.857
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Table S8. Kinetic parameters for the pseudo-first order and pseudo-second order kinetic models for the
Ho(ll1)-CA complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit
M600, Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite

IRA 958, Amberlite IRA 67 (Co=1.0x103 M - 2.5x103 M).

Model Pseudo-First Order Pseudo-Second Order
Co q q1.cal k1 Q2.cal ke
Adsorbent x103 e-exp e . R2 < [g/mg R2
v [mo/el Img/g] [1/min] [mg/g] min]
1.0 15.10 15.63 0.367 0.994 15.19 0.067 1.000
1.5 22.36 21.04 0.343 1.000 22.48 0.048 1.000
Purolite S957
2.0 28.14 26.10 0.270 0.991 28.34 0.028 1.000
2.5 37.30 28.08 0.182 0.994 37.63 0.017 1.000
1.0 14.50 12.96 0.018 0.981 16.17 0.002 0.973
1.5 21.20 18.51 0.015 0.997 23.54 0.002 0.973
Purolite S950
2.0 26.29 23.41 0.020 0.998 29.04 0.001 0.986
2.5 35.01 28.39 0.021 0.999 37.43 0.002 0.991
1.0 15.59 12.44 0.338 0.998 15.65 0.089 1.000
1.5 23.36 17.57 0.336 0.998 23.44 0.064 1.000
Lewatit SP112
2.0 29.17 23.24 0.334 1.000 29.29 0.047 1.000
2.5 37.29 28.59 0.337 1.000 37.43 0.040 1.000
1.0 14.36 15.21 0.407 0.992 14.43 0.088 1.000
1.5 21.65 21.38 0.386 0.990 21.74 0.062 1.000
Lewatit M500
2.0 28.74 26.19 0.378 0.988 28.86 0.049 1.000
2.5 36.11 37.04 0.388 0.987 36.28 0.035 1.000
1.0 14.36 14.47 0.397 0.995 14.43 0.092 1.000
1.5 21.65 20.81 0.346 0.998 21.76 0.052 1.000
Lewatit M600
2.0 28.74 29.71 0.369 0.986 28.89 0.039 1.000
2.5 36.11 34.03 0.334 0.998 36.31 0.030 1.000
1.0 14.36 11.58 0.369 0.995 14.41 0.106 1.000
1.5 21.65 18.93 0.249 0.979 21.80 0.035 1.000
Lewatit MP500
2.0 28.74 22.67 0.138 0.995 29.12 0.015 1.000
25 36.11 28.29 0.105 1.000 36.75 0.008 1.000
1.0 14.63 13.78 0.319 0.998 14.71 0.068 1.000
1.5 22.15 19.50 0.292 1.000 22.28 0.043 1.000
Amberjet 4200
2.0 29.18 27.59 0.310 0.996 29.36 0.033 1.000
2.5 37.02 33.72 0.290 0.997 37.26 0.024 1.000
1.0 14.63 12.86 0.290 0.997 14.72 0.063 1.000
1.5 22.14 12.92 0.185 0.983 22.29 0.038 1.000
Amberjet 4400
2.0 29.18 22.52 0.159 0.998 29.50 0.017 1.000
2.5 37.02 27.27 0.084 0.997 37.72 0.008 1.000
Amberjet 4600 1.0 14.63 12.83 0.248 0.997 14.74 0.051 1.000
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1.5 22.14 19.05 0.250 0.997 22.31 0.035 1.000
2.0 29.18 25.95 0.250 0.998 29.40 0.025 1.000
2.5 37.02 32.42 0.240 1.000 37.31 0.019 1.000
1.0 14.35 14.53 0.482 0.975 14.40 0.112 1.000
1.5 21.63 21.30 0.460 0.997 21.71 0.076 1.000
Amberlite IRA 458
2.0 28.72 30.93 0.444 0.997 28.84 0.050 1.000
2.5 36.09 32.60 0.406 0.994 36.24 0.040 1.000
1.0 14.36 13.28 0.444 0.992 14.41 0.103 1.000
1.5 21.64 23.11 0.489 0.971 21.72 0.070 1.000
Amberlite IRA 958
2.0 28.74 34.84 0.492 0.991 28.85 0.049 1.000
2.5 36.11 37.86 0.451 0.956 36.23 0.043 1.000
1.0 15.72 15.26 0.315 0.992 15.82 0.058 1.000
1.5 23.77 22.84 0.288 0.991 23.93 0.033 1.000
Amberlite IRA 67
2.0 31.83 29.52 0.272 0.988 32.07 0.023 1.000
2.5 39.31 34.36 0.246 0.996 39.61 0.018 1.000

Table S9. Kinetic parameters for the Weber-Morris intraparticle diffusion kinetic model for the Ho(lll)-
CA complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600,
Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958,
Amberlite IRA 67 (Co=1.0x10° M - 2.5x10-3 M).

Model Weber-Morris Intraparticle Diffusion
Co ki1 kiz kis
x10®  [mg/g C1 R? [mg/g C2 R? [mg/g Cs R2
[M]  min'2] min'/2] min'?|
1.0 4.70 0.99 0.934 0.02 14.80 0.572 - - -
1.5 6.65 2.26 0.939 0.04 21.84 0485 - - -
Purolite S957
2.0 7.89 2.46 0.989 0.09 26.97 0435 - - -
2.5 8.94 5.31 0.985 0.27 34.03 0415 - - -
1.0 1.26 0.05 0.976 0.07 13.42  1.000 - - -
1.5 1.83 0.09 0.985 0.04 20.53 1.000 - - -
Purolite S950
2.0 2.38 0.15 0.993 0.04 25.61 1.000 - - -
2.5 2.90 3.40 0.993 0.03 3452 1.000 - - -
1.0 4.01 3.48 0.939 0.03 15.25  0.461 - - -
1.5 5.79 5.91 0.931 0.04 2286 0.476 - - -
Lewatit SP112
2.0 7.44 6.58 0.941 0.05 28.54 0.463 - - -
2.5 9.18 9.52 0.937 0.06 36.55 0.450 - - -
1.0 4.14 2.02 0.949 0.02 14.16  0.551 - - -
1.5 5.79 4.15 0.959 0.02 21.37 0412 - - -
Lewatit M500
2.0 7.79 5.49 0.914 0.03 28.35 0.476 - - -
2.5 9.93 6.02 0.965 0.04 3559  0.456 - - -
Lewatit M600 1.0 4.99 0.72 0.974 0.25 13.02 0.675 0.00 1435 0.979
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1.5 7.32 0.91 0.990 0.55 18.75  0.726 0.00 21.64 0.975

2.0 9.65 1.35 0.978 0.72 2497 0.643 0.00 28.73 0.974

2.5 12.19 1.41 0.986 1.01 30.74  0.722 0.00 36.10 0.992

1.0 4.20 2.79 0.959 0.23 13.08 0.610 0.01 14.24 0.917

15 5.64 2.88 0.994 1.07 15.85 0.744 0.01 2151 0.918
Lewatit MP500

2.0 6.36 296 0979 2.80 1345 0.969 0.01 28.60 0.940

25 7.28 3.13 0.996 4.18 12.16  0.988 0.09 34.86 0.504

1.0 4.88 0.50 0.994 043 12.33 0.746 0.00 1458 0.817

1.5 7.25 0.95 0.991 0.75 18.12  0.795 0.00 22.09 0.845

Amberjet 4200
2.0 9.47 1.27 0.996 0.92 2423 0.750 0.01 29.10 0.719
25 11.96 1.43 0.992 1.37 29.67 0.758 0.01 36.92 0.668
1.0 5.01 0.14 0.991 0.47 12.06 0.838 0.00 1457 0.616
1.5 7.41 0.24 0.990 0.85 17.51 0.871 0.00 22.08 0.686
Amberjet 4400
2.0 8.38 0.51 0.970 2.39 16.04 0.971 0.02 28.97 0.538
2.5 7.19 3.86 0.990 4.16 11.62 0.998 0.21 34.18 0.515
1.0 473 0.11 0.999 0.64 11.16  0.895 0.00 14,57 0.592
1.5 7.16 0.37 0.998 0.94 17.02  0.895 0.01 22.07 0.557
Amberjet 4600

2.0 9.26 0.50 0.996 133 2198 0.859 0.01 29.08 0.628

25 11.65 0.60 0.997 1.81 2717  0.857 0.01 36.82 0.736

1.0 5.23 0.79 0.965 0.02 14.11 0.607 - - -

1.5 6.25 3.71 0.880 0.01 2147 0497 - - -

Amberlite IRA 458
2.0 8.38 4.24 0.920 0.02 28.46 0.493 - - -

25 10.51 5.64 0.856  0.03 35.67 0.471 - - -

1.0 5.40 0.44 0.920 0.15 13.47 0.488 0.01 14.21  0.921

1.5 8.05 0.70 0.949 0.24 20.29 0.461 0.01 2149 0.966

Amberlite IRA 958
2.0 10.49 0.92 0.977 0.25 27.34 0.527 0.01 28.57 0.993

25 11.22 5.55 0.915 057 33.03 0.472 0.01 35.90 0.991

1.0 5.35 0.12 0.998 0.43 13.36  0.800 0.01 15.64 0.764

1.5 7.75 0.34 0.989 0.86 18.97  0.696 0.03 2341 0.827

Amberlite IRA 67
2.0 10.28 0.41 0.963 1.15 25.29 0.801 0.04 31.32 0.823

25 1238 091 0.996 1.59 3022 0.860 0.05 38.56 0.855

Table S10. Kinetic parameters for the Boyd and Dumwald-Wagner kinetic models for the Ho(lll)-CA
complexes sorption on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600,
Lewatit MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958,
Amberlite IRA 67 (Co=1.0x103 M - 2.5x10-3 M).

Model Boyd Dumwald-Wagner
Co 5 . 5
%103 [M] Bt R k intercept R
1.0 5.85 0.682 0.043 0.64 0.691

Purolite S957
1.5 6.21 0.696 0.047 0.64 0.704
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2.0 6.27 0.718 0.051 0.52 0.723
2.5 6.50 0.769 0.055 0.41 0.773
1.0 3.33 0.919 0.025 -0.09 0.916
1.5 4.18 0.874 0.031 -0.13 0.871

Purolite S950
2.0 4.39 0.904 0.033 -0.13 0.899
2.5 5.00 0.904 0.037 -0.13 0.898
1.0 6.20 0.662 0.046 0.72 0.668
1.5 6.48 0.706 0.048 0.71 0.714

Lewatit SP112
2.0 6.60 0.710 0.050 0.69 0.717
2.5 6.66 0.690 0.051 0.73 0.696
1.0 8.09 0.809 0.062 0.66 0.817
1.5 8.86 0.735 0.070 0.75 0.740

Lewatit M500
2.0 8.63 0.799 0.069 0.69 0.805
2.5 10.16 0.878 0.078 0.60 0.885
1.0 8.28 0.702 0.065 0.78 0.707
1.5 8.69 0.717 0.071 0.71 0.721

Lewatit M600
2.0 8.96 0.712 0.073 0.74 0.716
2.5 8.94 0.703 0.074 0.72 0.706
1.0 5.88 0.695 0.041 0.71 0.704
1.5 6.18 0.752 0.050 0.48 0.759

Lewatit MP500
2.0 6.36 0.753 0.056 0.33 0.756
2.5 6.52 0.878 0.058 0.16 0.881
1.0 712 0.761 0.057 0.59 0.768
1.5 7.45 0.761 0.061 0.58 0.767

Amberjet 4200
2.0 7.63 0.780 0.062 0.57 0.786
2.5 7.66 0.784 0.063 0.54 0.790
1.0 7.02 0.763 0.058 0.56 0.768
1.5 7.37 0.779 0.061 0.52 0.784

Amberjet 4400
2.0 7.19 0.813 0.064 0.33 0.817
25 6.57 0.954 0.056 0.08 0.957
1.0 7.38 0.794 0.063 0.47 0.799
1.5 7.92 0.803 0.068 0.48 0.807

Amberjet 4600
2.0 7.93 0.820 0.067 0.46 0.825
25 7.65 0.851 0.063 0.42 0.857
1.0 6.88 0.684 0.045 0.83 0.696
1.5 7.56 0.685 0.055 0.87 0.693

Amberlite IRA 458

2.0 7.55 0.702 0.056 0.80 0.710
2.5 7.83 0.745 0.059 0.78 0.752
Amberlite IRA 958 1.0 6.06 0.662 0.039 0.79 0.674
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1.5 6.12 0.599 0.040 0.85 0.609
2.0 6.00 0.584 0.040 0.83 0.592
2.5 5.83 0.584 0.040 0.81 0.590
1.0 7.11 0.802 0.056 0.54 0.810
1.5 5.96 0.810 0.046 0.46 0.820
Amberlite IRA 67
2.0 5.94 0.823 0.046 0.44 0.834
2.5 572 0.833 0.044 0.41 0.844

Table S11. Adsorption isotherm parameters for the sorption of La(lll), Nd(lll) and Ho(lll) complexes with
CA on Purolite S957, Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500,
Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958 and Amberlite
IRA 67 at the temperature of 293 K.

Model Langmuir
Adsorbent REE [g:ge/x;] [m%olg] [L/fr';g] R? %

La(lln 162.04 163.27 0.264 1.000 0.001
Purolite S957 Nd(IlI) 142.65 143.25 0.182 1.000 0.001
Ho(Ill) 180.26 179.57 0.437 0.999 0.086
La(lln 139.15 140.00 0.123 0.998 0.015
Purolite S950 Nd(IlI) 103.71 111.57 0.098 0.987 0.006
Ho(lll) 101.75 103.76 0.091 0.998 0.007
La(lll) 40.40 41.47 0.027 0.994 0.006
Lewatit SP112 Nd(Ill) 97.47 94.34 0.078 0.968 0.737
Ho(lll) 177.55 180.34 0.154 1.000 0.001
La(ll) 81.88 83.93 0.031 0.999 0.015
Lewatit M500 Nd(I1) 92.88 96.85 0.057 0.998 0.010
Ho(lll) 108.33 106.74 0.231 0.988 0.172
La(lll) 70.72 71.49 0.094 0.999 0.001
Lewatit M600 Nd(l11) 87.47 90.87 0.053 0.998 0.009
Ho(lll) 104.31 102.30 0.255 0.991 0.150
La(lll) 76.96 78.51 0.035 0.999 0.011
Lewatit MP500 Nd(l11) 90.41 94.75 0.048 0.994 0.011
Ho(lll) 105.61 103.78 0.254 0.991 0.146
La(lln) 76.94 79.26 0.040 0.999 0.001
Amberjet 4200  Nd(lll) 89.55 92.05 0.094 0.998 0.001
Ho(lll) 108.62 106.82 0.322 0.992 0.134
La(lln 48.70 49.02 0.059 1.000 0.003
Amberjet 4400  Nd(lll) 52.25 53.47 0.057 0.999 0.001
Ho(lll) 74.88 74.21 0.258 0.999 0.021
La(lll) 65.86 67.37 0.044 1.000 0.001

Amberjet 4600
Nd(l11) 81.43 83.24 0.071 0.999 0.007
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Holll) 99.15 97.68 0.261 0.994 0.086

La(lll) 98.79 99.17 0.183 0.998 0.004

ﬁ;"A"‘Z’éi;e Nd(I1l) 104.24 108.25 0.090 0.997 0.018
Holll) 114.65 113.24 0.335 0.991 0.182

La(lll) 88.14 95.94 0.016 0.996 0.008

ﬁg‘z‘;’gge Nd(Ill) 97.67 103.36 0.053 0.997 0.009
Ho(lll) 108.56 106.24 0.300 0.991 0.185

La(lll) 98.79 98.05 0.106 0.981 0.251

A:‘;'Zeg';te Nd(Ill) 119.35 122.55 0.456 0.974 0.301
Ho(lll) 123.07 127.43 0.619 0.965 0.702

Freundlich Temkin

[mgg] n R® 5 [L/?g] [J/r?]ol] R 1

La(ll) 30.83 259 0790 70717 870 2196  0.894  1.538

Purolite §957  Nd(lll) 7409 727 0696 4537 32029 1343 0798  1.666
Ho(lll 6496 506  0.869 2167 1482 2217 0957  0.205

La(ll) 2321 304 0951 14934 753 1624 0974  0.027

Purolite §950  Nd(lll) 1265 211 0773 10761 106 2097 0971  0.236
Ho(ll) 2153 279 0919 9265 612 1498 0990  0.076

La(l) 455 285 0891 1968 118 568 0978  0.007

Lewatit SP112  Nd(lll) 19.83 347 0963 0063 1055 1056 0913 2770
Ho(lll) 5938 474 0867 5028 815 2368 0948  1.016

La(ll) 1041 302 0911 2213 058 1368 0990  0.093

Lewatit M500  Nd(l) 1058 230 0857 10.844 103 1656 0967  0.120
Ho(ll) 3681 453 0960 0323 31062 877 0941 1745

La(ll) 1343 355 0864 3458 410 914 0979  0.145

Lewatit M600  Nd(l) 1026 240 0816 9565  1.01 1537 0934  0.174
Ho(lll) 3747 487 0872 0598 378.85 849 0969  0.748

La(l) 1139 329 0853 1757 077 1229 0961  0.130

Lewatit MP500  Nd(ll) 1048 240 0742 7397 089 1641 0941  0.160
Ho(ll) 3292 407 0910 1867 89.96 1007 0980  0.503

La(ll) 1149 324 0819 2900 076 1276 0936 0453

Amberjet 4200  Nd(Ill) 1459 273 0744 10612 211 1461 0933 0552
Ho(ll) 4008 464 0939 1216 40853 891 0969  0.903

La(lll) 1268 483 0775 0684 304 631 0885  0.162

Amberjet 4400  Nd(Ill) 1073 373 0604 1837 251 748 0817 0278
Ho(lly 3115 618 0819 1266 1088.10 569 0976  0.001

La(ll) 1100 348 0801 2587 083 1073  0.904  0.552

Amberjet 4600  Nd(lll) 1188 270 0770 8799 151 1343 0927  0.398
Ho(lll) 3458 472 0858 1598 20027 873 0980  0.188
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La(l) 2341 378  0.899 4563 1968 1083 0998 0015
ﬁ;"A"‘Z’éi;e Nd(ll) 1440 230  0.807 12824 165 1847 0974  0.148
Ho(ll) 3053 305 0901 5108  19.67 1429 0993  0.252
La(l) 643 233 0862 4983 020 1876 0971 0477
ﬁ;":‘;’g;e Nd(ll) 9.98 213 0826 12668 080 1890 0983  0.208
Ho(lll) 3962 469 0946 0760 48192 863 0963  1.261
Lalll) 2459 382 0969 0020 3332 962 0918  2.111
A:‘;'Zeg';te Nd(ll) 3458 241 0924 2169 1509 1783 0952  1.301
Ho(lll) 4048 220 0915 0818 1451 2054 0948  1.838

Table S12. Adsorption isotherm parameters for the sorption of La(lll)-CA complexes on Purolite S957,
Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500, Amberjet 4200, Amberjet
4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958 and Amberlite IRA 67 at the temperature
of 313 Kand 333 K.

Model Langmuir
T Ce.exp dJo Ku
Adsorbent R2 2
(K] [mg/g] [mg/g] [L/mg] x
313 169.58 170.81 0.377 1.000 0.001
Purolite S957
333 185.37 187.30 0.493 0.999 0.001
313 165.06 166.54 0.153 0.997 0.013
Purolite S950
333 173.09 174.63 0.325 1.000 0.001
313 38.82 39.61 0.034 0.996 0.003
Lewatit SP112
333 38.61 39.18 0.044 0.996 0.003
313 101.77 105.61 0.035 0.999 0.004
Lewatit M500
333 110.12 114.47 0.043 1.000 0.001
313 95.86 96.35 0.098 0.997 0.017
Lewatit M600
333 102.68 104.12 0.126 0.998 0.001
313 98.21 101.30 0.045 0.999 0.001
Lewatit MP500
333 114.77 118.47 0.048 0.999 0.008
313 100.16 103.14 0.048 1.000 0.001
Amberjet 4200
333 104.72 106.88 0.059 0.999 0.005
313 81.64 82.83 0.069 0.999 0.001
Amberjet 4400
333 97.82 99.62 0.082 0.999 0.001
313 101.02 103.46 0.045 0.999 0.010
Amberjet 4600
333 110.18 113.43 0.059 1.000 0.001
313 109.53 109.96 0.262 0.999 0.003
Amberlite IRA 458
333 113.48 114.05 0.434 1.000 0.001
313 101.94 112.40 0.017 0.996 0.011
Amberlite IRA 958
333 109.63 121.08 0.019 0.997 0.010
313 95.13 94.00 0.051 0.960 0.720
Amberlite IRA 67
333 88.12 90.10 0.031 0.956 0.463
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Freundlich Temkin
T Kr 2 ) A B ) 5
Kl [mgg " R x gl [wmo) R x
313 36.28 2.58 0.773 83.796 12.02 22.90 0.905 1.956
Purolite S957
333 44.39 2.46 0.768 77.185 15.45 25.55 0.932 0.993
313 28.90 2.76 0.940 26.023 9.33 19.82 0.980 0.102
Purolite S950
333 36.50 2.65 0.898 59.040 14.21 21.66 0.968 0.240
313 5.30 3.11 0.898 1.894 2.07 5.08 0.979 0.001
Lewatit SP112
333 6.81 3.56 0.902 1.482 5.61 443 0.977 0.007
313 10.99 2.63 0.947 5.518 0.59 17.85 0.986 0.174
Lewatit M500
333 12.17 2.56 0.946 7.878 0.71 19.37 0.985 0.281
313 17.77 3.36 0.922 3.550 6.61 11.58 0.992 0.009
Lewatit M600
333 19.09 3.20 0.942 6.356 714 12.71 0.983 0.007
313 12.65 2.86 0.885 5.362 0.79 16.72 0.982 0.427
Lewatit MP500
333 13.51 2.61 0.869 7.187 0.80 20.12 0.981 0.323
313 12.79 2.81 0.909 6.397 0.843 16.90 0.970 0.409
Amberjet 4200
333 14.66 2.89 0.872 6.693 1.147 17.01 0.951 0.406
313 15.69 3.68 0.945 2.720 2.29 11.36 0.992 0.212
Amberjet 4400
333 17.12 3.28 0.940 5.804 2.19 14.31 0.977 0.433
313 13.01 2.86 0.943 4.618 0.90 16.44 0.992 0.130
Amberjet 4600
333 14.45 2.73 0.926 8.774 1.09 18.28 0.967 0.417
313 26.70 3.62 0.902 7.185 23.75 12.14 0.997 0.039
Amberlite IRA 458
333 30.28 3.63 0.900 11.023 35.50 12.45 0.995 0.192
313 6.20 2.09 0.875 9.133 0.20 22.96 0.973 0.717
Amberlite IRA 958
333 6.66 2.04 0.888 10.622 0.22 24.55 0.976 0.659
313 15.42 3.10 0.883 0.138 3.66 11.90 0.910 2.393
Amberlite IRA 67
333 10.75 2.74 0.938 0.001 1.42 12.49 0.914 1.768

Table S$13. Adsorption isotherm parameters for the sorption of Nd(IIl)-CA complexes on Purolite S957,
Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500, Amberjet 4200, Amberjet
4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958 and Amberlite IRA 67 at the temperature
of 313 Kand 333 K.

Model Langmuir
T Qe.exp qo KL
Adsorbent R2 2
(K] [mg/g] [mg/g] [L/mg] x
313 147.84 147.36 0.291 1.000 0.005
Purolite S957
333 159.09 157.81 0.312 1.000 0.024
313 111.18 112.97 0.253 0.995 0.071
Purolite S950
333 115.88 119.60 0.403 0.997 0.046
313 98.68 95.12 0.093 0.970 0.707
Lewatit SP112
333 101.14 98.48 0.114 0.975 0.506
Lewatit M500 313 96.68 98.68 0.088 0.997 0.032
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333 104.58 106.99 0.101 0.996 0.058

313 94.72 96.41 0.071 0.997 0.071
Lewatit M600
333 100.38 103.70 0.085 0.999 0.018
313 95.97 98.37 0.070 0.997 0.050
Lewatit MP500
333 100.49 103.67 0.095 0.997 0.011
313 97.92 99.24 0.117 0.996 0.029
Amberjet 4200
333 103.82 106.02 0.142 0.996 0.012
313 73.60 74.72 0.056 0.997 0.026
Amberjet 4400
333 85.49 87.44 0.104 0.999 0.001
313 93.51 95.50 0.072 0.996 0.043
Amberjet 4600
333 101.53 103.96 0.089 0.997 0.051
313 105.15 107.94 0.116 0.997 0.024
Amberlite IRA 458
333 108.41 110.80 0.126 0.996 0.061
313 98.18 101.62 0.064 0.997 0.044
Amberlite IRA 958
333 101.00 104.46 0.087 0.998 0.015
313 118.41 120.56 0.247 0.946 0.871
Amberlite IRA 67
333 116.62 126.75 0.123 0.954 0.348
Freundlich Temkin
T Kr A B
n R2 2 RZ 2
Kl [mg/g] X [Lig]  [J/mol] X

313 78.86 7.38 0.640 4.552 486.62 13.49 0.740 1.507
Purolite S957

333 82.04 6.68 0.678 4.749 288.44 15.42 0.791 1.174

313 24.87 2.57 0.916 8.013 6.92 16.80 0.991 0.053
Purolite S950

333 29.94 2.27 0.890 13.465 7.87 19.66 0.980 0.001

313 23.15 3.82 0.966 0.150 24.42 9.63 0.903 3.115
Lewatit SP112

333 25.59 3.91 0.939 0.075 34.12 9.74 0.906 2.786

313 14.40 2.57 0.838 8.809 1.98 15.63 0.992 0.061

Lewatit M500
333 15.43 2.40 0.811 10.397 1.99 17.70 0.980 0.044

313 12.29 2.45 0.851 8.509 1.43 15.78 0.973 0.019

Lewatit M600
333 13.23 2.30 0.850 14.125 1.53 17.55 0.970 0.161

313 12.56 2.44 0.792 8.438 1.34 16.49 0.968 0.075

Lewatit MP500
333 15.05 2.47 0.781 11.494 1.89 17.15 0.974 0.247

313 18.41 2.91 0.660 6.511 3.34 15.01 0.914 0.202

Amberjet 4200
333 19.94 2.75 0.662 9.828 3.61 16.52 0.908 0.352
313 11.95 3.09 0.659 3.098 1.69 11.31 0.877 0.121
Amberjet 4400
333 15.55 2.98 0.700 8.276 2.73 13.26 0.914 0.574
313 12.76 2.52 0.786 8.469 1.47 15.70 0.952 0.100
Amberjet 4600

333 14.18 2.38 0.776 11.318 1.63 17.67 0.958 0.148

313 16.77 2.45 0.798 12.060 2.36 17.67 0.984 0.147

Amberlite IRA 458
333 17.42 2.39 0.803 11.342 2.49 18.32 0.986 0.053
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313 11.41 2.26 0.837 10.690 1.09 17.71 0.981 0.074
Amberlite IRA 958

333 13.78 2.33 0.803 13.533 1.58 17.77 0.959 0.225

313 26.57 2.35 0.948 0.180 8.50 17.57 0.913 2.990
Amberlite IRA 67

333 17.97 2.01 0.946 1.832 2.78 20.66 0.933 1.561

Table S14. Adsorption isotherm parameters for the sorption of Ho(lll)-CA complexes on Purolite S957,
Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500, Amberjet 4200, Amberjet
4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958 and Amberlite IRA 67 at the temperature
of 313 K.and 333 K.

Model Langmuir
T Qe.exp qo KL
Adsorbent R2 2
K] [mg/g] [mg/g] [L/mg] *
313 195.43 193.25 0.814 0.999 0.073
Purolite S957
333 199.56 196.65 1.083 0.998 0.106
313 110.83 113.26 0.374 0.999 0.010
Purolite S950
333 115.45 118.17 0.600 0.998 0.041
313 182.04 183.56 0.224 0.999 0.003
Lewatit SP112
333 185.60 186.65 0.304 0.999 0.004
313 109.87 108.44 0.309 0.991 0.126
Lewatit M500
333 112.00 110.42 0.313 0.991 0.160
313 107.64 105.21 0.279 0.990 0.198
Lewatit M600
333 110.54 107.95 0.290 0.989 0.240
313 110.81 109.05 0.325 0.992 0.151
Lewatit MP500
333 113.03 111.93 0.347 0.992 0.122
313 111.78 109.06 0.350 0.990 0.231
Amberjet 4200
333 112.98 111.12 0.350 0.990 0.175
313 99.25 98.46 0.279 0.996 0.047
Amberjet 4400
333 108.85 107.81 0.267 0.991 0.112
313 107.06 106.05 0.270 0.993 0.093
Amberjet 4600
333 112.50 109.07 0.328 0.988 0.332
313 115.58 113.84 0.357 0.991 0.218
Amberlite IRA 458
333 116.63 114.49 0.373 0.990 0.278
313 109.02 106.34 0.277 0.988 0.238
Amberlite IRA 958
333 109.93 107.61 0.265 0.989 0.227
313 122.71 129.39 0.334 0.915 1.368
Amberlite IRA 67
333 122.15 150.64 0.123 0.831 1.060
Freundlich Temkin
T Kr A B
n R2 2 RZ 2
[K]___ [mg/g] x [Lig] __ [J/mol] x

313 96.79 5.90 0.828 4.289 187.13 20.03 0.925 0.473
Purolite S957

333  108.98 6.71 0.902 1.799 111112 17.02 0.925 0.001

Purolite S950 313 27.57 2.51 0.873 16.130 8.26 17.73 0.970 0.250
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333 34.51 2.36 0.854 13.624 11.27 19.61 0.986 0.118
313 68.99 5.24 0.871 4.119 20.77 21.76 0.955 0.707
Lewatit SP112
333 78.13 5.72 0.935 3.751 62.77 19.63 0.971 0.393
313 38.95 4.46 0.971 0.980 355.09 9.00 0.951 1.372
Lewatit M500
333 39.45 4.40 0.974 0.533 353.11 9.13 0.939 1.906
313 38.35 4.70 0.877 0.503 332.51 8.91 0.968 0.980
Lewatit M600
333 38.47 4.51 0.894 0.310 275.06 9.30 0.957 1.422
313 34.93 3.83 0.914 2.384 80.23 11.00 0.980 0.585
Lewatit MP500
333 36.76 3.82 0.931 2.094 100.65 11.00 0.969 0.847
313 41.29 4.58 0.942 0.661 420.01 9.12 0.964 1.422
Amberjet 4200
333 a41.77 4.53 0.943 0.551 419.47 9.23 0.950 1.614
313 36.29 4.90 0.876 1.665 328.30 8.36 0.981 0.198
Amberjet 4400
333 38.28 4.55 0.898 0.635 267.34 9.24 0.954 1.015
313 35.92 4.35 0.875 1.208 146.75 9.76 0.964 0.563
Amberjet 4600
333 37.47 419 0.869 0.412 135.00 10.37 0.958 1.249
313 31.47 3.06 0.900 4.426 21.76 14.27 0.992 0.354
Amberlite IRA 458
333 32.35 3.08 0.913 3.306 24.91 14.10 0.984 0.636
313 39.53 4.75 0.944 0.359 522.49 8.50 0.955 1.617
Amberlite IRA 958
333 39.61 4.75 0.944 0.174 539.67 8.49 0.942 1.967
313 32.75 2.25 0.928 0.308 11.12 19.08 0.868 4,919
Amberlite IRA 67
333 20.42 1.80 0.958 0.219 3.22 22.98 0.835 5.460

Table S15. Comparison of adsorption capacities of the selected adsorbents in the REE(lII) ions sorption.

Adsorbent Optimal Adsorbed e Refs.
pH element [mg/g]
162.04 (La)
Purolite S957 8.0 La, Nd, Ho 142.65 (Nd)
180.26 (Ho)
139.15 (La)
Purolite S950 f'g ((h";)) La,Nd, Ho  103.71 (Nd)
: 101.75 (Ho)
8.0 (La) 40.40 (La)
Lewatit SP112 4.0 (Nd)  La, Nd, Ho 97.47 (Nd)
2.0 (Ho) 177.55 (Ho) _ This
81.88 (La) study
Lewatit M500 8.0 La, Nd, Ho 92.88 (Nd)
108.33 (Ho)
70.72 (La)
Lewatit M600 8.0 La, Nd, Ho 87.47 (Nd)
104.31 (Ho)
76.96 (La)
Lewatit MP500 8.0 La, Nd, Ho 90.41 (Nd)

105.61 (Ho)
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76.94 (La)

Amberjet 4200 8.0 La, Nd, Ho 89.55 (Nd)
108.62 (Ho)
48.70 (La)
Amberjet 4400 8.0 La, Nd, Ho 52.25 (Nd)
74.88 (Ho)
65.86 (La)
Amberjet 4600 8.0 La, Nd, Ho 81.43 (Nd)
99.15 (Ho)
98.79 (La)
Amberlite IRA 458 8.0 La, Nd, Ho 104.24 (Nd)
114.65 (Ho)
88.14 (La)
Amberlite IRA 958 8.0 La, Nd, Ho 97.67 (Nd)
108.56 (Ho)
98.79 (La)
Amberlite IRA 67 4.0 La, Nd, Ho 119.35 (Nd)
123.07 (Ho)
24.77 (La)
™
ADSORBSIA™ As500 6.0 La, Nd 22.23 (Nd) [S3]
. . 42.0 (La)
Magnetic nanoparticles 7080 La, Ce, Nd 402(Ce)  [S4]
2 51.0 (Nd)
Lewatit TP 207 1.5-4.6 La 114.7 (La) (5]
Lewatit TP 260 5.2 La 106.7 (La)
Cysteine-functionalized 17.9 (La)
chitosan magnetic 5.0 La, Nd, Yb 17.6 (Nd) [S6]
nano-based particles 19.3 (Yb)
122.3 (La)
o 132.5 (Nd)
Graphitic-C3;N4 powder 8.0 La, Nd, Eu, Th 155.0 (Eu) [S7]
185.6 (Th)
. 23.15 (Nd)
nf:‘é gg’:i’ t“g’;iggi:;ﬁ; 5.5 Nd, Tb, Dy 24.41(Tb)  [S8]
25.24 (Dy)
. 72.49 (Nd)
CAPPIMMZITOO 55 gy oM (o
113.08 (Dy)
. 39.82 (Nd)
CHIPETANGZN 0 55 ooy sz o)
48.23 (Dy)
Raw bark powder
of M. indica 25 Ho 4.68 (Ho) S11]
Acid-treated bark powder
of M. indica 8.5 Ho 10.40 (Ho)
Sulfonic-functionalized 142.06 (Sc)
algal/polyethyleneimine 5.0 Sc, Ce, Ho 99.48 (Ce) [S12]
beads 100.61 (Ho)
. 50.4 (Ho)
TVEX-PHOR resin 3.5 Ho, Pr 49.0 (Pr) [S13]

Table $16. Thermodynamic parameters for the sorption of Nd(III)-CA complexes on Purolite S957,
Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500, Amberjet 4200, Amberjet
4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958 and Amberlite IRA 67.

Adsorbent AH° AS° AG° [kdJ/mol]
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[kJ/mol] [J/mol K] 293 K 313K 333K

Purolite S957 11.88 31.01 -14.15 -15.54 -17.72
Purolite S950 28.13 91.76 -15.65 -18.42 -21.63
Lewatit SP112 4.22 7.10 -14.73 -15.90 -17.32
Lewatit M500 11.30 27.76 -13.77 -15.13 -17.21
Lewatit M600 11.20 25.99 -13.25 -14.91 -16.59
Lewatit MP500 9.01 19.45 -13.52 -15.05 -16.60
Amberjet 4200 13.26 33.71 -13.44 -15.28 -17.09
Amberjet 4400 22.34 54.55 -10.40 -12.89 -14.85
Amberjet 4600 16.84 43.49 -12.71 -14.78 -16.75
Amberlite IRA 458 5.15 11.43 -15.09 -16.26 -17.86
Amberlite IRA 958 3.21 2.10 -14.28 -15.31 -16.67
Amberlite IRA 67 -14.39 -36.73 -20.40 -21.00 -21.21

Table S$17. Thermodynamic parameters for the sorption of Ho(lll)-CA complexes on Purolite S957,
Purolite S950, Lewatit SP112, Lewatit M500, Lewatit M600, Lewatit MP500, Amberjet 4200, Amberjet
4400, Amberjet 4600, Amberlite IRA 458, Amberlite IRA 958 and Amberlite IRA 67.

AH° AS° AG° [kdJ/mol]

Adsorbent [kJ/mol] [J/mol K] 293 K 313K 333K
Purolite S957 22.78 73.90 -15.56 -18.64 -20.78
Purolite S950 33.17 108.51 -15.50 -18.67 -22.15
Lewatit SP112 5.47 11.95 -14.86 -16.25 -17.63
Lewatit M500 5.57 15.13 -15.72 -17.08 -18.63
Lewatit M600 8.27 22.36 -15.12 -16.68 -18.31
Lewatit MP500 10.99 32.46 -15.30 -17.27 -18.88
Amberjet 4200 6.95 20.28 -15.77 -17.47 -18.87
Amberjet 4400 30.37 88.17 -12.18 -15.46 -17.97
Amberjet 4600 16.99 49.88 -14.46 -16.58 -18.75

Amberlite IRA 458 4.48 15.79 -16.99 -18.41 -19.93
Amberlite IRA 958 1.95 2.98 -15.76 -16.92 -18.18
Amberlite IRA 67 -10.43 -17.31 -22.15 -23.05 -23.74
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Fig.S7. Plots of InKc as a function of reciprocal of temperature (1/T) for the sorption of La(lll), Nd(lll)
and Ho(lll) complexes with CA on (a) Purolite S957, Purolite S950 and Lewatit SP112, (b) Lewatit M500,
Lewatit M600 and Lewatit MP500, (c) Amberjet 4200, Amberjet 4400 and Amberjet 4600, (d) Amberlite

IRA 458, Amberlite IRA 958 and Amberlite IRA 67.
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Fig.S8. Dependence of Nd(lll) ions desorption capacity on (a) Purolite S957, Purolite S950, Lewatit
SP112, (b) Lewatit M500, Lewatit M600, Lewatit MP500, (c) Amberjet 4200, Amberjet 4400, Amberjet
4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67 using the desorption agents: HCI
and HNOs at various concentrations.
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Fig.S9. Dependence of Ho(lll) ions desorption capacity on (a) Purolite S957, Purolite S950, Lewatit
SP112, (b) Lewatit M500, Lewatit M600, Lewatit MP500, (c) Amberjet 4200, Amberjet 4400, Amberjet
4600 and (d) Amberlite IRA 458, Amberlite IRA 958, Amberlite IRA 67 using the desorption agents: HCI
and HNOs at various concentrations.

Table S18. Reusability studies of adsorbents on the example of the adsorption/desorption of La(lll)-CA

complexes.
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Number Purolite S957 Purolite S950 Lewatit SP112
of cycles %S %D %S %D %S %D
1 97.89 69.23 93.03 44.68 95.86 30.29
2 99.07 68.55 99.87 50.13 99.97 35.27
3 98.63 86.08 99.96 75.19 99.79 54.67
4 99.39 99.89 99.99 97.49 99.98 77.19
5 99.73 97.28 98.43 98.44 99.92 97.83
Number Lewatit M500 Lewatit M600 Lewatit MP500
of cycles %S %D %S %D %S %D
1 87.42 80.13 83.61 72.07 89.05 78.01
2 86.04 51.86 86.54 49.96 80.25 46.34
3 90.77 52.62 91.75 53.23 86.45 50.20
4 88.40 54.72 85.40 51.72 83.15 49.94
5 92.15 65.85 88.58 61.67 81.74 56.22
Number Amberjet 4200 Amberjet 4400 Amberjet 4600
ofcycles 45 %D %S %D %S %D
1 88.26 74.58 86.28 84.29 83.61 72.21
2 84.90 50.97 81.10 60.27 82.99 46.86
3 91.56 57.29 87.62 63.06 89.12 56.52
4 86.86 54.05 85.46 61.19 83.91 50.10
5 87.98 61.37 86.91 71.28 85.40 57.08
Number Amberlite IRA 458 Amberlite IRA 958 Amberlite IRA 67
ofcycles  ys %D %S %D %S %D
1 82.81 61.44 82.68 57.38 97.11 99.18
2 56.66 25.46 56.28 29.97 35.93 35.34
3 59.53 34.62 62.81 35.93 32.74 35.67
4 54.58 30.38 55.77 34.50 32.74 40.60
5 55.43 40.96 52.71 42.28 31.76 42.62

Table S$19. Breakthrough fitting models results for the adsorption of La(lll)-CA acid complexes.

Model Thomas Adams-Bohart
Adsorbent [mklj7r’r)1(g1r$1?n] [m(z;/g] R? [B\;; ;1?:1] [mg/L] R?
Purolite S957 5.06 347.71 0.944 116211.44 0.903
Purolite S950 9.03 240.79 0.980 74143.50 0.945
Lewatit SP112 8.65 199.55 0.943 69628.50 0.870
Lewatit M500 20.01 150.33 0.91 38538.89 0.930
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Lewatit M600 15.67 131.74 0.940 20.48 36705.10 0.927
Lewatit MP500 18.85 138.39 0.971 19.30 28564.77 0.941
Amberjet 4200 22.01 140.15 0.961 30.61 39559.19 0.981
Amberjet 4400 29.29 122.79 0.956 39.18 38003.23 0.973
Amberjet 4600 20.21 132.23 0.947 26.21 37990.61 0.985

Amberlite IRA 458  22.26 120.18 0.953 26.87 35365.44 0.969

Amberlite IRA 958  29.08 88.85 0.952 32.04 23236.55 0.948

Amberlite IRA 67 0.77 261.99 0.377 0.32 211657.82 0.097

Yoon-Nelson Wolborska
[17%%] [mTin] R? [1/r[131in] [mS/L] R?
Purolite S957 0.0007 18506.58 0.944 0.751 116211.44 0.903
Purolite S950 0.0012 11345.04 0.980 0.664 74143 50 0.945
Lewatit SP112 0.0012 9367.43 0.943 0.389 69628.50 0.870
Lewatit M500 0.0028 5895.72 0.911 1157 38538.89 0.930
Lewatit M600 0.0022 545717 0.940 0.752 36705.10 0.927
Lewatit MP500 0.0027 4084.60 0.971 0.551 28564.77 0.941
Amberjet 4200 0.0031 6014.75 0.961 1.211 39559.19 0.981
Amberjet 4400 0.0041 5750.40 0.956 1.489 38003.23 0.973
Amberjet 4600 0.0029 5643.16 0.947 0.996 37990.61 0.985

Amberlite IRA 458 0.0031 5328.13 0.953 0.950 35365.44 0.969

Amberlite IRA 958 0.0041 3398.99 0.952 0.745 23236.55 0.948

Amberlite IRA 67 0.0001 11383.35 0.377 0.068 211657.82 0.097
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ARTICLE INFO ABSTRACT

Keywords:
Chelating agents
Rare earth elements

Environmental pollution and the continued depletion of many deposits have made the recycling of used materials
an urgent need. An important aspect of this topic is the development of alternative compounds with a more
favourable environmental profile compared to those currently in use. Indeed, when designing such processes, the

iOD: :Xchan ers negative human impact on the environment should be mitigated as much as possible. This paper presents the
Adsorptiong results of a study on the application of biodegradable complexing agent iminodisuccinic acid (IDHA) for the

recovery of La(IIl), Nd(III) and Ho(III) by adsorption (single-component systems, static and dynamic methods)
using various types of ion exchangers. The results obtained allow to determine the optimal process conditions
and show that the chelating ion exchanger Purolite S957 has the highest adsorption capacity related to the La(III)
complexes (142.29 mg/g), while the Nd(III) and Ho(III) complexes adsorb with the highest efficiency (161.04
mg/g for Nd(III) and 201.74 mg/g for Ho(Ill)) in the cation exchanger Lewatit SP112. According to the
desorption studies the adsorbents are characterized by a large regeneration capability. This paper also presents
the characterization of the physicochemical properties of the applied ion exchangers and the analysis of the
binary systems (Ln(III)-IDHA) to determine the overall stability constants of the complexes using the potentio-
metric methods. Biodegradable IDHA was used to this aim.

1. Introduction and cosmetic industries [2,3]. Due to the ability of complexing agents to

form stable chelates soluble in water with many metal ions, they can be

Complexing agents are molecules that can be electron donors for
metal atoms or ions, thereby forming coordination bonds. When a
complexing agent contains two or more electron donor atoms, it can be
called a chelating agent [1]. They have been widely applied for many
years. They are used, among others, as components in detergents, fer-
tilizers, or water treatment products, in the food industry, in medicine,
as well as in the oil and gas industry. In chemical analysis, the com-
plexing agents are used for the direct and indirect determination of
many cations, anions, and organic compounds as well as for masking
interfering cations. In hydrometallurgical processes, they are applied at
each stage of ore processing, from flotation through leaching, enrich-
ment, and separation (extraction, ion exchange) to obtaining pure metal
(electrolysis, electrorefining). They are also used in the paper, textile,

* Corresponding authors.

used in the metal removal process, in the treatment of toxic metal-
contaminated solid waste materials and sewages as well as in the re-
covery of valuable metals from secondary sources [4-7].
Aminopolycarboxylic acids (APCA) are a group of complexing agents
which include commonly known compounds such as ethyl-
enediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), N,N,N’,
N’,N”’-diethylenetriaminepentaacetic acid (DTPA), N-(2-hydrox-
yethylo)ethylenediamine-N,N’,N’-triacetic acid (HEDTA) or iminodi-
acetic acid IMDA). The compounds belonging to this group contain one
or more nitrogen atoms linked by carbon atoms to two or more carboxyl
groups. This group also includes new compounds such as N-(1,2-dicar-
boxyethyl)-p,L-aspartic acid (IDHA), N,N-bis(carboxymethyl)-L-glutamic
acid (GLDA), ethylenediamine-N,N’-disuccinic acid (EDDS), and
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methylglycinediacetic acid (MGDA) which have high biodegradability
compared to those mentioned above. This feature is particularly
important in view of the studies carried out for the complexing agents,
which showed that entering surface waters and remaining there in high
concentrations for a long time they can cause remobilization of heavy
metals, leading to potential negative effects on humans and the envi-
ronment [2,8].

As already mentioned, a properly selected complexing agent can find
application in the field of metal removal and recovery, especially in
processes based on adsorption which, due to its high efficiency,
simplicity, low cost of operation of the process and the fact that it does
not generate toxic by-products, is a leading method and at the same time
environmentally friendly [9,10]. Many examples of studies on the effect
of complexing agents on metal adsorption can be found in the literature.
Dudzinska and Clifford [11] carried out the research on the removal of
Pb(II) complexes with EDTA using anion exchange resins. Juang et al.
[12] used EDTA, NTA, and citrate in the removal of Co(II), Ni(II), Mn(II),
Sr(Il) on the strongly acidic Amberlite IR-120 ion exchange resin.
Escudero et al. [13] removed Cu(II) and Ni(I) from the aqueous solu-
tions in the presence of EDTA using grape stalks and exhausted coffee
waste as adsorbents, while Krzisnik et al. [14] analysed the removal of
Zn(II) complexes with EDTA and citric acid by zerovalent iron nano-
particles. However, there are few literature reports on the use of com-
plexing agents, especially highly biodegradable ones, in the adsorption
of such valuable metals as rare earth elements (REEs).

REEs include 17 elements: scandium (Sc), yttrium (Y) and 15 lan-
thanides (La-Lu). The unique optical, luminescent, fluorescent, and
magnetic properties promoted the REEs use in many everyday products.
Electronic equipment, hybrid cars, polishing powders, magnets, fiber
optics, lasers, and superconductors are just some of the applications of
REEs [15-17]. Today the technological process aims at developing
products with better performance and durability, smaller size and en-
ergy consumption. However, this development may become impossible
when the necessary raw materials are in short supply. Therefore, in
order to draw attention to the global problem, since 2011 the European
Commission has been issuing lists of critical raw materials, i.e. mineral
raw materials that are essential for the modern economy and the
integrity of modern industrial systems however at the same time they
are largely hazardous in terms of supply availability. In the first list 14
raw materials can be found. Unfortunately, the constantly growing de-
mand increased the list to 30 items in 2020 [18]. The critical raw ma-
terials include antimony, beryllium, bismuth, cobalt, gallium,
germanium, magnesium, scandium, tantalum, phosphorus, vanadium as
well as light and heavy rare earth elements. Therefore, recycling of rare
earths has become an extremely important issue.

Knowledge about the adsorption processes of REE complexes, their
type and stability is important for their use in the REE recovery and
separation. Today, many examples are well documented but the area
remains active for research and improvement, especially regarding the
biodegradable complexing agents of the new generation such as imi-
nodisuccinic acid (IDHA). Therefore, in the presented paper the REEs
complexes (La(Ill), Ce(II), Pr(III), Nd(III), Sm(III), Ho(Ill)) with the
biodegradable complexing agent IDHA were studied by the potentio-
metric method to determine their stability constants and then the
adsorption studies were carried out for La(IlI), Nd(III) and Ho(III)
complexes with IDHA using 12 common commercially available ion
exchangers of different types (different matrix, functional groups, and
structure). To optimize the process, the effects of such conditions as ion
exchanger mass, Ln(III):IDHA molar ratio, solution pH, contact time,
initial concentrations, and temperature were investigated. The kinetics
of the sorption process were analysed using pseudo-first order, pseudo-
second order, intraparticle diffusion, Boyd and Dumwald-Wagner
models, while Langmuir, Freundlich, and Temkin models were used to
evaluate equilibrium results. In the column studies, the mathematical
models of Thomas, Adams-Bohart, Yoon-Nelson and Wolborska were
applied to assess the dynamics of the adsorption process. The ion
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exchangers have been subjected to physicochemical as well as adsorp-
tion and desorption processes characterization.

2. Materials and methods
2.1. Materials

In the study there were employed the following ion exchangers:
chelating ion exchangers (Purolite S957, Purolite S950), cation
exchanger (Lewatit Monoplus SP112), strongly basic anion exchangers
(Lewatit MonoPlus M500, Lewatit MonoPlus M600, Lewatit MonoPlus
MP500, Amberjet 4200, Amberjet 4400, Amberjet 4600, Amberlite IRA
458, Amberlite IRA 958) and weakly basic anion exchanger (Amberlite
IRA 67). Our previous paper includes more details about these ion ex-
changers [19].

IDHA (tetrasodium salt of N-(1,2-dicarboxyethyl)-p,i-aspartic acid,
iminodisuccinic acid), produced by the Lanxess, Bayer AG Leverkusen,
Germany as a Baypure CX 100 was used as a complexing agent.

The lanthanide salts (La(NOs3)3-6H50, Nd(NOs3)3-6H>0, Ho
(NO3)3-5H20 for the adsorption studies and additionally Ce
(NO3)3-6H20, Pr(NO3)3-6H20, Sm(NO3)3-6H50 for the potentiometric
studies) employed in this paper were purchased from Sigma-Aldrich and
used without additional purification.

2.2. Apparatus and instruments

The Supplementary Materials lists all equipment and apparatus
applied in this study.

2.3. Potentiometric measurements

The potentiometric titrations were conducted using a 907 Titrando
titrator equipped with the 800 Dosino type dosing systems with the
combined pH electrode Metrohm 6.0259.100. The pH-meter was cali-
brated with two buffer solutions at pH 4.00 and pH 9.00 before each
measurement series. The potentiometric titrations were performed at
293 + 1 K in the neutral gas environment (helium 5.0) and with the
constant ionic strength (u = 0.1 M KNOg3). The potentiometric mea-
surements were made in the pH range from 2.5 to 11.0. The titrant was
the CO,-free NaOH solution at the concentration of 0.1945 M. The ex-
periments were performed with the metal to ligand molar ratios of 1:1,
1:2 and 2:1. The concentration of metal ions in the sample was 1.0 x
1073 M. The HYPERQUAD2008 program was used to determine the
protonation constants for the employed ligand as well as the stability
constants for the studied complexes. The calculations were made using
150-350 points for each titration. The metal ions hydrolysis constants
and the ionic product for water (pK,, = 13.78) were included in the
computer analysis of the potentiometric data.

2.4. Adsorption studies - static method

By dissolving suitable amounts of La(NO3)3-6H20, Nd(NO3)3-6H20
or Ho(NO3)3-5H50 in the deionized water, a stock solution of Ln(III) ions
with the concentration of 1 x 10"2 M was obtained. The solutions of Ln
(III) complexes with IDHA with varying required initial concentrations
and metal to ligand molar ratios were prepared by adding appropriate
volumes of metal ion stock solution to the IDHA solutions. The induc-
tively coupled plasma optical emission spectroscopy (ICP-OES) method
was used to estimate the final concentration of Ln(III) ions.

The static adsorption studies in the single-component systems were
carried out to optimize the adsorption parameters of Ln(III)-IDHA
complexes on the selected ion exchangers. In the study there was used
the following procedure (unless otherwise stated): 0.1 g of the relevant
ion exchanger was placed in 100 em® conical flasks, 10 mL of Lo(IID-
IDHA complexes solution was added, and then shaken for 4 h at 293 K
at the shaking speed of 180 rpm. After shaking the samples were
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separated by filtration using the filter paper. The experiments were
performed in triplicate, therefore the obtained results were averaged.

In the first step, the effect of the ion exchanger mass in the range
from 0.1 to 0.2 g was examined using the 1.0 x 10> M concentration
solutions. Next the influence of molar ratios of Ln(III):IDHA (1:1, 1:2,
1:4) on the adsorption efficiency was investigated. The concentration of
metal ions in the sample was 1.0 x 10 M. The first two steps were
conducted without pH adjustment. To evaluate the impact of the initial
solution pH for the Ln(III)-IDHA complexes adsorption 0.05 g of the
selected ion exchanger and 20 mL solution of 1.0 x 10"> M concentration
in the pH range 2.0-12.0 was applied. The solutions pH values were
adjusted using the 1 M HNOs or 1 M NaOH solutions. The kinetic studies
were carried out for five initial concentrations in the range of 0.5 x 107-
2.5 x 10 M, with the time intervals ranging from 1 to 240 min. The
adsorption isotherm studies were performed for the initial concentra-
tions in the range of 0.5 x 10°3-1.4 x 102 M at the temperatures of 293,
313 and 333 K.

The basic parameters such as adsorption capacities at the equilib-
rium ¢, [mg/gl, adsorption capacities at any time ¢, [mg/g], and
adsorption effectiveness %S were calculated using Equations 1-3.

Ge = (CO - Ce) X X (1)
m

q: = (CO - CI) X X 2)
m

%S = M x 100% (3)

0

where Cp and C, are the initial and equilibrium concentrations of Ln(III)
in the solution [mg/L], C; is the concentration of Ln(IIl) in the solution
after the adsorption process conducted at the time t [mg/L], V is the
volume of the Ln(III) solution [L], m is the mass of the ion exchanger [g].

2.5. Kinetic and isotherm models

To describe the experimental data obtained from the kinetic studies
there were used the following models:
a) the pseudo-first order kinetic equation [20]

i = q.(1 = exp(—kit)) “
b) the pseudo-second order kinetic equation [21]

k2q§l‘

— 2%t 5
1+ kyq.t )

13

c¢) the intraparticle diffusion kinetic model (Weber-Morris model)
[22]

4= ki 4+ C ®)
d) the Boyd kinetic model [23]

6 1
F=1 - Zlﬁexp(fnzB,) @)
=4 (8)
q(‘
n’F ,
B =(Wr—1|n— T) , for Fvalues < 0.85 ()]

B, = —0.4977 —In(1 — F), forFvalues > 0.85 (10)

e) the Dumwald-Wagner model [24]

k

log(1 — F?) = ~330%

(1)

where q., g were defined as previously, k; is the rate constant of the PFO
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equation [1/min], k2 is the rate constant of the PSO equation [g/mg
min], k; is the rate constant of the intraparticle diffusion model [mg/g
min'/?], C is the value of intercept related to the boundary layer
thickness, F is the fractional attainment of equilibrium at time ¢, n is the
integer that defines the infinite series solution, B, is the mathematical
function of F, k is the rate constant of the Dumwald-Wagner model [1/
min].

The adsorption data of Ln(III) complexes were analysed by three
different isotherm models:

a) the Langmuir model [25]

-
b) the Freundlich model [26]

q. = KeCJl" (13)
¢) the Temkin model [27]

g. = BlnA + BInC, 14

where q,, C. were defined as previously, qo is the maximum theoretical
quantity adsorbed to provide a full monolayer [mg/gl, K} is the Lang-
muir constant [L/mg], K is the Freundlich constant [mg/g], n is the
Freundlich intensity parameter which denotes the surface heterogeneity
or the magnitude of the adsorption driving force, A is the Temkin con-
stant related to the maximum binding energy [L/g], B is the constant
related to the adsorption heat [J/mol] and can be expressed as B = RT/
br where R is the gas constant (8.314 J/mol K), T is the absolute tem-
perature [K], and by is the Temkin isotherm constant.

To determine the best fit of the experimental data to the kinetic and
isotherm models, the coefficient of determination (R% and the Chi-
square (y%) were used. The Chi-square (%) is defined as follows:

2
7= Z(‘Impq—q“”f) (15)
e.cal

where g exp is the adsorption capacity determined experimentally and
Qe cal is the adsorption capacity according to the given model. The kinetic
and equilibrium parameters for the nonlinear forms of the equations
were calculated using the OriginPro 8 software.

2.6. Thermodynamic study

The thermodynamics of the adsorption process was described using
such parameters as the Gibbs free energy change AG° [kJ/mol], the
enthalpy change AH° [kJ/mol] and the entropy change AS° [J/mol K].
As illustrated by Equation (16), the change in free energy (AG°) is
dependent on the thermodynamic equilibrium constant K. (dimension-
less). Multiplying the distribution coefficient K4 [L/g] by the factor of
1000, the equilibrium constant K, can be calculated.

AG’ = — RTInK, (16)
K, =2 a7

where R is the universal gas constant (8.314 J/mol K), T is the absolute
temperature [K], g., C. were defined as previously. The values of AH°
and AS° can be calculated from the slope and intercept of InK, vs 1/T plot
(Equation (18)).

AS°  AH°

R RT (18)

InK, =

2.7. Desorption studies

The desorption experiments were conducted to assess the ion ex-
changers regeneration abilities. In this study, different concentrations
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(0.5, 1 and 2 M) of hydrochloric and nitric(V) acids were used as
desorbing agents for the recovery process. Complexes-loaded ion ex-
changers were dried, weighed at 0.1 g, and shaken at 180 rpm at 293 K
in 100 mL conical flasks with 10 mL of eluents. The reusability of the ion
exchangers was determined by running five sorption/desorption cycles
of La(III)-IDHA complexes sequentially for the optimal eluent. The
desorption percentage (%D) was determined using Equation (19):

%{” x 100% 19

0

%D =

where Cg; is the Ln(III) ions concentration after the desorption process
[mg/L].

2.8. Adsorption studies — Dynamic method

The dynamic method studies were performed for the La(IIl)-IDHA
complexes. The tests were conducted under the optimal conditions
selected during the static adsorption studies: for the chelating ion ex-
changers pH 8.0 and the La(III):IDHA molar ratio 1:1, for the cation
exchanger SP112 pH 4.0 and the ratio 1:1, for the anion exchangers pH
10.0 and the ratio 1:2, for IRA 67 pH 4.0 and the ratio 1:2. The con-
centration of La(III) ions was 1.0 x 10" M. The pH values were adjusted
with 1 M HNO3 or 1 M NaOH. The studies were carried out at room
temperature (293 K). The process was carried out in glass columns of
1.5 cm diameter and 25 cm height packed with 10 mL of swollen ion
exchanger. The solution flowed through the bed at the constant rate of
0.6 mL/min. To obtain the breakthrough curve, the effluent was
collected in defined volume fractions, and concentration of metal ions
was analysed by the ICP-OES method. The column studies were termi-
nated when the column was exhausted (the concentration of La(III) ions
in the effluent reached the initial concentration).

The results of the column studies allowed the determination of the
basic dynamic parameters: the capacity of the ion exchanger at the
exhaustion point g, [mg/gl, the working exchange capacity C,, [mg/
mL], the total exchange capacity C; [mg/mL], the mass distribution
coefficient D; and the volume distribution coefficient D, (Equations
20-24).

IEAC
qe = — (Co — C)av (20)
mj Jo
U x Cy
C,=—— 21
7 (21)
U x C,
C = 22
= (22)
U-Uy-V
Dgzi0 (23)
m;
U-Uy—-V
D=——— 2
) v (24)

where Cy is the initial concentration of La(IlI) ions [mg/mL], C is the
concentration of La(Ill) ions in the effluent [mg/mL], Vj is the volume of
solution necessary for the bed exhaustion [mL], m; is the dry ion
exchanger mass [g], U is the effluent volume necessary to reach the
break point [mL], V; is the bed volume [mL], U is the effluent volume
until C/Cy = 0.5 [mL], Uy is the dead volume in the column [mL] and V
is the empty space volume between the resin beads equal 0.4 mL.

The following mathematical models were applied to the experi-
mental data to evaluate the dynamics of the adsorption process and
predict the breakthrough curves:

a) the Thomas model [28]
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Co ) krngom kg, Co
Inl[—=-1]| = — \% (25)
( Cc 0 0

b) the Adams-Bohart model [29]

H
In (E) = kagCot — kAqu (26)
C() v

¢) the Yoon-Nelson model [30]

C
In (CO — C) = kyN[— kyNT (27)

d) the Wolborska model [31]

1n(£> _bC, pH (28)
Co q v

_ V2 48,D
ﬂZD( 1+ V2 1) 29

where Cp is the initial concentration of La(Ill) ions [mg/L], C is the
concentration of La(IIl) ions in the effluent [mg/L], kg, is the Thomas
rate constant [mL/mg min], gy is the adsorption capacity [mg/gl, m is
the mass of the ion exchanger in the column [g], Q is the flow rate [mL/
min], Vis the effluent volume [L], kap is the Adams-Bohart rate constant
[L/mg min], t is the time [min], q is the adsorption capacity of the ion
exchanger per unit volume of the bed [mg/L], H is the bed depth of the
fixed bed column [cm], v is the linear velocity [cm/min], kyy is the
Yoon-Nelson rate constant [1/min], 7 is the time required for 50%
adsorbate breakthrough [min], f is the kinetic coefficient of the external
mass transfer [1/min] and D is the axial diffusion coefficient [cmz/min],
Po is the external mass transfer coefficient with the negligible axial
dispersion coefficient D.

3. Results and discussion
3.1. Materials characterization
3.1.1. Iminodisuccinic acid

Iminodisuccinic acid (IDHA, N-(1,2-dicarboxyethyl)-p,i-aspartic
acid, also known as Baypure CX 100) is a chelating agent from the

(a) (b) o

HO—\,
o)

|
o

NH, l NaOH

Fig. 1. (a) The structure of iminodisuccinic acid, (b) the synthesis of tetraso-
dium salt of iminodisuccinic acid, and (c) the structure of the iminodisuccinate
complex with metal ion.
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aminopolycarboxylic acid group. The IDHA is composed of four
carboxyl groups and a nitrogen atom (Fig. 1a) and occurs in the form of
stereoisomers [R,R], [R,S]/[S,R] and [S,S] [32].

IDHA is also characterized by great biodegradability using stan-
dardized tests [33]. Cokesa et al. [34] tested the biodegradability of all
IDHA stereoisomers using the Agrobacterium tumefaciens BY6 strain. Easy
biodegradation of all IDHA isomers was demonstrated with levels
reaching approximately that of the reference compound, sodium ben-
zoate (90%) with biodegradation of the [R,R] isomer beginning to a
significant extent only after three days.

Due to the presence of four carboxyl groups and a nitrogen atom in
the molecule, IDHA is called the pentadentate N, O donor ligand. With
many metal ions, it can form the octahedral structure if the sixth coor-
dination position is occupied by a water molecule (Fig. 1c). Sillanpaa
et al. [35] studied the complexation of metal ions by IDHA. The small
size of the ligand causes the metal ion in the complex to be significantly
exposed to the solvent.

The ability to form complexes with many metal ions with the
simultaneous large biodegradability induced IDHA to be used as an
alternative to poorly biodegradable complexing agents. Lucena et al.
[36] compared the efficacy of IDHA and EDTA in providing various
metals (Fe, Mn, Zn, Cu) to plants grown in greenhouses. Their results
showed that IDHA can replace EDTA in hydroponics and fertigation
cultures. IDHA was also proposed as a complexing agent for seed coating
to increase nutrient salt adhesion [37].

Hasegawa et al. [38] used IDHA, in the recovery of indium from
worn out liquid-crystal display panels. Wang et al. [39] showed that
IDHA could replace the poorly biodegradable EDTA in the removal of
Cd, Pb, and Zn.

Due to the presence of functional groups capable of dissociation
IDHA occurs in different forms depending on the pH value of the solu-
tion. Potentiometric measurements at the ionic strength of 0.1 M at 293
+ 1 K were performed to determine the overall and successive proton-
ation constants. The obtained data were analysed using the HYPER-
QUAD2008 program (Table 1). The IDHA protonation constants
determined in paper are similar to the data presented by other re-
searchers [32,40].

In the alkaline environment in the first protonation step (L* to HL®"),
the first proton attaches to the amine nitrogen atom (logK = 10.12). HL*
is the dominant form in the pH range from 5.5 to 9.2 (>90%). As the
acidity of the solution increases, further protonation of the IDHA
molecule occurs (HL* to H4L) - protons attach to the oxygen atoms of the
carboxyl groups which corresponds to the subsequent values of logk
(4.56, 3.65, 3.30). In the case of the IDHA molecule, the attachment of
the last proton to the oxygen atom occurs at pH equal to 2. The pH
studied ranges from 2.5 to 11.0. The predicted protonation equilibria
scheme for IDHA is presented in Fig. 2.

The percentage distributions of individual forms of IDHA are shown
in Fig. 3a. In this paper the potentiometric measurements of the binary
systems (IDHA with La(IIl), Ce(III), Pr(III), Nd(III), Sm(III) or Ho(III),
respectively) were also made for better understanding of the complex-
ation of rare earth elements by the complexing agent under study. The

Table 1
The protonation constants for IDHA.

Overall protonation SD Protonation Successive protonation

constants (logf) equilibria constants (logK)
10.12 0.01 IDHA* +H' 2 10.12
HIDHA®
14.67 0.01 HIDHA* + H' 2 4.56
H,IDHA?
18.32 0.01 HRIDHA* + H' 2 3.65
H3IDHA
21.63 0.01 H3DHA +H' 2 3.30
H,IDHA

SD - standard deviation.
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results of the potentiometric titrations at the various molar metal:ligand
ratios in the systems Ln(III)-L. = 1:1, 1:2, and 2:1 are shown in Fig. 3 a-
d and S1 as well as Tables 2 and S1.

The LnL type complexes as well as the protonated complexes (LnHyL)
and hydroxycomplexes (LnL(OH)y) were found in all systems. Further-
more, depending on the tested molar metal:ligand ratio, more complex
forms (LnHLj, LnLy, Lnpl, LnyL(OH),) also appeared. In order to
determine the equilibrium constants of IDHA complexes with Ln(III)
ions there were proposed the following reactions of their formation:

Lo*" + H,L?> 2 LoH,L* (30)
Ln** + HL* 2 LoHL (31)
Lo** + L* 2 Lol (32)
LnL" + H,0 2 LnL(OH)* + H* (33)
LnL(OH)* + H,0 2 LnL(OH)3” + H* (34)
LnL" + HL* 2 LnHL} (35)
Ln** 4 2L* = LaL} (36)
2Ln*t + L* 2 LnpL?* 37)
Ln** + LnL(OH)* + H,0 2 LnyL(OH), + H* (38)

In Ln(IIT)-IDHA systems, the complexation begins with the formation
of the protonated species LnH,L at pH around 3. For both systems with
the equal amounts of metal and ligand and the double excess of IDHA, all
Ln(III) ions introduced into the system were coordinated. In the systems
with the molar metal:ligand ratio of 2:1, excess of Ln(IIl) remained
uncomplexed due to the insufficient ligand amount. The calculated
overall stability constants and the equilibrium constants of formation for
the Ln(III)-IDHA complexes are summarized in Tables 2 and S1.

3.1.2. Ion exchangers

Scanning electron microscopy (SEM) was applied to investigate the
internal structure and the surface physical morphology of the ion ex-
changers. Figures S2 a-1 exhibit the SEM images recorded after the La
(II1)-IDHA complexes adsorption at the magnification of x10,000. The
ion exchangers selected for this study are beads with a rather homoge-
neous size and surface. However, these adsorbents differ in structure as
confirmed by the SEM images. It can be seen (especially at the me-
chanical fracture sites) that the pores are randomly oriented and the
pore shapes are spherical, semi-ellipsoidal or highly irregular. The gel
ion exchangers (M500, M600, 4200, 4400, 4600, IRA 458, IRA 67) are
characterized by a densely packed surface, while the surface of the
macroporous ion exchangers (S957, S950, SP112, MP500, IRA 958)
shows typical pores and cavities that are suitable sites for the adsorption
of complexes (Figures S2 a, b, ¢, f, and j). The SEM images of the studied
ion exchangers in pure form (before the adsorption process) were pre-
sented in our previous paper [19].

X-ray photoelectron spectroscopy (XPS) is one of the methods
applied to obtain information about the physicochemical properties of a
sample. In our study the XPS analysis was employed to confirm the
presence of the assumed functional groups on the ion exchangers surface
as well as to evaluate the Ln(III)-IDHA adsorption mechanism. XPS
spectra of the ion exchangers were recorded before and after the
adsorption of La(III)-IDHA complexes and are presented in Figures S3 a-
1. The obtained elemental composition and binding energies are sum-
marized in Tables 3 and S2.

XPS analysis of the ion exchangers revealed the presence of two main
bands, C 1s and O 1s, derived from carbon and oxygen, which are the
primary components of the ion exchanger matrix (Fig. S3 a-1). Bands
with lower intensities and lower content in the test material were
associated with the presence of phosphorus in phosphonic groups (P 2s,
P 2p) (Fig. S3 a-b), sulfur in sulfonic groups (S 1s) (Fig. S3 c¢), and
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Table 2

Chemical Engineering Journal 461 (2023) 142059

The overall stability constants (logp) and the equilibrium constants of complex formation (logK,) in the systems of Ln(III)-L (where Ln = La(III), Nd(III), Ho(III) and L =

IDHA) for various metal:ligand ratios.

Species 1:1 1:2 2:1

logp SD logK, logp SD logK, logp SD logK,
La(III)-IDHA
LnH,L 18.19 0.02 3.51 18.13 0.02 3.46 18.08 0.04 3.41
LnHL 14.41 0.01 4.30 14.42 0.01 4.30 14.52 0.02 4.40
LnL 9.75 0.01 9.75 9.83 0.02 9.83 10.30 0.02 10.30
LnL(OH) 0.31 0.02 4.33 0.89 0.03 4.82 2.80 0.04 6.27
LnHL, 23.85 0.03 3.98 - - - - - -
LnL, - - - 14.28 0.04 4.45 - - -
Ln,L(OH), - - - - - - 1.31 0.03 12.28
Nd(III)-IDHA
LnH,L 18.33 0.02 3.66 18.12 0.03 3.45 18.19 0.07 3.52
LnHL 15.00 0.01 4.88 14.65 0.01 4.53 14.66 0.08 4.54
LnL 10.58 0.01 10.58 9.71 0.02 9.71 10.30 0.08 10.30
LnL(OH) 1.25 0.02 4.44 - - - - - -
LnHL, 24.47 0.03 9.47 - - - - - -
LnLy - - - 14.91 0.04 5.20 - - -
Ln,L - - - - - - 14.38 0.06 4.08
Ln,L(OH), - - - - - - 2.18 0.04 5.65
Ho(III)-IDHA
LnH,L 19.31 0.01 4.63 19.37 0.02 4.70 19.57 0.02 4.89
LnHL 15.88 0.01 5.76 15.89 0.02 5.78 15.84 0.05 5.72
LnL 11.46 0.01 11.46 11.28 0.02 11.28 11.62 0.08 11.62
LnL(OH) 2.64 0.02 4.95 3.63 0.04 6.13 3.86 0.09 6.01
LnL(OH), -7.71 0.02 3.42 —6.23 0.04 3.91 —5.04 0.04 4.87
Ln,L - - - - - - 15.61 0.06 3.99
Ln,L(OH), - - - - - - 3.85 0.04 13.76

SD - standard deviation.

Table 3

The elemental composition (C,,) and binding energies (Eg) for $957, S950, and SP112 before and after the adsorption of La(III) ions in the presence of IDHA obtained by

XPS analysis.

Level $957 8957 + 5950 5950 + SP112 SP112 + La(Il)-IDHA
La(TIl) La(1In)
-IDHA -IDHA
Ep [eV] Car [%] Ep [eV] Car [%] Ep [eV] Cat [%] Ep [eV] Car [%] Ep [eV] Car [%] Ep [eV] Car [%]
Cls 285.0 61.7 284.7 64.6 285.0 51.5 284.7 61.4 285.0 66.9 284.7 65.0
O1s 533.0 23.0 531.5 24.2 530.5 25.1 530.7 23.4 532.0 20.5 532.2 21.7
N1s 402.0 0.7 401.0 1.3 399.5 4.7 399.5 31 - - 400.2 1.8
P 2p 134.5 7.9 133.2 5.9 133.5 9.9 132.5 8.0 - - - -
S 2p 168.5 3.9 168.5 3.4 - - - - 169.0 8.6 169.2 8.8
Al 2p 76.5 2.8 - 75.0 0.4 - - - - - -
Na 1s - - 1070.7 0.5 1071.5 8.3 1070.7 31 1072.5 4.0 1071.5 2.1
La 3d - - 835.2 0.2 - - 834.5 0.9 - - 836.0 0.6

nitrogen in the amine and ammonium groups (N 1s) (Fig. S3 d-1). The Na
1s bands in the S957, S950 and SP112 (Fig. S3S a-c) confirm the sodium
form of these ion exchangers, while the Cl 1s bands on the spectra of
strongly basic anion exchangers confirm the chloride form (Fig. S3 d-k).
The remaining bands (Si 2p, Al 2p, and Ca 2p) were not identified as
corresponding to the components of the ion exchangers, so it can be
assumed that they were introduced during production or processing.
After the adsorption of La(IlI)-IDHA complexes, bands in the range of
833.0-836.7 eV appeared in the XPS spectra and they were assigned to
the La 3d level. The La content on the surface of the adsorbents ranged
from 0.1 to 0.9%. For the strongly basic anion exchangers, the bands
originating from Cl (Cl" form of the ion exchangers) were registered in
the spectra before the adsorption process and disappeared after the
process. This suggest the ion exchange mechanism (Cl" anions are
exchanged for complex anions). A similar situation occurs for the ion
exchangers $950 and SP112 where the Na content (Na* form of the ion
exchangers) also decreases but does not completely disappear.

The identification of functional groups in the ion exchangers struc-
ture was performed using the Fourier transform infrared spectroscopy
(FTIR). The spectra recorded both before and after the adsorption pro-
cess of La(Ill), Nd(III) and Ho(III) complexes with IDHA are shown in

Figs. 4 and S4.

Ion exchangers with cross-linked polystyrene (S957, S950, SP112,
M500, M600, MP500, 4200, 4400, 4600) and polyacrylic acid (IRA 458,
IRA 958, IRA 67) matrixes were selected to study the adsorption process.
The bands characteristic of the matrix-forming groups are present in the
FTIR spectra. Typical bands corresponding to the stretching vibrations
in the benzene ring as well as asymmetric and symmetric C—H
stretching vibrations in the -CH, groups can be seen at about 3020
cm_l, 2920 cm_l, and 2850 cm™! [41]. The presence of the aromatic
ring in the matrix structure is indicated by the appearance of bands in
the ranges of 1480-1470, 1420-1410, and 1380-1370 cm’l, which can
be attributed to the stretching vibrations between the carbon atoms in
the ring and the asymmetric scissor vibrations of the methylene groups
(8as(-CHg2)) [42]. The spectra of the polyacrylate ion exchangers also
clearly show a band at 1640 cm ™!, which corresponds to the stretching
vibrations of the -C—=0 groups [43].

The intense band occurring on each spectrum at 3300-3500 cm ™! for
the S957 and SP112 ion exchangers do not originate directly from the
resin matrix but are related to the presence of moisture (O—H stretching
vibrations). However in the case of S950 and anion exchangers with the
quaternary ammonium and tertiary amine functional groups, this band
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is also related to the N—H vibrations. The presence of water in the
adsorbent phase is also confirmed by the bands at approximately 1635
em™! (5(0—H) [44].

The ion exchangers investigated in this study have various functional
groups on the surface, including phosphonic, sulphonic, amino-
phosphonic, quaternary ammonium (types I and II) and tertiary amine
ones. The bands characteristic of these groups were identified in the
FTIR spectra. In Fig. 4 (S957) the bands at 2283 and 2112 cm ™! as well
as at 1123 and 988 cm™! are characteristic of phosphonic and sulfonic
groups (stretching vibrations of P-OH and S-OH as well as P—0, P—O,
S=0, and S—O groups). The analogous bands of phosphonic groups are
present in the S950 spectrum (stretching vibrations of P-OH groups at
2312 cm ! and of P—0 and P—O groups at 1081 and 973 cm™1). The
recorded spectrum of the SP112 cation exchanger has bands at 1176,
1124, 1037, and 1008 cm™ !, which originate from the stretching vi-
brations of the S—0O and S—O groups in the sulfonic groups. The FTIR
spectra of the anion exchangers with the quaternary ammonium groups
show a band at 975 em ™! originating from quaternary nitrogen [45].

From the comparison of the spectra obtained before and after the
adsorption process, there can be determined formation of new bonds,
which facilitates the understanding of the mechanism of this process.
The comparison of the recorded FTIR spectra, proved that after the
adsorption process of La(III), Nd(III) and Ho(III) ions in the presence of
IDHA, some bands shifted and their intensities changed. The bands
originating from the phosphonic and sulfonic groups shifted toward
higher wavelengths, suggesting the involvement of these groups in the
adsorption process. In this case, the most probable mechanism of the
process is the decomposition of complexes in the ion exchanger phase
and the formation of bonds between metal ions and dissociated
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Fig. 4. FTIR spectra for S957, S950, and SP112 before and after the adsorption
of La(IIl), Nd(III) and Ho(IIl) ions in the presence of IDHA.
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phosphonic or sulfonic groups. After adsorption of Ln(III)-IDHA com-
plexes the additional bands at 1573 and 1368 em ™}, representing
asymmetric and symmetric stretching vibrations of carboxyl groups,
respectively appeared on the spectra of the anion exchangers [46]. This
confirms the presence of the complexes in the ion exchanger phase.

The porous structure (specific surface area and the average pore
diameter) as well as the point of zero charge of the studied ion ex-
changers were analysed in our previous paper [19]. The specific surface
area of the ion exchangers was found to be in the range of 0.45-14.98
m?/g, and the average pore size ranged of 2.84-34.10 nm, indicating the
presence of mesopores.

3.2. Adsorption studies - static method

3.2.1. Effect of ion exchanger mass

The effect of ion exchanger mass in the range of 0.1-0.2 g on the La
(II1)-IDHA complex sorption process on the S957 and S950 chelating ion
exchangers was investigated. Figure S5 depicts the relationship between
the amount of La(Ill) complexes adsorbed and the ion exchanger mass.

It was found out that as the ion exchanger mass increases, the
equilibrium absorption capacity decreases significantly. When the mass
increased from 0.1 to 0.2 g, the adsorption capacity of the S957
decreased from 14.63 to 7.32 mg/g, while for the S950 from 14.50 to
7.23 mg/g. This can be explained by the unsaturation of adsorption sites
during the adsorption process. Another reason can be the particle in-
teractions, e.g. aggregation due to a high sorbent concentration that
would reduce the total surface area of the adsorbent [47]. Therefore, the
optimum ion exchanger dose for the sorption process was defined as
being 0.1 g.

3.2.2. Effect of Ln(Ill):IDHA molar ratio

The choice of an appropriate molar ratio of metal to the complexing
agent is an important issue in optimizing the adsorption process because
of the type as well as the percentage of complex forms that will be
formed. As shown by the results of the potentiometric measurements
described in Section 3.1.1, changing the ligand concentration can result
in the formation of additional forms of complexes: a low ligand con-
centration favours the formation of Ln,L type forms while some of the Ln
(III) ions remain uncomplexed. However, an excess of complexing agent
results in the formation of LnL; type forms and guarantees complete
complexation of the metal ions.

In order to analyse the effect of the metal:ligand molar ratio on the
adsorption process of Ln(III)-IDHA complexes precisely the experiments
were conducted using the solutions with the equal amounts of metal and
ligand (molar ratio 1:1), and two- and fourfold excess of IDHA (molar
ratio 1:2 and 1:4). The metal to ligand molar ratio of 2:1 was not tested
due to the possibility of precipitation of uncomplexed Ln(IIl) ions at
higher pH values. The concentration of Ln(IIl) ions in the samples was
1.0 x 10" M. In this stage of the study, solutions were prepared without
pH adjustment. The results obtained for the La(III) complexes with IDHA
are shown in Fig. 5. The results for the Nd(III) and Ho(III) complexes are
summarized in Figures S6 and S7.

The studies allowed to conclude that the molar ratio of metal to
ligand affects the adsorption process of Ln(III) ions with IDHA but this
influence varies depending on the properties of the adsorbent used in the
process, while being the same regardless of the studied metal ion. For the
chelating ion exchangers, S957 and S950, the adsorption process pro-
ceeds with a large efficiency regardless of the IDHA concentration.
When the adsorption process was conducted on the cation exchanger,
SP112, the increase in the IDHA concentration from 1.0 x 102 M to 4.0
x 10"® M caused a significant decrease in the adsorption capacities. For
example, the adsorption capacity in relation to the La(II) complexes
decreased from 13.41 to 2.25 mg/g. Adifferent dependency was
observed for the strongly basic anion exchangers (M500, M600, MP500,
4200, 4400, 4600, IRA 458, IRA 958) for which the highest adsorption
capacities were observed at two- and fourfold excess of complexing
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Fig. 5. The effect of the La(III):IDHA molar ratio on the sorption of La(III)-IDHA complexes on (a) S957, $950, SP112, (b) M500, M600, MP500, (c) 4200, 4400, 4600

and (d) IRA 458, IRA 958, IRA 67.

agent (the increase in the IDHA concentration from 1.0 x 10° M to 2.0
x 10°3 M resulted in the increasing amount of adsorbed complexes, and
further increase in the IDHA concentration did not improve the process
significantly). The last considered system was that containing the anion
exchanger with the weakly basic functional groups, IRA 67, for which
changing the metal:ligand ratio from 1:1 to 1:2 only improved the
process efficiency marginally, while a further change from 1:2 to 1:4
definitely worsened it.

According to the above considerations, the values of 1:1 for the
chelating ion exchangers and the cation exchanger and 1:2 for all anion
exchangers were chosen as the optimal molar ratio of the metal to the
complexing agent.

3.2.3. Effect of initial pH

The initial solution pH is an important parameter that can change
sorption efficiency significantly. Positively charged metal ions form
different types of complexes with the complexing agent. The type of the
formed complex depends on the pH because it affects the ionization of
the ligand. The solution pH also determines the surface charge of the
adsorbent. In our studies the effect of the initial pH for the Ln(IIl)
complexes adsorption in the pH range from 2.0 to 12.0 was evaluated
and is presented in Fig. 6 for the La(Ill) complexes and for the Nd(III)
and Ho(III) complexes in Figures S8 and S9.

The results obtained identified four types of relationships between
the pH of the solution and the adsorption capacity that correspond to
different ion exchanger groups. The first group are the chelating ion
exchangers (S957, S950) for which the initial solution pH has no effect
on the adsorption of Ln(IIl) ions in the presence of IDHA, and the
adsorption capacity is almost stable over a very wide pH range

(2.0-10.0). A decrease in adsorption efficiency is observed only at high
pH values (12.0). This suggests that in this case the electrostatic
attraction does not play a significant role in the adsorption mechanism
of Ln(II) complexes with IDHA. For the system where the SP112 cation
exchanger was used as an adsorbent a different relationship with
increasing pH solution, the adsorption capacity decreased. The highest
g, values were obtained in the pH range 2.0-4.0 for the La(II)-IDHA
complexes and for the Nd(III) and Ho(III) ones at pH 2.0. It should be
noted, however, that in the low pH (<3.3) solution the IDHA molecules
are mainly present in the completely protonated form (H4IDHA)
(Fig. 3a) and the metal ions are in the positive ions form (Ln3+). This
state of the system creates a small probability of forming a metal-ligand
complex, so that only uncomplexed Ln(IIl) ions are adsorbed. Another
effect of pH on the adsorption process was clearly visible for the third
group of adsorbents, strongly basic anion exchangers, for which
increasing the pH of the solution increased the adsorption capacity,
reaching the highest values at pH 10.0. Analysis of the complex forms
present in the metal-ligand system at different solution pH values also
enables explanation of the dependence of the pH effect on the adsorption
process for this group of ion exchangers. As the pH of the system in-
creases, the proportion of negatively charged Ln(III)-IDHA complexes
increases, and so does the adsorption capacity. The last considered case
was a system containing the weakly basic anion exchanger IRA 67, for
which the highest adsorption capacities were obtained at pH 4.0.
Adsorption was negligible below this value, while an increase in the pH
of the solution above 4.0 resulted in a gradual deterioration of the ef-
ficiency of the process. Such behaviour is typical of this type of ion
exchanger. IRA 67 is a weakly basic anion exchanger that has tertiary
amine groups. In neutral and alkaline environments, the free base form
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Fig. 6. The effect of pH on the sorption of La(IlI)-IDHA complexes on (a) S957, S950, SP112, (b) M500, M600, MP500, (c) 4200, 4400, 4600 and (d) IRA 458, IRA

958, IRA 67.

of the tertiary amine groups dissociates according to the following
equation:

R-N(CH3),-H,0 2 R-"NH(CH3),0H™ (39)

However, there is a poor dissociation process under these conditions,
so anion uptake is not high. A significant increase in the adsorption
capacity occurs in the acidic media where the hydrogen ion concen-
tration is high enough to protonate the functional groups [48]. In our
study, a large decrease in the solution pH value causes the breakdown of
the Ln(IIN-IDHA complexes, resulting in the uncomplexed free Ln>*
cations in the solution with no affinity for the protonated amine groups.

3.2.4. Kinetic studies

Kinetic studies of the adsorption process are a key step in deter-
mining the time required for the system to establish equilibrium, which
is important primarily in industrial applications, and provide informa-
tion on the mechanism and rate controlling steps of the process. The
studies were carried out in the range of phase contact times from 1 to
240 min for different initial concentrations of Ln(III)-IDHA complexes
0.5 x 1073 1.0 x 1073 1.5 x 1073 2.0 x 1073, 2.5 x 107 M) using
optimal parameters (ion exchanger mass, metal:ligand molar ratio, so-
lution pH) selected during the analysis of the results obtained in the
previous steps. Fig. 7a-d present the adsorption of La(III) complexes with
IDHA in the range of 0-240 min at the lowest tested concentration of 0.5
x 107 M.

As follows from the studies in the majority of the tested systems, the
adsorption of Ln(II)-IDHA complexes is fast, reaching equilibrium in 30
min. For S957 and SP112 only 10 min was sufficient. It was also shown
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that adsorption of the complexes containing Ho(III) ions occurred faster
compared to those with La(III) and Nd(III) ions (10 min for all systems
except S950 and IRA 67). To establish equilibrium a slightly longer time
was required for the systems with S950 and it was 60 min. An interesting
case turned out to be the system containing the weakly basic ion
exchanger IRA 67 for which the amount of adsorbed complexes
increased during the first 120 min. Then the analysis of the samples,
where the process took 240 min, showed the desorption occurrence. This
phenomenon was observed only for the adsorption of La(III) and Nd(III)
complexes with IDHA. The adsorption capacity decreased from 6.84 to
5.00 mg/g for the La(III)-IDHA complexes and from 6.77 to 4.08 mg/g
for the Nd(III)-IDHA ones (initial concentration 0.5 x 103 M). In addi-
tion, increasing the concentration caused an increase in the time
required to reach the system equilibrium while increasing the adsorp-
tion capacity.

In this paper the pseudo-first order (PFO), pseudo-second order
(PSO), Weber-Morris intraparticle diffusion, Boyd, and Dumwald-
Wagner (D-W) kinetic models were used to describe the adsorption ki-
netics of La(III), Nd(III), and Ho(III) complexes in the presence of IDHA.
The quality of the models fit was assessed using the correlation coeffi-
cient (R?) and the Chi-square (%) analysis. Tables S3-S11 shows the
calculated kinetic parameters for the adsorption of La(IIl), Nd(III) and
Ho(III) complexes with IDHA at the initial concentrations ranging from
0.5 x 102 M to 2.5 x 10 M. Fig. 7a-d illustrate the obtained experi-
mental data (points) and fitted kinetic models (lines) for the La(IIl)-
IDHA complexes (initial concentration of 0.5 x 103 M).

The PFO and PSO models are the most frequently utilized models in
the literature to characterize adsorption kinetics. The PFO model, first
proposed by Lagergren, is the earliest empirical equation describing the
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Fig. 7. Experimental data fitting for the La(III)-IDHA complexes sorption on $957, $950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958, IRA 67
for the (a-d) pseudo-first order, pseudo-second order, Weber-Morris intraparticle diffusion, (e-f) Boyd, and Dumwald-Wagner kinetic models (Cp = 0.5 x 10 M).

rate of the adsorption process. It was initially used to explain the kinetics
of carboxylic acid adsorption on charcoal in 1898 [20]. In 1984 Blan-
chard proposed an equation describing the rate of the adsorption process
as a function of the difference between the equilibrium and the actual
amount of adsorbate on the adsorbent surface, now known as the PSO
model [21]. In many papers the linearized forms of these models are
employed to determine the most suitable kinetic model for the
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adsorption process and for estimating kinetic parameters. However, it
was found that the transformations of nonlinear equations to the linear
form modify the error distribution, causing the model parameters to be
distorted [49]. Therefore, in this study, nonlinear forms of models were
applied to analyse the kinetic results (using the PFO and PSO models).
The OriginPro 8 software was used for this purpose.

The analysis of the obtained R? and y? values and the comparison of
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the adsorption capacities values obtained experimentally (ge,exp) With
those calculated from the models (q.q) allowed to draw the conclusion
that it is not possible to choose a single model that would describe all
studied systems best, however, some relationships were observed. The
adsorption process on the chelating ion exchanger S957 and the cation
exchanger SP112, regardless of the adsorbed complex (containing La
(IID), Nd(III) or Ho(IIl)), followed the PFO model. The adsorption ki-
netics on S950 and IRA 67, regardless of the metal ion used in the sys-
tem, were best described by the PSO model. In the case of strongly basic
anion exchangers there was a correlation between the type of adsorbed
complex and the best-fitting kinetic model: for the La(III)-IDHA com-
plexes the PSO model was used, whereas changing the metal ion in the
complex to Nd(III) or Ho(III) caused the adsorption process to follow the
PFO model. The exception to this was the system with the M500 that,
regardless of the metal ion, exhibited kinetics consistent with the PFO
model. Fig. 7a-d show the nonlinear fit of the PFO and PSO models to the
experimental data of the adsorption process of the La(Ill)-IDHA
complexes.

Mass transfer processes in porous materials are essentially rate pro-
cesses in which the mass transfer rate in influenced by a driving force
and a resistance. The driving force is due mainly to concentration gra-
dients for the material being transferred, and the resistance is due to the
medium through which the material is being transferred and any in-
teractions between them. This process is also directly affects the
adsorption rate. Four basic steps can be considered in the solid-liquid
adsorption process: transfer of the adsorbate from the solution phase to
the external surface (bulk transport); the transport across the boundary
layer (film diffusion); diffusion of the adsorbate through the adsorbent
pores (intraparticle diffusion); and adsorption of the adsorbate on the
active sites of the adsorbent [50]. The listed first and fourth steps are
considered to be very fast and thus they do not determine the rate of the
process. Moreover, the rate of adsorption depends on either the film
diffusion or the intraparticle diffusion or both. The experimental data
were fitted to the diffusion models commonly used in the literature
(Weber-Morris intraparticle diffusion, Boyd, and Dumwald-Wagner
models) in order to identify the step controlling the rate of the adsorp-
tion process.

Fig. 7a-d present the fitting of the experimental data for the
adsorption process of the La(III)-IDHA complexes to the Weber-Morris
model. The assumption of the Weber-Morris model is to obtain the
plot of g, vs t'2 as a straight line passing through the point (0,0) for the
adsorption process in which the slowest step determining the rate of the
whole process is the intraparticle diffusion. The analysis of the plots
obtained for the adsorption process of Ln(IIl) ions in the presence of
IDHA showed that they are characterized by a multilinear pattern, with
two or three ranges of linearity. Such observations are very common in
the literature [51-54]. This suggests that the intraparticle diffusion is
not the only step that affects the process rate but is also dependent on
other phenomena, characterized by different rate constants. The
important parameter that can be obtained from the Weber-Morris model
is the C parameter (intercept value), which indicates the thickness of the
effect of the boundary layer on the particle diffusion. A larger value of
the C parameter indicates that transport through the boundary layer has
a greater effect on particle diffusion [55]. The intraparticle diffusion
parameter k; is defined as the slope of successive portions. The k; value
was discovered to increase with the increasing initial concentration of
the Ln(III) complexes, possibly due to a larger driving force [56].

The Boyd model is another model used to describe the kinetics of the
adsorption process which, based on the B; vs t plot, allows one one to
determine whether the rate controlling step of mass transfer is intra-
particle diffusion (the plot is linear and passes through the origin) or film
diffusion (the plot is not linear or does not pass through the origin) [57].
The Boyd plots for the adsorption of La(IIl) complexes with IDHA are
shown in Fig. 7e-f (the points after establishing equilibrium of the sys-
tem were not considered in the analysis). The determined values of the
slope parameter of the linear segment in the plot B, vs t are summarized
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in Tables S5, S8, and S11. For most of the systems studied, the plots were
characterized by high linearity (R? > 0.9) but the obtained lines did not
intersect the beginning of the coordinate system, which confirms the
assumption that the diffusion is not the only stage that affects the rate of
adsorption of Ln(II)-IDHA complexes.

The experimental data were fitted to the Dumwald-Wagner model
which can also help to understand the mechanism of the adsorption
process. The Dumwald-Wagner model performs an analogous plot
analysis to the Weber-Morris and Boyd models, but in this case the log(1-
F?) vs trelationship is considered. Fig. 7e-f depict the fit of the obtained
results to this model using the adsorption process of La(III)-IDHA com-
plexes as an example. The calculated Dumwald-Wagner model rate
constants and the intercept values are presented in Tables S5, S8, and
S11. As can be seen from the presented values of intercept and corre-
lation coefficients R?, despite obtaining great linearity of Dumwald-
Wagner plots, straight lines do not pass through the origin of the coor-
dinate system, which confirms the conclusions obtained during the
analysis of fits of the previous models that the adsorption processes of La
(II1), Nd(I1I) and Ho(III) complexes with IDHA studied in this paper were
controlled not only by interparticle diffusion but represent a more
complex mechanism.

3.2.5. Equilibrium studies

Using adsorption isotherms determined for optimal process condi-
tions, the correlation between the concentration of Ln(III)-IDHA com-
plexes in the solution and the degree of their accumulation on the ion
exchanger surface was measured. This provided the information
regarding the maximum adsorption capacity of the adsorbents as well as
better understanding of the adsorption mechanism. The equilibrium
data obtained in this study were analysed using the Langmuir, Freund-
lich, and Temkin isotherm models to find the best fit. Fig. 8a-c depict the
fit of the nonlinear forms of isotherms to the experimental data using the
adsorption of La(III)-IDHA complexes at 293 K as an example.

The Langmuir isotherm is a model widely used by many authors to
describe the adsorption process of heavy metal ions, organic com-
pounds, dyes, etc. It assumes that adsorption is a monolayer and takes
place at specified locations on the homogeneous adsorbent surface
known as active centres, with adsorbed particles not interacting with
one another. The Freundlich model is the first known equation
explaining the adsorption process. Adsorption following the Freundlich
model is considered to be a multilayer process, where the energy of the
active sites changes exponentially. Its important limitation is that the
adsorption capacity is not limited. This means that as the adsorbate
concentration increases, the theoretical amount of adsorbed adsorbate
can go to infinity [58]. The Temkin model takes into account the effect
of interactions between adsorbate molecules and adsorbent assuming
that due to this the heat of adsorption of all particles in the layer will
decrease linearly (rather than logarithmically) with coverage [59].

The values of the isotherm models parameters as well as the corre-
lation coefficients (R%) and error functions Chi-square (;(2) were calcu-
lated using the OriginPro 8 software and are presented in Table S12 for
293 K and Tables S13-S15 for higher temperatures. A detailed analysis of
the parameters evaluating the quality of the isotherm models fitting to
the experimental data of the adsorption process of Ln(III) complexes
with IDHA revealed that a single universal model cannot be used to
describe the studied process, which suggests significant differences in
the adsorption mechanism depending on the ion exchanger and metal
forming the adsorption system.

For the adsorption process using the chelating ion exchangers S957
and S950 and the cation exchanger SP112, great agreement of the ob-
tained data with the Temkin model was observed. The S957-La(IID)-
IDHA system with the better fit for the Langmuir model deviated from
this observation. The Langmuir model described the processes occurring
on strongly basic anion exchangers (M500, M600, MP500, 4200, 4400,
4600, IRA 458, IRA 958) also the best. However, one exception was
observed in this group of ion exchangers: the adsorption process of Nd
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to the La(III)-IDHA complexes for different temperatures.

(IID)-IDHA complexes on IRA 458 followed the Temkin model rather
than the Langmuir model. The system in which the weakly basic anion
exchanger IRA 67 was used as an adsorbent, irrespective of the metal ion
included in the adsorbed complex, was the only system that was
consistent with the Freundlich model.

The obtained results enabled the formation of affinity series of the
investigated ion exchangers for the Ln(III)-IHDA complexes and the
selection of the best one for the adsorption process. $957, SP112 and all
strongly basic anion exchangers showed increasing affinity for the Ln
(II1)-IDHA complexes according to the following series: La(Ill) < Nd
(III) < Ho(II). For the other ion exchangers, the series was as follows: Nd
(III) < Ho(III) < La(III) for S950, and Nd(III) < La(III) < Ho(III) for IRA
67. The maximum adsorption capacities of the ion exchangers obtained
for the adsorption of La(Ill) complexes with IDHA increased in the
following order: 4400 < MP500 < M600 < 4600 < M500 < 4200 < IRA
67 < IRA 958 < IRA 458 < SP112 < S950 < S957. The highest
adsorption capacity (142.29 mg/g) towards La(III)-IDHA complexes was
obtained for the S957 chelating ion exchanger. The series for the Nd(III)-
IDHA complexes was as follows: 4400 < M600 < MP500 < 4600 < 4200
< IRA 67 < M500 < IRA 958 < IRA 458 < S950 < S957 < SP112. The
highest affinity for the Nd(III)-IDHA complexes was exhibited by the
SP112 cation exchanger for which the adsorption capacity of 161.04
mg/g was obtained. SP112 also showed the highest adsorption capacity
(201.74 mg/g) towards the Ho(Ill) complexes as shown in the series:
4400 < 4600 < M600 < IRA 67 < MP500 < 4200 < IRA 958 < M500 <
IRA 458 < S950 < S957 < SP112.

3.2.6. Effect of temperature and thermodynamic parameters
The temperature at which the adsorption process proceeds is an
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important parameter determining its efficiency. It is well-known that an
increase in temperature can affect the process in two ways: by causing an
increase in adsorption capacity (an endothermic process) or by causing a
decrease (an exothermic process). Many studies reported in the litera-
ture proved that the adsorption processes using ion exchangers are
endothermic, but even in such cases, too large an increase in tempera-
ture will result in a decrease in the adsorption efficiency due to the
desorption process or damage of the adsorbent structure [60]. Further-
more, when applying the basic anion exchangers, there is also a signif-
icant risk of thermal degradation of the functional groups, which is
already observed above 333 K. In the present study, the effect of tem-
perature on the adsorption process of La(III), Nd(III), and Ho(III) com-
plexes with the IDHA complexing agent was investigated on different
ion exchangers at 293, 313 and 333 K. The effect of temperature on the
maximum adsorption capacity of the ion exchangers with the exemplary
La(III)-IDHA complexes is shown in Fig. 8d. Adsorption isotherms were
also determined for the mentioned temperatures, and their parameters
were calculated. These data are presented in Tables S13-S15.

As follows from the data, chelating ion exchangers, cation exchanger,
and strongly basic anion exchangers in the adsorption of La(III)-IDHA
complexes showed a typical trend of increasing adsorption capacity
with the increasing temperature from 293 K to 333 K. However, these
changes were very small for the systems of La(II)-IDHA-SP112 (from
94.77 to 97.11 mg/g) and La(III)-IDHA-IRA 958 (from 74.97 to 78.49
mg/g). This behavior of the adsorption system is associated with an
increase in the kinetic energy of the adsorbate particles with the
increasing temperature and thus an increase in their mobility toward the
active sites. Furthermore, the rate of intramolecular diffusion is also
accelerated. An additional phenomenon caused by increasing the
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temperature is a reduction in the thickness of the boundary layer that
surrounds the adsorbent particles, which contributes to a decrease in the
mass transfer resistance [61]. The adsorption of Nd(III) and Ho(III)
complexes showed an analogous relationship but the processes with the
polyacrylic matrix ion exchangers (IRA 458, IRA 958) started to exhibit
an exothermic character for these complexes. The weakly basic anion
exchanger IRA 67 (also with the polyacrylic matrix), independently of
the metal ion in the adsorbed complex, showed a decrease in the
adsorption efficiency with the increasing process temperature. For these
systems it can be concluded that the increase in the temperature
enhanced the desorption process by weakening the adsorption forces
between the active sites on the adsorbent surface and the Ln(III)-IDHA
complexes [62].

The results obtained of the temperature effect on the adsorption
process of the Ln(III)-IDHA complexes allowed the determination of the
thermodynamic parameters that are presented in Table 4 for the La(IIl)-
IDHA complexes and in Tables S16 and S17 for the Nd(III) and Ho(III)
complexes. The linear plots of InK, vs 1/T are shown in Figure S10. From
the analysis of the thermodynamic data, it is possible to infer the nature
of the process under study. The determined Gibbs free energy values
(AG°) provided information whether the investigated process is spon-
taneous and thermodynamically favourable (negative values) or, in
contrast, non-spontaneous and thermodynamically unfavourable (posi-
tive values). Furthermore, it is known that for processes in which elec-
trostatic interactions play a key role (physical adsorption), the AG°
values are in the range of —20 to 0 kJ/mol. If on the other hand, this
parameter is in the range of —80 to —400 kJ/mol, one should expect that
the process is dominated by the chemical adsorption (coordination bond
formation). The thermodynamic parameter AH° (enthalpy change) al-
lows one to determine the energy effect of the process, taking into ac-
count positive values for the endothermic processes and negative values
for the exothermic ones. At the same time, the AH® value can confirm the
conclusions drawn from the analysis of the obtained AG° values
regarding the main mechanism of the adsorption process: the AH® value
below 40 kJ/mol suggests physical adsorption, while for chemical
adsorption AH° is in the range of 40-120 kJ/mol. The value of entropy
change (A4S°), the last of the thermodynamic parameters, describes the
randomness in the interactions between the adsorbent and the
adsorbate.

Based on the results of the adsorption processes of the La(III), Nd(III),
and Ho(II) ions in the presence of IDHA, it was found that the processes
using all the studied ion exchangers were spontaneous and thermody-
namically favourable (negative AG® values). In most of the studied
systems, the adsorption processes were endothermic. The adsorption of
La(III), Nd(I1I), and Ho(III) complexes on IRA 67 and the Nd(III) and Ho
(III) complexes on IRA 458 and IRA 958 ion exchangers were identified
as exothermic. The values of AG® and AH° parameters suggest that

Table 4

Thermodynamic parameters for the sorption of the La(IlI)-IDHA complexes on
§957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958
and IRA 67.

Ion exchanger AH® AS° AG° [kJ/mol]
kd/mol] - LI/mol K1 ogq g 313K 333K

S957 22.96 133.56 -16.23 —18.70 —21.59
S950 24.91 137.43 —15.17 —18.56 —20.61
SP112 2.28 56.31 —-14.21 —15.35 —16.46
M500 4.64 55.95 -11.72 —12.95 —13.94
M600 4.94 55.51 —11.30 —-12.49 —13.51
MP500 6.46 60.40 —11.23 —12.46 —13.64
4200 3.99 53.69 -11.74 —12.80 —13.89
4400 6.44 58.90 —10.82 —11.99 —13.18
4600 6.60 62.03 —-11.57 —12.84 —14.05
IRA 458 5.85 62.86 —12.58 —13.80 —15.10
IRA 958 2.43 50.08 —-12.23 —13.26 —14.23
IRA 67 —5.98 21.31 —-12.23 —12.64 —13.09

14

Chemical Engineering Journal 461 (2023) 142059

physical adsorption is the dominant mechanism. The positive entropy
AS° values for all considered systems indicate increased randomness at
the solid-solution interface during the Ln(III)-IDHA complex adsorption
as well as significant affinity of adsorbent surfaces for these complexes.

3.3. Desorption studies

To assess the regeneration capacity of the investigated ion ex-
changers after adsorption of Ln(III)-IDHA complexes, the desorption
process was carried out using 0.5, 1 and 2 M concentrations of hydro-
chloric and nitric(V) acids. The desorption process was conducted at
293 K for 240 min. The results obtained for the La(III) complexes are
shown in Fig. 9 and for the Nd(III) and Ho(III) complexes in Figures S11
and S12. A very clear difference can be observed between the desorption
process on the chelating ion exchangers and the cation exchangers and
that occurring on the anion exchangers. It was shown that for the first
group of adsorbents, the desorption process occurs much less efficiently
in comparison with the group of anion exchangers. Furthermore, this
process is dependent on the acid concentration (desorption efficiency
increases with increasing acid concentration). This level of desorption
capacity (22-69%) can indicate the high affinity of Ln(III)-IDHA com-
plexes for this type of ion exchanger as well as the need to search for
more optimal desorption conditions or change the desorbing agent. For
the anion exchangers, no significant change in desorption efficiency
with a change in the eluent concentration is observed.

For economical and environmental reasons, it is important that the
adsorbents are used in the process many times. To determine whether
the investigated ion exchangers have this ability with regard to the Ln
(IIN-IDHA complexes, we used La(IIl) as a representative of rare earth
elements, and five adsorption/desorption cycles were performed. The
eluents that produced the highest desorption efficiencies in the previous
study (Fig. 9) were chosen as desorbing agents: 2 M HNOj3 for S957 and
SP112, 2 M HCI for S950, and 1 M HCI for all anion exchangers except
MP500, where 2 M HCl was used. The results are presented in Table S18.
The chelating ion exchangers (S957, S950) and the cation exchanger
(SP112) had the best reusability. In five adsorption/desorption cycles,
their adsorption capacity remained close to 100%. Using polystyrene
anion exchangers with the gel structure (M500, M600, 4200, 4400,
4600) in the process also provided good results. However, the adsorp-
tion efficiency dropped to 15%. The least satisfactory results were ob-
tained for the polystyrene, macroporous, strongly basic anion exchanger
MP500 and for the polyacrylic anion exchangers IRA 458, IRA 958, and
IRA 67. For these ion exchangers during the second adsorption cycle, a
significant decrease in the adsorption efficiency was observed. In the
subsequent cycles %S remained at 40% for IRA 458, IRA 958, and 30%
for MP500 and IRA 67.

3.4. Adsorption studies - dynamic method

In order to evaluate the applicability of the studied process in in-
dustry, experiments were carried out using the dynamic method on a
fixed bed. This method, due to its simplicity and low cost, is the most
frequently used in purification and separation processes. The experi-
ments were carried out for the La(IlI) complexes with IDHA using the
optimal conditions determined during the static method testing: the La
(IID):IDHA molar ratio 1:1 for S957, S950 and SP112, 1:2 for the anion
exchangers, pH 8.0 for S957 and S950, 4.0 for the SP112 and IRA 67,
and 10.0 for the strongly basic anion exchangers, the initial concentra-
tion equal to 1.0 x 103 M.

Fig. 10 depicts the obtained breakthrough curves for the adsorption
of La(III)-IDHA complexes, which were used to calculate the dynamic
parameters (the capacity of ion exchanger ¢., the working exchange
capacity C,, the total exchange capacity C;, the mass distribution coef-
ficient D, and the volume distribution coefficient D,) presented in
Table 5.

The vast majority of the breakthrough curves shown in Fig. 10 are
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(Co=1.0 x 1073 M).

“S” shaped, which is characteristic of nearly ideal adsorption systems.
For the columns using the polyacrylic anion exchangers (IRA 458, IRA
958) there were observed some deviations from the typical shape on the
breakthrough curves. This may suggest the possibility of more than one

type of complex formation. Furthermore, the sharper the shape of the
breakthrough curve, the more effective the column system under study
will be. This is evident for the pair of ion exchangers, S950 and SP112.
S950 exhibited greater adsorption capacity towards La(III) complexes in
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Table 5

Dynamic studies parameters of La(II)-IDHA complexes adsorption (Cp = 1.0 x 1073 M).
Ton exchanger q. [mg/gl U U C,, [mg/mL] C; [mg/mL] D, D, %D

[mL] [mL]

S957 272.85 7000 8920 93.82 119.56 2087.96 891.56 99.17
S950 228.11 3900 6500 52.27 87.12 1718.41 649.56 92.16
SP112 211.55 4800 5840 67.99 82.73 1549.47 583.56 83.91
M500 102.65 1100 2500 15.58 35.41 751.10 249.56 99.85
M600 93.79 1200 2420 17.00 34.28 688.32 241.56 97.46
MP500 107.54 1000 2000 14.17 28.33 798.08 199.56 72.21
4200 98.73 1200 2680 17.00 37.96 735.90 267.56 98.69
4400 94.23 1100 2750 15.58 38.95 692.04 274.56 97.58
4600 98.16 1200 2600 17.00 36.83 717.93 259.56 97.29
IRA 458 87.66 800 2550 11.33 36.12 677.74 254.56 78.68
IRA 958 69.94 600 1900 8.50 26.91 584.88 189.56 65.41
IRA 67 5.70 25 138 0.36 2.01 36.29 13.36 76.10

the bath studies than SP112. Even in the column tests, the calculated
adsorption capacity g, for this ion exchanger is higher, but comparing
the shapes of the breakthrough curves, it can be seen that the curve for
SP112 is sharper and the breakthrough point appears later than that of
$950, which means that in the industrial applications SP112 is more
effective despite the lower g, value. This is confirmed by the higher
value of the working exchange capacity (C,) for SP112.

The affinity of the investigated ion exchangers for the La(III)-IDHA
complexes was also compared using the dynamic studies. The column
bed was exhausted in the shortest time for the weakly basic anion
exchanger IRA 67, indicating the lowest affinity for the La(III)-IDHA
complexes. Higher adsorption capacity in the column systems was
observed for the group of strongly basic anion exchangers. The affinity
for the La(III)-IDHA complexes was similar in this group of ion ex-
changers. More than doubled adsorption capacities relative to the anion
exchangers were possessed by the S950 and SP112, while the chelating
ion exchanger S957 had the highest affinity, confirming the results ob-
tained by the static method.

The Thomas, Adams-Bohart, Yoon-Nelson, and Wolborska mathe-
matical models were used to describe the column performance. The first
employed is the Thomas model, which is commonly used to describe
adsorption in aqueous media because of its low internal and external
diffusion resistance. Its basis is the assumption that adsorption follows
the Langmuir model and second-order kinetics [63]. Furthermore, it
excludes the occurrence of axial dispersion. The parameters of the
Thomas model were determined from the In(Cy/C)-1 vs V plot and are
presented in Table S19. Fitting the experimental data to the Thomas
model yielded good agreement with the correlation coefficient R?
ranging from 0.808 for the La(III)-IDHA-IRA 67 system to 0.990 for the
La(III)-IDHA-S957 system. Furthermore, the values of adsorption ca-
pacities gy determined from the model were very close to the experi-
mentally determined values.

Another frequently used model to describe the column behaviour is
the Adams-Bohart model which assumes that the rate of the adsorption
process in the column system is directly affected by the residual adsor-
bent capacity, i.e., the adsorbate capacity not used at a given time and
the adsorbate concentration [64]. This linear model is used to describe
the initial part of the breakthrough curve (C/Cp <« 1). The Adams-Bohart
parameters were calculated on the basis of the In(C/Cp) vs t plot and are
listed in Table S19. The analysis of RZ values showed a good agreement
of the Adams-Bohart model with the experimental data. The best fit to
the model was obtained for the systems with 4200, 4400 and 4600 anion
exchangers (RZ = 0.986).

A much simpler model to apply, due to the smaller amount of process
data required for computation, is the Yoon-Nelson model. According to
this model, the rate of decrease in the adsorption probability for each
adsorbate particle was proportional to the adsorption probability of the
adsorbate and the breakthrough probability of the adsorbate on the
adsorbent [65]. Table S19 shows the parameters for this model
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determined from plotting the In(C/Cy-C) vs t relationship. In most cases
the R? correlation coefficients exceed 0.9. An important parameter that
can be calculated from the Yoon-Nelson model is the time required for
the 50% adsorbate breakthrough (7). In our study, the 7 value was the
highest for the system with the S957 ion exchanger and was equal to
14595.54 min. This demonstrates the possibility of long-column oper-
ation as well as a high affinity for the La(IIl) complexes with IDHA. This
is quite different in the system where the IRA 67 anion exchanger is
used. The value of 7 is 326.02 min, indicating very fast half-loading of
the column with the adsorbate.

The linear form of the Wolborska model was also used to evaluate the
data obtained using the column method. For this purpose, a graph of In
(C/Cp) versus t (analogous to the Adams-Bohart model) was created and
the kinetic coefficient of the external mass transfer (3,) as well as the
adsorption capacity of the ion exchanger per unit volume of the bed (q)
was determined (Table S17). In the Wolborska model, only the initial
section of the breakthrough curve (C/Cy < 0.5) was analysed, as in the
Adams-Bohart model. The results analysis showed that the model
adequately describes the experimental data (R? mainly above 0.9).

After completion of dynamic studies (bed exhaustion, C/Cyp = 1) the
column regeneration was performed using as eluents in the desorption
process the acids (2 M HNOs for S957 and SP112, 2 M HCl for S950, 1 M
HCI for the anion exchangers) selected in Section 3.3 as optimal for this
purpose. The results obtained from the desorption process are summa-
rized in Table 5. As shown, the desorption process occurred very effi-
ciently for the S957, S950, M500, M600, 4200, 4400, and 4600 (%D >
92%). For SP112 a slightly lower desorption efficiency of 83.91% was
obtained, while the MP500, IRA 458, IRA 958, and IRA 67 anion ex-
changers were able to regenerate in the range of 65.41% — 78.68%,
suggesting the need to look for stronger eluents.

4. Conclusions

Iminodisuccinic acid (IDHA), characterized by high biodegradability
and ability to form complexes with many metal ions, was used as a
complexing agent in the adsorption process of representatives of rare
earth elements (La(III), Nd(III), Ho(IIl)) on various types of ion ex-
changers (chelating ion exchangers, cation exchanger, strongly and
weakly basic polystyrene and polyacrylate anion exchangers). The study
was carried out in single-component systems using static and dynamic
methods. The main part of the experiment was preceded by potentio-
metric measurements to understand the complexation of rare earth el-
ements by IDHA. The LnL type complexes as well as the protonated
complexes (LnHyL) and hydroxycomplexes (LnL(OH)y) were identified
in all systems. The adsorption process was optimised by investigating
the effects of various factors (ion exchanger mass, Ln(III):IDHA molar
ratio, solution pH, contact time, initial concentrations, and temperature)
on the process efficiency. These were shown to have a significant effect
on the adsorption process of Ln(III)-IDHA complexes. The optimal
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process conditions were set as follows:

ion exchanger mass: 0.1 g;

metal:ligand molar ratio: 1:1 for the chelating ion exchangers and
cation exchanger, 1:2 for all anion exchangers;

solution pH: 4.0-10.0 for the Ln(III)-IDHA-S957/S950 systems,
2.0-4.0 for the La(II)-IDHA-SP112 system, 2.0 for the Nd(III)/Ho
(II1)-IDHA-SP112 systems, 10.0 for the Ln(III)-IDHA-strongly basic
anion exchangers systems, 4.0 for the Ln(III)-IDHA-IRA 67 systems;
phase contact time: 30 min (60-120 min for the systems with S950
and IRA 67).

The kinetics of the adsorption process in the Ln(III)-IDHA-S957/
SP112 and the NdA(III)/Ho(III)-IDHA strongly basic anion exchanger
systems were well described by the PFO model, while the PSO model
provided the best fit to the experimental data obtained for the Ln(III)-
IDHA-S950/IRA 67 systems and the La(III)-IDHA strongly basic anion
exchanger systems. The determined adsorption isotherms allowed the
fitting of isotherm models to the experimental data. The data obtained
for the Ln(III)-IDHA-chelating ion exchanger systems were consistent
with the Temkin model (exception: La(III)-IDHA-S957 - Langmuir
model), for the Ln(Il[)-IDHA-strongly basic anion exchanger systems
with the Langmuir model (exception: Nd(III)-IDHA-IRA 458 - Temkin
model) and for the Ln(III)-IDHA-IRA 67 systems with the Freundlich
model. The chelating ion exchanger S957 showed the highest adsorption
capacity towards the La(III) complexes (142.29 mg/g) while the Nd(III)
and Ho(IlI) complexes were best adsorbed by the SP112 cation
exchanger (161.04 mg/g for Nd(III) and 201.74 mg/g for Ho(III)). The
studies in the column systems confirm the feasibility of application of
chelating ion exchangers, cation exchangers, and strongly basic anion
exchangers in the adsorption of La(Ill), Nd(III), and Ho(III) in the
presence of IDHA. Iminodisuccinic acid was shown to have very good
complexation properties with rare earth elements and can replace
poorly biodegradable ligands successfully.
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1. Apparatus and instruments

The static method of adsorption was performed using the laboratory shakers Elpin
type 357 and Elpin type 358A (Elpin Plus, Poland). The pH of the solutions was
measured by the pHmeter pHM82 (Radiometer, Copenhagen).

The Ln(lll) ions concentration was analysed by the inductively coupled plasma
optical emission spectrometry using ICP-OES 720-ES (Varian, USA) at 333.749 nm
for La(lll), 401.224 nm for Nd(lll) and 345.600 nm for Ho(lll). The calibration of the ICP-
OES instrument was performed using the ICP standards. All standards and blank
samples were prepared applying ultrapure nitric acid to avoid matrix interference. The
relative standard deviation (RSD) for the triplicate analysis was within 5%.

The surface morphology of the ion exchangers was studied by the scanning
electron microscopy (SEM) using the Quanta 3D FEG microscope with the EDS
(Energy Dispersive Spectroscopy)/EBSD (Electron Backscatter Diffraction) system
(FEI, USA). The SEM images were recorded at the magnifications of 10,000x.

The presence of the assumed functional groups on the surface of the ion
exchangers was analyzed by the Fourier transform infrared (FTIR) spectroscopy (Cary
630 spectrometer with the attenuated total reflectance mode (ATR-FTIR), Agilent
Technologies). FTIR spectra were recorded over the interval 4000-650 cm-'.

The 907 Titrando titrator equipped with the 800 Dosino type dosing system with the
combined pH electrode Metrohm 6.0259.100, 801 type magnetic stirrer and Pt 1000

temperature sensor (Metrohm) was used to perform potentiometric titrations.



2. Potentiometric measurements
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Figure S1. Distribution diagrams for the Ln(lll)-L systems (where Ln=La(lll), Ce(lll), Pr(lll), Nd(llI),

Sm(lll), Ho(lll) and L=IDHA): (a-c) Ln(lll)-L 1:1, (d-i) Ln(Il)-L 1:2, (j-0) Ln(lll)-L 2:1.

Table S1. The overall stability constants (logB) and the equilibrium constants of complex formation
(logKe) in the systems of Ln(lll)-L (where Ln=Ce(lll), Pr(lll), Sm(lll) and L=IDHA) for various metal:ligand

ratios.
Species 1:1 1:2 2:1
logg SD logKe logp SD logKe logp SD logKe
Ce(lll)-IDHA
LnHaL 18.27 0.02 3.59 18.05 0.06 3.38 - - -
LnHL 14.72 0.01 4.61 14.54 0.03 4.42 14.67 0.04 4.55
LnL 10.05 0.02 10.05 10.15 0.03 10.15 1040 0.06 10.40
LnL(OH) 0.60 0.01 4.32 1.24 0.08 4.86 2.55 0.07 5.92
LnHL2 24.08 0.05 3.91 - - - - - -
LnL2 - - - 15.38 0.08 5.22 - - -
LnoL - - - - - - 13.79 0.10 3.39
LnzL(OH)2 - - - - - - 2.29 0.05 13.51
Pr(lll)-IDHA
LnHoL 18.15 0.02 3.47 18.06 0.04 3.39 - - -
LnHL 14.77 0.01 4.66 14.74 0.02 4.62 14.93 0.03 4.81
LnL 10.47 0.01 10.47 10.28 0.02 10.28 10.27 0.08 10.27
LnL(OH) 1.10 0.01 4.39 2.04 0.05 5.53 - - -
LnL2 - - - 15.91 0.05 5.63 - - -
LnoL - - - - - - 14.14 0.06 3.87
LnzL(OH)2 - - - - - - 2.03 0.04 5.53
Sm(lll)-IDHA
LnHoL 18.62 0.01 3.94 18.32 0.03 3.64 18.56 0.05 3.88
LnHL 15.32 0.01 5.20 14.92 0.02 4.80 15.14 0.04 5.02
LnL 11.09 0.01 11.09 10.15 0.03 1015 10.75 0.07 10.75
LnL(OH) 1.95 0.01 4.63 1.05 0.08 4.67 3.08 0.05 6.10
LnL(OH) -9.11 0.02 2.71 - - - - - -




LnL> - - - 1582 006  5.67 - - -
LnalL - - - - - - 1465 006  3.90
LnzL(OH)2 - - - - - - 2.81 004  13.50

SD - standard deviation

3. The characterization of ion exchangers

et e <

-_',h“;:,_ ('.(\:.: & % 1e

R A e s
va'*\?ii' . “\Q ‘%“:‘;y"a{\:‘f’ K

‘Q\:\ 2/ » %, o
0

: AN BT )
*.\{5:}“ TN
S R R R

Figure S2. SEM images of (a) S957, (b) S950, (c) SP112, (d) M500, (e) M600, (f) MP500, (g) 4200, (h)
4400, (i) 4600, (j) IRA 458, (k) IRA 958, and (I) IRA 67 after the adsorption of La(lll) ions in the presence
of IDHA (magnification x 10,000).
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Figure S3. XPS spectra of (a) S957, (b) S950, (c) SP112, (d) M500, (e) M600, (f) MP500, (g) 4200, (h)
4400, (i) 4600, (j) IRA 458, (k) IRA 958, and () IRA 67 before and after the adsorption of La(lll) ions in

the presence of IDHA.

Table S2. The elemental composition (C4) and binding energies (Eg) for M500, M600, MP500, 4200,
4400, 4600, IRA 458, IRA 958, and IRA 67 before and after the adsorption of La(lll) ions in the presence
of IDHA obtained by XPS analysis.

M500 + M600 + MP500 +
Lovel M500 La(lll)-IDHA M600 La(lll)-IDHA MP500 La(lll)-IDHA
Es Cat Es Cat Es Cat Es Cat Es Cat Es Cat
[eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%]
C1s 2847 830 2847 781 2847 798 2847 762 2847 812 2847 767
O1s 5322 80 5307 150 5322 106 5315 164 5322 70 5315 16.1
N1s 4025 40 4017 48 4025 47 4017 48 4025 56 4025 69
Cl2p 1970 50 - - 1970 42 i - 1970 62 - i
si2p - - 1527 19 1017 08 1527 25 i i - i
La3d - - 8540 02 - - 8345 0.1 i . 8345 03
4200 + 4400 + 4600 +
Level 4200 La(lll)-IDHA 4400 La(lll)-IDHA 4600 La(lll)-IDHA
Es Cat Es Cat Es Cat Es Cat Es Cat Es Cat
[eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%]
C1s 2847 702 2847 540 2847 625 2847 546 2847 659 2847 542
O1s 5315 162 5315 262 5322 223 5315 304 5322 208 5315 294
N1s 4025 35 3995 34 4025 28 3995 33 4025 25 4002 3.4
Cl2p 1970 3.4 - - 1970 27 ] - 1977 19 ] ]




Si2p 101.7 5.0 1563.5 7.5 103.0 6.1 152.7 9.7 102.5 6.1 152.7 8.8
Al 2p 74.0 1.7 74.0 8.8 74.7 3.6 74.0 1.9 74.0 2.8 74.0 3.4
Ca2p - - - - - - - - - - 350.7 0.6
La 3d - - 836.7 0.1 - - 833.0 0.2 - - 835.2 0.2
IRA 458 + IRA 958 + IRA 67 +
Level IRA 458 La(lll)-IDHA IRA 958 La(lll)-IDHA IRA 67 La(lll)-IDHA
Es Cat Es Cat Es Cat Es Cat Es Cat Es Cat
[eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%]
C1s 284.7 76.9 284.7 77.2 284.7 73.7 284.7 76.5 284.7 57.3 284.7 68.0
O1s 531.5 134 530.7 16.2 531.5 14.9 530.7 15.9 531.5 26.4 531.5 18.7
N 1s 398.7 6.4 398.7 55 398.7 6.3 398.7 57 399.5 3.9 398.7 5.6
Cl2p 196.2 2.6 - - 196.2 4.0 - - - - - -
Si2p 101.0 0.7 152.7 1.0 101.0 1.2 152.7 1.8 101.7 9.2 153.5 3.3
Al 2p - - - - - - - - 740 2.6 - -
Ca2p - - - - - - - - 350.7 0.7 350.7 4.3
La 3d - - 833.7 0.1 - - 833.7 0.1 - - 834.5 0.1
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Figure S4. FTIR spectra for (a) M500, M600, MP500, (b) 4200, 4400, 4600 and (c) IRA 458, IRA 958,
IRA 67 before and after the adsorption of La(lll), Nd(lll) and Ho(lll) ions in the presence of IDHA.

4. Kinetic and adsorption studies

Figure S5. The effect of ion exchanger mass on the La(lll)-IDHA complexes sorption on S957 and S950.
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Figure S6. The effect of the Ln(lll):IDHA molar ratio on the sorption of Nd(lll)-IDHA complexes on (a)
S957, S950, SP112, (b) M500, M600, MP500, (c) 4200, 4400, 4600 and (d) IRA 458, IRA 958, IRA 67.
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Figure S7. The effect of the Ln(lll):IDHA molar ratio on the sorption of Ho(lll)-IDHA complexes on (a)
S957, S950, SP112, (b) M500, M600, MP500, (c) 4200, 4400, 4600 and (d) IRA 458, IRA 958, IRA 67.
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Figure S8. The effect of pH on the sorption of Nd(IIl)-IDHA complexes on (a) S957, S950, SP112, (b)
M500, M600, MP500, (c) 4200, 4400, 4600 and (d) IRA 458, IRA 958, IRA 67.
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Figure S9. The effect of pH on the sorption of Ho(lll)-IDHA complexes on (a) S957, S950, SP112, (b)

M500, M600, MP500, (c) 4200, 4400, 4600 and (d) IRA 458, IRA 958, IRA 67.

Table S3. Kinetic parameters for the pseudo-first order and pseudo-second order kinetic models for the
La(lll)-IDHA complexes sorption on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA
458, IRA 958, IRA 67 (C;=0.5x103 M - 2.5x10-3 M).

Model Pseudo-First Order Pseudo-Second Order
o k2
exc:g:qger x[|1v|o]-3 [r(Zf;/xS] [21573] [1/Ir(r:in] R? 7 [r?mZC/Z] [?r/“r:? R? 7

0.5 6.85 6.93 0.390 0.972 0.086 7.30 0.087 0.854 0.450
1.0 13.11 13.06 0.504 0.973 0.162 13.67 0.067 0.932 0415

$957 1.5 2234 2241 0.461 0.997 0.065 2348 0.035 0912 1912
2.0 29.01 2917 0442 0.988 0.451 30.55 0.026 0.899  3.877
25 3720 3706 0390 0978 1.382 38.86 0.018 0.941 3.760
0.5 7.65 6.95 0.118 0.803 0.843 7.55 0.021 0.904  0.409

5950 1.0 14.63 14.03 0.175 0.682 3.750 14.64  0.021 0.820 2.122

13



1.5 2318 2264 0172  0.811 6.361 23.71 0.012 0.900 3.348

2.0 30,66 2983 0.165 0853 9.105 3139 0.008 0.926  4.550

2.5 37.34  36.01 0.164 0.843 14.100 38.02 0.007 0.928 6.517

0.5 6.83 6.80 0.510 0.983  0.029 7.12 0.129  0.939  0.101

1.0 14.28 1424 0422 0960 0.338 14.89 0.052 0.934 0.550

SP112 1.5 20.68 20.70 0417 0994 0.116 2170 0.034 0.930 1.367
20 2759 27.41 0.502 0982 0486 28.73 0.031 0.946 1.474

25 3474 3463 0457 0986 0.684 36.28 0.023 0.940 2.882

0.5 6.43 6.31 0.311 0.982  0.040 6.65 0.078 0.979  0.047

1.0 14.23 13.95 0324 0983 0.181 14.71 0.036 0.982 0.192

M500 1.5 2139 2099 0386 0987 0285 2214 0.029 0966 0.747
2.0 2937 29.05 0368 0.971 1.187 3049  0.021 0.949  2.073

2.5 36.79 36.36 0423 0986 0.787 3818 0.019 0.962 2179

0.5 6.51 6.26 0.541 0.859  0.170 6.60 0.142 0.988 0.015

1.0 14.30 13.79 0.617 0.892 0.561 1452 0.073 0.995  0.025

M600 1.5 2147 2078 0.688  0.890 1133 21.83 0.055 0.991 0.090
2.0 2945 28,60 0.807 0.915 1372 2996 0.048 0.990 0.167

25 36.88 3567 0933 085 2929 3728 0.045 0992 0.169

0.5 6.19 5.75 0.285 0926 0.134 6.06 0.078 0.986  0.026

1.0 13.87 13.19 0303 0932 0.637 13.93 0.036 0.998 0.018

MP500 1.5 20.77 19.91 0.344  0.945 1124 21.06 0.027 0994  0.123
20 2852 2749 0318 0.956 1.723 2895 0.018 0.995 0.212

25 35682 3422 0258 0903 6.164 3590 0.012 0.977 1.462

0.5 6.41 6.18 0.280 0.926  0.149 6.49  0.0733 0.991 0.019

1.0 14.14 13.68  0.301 0.943 0.594 1444 0.034 0.995  0.052

4200 1.5 2132 2082 0317 0964 0830 2192 0.024 0984 0.373
2.0 2022 2845 0319 0.968 1.368 2993 0.018 0.985 0.644

2.5 36.60 3576 0325 0969 2046 3757 0.015 0.979 1.399

0.5 6.28 5.99 0.225 0.899 0.219 6.30 0.059 0.979 0.045

1.0 13.98 13.15 0.260 0.893 1.098 13.91 0.030 0.988 0.124

4400 1.5 21.15 19.93 0.304 0.931 1497 21.07 0.023 0.994 0.130
20 2897 2725 0306 0943 2257 28776 0.018 0989 0.442

25 36.34 3438 0278 0952 3212 36.21 0.013 0.988 0.822

0.5 6.27 5.97 0.260 0.922 0.158 6.28 0.069 0979 0.043

1.0 13.93 1340 0.275 0939 0.652 1415 0.032 0.996  0.047

4600 1.5 21.02 2023 0.281 0.950 1153 2133 0.022 0.993 0.165
2.0 29.00 2777 0286  0.956 1.898 2929 0.016 0.995 0.198

25 36.31 3472 0288 0953 3174 36.56 0.013  0.984 1.050

IRA 458 0.5 5.73 5.50 0.281 0.937  0.110 5.80 0.080 0.995 0.009

14



1.0 13.44 1296 0.349 0932 0.583 13.71 0.042 0.990 0.088
1.5 20.61 20.01 0.380  0.961 0.720 21.11 0.030  0.991 0.168
2.0 2849 2773 0384 0.972 1.010 2922 0.022 0986 0.514
2.5 3687 35.02 0384 0979 1199 36.83 0.018  0.979 1.195
0.5 5.23 4.96 0.478 0.616  0.288 5.19 0.1774  0.873  0.095
1.0 13.01 1248 0467 0928 0.411 13.15  0.061 0.997  0.020
IRA 958 1.5 20.08 19.25 0.527 0.903 1.161 20.29 0.045 0995 0.064
20 2758 2649 0567 0878 2467 2786 0.036 0989 0.224
25 3469 3367 0579 0934 2179 3533 0.029 0975 0.813
0.5 6.84 6.07 0.130 0.896 0.363 6.76 0.024 0967 0.116
1.0 12.81 10.62 0.142  0.830 1.861 11.89 0.015 0920 0.876
IRA 67 1.5 18.57 15.31 0.157 0.828 3.712 17.00 0.012 0.916 1.801
2.0 2335 2010 0.216 0870 3.963 2184 0.014 0.954 1.401
2.5 25,00 23.06 0257 0917 2777 2475 0.016 0986  0.456

Table S4. Kinetic parameters for the Weber-Morris intraparticle diffusion kinetic model for the La(lll)-
IDHA complexes sorption on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458,
IRA 958, IRA 67 (Co=0.5x103 M - 2.5x10-3 M).

Model Weber-Morris Intraparticle Diffusion
lon x%-s [nfg/g c R? [nf vy C R? [n: vy C R?
exchanger “np o iz mints mns

0.5 242 0.04 0.859 0.00 6.85 0.938 - - -
1.0 3.40 329 0923 0.01 13.11  0.953 - - -

S957 1.5 6.47 3.91 0.902  0.01 2234 0918 - - -
2.0 8.63 446 0904 0.01 29.01 0.812 - - -
2.5 10.61 527 0943 0.03 36.85 0.393 - - -
0.5 0.67 1.81 0.991 0.09 6.30 0.791 - - -
1.0 1.68 445 0985 0.07 13.59  0.770 - - -

S950 1.5 3.11 592 0995 0.03 2273 0.957 - - -
2.0 4.19 717 0992 010 2922 0.814 - - -
25 4.59 9.64 0977 028 33.68 0.492 - - -
0.5 1.78 1.70 0916  0.00 6.83 0.853 - - -
1.0 3.94 262 0966 0.00 14.28 0.873 - - -

SP112 1.5 6.10 292 0938 0.00 20.68 0.735 - - -
2.0 7.15 6.79 0925 0.00 2759 0.982 - - -
25 9.53 6.95 0937 0.00 3474 0.838 - - -
0.5 2.06 0.12 0969 0.30 4.69 0.818 0.01 6.27 0.810

M500 1.0 4.57 0.37 0948 0.70 10.31  0.861 0.02 13.99 0.948
1.5 7.24 0.86 0940 0.78 16.96  0.912 0.02 21.05 0.899
2.0 9.85 134 0972 087 2447 0.898 0.02 29.06 0.935
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2.5 11.94 3.50 0.974 0.79 32.36  0.701 0.02 36.44 0.904
0.5 1.43 2.03 0.934 0.25 5.13 0.675 0.01 6.42 0.615
1.0 3.31 4.58 0.937 0.43 11.87  0.829 0.01 14.18 0.509
M600 1.5 4.90 7.51 0.949 0.52 18.57  0.860 0.01 21.34 0.688
2.0 6.45 11.68 0.925 0.49 26.64 0.891 0.02 29.23 0.719
25 7.14 16.92 0.958 0.50 33.88 0.878 0.03 36.48 0.910
0.5 1.60 0.56 0.995 0.22 4.28 0.739 0.07 5.15 0.950
1.0 3.80 1.21 0.947 0.82 8.73 0.985 0.07 12.84 0.961
MP500 1.5 6.13 1.68 0.939 1.03 14.21 0.991 0.08 19.66 0.704
2.0 8.37 2.05 0.988 1.24 20.50 0974 0.11 26.93 0.768
25 8.27 4.93 0.998 212 2225 0.933 0.19 3290 0.925
0.5 1.65 0.72 0.998 0.06 5.57 0.625 - - -
1.0 4.10 0.93 0.949 0.86 9.09 0.999 0.03 13.72 0.700
4200 1.5 6.62 1.00 0.980 1.06 15.18  0.989 0.03 20.85 0.874
2.0 9.08 1.35 0.993 1.21 21.81 0.984 0.07 28.16 0.814
2.5 11.35 1.94 0.992 1.44 28.00 0.934 0.08 3543 0.957
0.5 1.33 0.88 0.992 0.49 3.23 0.935 0.05 5.64 0.834
1.0 3.54 1.26 0.942 0.95 7.54 1.000 0.12 1236 0.782
4400 1.5 5.98 1.45 0.972 0.95 14.10  0.993 0.18 18.63 0.835
20 8.37 1.66 0.994 0.95 21.03 0.968 0.27 25.03 0.910
25 10.09 2.03 0.994 1.58 2489 0.856 0.29 3197 0.984
0.5 1.57 0.63 0.966 0.43 3.63 0.940 0.03 574 0.885
1.0 3.87 0.86 0.930 0.93 8.28 0.968 0.06 13.13 0.753
4600 1.5 6.07 1.05 0.992 0.93 14.49  0.965 0.12 19.33 0.629
2.0 8.42 1.36 0.993 1.28 20.12  0.957 0.19 26.36 0.828
2.5 10.59 1.70 0.996 1.44 26.05 0.960 0.25 3276 0.913
0.5 1.53 0.49 0.925 0.40 3.37 0.920 0.02 542 0.912
1.0 3.82 1.42 0.902 0.82 8.73 0.983 0.02 13.16 0.744
IRA 458 1.5 6.28 1.96 0.962 0.87 15.50 0.998 0.03 20.17 0.792
20 8.85 2.51 0.962 1.03 2225 0.941 0.06 27.65 0.777
25 11.27 2.97 0.976 1.11 2922  0.851 0.07  34.81 0.990
0.5 1.00 1.81 0.911 0.04 4.75 0.664 - - -
1.0 3.44 2.67 0.955 0.07 12.01 0.679 - - -
IRA 958 1.5 5.18 4.87 0.975 0.13 18.43  0.606 - - -
2.0 6.72 7.83 0.989 0.13 2587 0.697 - - -
25 9.44 8.61 0.983 0.13 3299 0.753 - - -
0.5 1.19 0.31 0.961 0.41 2.65 0.960 - - -
IRA 67 1.0 2.22 0.48 0.957 0.76 4.51 0.994 - - -
1.5 3.27 0.95 0.955 1.01 7.28 0.995 - - -
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2.0

4.75

1.89

0.943

1.00

12.43

0.997 -

2.5

5.63

2.90

0.968

0.79

17.00

0.937 -

Table S5. Kinetic parameters for the Boyd and Dumwald-Wagner kinetic models for the La(lll)-IDHA
complexes sorption on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958,
IRA 67 (C5=0.5x10° M - 2.5x10-3 M).

Model Boyd Dumwald-Wagner
lon Co k .
exchanger X[|1\/|0]-3 slope R? [1/min] intercept R?

0.5 0.457 0.984 0.426 -0.179 0.985
1.0 0.436 0.987 0.407 -0.126 0.985

S957 1.5 0.512 0.976 0.481 -0.219 0.971
2.0 0.534 0.974 0.502 -0.242 0.970
25 0.395 0.949 0.374 -0.202 0.941
0.5 0.030 0.998 0.028 0.017 0.997
1.0 0.035 0.864 0.033 0.182 0.870

S950 1.5 0.043 0.766 0.041 0.246 0.770
2.0 0.062 0.968 0.060 0.052 0.969
25 0.051 0.867 0.049 0.128 0.867
0.5 0.450 0.954 0.422 -0.150 0.947
1.0 0.412 0.923 0.383 -0.172 0.914

SP112 1.5 0.402 0.977 0.373 -0.152 0.972
2.0 0.396 0.987 0.368 -0.099 0.984
25 0.388 0.989 0.360 -0.116 0.986
0.5 0.205 0.987 0.188 -0.038 0.987
1.0 0.199 0.995 0.183 -0.023 0.995

M500 1.5 0.219 0.959 0.202 0.013 0.964
2.0 0.258 0.969 0.238 -0.038 0.973
25 0.319 0.999 0.299 -0.086 0.997
0.5 0.230 0.963 0.213 0.029 0.959
1.0 0.228 0.981 0.212 0.083 0.984

M600 1.5 0.248 0.978 0.232 0.099 0.982
2.0 0.268 0.974 0.252 0.138 0.980
25 0.276 0.985 0.261 0.147 0.988
0.5 0.136 0.998 0.122 -0.021 0.998
1.0 0.125 0.967 0.113 0.039 0.967

MP500 1.5 0.140 0.923 0.126 0.056 0.925
2.0 0.160 0.977 0.145 0.014 0.979
2.5 0.132 0.992 0.118 -0.021 0.993

4200 0.5 0.143 0.997 0.129 0.015 0.997
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1.0 0.135 0.959 0.122 0.036 0.959

1.5 0.172 0.955 0.156 0.011 0.958

2.0 0.181 0.971 0.165 -0.013 0.973

2.5 0.201 0.987 0.184 -0.023 0.989

0.5 0.040 0.863 0.037 0.161 0.868

1.0 0.042 0.950 0.039 0.155 0.956

4400 1.5 0.031 0.945 0.030 0.247 0.954
20 0.025 0.890 0.024 0.276 0.903

25 0.022 0.795 0.021 0.292 0.808

0.5 0.080 0.964 0.075 0.089 0.970

1.0 0.081 0.970 0.076 0.102 0.975

4600 1.5 0.065 0.866 0.060 0.153 0.876
2.0 0.066 0.870 0.061 0.153 0.880

2.5 0.029 0.889 0.028 0.286 0.902

0.5 0.086 0.971 0.080 0.098 0.976

1.0 0.112 0.985 0.107 0.102 0.989

IRA 458 1.5 0.109 0.954 0.104 0.163 0.962
20 0.097 0.899 0.092 0.209 0.911

25 0.104 0.872 0.099 0.221 0.884

0.5 0.171 0.931 0.157 0.069 0.931

1.0 0.193 0.981 0.177 0.056 0.984

IRA 958 1.5 0.183 0.898 0.168 0.103 0.901
20 0.218 0.964 0.201 0.075 0.966

2.5 0.258 0.923 0.241 0.070 0.925

0.5 0.028 0.994 0.026 0.038 0.994

1.0 0.018 0.968 0.016 0.054 0.965

IRA 67 1.5 0.016 0.936 0.015 0.070 0.932
2.0 0.022 0.908 0.020 0.115 0.909

2.5 0.039 0.942 0.036 0.149 0.949

Table S6. Kinetic parameters for the pseudo-first order and pseudo-second order kinetic models for the
Nd(l11)-IDHA complexes sorption on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA
458, IRA 958, IRA 67 (Cp=0.5x103 M - 2.5x103 M).

Model Pseudo-First Order Pseudo-Second Order
lon x%-s Qeexp  Qircal k1 , Qocal ¢ 7;1 R2 ,
exchanger M] [mg/g] [mg/g] [1/min] X [mg/g] ?nin]g X
0.5 7.68 7.71 0.363 0.993 0.024 8.12 0.073 0.907 0.334
1.0 15.00 15.04 0.353 0997 0.040 1583 0.037 0918 1.124
5957 1.5 2286 2290 0.339 0998 0.057 24.08 0.024 0.933 2.070
2.0 2992 2990 0293 0988 0.659 3139 0.016 0.952 2551
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2.5 36.96 36.68  0.251 0.981 1616  38.58 0.011 0.975  2.170

0.5 7.55 7.49 0.092  0.961 0.240 8.17 0.015 0.963  0.220

1.0 14.49 1416 0.082 0.976 0.573 15.61 0.007 0976  0.558

S950 1.5 2249 2152 0086 0960 2.097 23.73 0.005 0.985 0.795
2.0 29.31 27.71 0.078  0.951 4404 30.79 0.003 0.982 1.574

25 35.91 33.62 0.072 0953 6.299 3756 0.002 0983 2.316

0.5 7.72 7.77 0.356 0.995 0.019 8.16 0.073 0.908 0.327

1.0 15.22 1529 0328 0.995 0.069 16.07  0.034 0.928 1.013

SP112 1.5 2242 2243 0347 0999 0.029 2362 0.024 0932 2012
2.0 29.711 2079 0349 0998 0115 3129 0.019 0930 3.511

25 36.52 3654 0346 0997 0239 3844 0.015 0932 5.268

0.5 7.36 7.29 0.327 0.997  0.010 7.69 0.069 0.956  0.141

1.0 14.51 1439 0338 0.997 0.038 15.18 0.036  0.951 0.601

M500 1.5 2266 2253 0350 0.99% 0.106  23.71 0.025  0.945 1.570
2.0 29.61 2939 0346 0997 0124 3092 0.019 0.953 2.226

2.5 36.56 36.18 0.345 0997 0.237 38.04 0.015 0.954 3.292

0.5 7.38 7.19 0427 0992 0.010 7.57 0.097 0.988  0.025

1.0 14.55 1429 0373 0985 0.130 15.01 0.043 0978 0.207

M600 1.5 2272 2245 0385 0983 0.392 2358 0.028 0963 0.877
2.0 2967 2925 0374 0987 0545 30.75 0.021 0.971 1.201

25 36.61 36.00 0372 0985 0934 3783 0.017 0.969 1.923

0.5 7.41 7.35 0.508 0.989  0.022 7.70 0.118 0.945 0.107

1.0 14.58 1438 0436 0.992 0.071 15.13 0.049 0959 0.374

MP500 1.5 2276 2243 0413 0988 0.276  23.61 0.030 0.962  0.881
2.0 2073 2936 0329 0.969 1.349  30.81 0.019  0.975 1.066

25 36.68  35.91 0.233  0.951 3.929 37.75 0.010 0.983 1.363

0.5 7.41 7.40 0.338 0.998  0.007 7.77 0.073 0.946 0.168

1.0 14.58 1457 0.307 0.988  0.155 1529 0.034 0943 0.718

4200 1.5 2276 2269 0308 0998 0.050 23.88 0.021 0.955 1.416
2.0 29.71 29.71 0.312 0992 0409 3123 0.017 0942 3.108

25 36.70 3658 0.287 0990 0.807 3847 0.012 0958 3.490

0.5 7.40 7.28 0.349 0.967 0.086 7.64 0.079 0978 0.056

1.0 14.57 14.21 0.321 0.952  0.501 1497 0.036 0.995 0.055

4400 1.5 2275 2238 0314 0965 0913 23.51 0.023 0978 0.584
2.0 29.72 2925 0287 0.963 1.783 30.72 0.016  0.975 1.176

25 36.68 3585 0.235 0.961 3.184 37.72 0.010 0.988 1.004

0.5 7.40 7.35 0.313 0.985 0.046 7.71 0.069 0956 0.134

4600 1.0 14.56 14.46  0.288  0.981 0.231 15.19 0.032 0.964  0.447
1.5 2275 2248 0297 0973 0.750 23.61 0.021 0.980  0.551
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2.0 29.71 2053 0.270 0.962 1.944 30.95 0.015 0.961 2.006
2.5 36.69 36.24 0.263 0973 2123 3810 0.011 0.982 1.433
0.5 7.40 7.33 0.373  0.983  0.044 7.69 0.085 0.954 0.117
1.0 14.57 14.51 0.368 0.994 0.070 156.27 0.040 0.929 0.829
IRA 458 1.5 2276 2249 0348 0993 0203 23.70 0.024 0970 0.819
2.0 2973 2958 0357 0997 0.160 31.09 0.020 0.953 2.150
25 36.71 36.24 0.354 0962  2.371 38.01 0.016  0.970 1.826
0.5 7.40 7.21 0.518 0.980 0.037 7.58 0.120  0.961 0.072
1.0 14.50 1427 0457 0.987 0.108 15.02 0.052 0.963 0.314
IRA 958 1.5 22.61 2218 0489 0968 0565 23.28 0.037 0959 0.736
2.0 2053 2922 0472 0989 0358 30.69 0.027 0.954 1.542
2.5 36.25 36.05 0.451 0.993 0.396 37.82  0.021 0.933  3.686
0.5 6.77 5.86 0.083 0.879 0477 6.78 0.014  0.949 0.201
1.0 12.29 10.37 0.156  0.859 1.500 1154 0.017 0.938 0.653
IRA 67 1.5 16.18 13.87 0175 0.862  2.281 1524 0.015 0.948 0.855
2.0 19.89 1764 0195 0.906  2.282 19.18 0.014 0.976  0.580
2.5 21.57 1944 0192 0909 2613 21.09 0.013 0976 0.691

Table S7. Kinetic parameters for the Weber-Morris intraparticle diffusion kinetic model for the Nd(lIl)-
IDHA complexes sorption on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458,
IRA 958, IRA 67 (Cp=0.5x103 M - 2.5x10-3 M).

Model Weber-Morris Intraparticle Diffusion
lon 163 [nf g C R e C R e C R
exchanger ", 0E r[nir%’g] ] r[nir%’g] ]

0.5 2.55 0.19 0.899 0.01 7.55 0.431 - - -
1.0 4.97 0.31 0.920 0.02 14.72  0.596 - - -

S957 1.5 7.36 0.75 0944 0.04 2239 0464 - - -
2.0 9.18 0.88 0979 0.09 28.89 0.406 - - -
2.5 10.46 123 0983 022 3429 0409 - - -
0.5 1.27 0.14 0989 0.03 7.09 0.936 - - -
1.0 2.17 0.33 0.964 1.38 3.81 0.889 0.08 13.30 0.916

S950 1.5 3.46 0.57 0989 2.03 5.89 0.965 0.17 19.99 0.788
2.0 4.22 0.77 0972 258 7.01 0.987 0.33 2451 0.774
25 4.71 124 0969 3.18 7.70 0.967 0.54 27.86 0.875
0.5 2.59 0.16 0938 0.00 7.66 0.959 - - -
1.0 5.01 0.19 0962 0.01 15.14  0.642 - - -

SP112 1.5 7.21 0.79 0.924 0.04 21.92 0.432 - - -
2.0 9.55 1.30 0.951 0.02 29.39 0.524 - - -
25 11.59 168 0930 0.08 3553 0425 - - -

M500 0.5 2.25 032 0922 0.03 6.99 0.467 - - -
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1.0 4.43 0.77 0.910 0.06 13.75  0.458 - - -
1.5 6.88 1.62 0.923 0.08 21.72 0472 - - -
2.0 8.91 2.21 0.941 0.08 28,53  0.499 - - -
2.5 10.97 2.71 0.950 0.10 35.15  0.621 - - -
0.5 2.11 1.16 0.941 0.27 5.86 0.914 0.00 7.32  0.951
1.0 4.52 1.32 0.991 0.51 11.69  0.983 0.01 14.44 0.854
M600 1.5 7.52 1.41 0.979 0.66 19.08  0.858 0.01 2255 0.930
20 9.80 1.56 0.982 0.90 2464  0.901 0.02 29.38 0.855
25 12.04 1.97 0.987 1.04 30.61 0.887 0.04 3595 0.876
0.5 2.38 1.10 0.96 0.02 7.20 0.471 - - -
1.0 4.89 1.18 0.953 0.35 12.60 0.904 0.01 14.45 0.842
MP500 1.5 7.70 1.44 0.962 0.65 19.09 0.975 0.01 22.59 0.933
2.0 9.19 1.93 0.997 1.19 23.26  0.903 0.01 29.60 0.970
2.5 9.57 2.35 0.995 2.57 21.74  0.936 0.10 35.34 0.762
0.5 2.32 0.36 0.960 0.01 7.27 0.674 - - -
1.0 4.56 0.42 0.972 0.03 14.22  0.517 - - -
4200 1.5 7.11 0.53 0.955 0.08 2184 0435 - - -
2.0 9.36 0.76 0.954 0.09 28.67 0415 - - -
25 11.14 0.96 0.961 0.16 34.71 0.403 - - -
0.5 1.98 1.06 0.973 0.02 7.11 0.541 - - -
1.0 4.28 1.14 0.962 0.86 9.81 0.992 0.01 14.47 0.751
4400 1.5 6.97 1.29 0.993 0.97 17.20 0.924 0.03 2238 0.565
20 8.90 1.37 0.987 1.46 21.34 0.903 0.04 29.13 0.550
2.5 9.91 1.65 1.000 2.38 2257 0.927 0.12 35.05 0.771
0.5 2.21 0.45 0.979 0.02 7.17 0.591 - - -
1.0 4.23 0.79 0.975 0.06 13.80 0.448 - - -
4600 1.5 6.99 0.93 0.993 1.17 16.41 0.906 0.01 22.67 0.666
2.0 8.89 1.05 0.988 1.51 2159 0.877 0.00 29.67 0.686
2.5 10.79 1.1 0.982 2.32 23.89 0.830 0.03 36.27 0.495
0.5 211 0.95 0.967 0.01 7.24 0.756 - - -
1.0 4.48 1.1 0.905 0.04 14.09 0.474 - - -
IRA 458 1.5 6.49 2.31 0.924 0.10 2159  0.451 - - -
20 8.87 2.67 0.945 0.07 28.91 0.446 - - -
25 11.46 2.91 0.998 1.24 2989 0974 0.01 36.61 0.617
0.5 1.79 1.99 0.890 0.02 7.12 0.870 - - -
1.0 3.72 3.17 0.882 0.04 13.95 0.483 - - -
IRA 958 1.5 5.53 5.86 0.903 0.06 21.79  0.656 - - -
2.0 7.72 6.58 0.906 0.04 28.98 0.536 - - -
25 10.06 6.80 0.907 0.05 35.54  0.652 - - -
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0.5 1.01 0.01 0.943 0.50 1.51 0.989 - - -

1.0 2.45 0.03 0.917 0.69 4.90 0.995 - - -

IRA 67 1.5 3.14 0.85 0.954 0.92 7.02 0.998 - - -

2.0 4.18 1.18 0.973 1.08 9.91 0.989 - - -

2.5 4.53 1.42 0.979 0.93 12.01 0.953 - - -

Table S8. Kinetic parameters for the Boyd and Dumwald-Wagner kinetic models for the Nd(lIl)-IDHA
complexes sorption on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958,
IRA 67 (Co=0.5x103 M - 2.5x 103 M).

Model Boyd Dumwald-Wagner
exc:gr‘rger X[EAS]_S slope R? 1 /rlr(ﬂn] intercept R?
0.5 0.359 0.997 0.338 -0.143 0.997
1.0 0.366 0.996 0.344 -0.171 0.993
S957 1.5 0.341 0.993 0.320 -0.158 0.991
2.0 0.278 0.983 0.257 -0.134 0.981
2.5 0.190 0.987 0.173 -0.067 0.986
0.5 0.096 0.964 0.089 -0.117 0.963
1.0 0.055 0.983 0.050 -0.047 0.984
$950 1.5 0.035 0.997 0.033 -0.021 0.999
2.0 0.032 1.000 0.031 -0.016 0.999
25 0.025 0.996 0.023 0.018 0.997
0.5 0.512 0.965 0.489 -0.346 0.959
1.0 0.481 0.906 0.459 -0.366 0.895
SP112 1.5 0.324 0.997 0.303 -0.131 0.995
2.0 0.418 0.972 0.396 -0.252 0.966
2.5 0.314 0.989 0.293 -0.110 0.991
0.5 0.240 0.998 0.221 -0.055 0.999
1.0 0.240 0.980 0.221 -0.038 0.982
M500 1.5 0.269 0.977 0.249 -0.058 0.981
2.0 0.280 0.998 0.260 -0.088 0.998
25 0.285 0.997 0.264 -0.100 0.996
0.5 0.215 0.991 0.198 0.021 0.992
1.0 0.220 0.972 0.202 -0.003 0.974
M600 1.5 0.268 0.991 0.249 -0.045 0.993
2.0 0.254 0.995 0.235 -0.043 0.996
2.5 0.254 0.993 0.235 -0.046 0.994
0.5 0.394 0.998 0.374 -0.096 0.998
MP500 1.0 0.271 0.981 0.252 -0.015 0.985

1.5 0.243 0.950 0.224 0.015 0.955
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2.0 0.231 0.995 0.212 -0.053 0.995

2.5 0.101 0.983 0.095 0.046 0.987

0.5 0.356 0.968 0.335 -0.198 0.961

1.0 0.321 0.968 0.300 -0.179 0.963

4200 1.5 0.263 0.996 0.243 -0.099 0.996
2.0 0.283 0.988 0.262 -0.112 0.989

25 0.232 0.986 0.213 -0.077 0.987

0.5 0.259 0.982 0.240 -0.084 0.978

1.0 0.156 0.975 0.142 0.028 0.977

4400 1.5 0.205 0.991 0.187 -0.033 0.992
2.0 0.192 0.992 0.175 -0.039 0.993

2.5 0.148 0.993 0.133 -0.031 0.993

0.5 0.298 0.969 0.277 -0.151 0.963

1.0 0.233 0.990 0.214 -0.086 0.989

4600 1.5 0.203 0.997 0.186 -0.044 0.997
2.0 0.216 0.983 0.198 -0.082 0.982

2.5 0.134 0.983 0.128 0.033 0.987

0.5 0.351 0.979 0.330 -0.167 0.973

1.0 0.292 0.972 0.272 -0.061 0.976

IRA 458 1.5 0.231 0.995 0.213 -0.032 0.997
2.0 0.305 0.996 0.284 -0.110 0.995

25 0.236 0.977 0.217 -0.034 0.978

0.5 0.287 0.982 0.268 0.006 0.984

1.0 0.259 0.970 0.240 0.021 0.974

IRA 958 1.5 0.281 0.964 0.262 0.014 0.969
2.0 0.340 0.997 0.321 -0.069 0.997

25 0.369 0.976 0.348 -0.085 0.977

0.5 0.021 0.993 0.019 0.009 0.993

1.0 0.021 0.968 0.019 0.060 0.965

IRA 67 1.5 0.018 0.953 0.016 0.071 0.949
2.0 0.018 0.908 0.016 0.089 0.905

25 0.031 0.956 0.028 0.097 0.959

Table S9. Kinetic parameters for the pseudo-first order and pseudo-second order kinetic models for the
Ho(ll)-IDHA complexes sorption on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA
458, IRA 958, IRA 67 (C;=0.5x103 M - 2.5x10-3 M).

Model Pseudo-First Order Pseudo-Second Order
lon x 1C8_3 Qe.exp Q1.cal k1 R2 2 Q2.cal [ ;(r; R2 2
exchanger M] [mg/g] [mg/g] [1/min] X [mg/q] ?nin]g z

S957 0.5 7.65 7.67 0.338 0.998  0.006 8.08 0.069 0925 0.271
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1.0 15.95 1598 0336 0999 0.018 16.81 0.033 0.935 0.988

1.5 23.93 24.01 0.328 0.989 0373 2522 0.022 0.924 2577

2.0 31.61 31.54 0279 0988 0.754 33.12 0.014  0.961 2.407

2.5 40.59 4025 0.239 0964 3.646 4227 0.009 0973 2.816

0.5 7.64 7.33 0.092 0.953 0.278 8.06 0.014 0.982 0.104

1.0 15.93 1553 0.086 0.967 0.920 17.10 0.006 0978 0.612

S950 1.5 23.85 22.61 0.093 0.950 2.841 2491 0.005  0.980 1.108
20 3145 2073 0.079 0956 4574 33.02 0.003 0.984 1.628

25 4034 3759 0.092 0935 10.199 4149 0.003 0977 3.527

0.5 8.08 8.09 0.316  0.997 0.012 8.50 0.062 0.942 0.228

1.0 15.64 1566 0.312 0995 0.068 16.45 0.032 0944 0.830

SP112 1.5 2462 2443  0.361 0.995 0.141 25.71 0.024  0.961 1.208
2.0 3232 3220 0346 0990 0556 33.79 0.018 0.953  2.527

2.5 40.90 40.73 0.358 0.990 0.886 42.79 0.014 0947 4.618

0.5 8.36 8.27 0.524  0.992  0.021 8.68 0.108 0.940 0.148

1.0 16.50 16.33 0472 0976 0.242 17.12  0.049 0.953 0.480

M500 1.5 2492 2474 0467 099  0.091 26.00 0.031 0.940 1.546
2.0 33.11 32.81 0.436 0993 0.346 3448 0.022 0954 2.161

25 4140 41.04 0426 0993 0553 4315 0.017 0956  3.266

0.5 8.37 8.27 0.496 0.992  0.021 8.69 0.100 0.940 0.159

1.0 16.50 16.39 0.448 0994 0.078 17.24 0.044 0933 0.815

M600 1.5 2493 2477 0400 0987 0359 2599 0.027 0.956 1.215
20 3312 3278 0426 0989 0519 3450 0.021 0.954  2.242

2.5 41.41 41.07 0.385 0.979 1.646 43.09 0.016 0960  3.059

0.5 8.36 8.31 0.604 0.990 0.021 8.69 0.128 0917 0.174

1.0 16.50 16.46  0.541 0.998  0.017 1724 0.056 0.913  0.850

MP500 1.5 2492 2491 0.499 0994 0153 26.08 0.034 0.917 1.995
2.0 33.11 3299 0419 0986 0672 3457 0.022 0944 2.671

2.5 41.41 40.95 0.339 0.957  3.451 4290 0.014 0970 2444

0.5 8.36 8.34 0.409 0.998 0.007 8.75 0.081 0.934 0.218

1.0 16.50 16.50 0.364 0.993 0.104 17.31 0.036 0.936  0.899

4200 1.5 2493 2487 0358 099 0.116 26.12 0.023 0.943 1.862
20 3312 33.06 0352 0992 0449 3472 0.017 0945 3.210

25 41.41 4134 0343 0993 0.642 4340 0.013 0949 4.706

0.5 8.37 8.31 0.460 0.989  0.033 8.74 0.090 0.927 0.224

1.0 16.51 16.45 0.384 0.996  0.058 17.28 0.038  0.941 0.799

4400 1.5 2493 2484 0366 0992 0.248 26.08 0.024 0.945 1.738
2.0 33.11 33.03 0355 0994 0370 3468 0.018 0.949 2.882

25 41.41 4119 0362 0990  0.811 4324 0.014 0958  3.560
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0.5 8.36 8.32 0.390 0.988  0.040 8.73 0.078 0.942  0.192

1.0 16.49 16.37  0.371 0.994  0.085 17.21 0.037 0.957 0.575

4600 1.5 2492 2486 035  0.991 0.292 26.09 0.023 0.947 1.697
2.0 33.11 3294 0345 0987 0.715 3459 0.017 0.956 2474

2.5 41.41 4116 0.346  0.988 1.018 4322 0.014  0.961 3.437

0.5 8.37 8.31 0.439 0994 0.019 8.73 0.086 0.937 0.198

1.0 16.51 16.50 0.388 0.997 0.043 17.35 0.038 0.929 1.017

IRA 458 1.5 2494 2489 0372 099% 0.117 26.14 0.024 0.943 1.811
20 3312 33.02 0.368 0.998 0.131 3470 0.018 0947  3.005

25 4142 4135 0364 0.986 1.237 4338 0.015 0.937 5.530

0.5 8.37 8.32 0.560 0.996 0.010 8.71 0.116  0.922  0.182

1.0 16.51 16.44 0478 0986 0.144 1722 0.0560 0.930 0.735

IRA 958 1.5 2493 2479 0527 0997 0.070 26.00 0.036 0.928 1.621
2.0 3312 3278 0526 0974 0.957 3436 0.028  0.953 1.720

2.5 41.41 4119 0473 0974 1.686 43.12 0.020 0.941 3.790

0.5 7.97 7.60 0.225 0.900 0370 8.028 0.045 0.985 0.054

1.0 16.33 14.80 0.209 0.877 1.998 15.81 0.020 0.967  0.538

IRA 67 1.5 24.21 20.86 0.200 0.834 5592 2240 0.013 0937 2112
2.0 31.05 2625 0195 0836 8857 2820 0.010 0.931 3.711

25 3540 3119 0232 0.884  7.551 33.17  0.011 0.964  2.369

Table S10. Kinetic parameters for the Weber-Morris intraparticle diffusion kinetic model for the Ho(lll)-
IDHA complexes sorption on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458,
IRA 958, IRA 67 (Co=0.5x103 M - 2.5x10-2 M).

Model Weber-Morris Intraparticle Diffusion
lon X1C3-3 [rf&g c R? [nf 9 c R? [rrl1{ Jg  C R?
exchanger "o iz e mn®

05 254 008 0936 001 751 0512 ] ] ]
10 515 046 0944 003 1564 0434 ] ] ]

S957 15 773 063 0950 004 2346 0.458 ] ] ]
20 960 071 0991 009 3049 0438 ] ] -
25 1171 092 0992 258 2646 0967 001 40.44 0.699
05 126 015 0979 072 189 0991 003 720 0752
10 255 027 0941 143 473 0970 005 1519 0.704

S950 15 396 035 0953 174 866 0978 024 2038 0.666
20 471 046 0964 269 821 0985 035 2631 0816
25 667 048 0978 333 1158 0998 035 3498 0.976
05 260 012 0966 001 791  0.482 ] ] ]

SP112 10 500 028 0969 002 1536 0.422 ] ] ]
15 716 257 0933 007 2380 0.440 ] ] ]
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2.0 9.58 2.91 0.964 0.06 31.53  0.447 -

2.5 12.04  4.07 0.933 0.11 39.53 0.405 -

0.5 2.14 2.16 0.892 0.00 8.28 0.901 -

1.0 4.27 3.82 0.930 0.01 16.31 0.640 -

M500 1.5 6.81 4.96 0.891 0.02 2460 0.505 -
20 9.06 6.03 0.916 0.04 32.56  0.470 -

25 11.38 7.22 0.915 0.07 4059 0413 -

0.5 2.21 1.90 0.889 0.01 8.28 0.961 -

1.0 4.65 2.81 0.881 0.01 16.33  0.656 -

M600 1.5 6.97 3.88 0.947 0.03 2452 0452 -
20 9.14 5.62 0.906 0.04 32.58  0.461 -

2.5 11.38 6.47 0.952 0.08 4040 0.411 -

0.5 2.64 1.68 0.956 0.01 8.28 0.849 -

1.0 5.59 2.24 0.945 0.02 16.28  0.464 -

MP500 1.5 8.65 2.62 0.967 0.03 2460 0.354 -
2.0 9.35 5.45 0.950 0.01 3296 0.790 -

2.5 11.00 6.05 0.982 0.13 39.83 0415 -

0.5 2.48 1.08 0.929 0.01 8.28 0.885 -

1.0 5.04 1.42 0.953 0.02 16.29  0.557 -

4200 1.5 7.61 1.99 0.950 0.03 2448 0510 -
20 10.04 2.69 0.955 0.04 32.62 0.450 -

25 12.52 3.14 0.959 0.08 4045 0.409 -

0.5 2.35 1.50 0.876 0.01 8.28 0.694 -

1.0 4.92 1.81 0.937 0.02 16.27  0.643 -

4400 1.5 7.41 2.53 0.946 0.05 2436 0484 -
2.0 9.97 2.88 0.961 0.03 32.68  0.483 -

2.5 11.98  4.69 0.954 0.08 40.39 0423 -

0.5 2.44 1.08 0.950 0.01 8.25 0.877 -

1.0 4.79 1.87 0.947 0.03 16.12  0.523 -

4600 1.5 7.46 2.26 0.959 0.04 2445 0485 -
20 9.67 3.21 0.957 0.07 32.25 0.420 -

25 12.00 4.20 0.962 0.10 4024 0423 -

0.5 2.38 1.36 0.901 0.01 8.28 0.953 -

1.0 5.09 1.51 0.922 0.01 16.43 0.918 -

IRA 458 1.5 7.56 2.32 0.948 0.02 2463 0578 -
2.0 9.96 3.11 0.941 0.06 3242 0.455 -

25 1234 419 0.943 0.08 4050 0.443 -

IRA 958 0.5 272 1.38 0.945 0.01 8.21 0.578 -
1.0 4.47 3.58 0.915 0.01 16.41 0.955 -
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1.5 6.49 6.31 0.874 0.01 2478  0.946 - - -
2.0 8.19 9.12 0.920 0.00 33.06 0.772 - - -
2.5 10.97 9.37 0.939 0.02 4120 0.615 - - -
0.5 2.33 0.13 0.997 0.63 3.87 0.995 0.05 723 0.544
1.0 4.10 0.35 0.947 0.83 8.48 0.996 0.17 13.86 0.841
IRA 67 1.5 5.55 0.74 0.962 1.01 1222 0.978 0.64 14.83 0.930
20 6.84 0.97 0.992 1.16 15.94 0.937 0.88 17.85 0.979
25 8.92 1.10 1.000 1.26 21.17  0.994 0.70 2474 0.980

Table S11. Kinetic parameters for the Boyd and Dumwald-Wagner kinetic models for the Ho(lll)-IDHA
complexes sorption on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958,
IRA 67 (Cy=0.5x103 M - 2.5x10-3 M).

Model Boyd Dumwald-Wagner
exc Lc;r;ger ><[§|\/;I(‘3]-3 slope R? 1 /rl;in] intercept R?

0.5 0.357 0.992 0.335 -0.176 0.990
1.0 0.341 0.990 0.320 -0.165 0.987

S957 1.5 0.352 0.987 0.330 -0.178 0.986
2.0 0.271 0.966 0.250 -0.146 0.961
25 0.170 0.979 0.154 -0.049 0.980
0.5 0.048 0.984 0.045 -0.039 0.981
1.0 0.053 0.994 0.049 -0.047 0.991

S950 1.5 0.033 0.994 0.030 0.010 0.994
2.0 0.032 0.999 0.028 -0.021 0.999
25 0.026 0.958 0.024 0.036 0.962
0.5 0.339 0.977 0.318 -0.189 0.973
1.0 0.344 0.958 0.323 -0.204 0.951

SP112 1.5 0.275 0.999 0.255 -0.074 0.999
2.0 0.318 0.989 0.297 -0.138 0.986
2.5 0.283 0.984 0.262 -0.070 0.986
0.5 0.367 0.991 0.340 -0.047 0.993
1.0 0.335 0.988 0.308 -0.054 0.988

M500 1.5 0.377 0.997 0.357 -0.111 0.995
2.0 0.346 0.994 0.326 -0.107 0.991
25 0.324 0.998 0.304 -0.085 0.996
0.5 0.328 0.990 0.303 -0.028 0.993
1.0 0.304 0.966 0.279 -0.024 0.968

M600 1.5 0.350 0.988 0.329 -0.139 0.984
2.0 0.338 0.974 0.318 -0.112 0.969
25 0.305 0.994 0.285 -0.094 0.993
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0.5 0.483 0.996 0.445 -0.097 0.994

1.0 0.476 0.996 0.438 -0.117 0.995

MP500 1.5 0.518 0.984 0.487 -0.199 0.980
2.0 0.349 0.990 0.322 -0.102 0.988

2.5 0.257 0.990 0.238 -0.081 0.988

0.5 0.363 0.992 0.335 -0.118 0.989

1.0 0.331 0.985 0.304 -0.119 0.984

4200 1.5 0.355 0.985 0.334 -0.172 0.981
2.0 0.360 0.969 0.339 -0.187 0.963

25 0.319 0.992 0.298 -0.138 0.990

0.5 0.343 0.981 0.317 -0.062 0.980

1.0 0.312 0.989 0.286 -0.082 0.990

4400 1.5 0.328 0.995 0.307 -0.126 0.994
2.0 0.377 0.960 0.355 -0.212 0.952

2.5 0.309 0.995 0.288 -0.115 0.993

0.5 0.320 0.989 0.294 -0.090 0.989

1.0 0.277 0.998 0.301 -0.130 0.982

4600 1.5 0.347 0.985 0.325 -0.166 0.981
2.0 0.299 0.986 0.279 -0.118 0.982

25 0.293 0.993 0.273 -0.112 0.990

0.5 0.316 0.996 0.291 -0.051 0.997

1.0 0.308 0.980 0.282 -0.068 0.981

IRA 458 1.5 0.321 0.986 0.295 -0.106 0.983
2.0 0.318 0.992 0.312 -0.133 0.993

25 0.333 0.991 0.311 -0.125 0.991

0.5 0.489 0.998 0.459 -0.133 0.996

1.0 0.415 0.989 0.385 -0.118 0.988

IRA 958 1.5 0.400 0.992 0.372 -0.065 0.994
2.0 0.340 0.983 0.313 -0.026 0.985

25 0.503 0.975 0.481 -0.261 0.970

0.5 0.060 0.973 0.055 0.084 0.975

1.0 0.030 0.832 0.026 0.113 0.989

IRA 67 1.5 0.018 0.975 0.016 0.107 0.976
2.0 0.014 0.951 0.013 0.113 0.952

25 0.015 0.888 0.014 0.171 0.895

Table S$12. Adsorption isotherm parameters for the sorption of La(lll), Nd(lll) and Ho(lll) complexes with
IDHA on S957, S950, SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958, and IRA 67

at the temperature of 293 K.

Model

Langmuir
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excll'g:lger REE [%95751 [mcé‘}g] [L/ﬁg] R 3
La(lll) 142.29 142.34 0.770 0.993 18.278

s957  Nd(lll) 149.15 136.88 0.513 0.962 77.431
Ho(lll) 166.01 163.62 0.075 0.987 43.263

La(lll) 133.95 125.71 0.415 0.943 115.264

$950  Nd(lll) 104.11 98.44 0.196 0.970 39,001
Holll) 115.45 102.41 0.163 0.934 104.753

La(lll) 94.77 90.29 0.449 0.984 17.287

SP112  Nd(lll) 161.04 141.94 0.318 0.875 123.108
Ho(lll) 20174 187.38 0.822 0.960 170.487

La(lll) 68.55 63.61 0.570 0.975 15.803

M500  Nd(ll) 71.56 69.27 0.467 0.975 17.209
Ho(lll) 92.27 87.36 2.923 0.985 17.839

La(lll) 63.27 59.13 1,691 0.972 15.492

M600  Nd(ll) 65.66 62.83 0.849 0.975 14.664
Ho(lll) 85.26 81.92 3.062 0.988 12.176

La(lll) 62.36 62.15 0.075 0.979 10.798

MP500  Nd(ll) 66.46 64.25 2852 0.980 11.931
Ho(lll) 87.53 83.21 3.199 0.985 16.314

La(lll) 68.87 64.71 0.219 0.958 26.617

4200  Nd(Ill) 69.66 65.64 2.127 0.979 13.642
Ho(lll) 88.09 83.96 4.965 0.974 28.223

La(lll) 57.17 56.35 0.151 0.948 23.554

4400  Nd(Il) 62.18 58.99 2322 0.964 19.189
Ho(lll) 78.14 75.66 3.117 0.992 7.379

La(lll) 66.70 65.88 0.104 0.958 25.708

4600  Nd(Ill) 69.51 65.36 2.155 0.975 15.927
Ho(lll) 84.67 81.40 4523 0.990 10.506

La(lll) 79.21 83.40 0.053 0.985 12.802

IRA 458  Nd(lll) 82.15 72.45 1754 0.932 59.809
Ho(lll) 99.02 93.14 2718 0.983 22642

La(lll) 74.97 80.83 0.030 0.983 12.805

IRA 958  Nd(lll) 78.25 74.91 0.235 0.986 11.392
Ho(lll) 91.16 86.14 3.033 0.982 20.546

La(lll) 75.20 101.78 0.005 0.984 10.329

IRA67  Nd(ll) 70.40 119.31 0.003 0.989 6.184
Ho(lll) 86.60 85.06 0.019 0.864 114.070

Freundlich Temkin
[mgjg] n R [Ll;\g] [J/rﬁol] R '3
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La(lll) 64.45 5.41 0.837 417101 77.98 15.98 0.879  308.376

S957 Nd(ll) 71.14 7.55 0.980 41.340 87.15 14.63 0.986 28.114
Ho(lll) 77.74 8.03 0.999 4.857 28.22 17.48 0.999 1.671

La(lll) 61.50 6.79 0.975 50.210 40.46 14.83 0.991 17.671

S950 Nd(ll) 25.00 3.29 0.950 63.300 2.72 17.67 0.991 11.769
Ho(lll) 26.10 3.62 0.984 25.362 4.68 15.41 0.988 19.817
La(lln) 49.13 8.01 0.986 15.148  101.27 9.57 0.995 5.861

SP112 Nd(l11) 96.12 9.67 0.957 112.054 2888.62 12.41 0.987 34.560
Ho(lll) 114.20 9.25 0.990 43.73 464.88 17.62 0.996 15.17

La(lln) 25.15 5.94 0.924 47.551 24.00 7.47 0.973 17.142

M500 Nd(l11) 27.03 5.75 0.867 91.187 15.49 8.70 0.924 52.279
Ho(lll) 43.80 7.31 0.888 133.510 245.96 8.55 0.955 53.600

La(lll) 27.99 7.31 0.928 39.597 178.80 5.65 0.970 16.205

M600 Nd(ll) 27.57 6.50 0.889 65.286 41.94 7.08 0.941 34.358
Ho(lll) 41.36 7.66 0.887 117.489 311.93 7.69 0.950 52.251

La(lll) 15.45 4.33 0.895 55.045 1.27 10.01 0.954 24.246

MP500 Nd(ll) 35.81 8.98 0.878 74.277  263.01 5.08 0.919 49.721
Ho(lll) 42.10 7.64 0.893 115.142 364.05 7.69 0.952 51.361

La(lll) 20.63 4.94 0.911 56.323 4.95 9.08 0.957 27.430

4200 Nd(l11) 32.70 7.35 0.922 51172  254.21 6.29 0.973 17.599
Ho(lll) 45.15 8.23 0.891  119.529 906.00 7.25 0.954 50.674

La(lll) 17.74 5.14 0.878 54.949 3.76 7.86 0.921 35.429

4400 Nd(l11) 29.24 7.51 0.898 53.992  195.17 5.72 0.940 31.973
Ho(lll) 38.93 8.23 0.870 113.224 439.35 6.72 0.930 60.946

La(lln) 17.32 4.38 0.898 62.426 1.84 10.32 0.947 32.297

4600 Nd(l11) 32.43 7.34 0.917 53.846  244.41 6.27 0.966 22.383
Ho(lll) 42.48 8.11 0.871  131.936 537.79 7.25 0.930 71.216

La(lln) 16.39 3.62 0.867  114.558 0.66 15.32 0.951 42.023

IRA 458 Nd(l11) 35.48 6.34 0.934 57.752  118.30 8.07 0.981 16.309
Ho(lll) 46.06 6.95 0.876  166.489 168.73 9.65 0.949 69.308

La(lln) 11.83 3.17 0.890 83.209 0.33 15.97 0.965 26.379

IRA 958 Nd(l11) 25.55 4.93 0.931 54.611 10.10 9.82 0.976 18.523
Ho(lll) 43.03 7.33 0.895 122.013 263.58 8.33 0.957 50.121

La(lln) 3.13 1.98 0.998 1.372 0.17 14.47 0.896 65.676

IRA 67 Nd(l11) 1.72 1.64 0.992 4.548 0.26 11.56 0.768 129.738
Ho(lll) 15.79 3.82 0.978 18.135 21.41 7.62 0.888 93.906

Table S13. Adsorption isotherm parameters for the sorption of La(lll)-IDHA complexes on S957, S950,
SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958, and IRA 67 at the temperature of
313 Kand 333 K.
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Model Langmuir
excll'lc;r:lger [rZ] [gfgefé’] [mz;;g] [L/Trﬁg] R? '3
313 149.58 149.43 1.750 0.994 23.129
ST s 154.13 151.56 4.269 0.995 18.061
313 148.57 137.60 0.456 0.948 124.723
5990 s 151.57 145.88 0.999 0.980 59.780
iy 13 96.10 92.35 0.409 0.990 12.524
333 97.11 89.39 1,684 0.969 35.605
313 73.68 70.94 0.906 0.990 7.787
M0 s 75.43 74.34 1.879 0.995 4.300
313 68.22 63.73 1.824 0.970 19.606
Me00 s 70.76 68.31 2.128 0.983 12.086
upsos 2" 67.87 65.16 0.305 0.976 15.395
333 72.18 68.77 1.240 0.973 19.195
313 71.92 67.80 0.357 0.972 19.941
4200 333 74.85 72.75 1.394 0.974 20.887
313 62.33 60.38 0.501 0.987 6.852
4400 333 67.03 65.60 1.047 0.972 17.775
1600 313 72.34 67.56 0.448 0.975 17.299
333 76.55 72.54 1145 0.974 21.367
rasss 21 83.14 83.49 0.087 0.989 10.202
333 87.16 84.12 0.139 0.981 19.155
raoss 31 77.14 80.61 0.040 0.993 5.271
333 78.49 80.32 0.048 0.992 6.030
ragy 31 70.19 109.20 0.003 0.990 5.474
333 66.18 147 .51 0.001 0.992 4100
Freundlich Temkin
K mag "R 2 g uma R 7
313 7690 625 0853 541228 19249 1600 0917 303.688
ST 7333 8902 569 0859 534211 28195 1765 0927 276936
coso 1 6124 525 0993 16664 17.35 1939 1000  0.776
333 8766  7.87 0988 37.331 24138 1541 0991  26.285
313 5432 929 0992 10229 269.64 880 0996  4.823
SPMZ T3 5680 974 0992 9234 126377 780 0998 2424
313 3056 637 0.891 84680 4419 797 0957 33.188
M0 ss 3585 744 0825 144053 15427 732 0894  87.198
313 3052 720 0927 47795 18487 619 0977 15120
MO0  ss 3299 750 0867 94127 19818 650 0921 55668
MP500 313 2480 58 0927 46052 2087 760 0981  12.050
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333 31.06 6.92 0.876 88.294 94.81 6.98 0.928 51.323

313 24.28 5.36 0.911 63.122 10.11 8.87 0.966 24274

4200 333 33.65 7.02 0.849  121.097 98.55 7.47 0.912 70.594
313 25.05 6.44 0.901 54.030 30.30 6.80 0.961 21.015

4400 333 30.52 7.31 0.873 81.733  133.71 6.36 0.931 44.358
313 26.18 5.77 0.933 47.365 22.27 8.02 0.986 9.816

4600 333 31.87 6.51 0.887 91.573 65.47 7.79 0.942 47.034
313 20.63 4.04 0.927 67.964 2.53 12.45 0.973 24.915

IRA 458 333 23.83 4.30 0.943 56.170 6.40 11.22 0.962 37.986
313 14.41 3.47 0.917 65.443 0.76 13.66 0.964 28.204

IRA 958 333 15.88 3.65 0.925 60.357 1.27 12.46 0.952 38.229
313 1.78 1.70 0.995 2.549 0.08 16.52 0.916 46.637

IRA 67 333 0.72 1.40 0.995 2.266 0.05 17.23 0.891 53.439

Table S14. Adsorption isotherm parameters for the sorption of Nd(lll)-IDHA complexes on S957, S950,
SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958, and IRA 67 at the temperature of
313 Kand 333 K.

Model Langmuir
excll‘lzr:lger [I] [ﬁfgefs] [m(g;g] [Limg] R '3
313 160.84 156.51 0.268 0.985 52.140
9T T 165.50 168.49 0.237 0.998 11.163
313 111.31 100.57 0.748 0.968 45.690
990 T 115.49 109.12 1103 0.971 42.984
313 168.71 14753 0.158 0.858 95.408
P12 s 172.93 149.60 0.592 0.868 81.675
313 72.55 72.07 0.533 0.977 16.351
M50 s 73.22 72.53 1310 0.973 20.142
313 68.12 66.60 1.097 0.963 23.635
Moo s 69.23 67.31 1.252 0.957 28.100
upsoo 2" 69.75 66.29 3.508 0.974 16.885
333 71.88 68.12 3.804 0.976 16.867
313 71.17 67.68 2.817 0.982 12.777
4200 333 71.77 68.55 3.552 0.981 13.533
313 64.56 62.07 2.450 0.979 12.189
4400 333 66.35 64.14 3.231 0.993 4185
313 70.71 66.79 2.369 0.982 11.958
4600 333 71.46 68.09 2,679 0.986 9.816
U E 79.96 69.28 4.499 0.890 93.410
333 78.72 67.36 5.876 0.865 111.462
IRA958 313 76.95 74.71 0.194 0.990 8.056
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333 75.90 74.52 0.165 0.994 4.652
IRA 67 313 67.43 118.78 0.003 0.993 3.400
333 65.29 145.94 0.002 0.997 1.407
Freundlich Temkin
K mgg "R 2 g pmay R a
S957 313 89.94 8.93 0.999 2.832 205.43 15.19 0.999 1.623
333 99.57 9.38 0.999 0.054 291.61 15.82 1.000 0.051
313 37.83 3.69 0.946 76.437 11.79 16.64 0.991 13.371
$950 333 46.99 3.28 0.942 86.673 15.88 19.49 0.992 12.411
313 100.55 9.08 0.964 99.420 2512.27 13.37 0.992 23.662
SP112 333 104.02 8.95 0.966 97.730 2898.60 13.67 0.992 23.876
313 29.99 6.23 0.807 138.975 23.46 8.60 0.875 90.175
Ms00 333 34.03 713 0.822 130.732 102.93 7.41 0.884 84.954
313 30.70 7.04 0.827 109.470 74.91 6.98 0.879 76.554
Me0o 333 31.56 7.16 0.822 115.616 91.67 6.93 0.873 82.298
313 35.61 8.28 0.903 63.844 535.41 5.64 0.953 31.284
MPs00 333 36.98 8.28 0.898 71.355 556.20 5.85 0.952 33.868
313 34.78 7.66 0.908 63.795 392.17 6.25 0.962 26.498
4200 333 36.58 8.05 0.893 75.565 623.07 6.11 0.953 33.143
313 31.67 7.87 0.865 77.572 251.50 5.89 0.918 46.837
4400 333 33.66 8.22 0.858 85.838 423.32 5.80 0.915 51.519
313 33.89 7.55 0.906 63.569 310.11 6.29 0.960 26.821
4600 333 35.32 7.77 0.897 71.564 429.24 6.23 0.954 31.728
IRA 458 313 36.25 6.74 0.951 41.884 275.62 719 0.989 9.241
333 35.96 6.84 0.950 41.200 335.98 6.92 0.983 13.805
313 24.33 4.80 0.921 60.370 6.62 10.31 0.979 16.326
IRA 958 333 23.12 4.66 0.911 66.818 4.44 10.82 0.977 17.307
313 1.32 1.57 0.999 0.628 0.07 16.21 0.901 50.021
IRA 67 333 0.73 1.39 0.999 0.522 0.04 18.08 0.913 41.061

Table S$15. Adsorption isotherm parameters for the sorption of Ho(lll)-IDHA complexes on S957, S950,
SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958, and IRA 67 at the temperature of

313 Kand 333 K.

Model Langmuir
exc:lc;r:iger [P7<-] [r?fglxg] [m(z;;g] [L/mg] i '3
So57 313 176.59 167.29 0.208 0.976 87.789
333 185.55 177.33 0.306 0.978 90.061
313 123.44 110.93 0.191 0.938 110.393
5950 333 129.34 114.79 0.304 0.931 133.156
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313 204.40 188.94 1.016 0.960 172.217
sP112 333 205.80 192.78 0.847 0.970 147.601
313 93.49 88.44 3.831 0.984 19.049
M500 333 94.00 88.53 5.244 0.982 21.878
313 86.75 83.05 5.551 0.979 22.408
Mooo 333 87.42 83.21 7.795 0.978 23.580
MP500 313 91.09 85.72 4.255 0.978 25.273
333 92.63 86.88 5.407 0.973 32.305
313 89.39 84.88 6.290 0.974 30.049
4200 333 90.97 85.34 9.784 0.968 37.118
313 82.94 79.93 3.453 0.986 13.777
4400 333 85.26 81.61 3.965 0.983 17.422
313 88.21 84.37 5.758 0.987 14.960
4600 333 88.83 84.45 7.917 0.978 24.599
IRA 458 313 98.35 93.93 1.871 0.989 14.373
333 97.90 93.91 1.557 0.988 15.757
IRA 958 313 89.14 85.02 2.610 0.985 16.368
333 88.44 84.93 1.998 0.987 14.549
IRA 67 313 80.21 103.45 0.004 0.901 67.347
333 79.19 115.24 0.003 0.908 60.790
Freundlich Temkin
K mgg "R 2 g pmop R 7
313 95.26 9.66 0.998 6.175  255.93 15.22 0.999 4.836
5957 333 102.41 9.19 0.999 3.782  236.10 16.88 0.999 2.890
313 29.76 3.53 0.985  26.269 6.24 16.53 0.986  24.292
5950 333 34.22 3.45 0.984  30.542 8.83 17.50 0.985  29.399
313 117.24 9.32 0.990 44.078 602.79 17.57 0.996 16.627
sP112 333 124.58 9.47 0.998 10.846 1585.45 16.22 0.999 4.388
313 45.43 7.56 0.878 148.176 357.10 8.37 0.943  68.896
Ms00 333 47.04 7.86 0.883  143.047 620.49 8.02 0.948  64.094
313 44.01 8.19 0.871 137.606 713.66 7.26 0.928  76.652
Mo00 333 45.93 8.59 0.886  123.009 1469.18  6.91 0.947  57.791
313 44.95 7.84 0.897 118.264 590.26 7.71 0.959  47.457
MPS00 333 47.12 8.11 0.900 119.182 975.69 7.55 0.964 43.155
313 46.64 8.32 0.892 123.285 1082.47 7.32 0.958 47.712
4200 333 48.63 8.65 0.895 122.584 1937.24  7.10 0.961 45.232
313 41.94 8.17 0.886 112.341 586.66 7.06 0.952  47.599
4400 333 43.41 8.23 0.892 112.042 760.77 7.09 0.957  44.929
4600 313 45.19 8.17 0.875 138.575 713.56 7.46 0.940  66.892
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333 46.96 8.58 0.882 132.088 1426.49 7.09 0.947 59.754
313 44.50 6.72 0.864 181.410 103.95 10.08 0.939 81.179
IRA 458 333 43.52 6.59 0.862 182.649 82.71 10.26 0.937 83.040
313 42.06 7.34 0.885 129.364 220.52 8.30 0.949 56.745
IRA 938 333 40.65 7.10 0.877 136.914 138.21 8.62 0.943 63.863
313 4.88 2.33 0.970 20.679 0.80 10.31 0.846  104.575
IRA 67 333 3.52 2.09 0.965 22.930 0.41 11.39 0.843  103.830

Table S16. Thermodynamic parameters for the sorption of Nd(Ill)-IDHA complexes on S957, S950,
SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958, and IRA 67.

lon AH° AG° [kJ/mol]

exchanger [kd/mol] [J/mol K] 203 K 313 K 333 K
S§957 19.74 119.76 -15.27 -17.90 -20.04
$950 37.05 181.06 -16.14 -19.32 -23.42
SP112 12.33 94.80 -15.42 -17.40 -19.20
M500 1.24 46.42 -12.36 -13.30 -14.22
M600 2.57 49.27 -11.85 -12.89 -13.82
MP500 3.94 5417 -11.92 -13.04 -14.08
4200 1.56 46.98 -12.20 -13.17 -14.07
4400 2.94 49.51 -11.56 -12.56 -13.54
4600 1.43 46.47 -12.18 -13.13 -14.04
IRA 458 -2.82 35.92 -13.36 -14.04 -14.80
IRA 958 -1.84 38.01 -12.98 -13.73 -14.50
IRA 67 -3.62 29.23 -12.20 -12.76 -13.37

Table S17. Thermodynamic parameters for the sorption of Ho(lll)-IDHA complexes on S957, S950,
SP112, M500, M600, MP500, 4200, 4400, 4600, IRA 458, IRA 958, and IRA 67.
lon AH°® AG° [kd/mol]

exchanger [kJ/mol] [J/mol K] 203 K 313 K 333 K
S§957 11.11 87.62 -14.63 -16.17 -18.15
$950 18.60 114.36 -14.94 -17.13 -19.52
SP112 3.74 67.85 -16.12 -17.53 -18.83
M500 1.15 47.88 -12.87 -13.85 -14.78
M600 1.35 46.73 -12.34 -13.30 -14.21
MP500 3.28 53.97 -12.51 -13.65 -14.66
4200 1.83 49.05 -12.55 -13.51 -14.51
4400 4.31 55.16 -11.82 -13.00 -14.02
4600 2.62 51.01 -12.30 -13.42 -14.33
IRA 458 -0.79 43.11 -13.42 -14.28 -15.15
IRA 958 -1.75 37.63 -12.78 -13.49 -14.29
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Figure $10. Plots of InK¢ as a function of reciprocal of temperature (1/T) for the sorption of La(lll), Nd(l1I)
and Ho(lll) complexes with IDHA on (a) S957, S950 and SP112, (b) M500, M600 and MP500, (c) 4200,

4400 and 4600, (d) IRA 458, IRA 958 and IRA 67.
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Figure S11. Dependence of Nd(lll) ions desorption capacity on (a) S957, S950, SP112, (b) M500, M600,
MP500, (c) 4200, 4400, 4600 and (d) IRA 458, IRA 958, IRA 67 using the desorption agents: HCI and
HNOs3 at various concentrations.

100

90 -
80
70
60 -
50 -

% D

40
30
20
10

0.5 M HCI

2 M HCI

I 5957
I 5950
I sP112

0.5 M HNO,

0.5 M HCI

1M HCI

2MHCI

05 M HNO
1 MHNO
2 M HNO;

% D

0.5 M HCI

1 MHCI

2 M Hcl

0.5 M HNO.
1 M HNO,
2 M HNO

1(d)

1M HCI

2MHCI

) m
=} Q o
= =z -
I I I
= = =
w - o
(=]

Figure S12. Dependence of Ho(lll) ions desorption capacity on (a) S957, S950, SP112, (b) M500, M600,
MP500, (c) 4200, 4400, 4600 and (d) IRA 458, IRA 958, IRA 67 using the desorption agents: HCI and
HNO:s at various concentrations.
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Table S18. Reusability studies of the ion exchangers with the exemplary adsorption/desorption of La(lll)-

IDHA complexes.

Number S957 S950 SP112

of cycles %S %D %S %D %S %D
1 99.79 69.04 99.81 47 45 99.91 33.45
2 98.27 68.35 99.88 52.75 99.46 36.90
3 99.96 84.50 99.92 75.50 99.95 58.54
4 99.86 88.87 98.55 88.28 99.91 78.04
5 99.84 88.36 99.93 90.48 99.92 88.29

Number M500 M600 MP500

ofcycles o5 %D %S %D %S %D
1 98.25 93.42 98.82 94.11 98.85 97.32
2 84.94 59.97 91.96 78.90 17.60 8.82
3 91.34 75.56 94.46 82.09 27.74 7.25
4 90.47 84.51 93.96 84.83 29.63 1.67
5 92.26 13.10 95.39 73.50 33.28 1.28

Number 4200 4400 4600

of cycles %S %D %S %D %S %D
1 99.09 90.51 98.67 87.30 98.96 77.72
2 87.41 76.76 84.03 49.39 96.80 63.78
3 84.55 82.53 90.10 63.99 98.69 66.04
4 84.92 88.67 91.35 70.35 95.13 62.47
5 83.56 62.88 92.05 59.00 93.96 54.75

Number IRA 458 IRA 958 IRA 67

of cycles %S %D %S %D %S %D
1 95.67 71.28 92.57 68.59 69.66 80.11
2 37.03 2.83 34.02 1.27 26.65 0.61
3 42.89 13.89 41.30 243 30.70 0.72
4 43.75 6.08 43.24 1.16 32.15 0.20
5 39.08 0.78 42.26 1.02 34.48 1.10

Table $19. Breakthrough fitting models results for the adsorption of La(lll)-IDHA acid complexes.

Model Thomas Adams-Bohart
exc:lc;r;ger [kar;(g1r?1?n] [m(z:;;g] R [Il_(fri; :1?:1] [mg/L] R?
S957 11.01 274.89 0.990 9.20 97678.56 0.961
S950 10.95 227.83 0.958 9.03 73195.88 0.969
SP112 26.65 214.78 0.926 15.85 69723.34 0.928
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M500 22.05 102.28 0.934 15.67 31266.02 0.972
M600 24.12 93.39 0.964 17.69 29376.28 0.971
MP500 26.46 106.89 0.950 20.34 23487.10 0.902
4200 19.80 98.43 0.910 13.82 33071.25 0.985
4400 19.82 93.18 0.938 14.55 33758.96 0.986
4600 25.39 97.20 0.948 19.41 31195.61 0.986
IRA 458 16.65 86.07 0.893 12.26 29949 .55 0.930
IRA 958 19.74 70.23 0.913 14.54 21134.93 0.788
IRA 67 72.19 7.74 0.808 209.04 1512.80 0.907
Yoon-Nelson Wolborska
[17%%] [mTin] il [1/£1in] [mg/L] Re
S957 0.0015 14595.54 0.990 0.899 97678.56 0.961
950 0.0015 10708.42 0.958 0.661 73195.88 0.969
SP112 0.0038 9517.69 0.926 1.105 69723.34 0.928
M500 0.0031 3998.49 0.934 0.490 31266.02 0.972
M600 0.0034 3856.00 0.964 0.520 29376.28 0.971
MP500 0.0037 3144.66 0.950 0.478 23487.10 0.902
4200 0.0028 4210.84 0.910 0.457 33071.25 0.985
4400 0.0028 4349.60 0.938 0.491 33758.96 0.986
4600 0.0036 4134.94 0.948 0.605 31195.61 0.986
IRA 458 0.0024 3803.82 0.893 0.367 2994955 0.930
IRA 958 0.0028 2677.92 0.913 0.307 21134.93 0.788
IRA 67 0.0105 326.02 0.808 0.316 1512.80 0.907
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Abstract

GLDA (tetrasodium salt of N,N-bis(carboxymethyl)-L-glutamic acid) was used for rare
earth elements adsorption. Twelve commercial ion exchangers of different types were
used as adsorbents in this process. They were characterized by describing the
physicochemical properties: sieve analysis, scanning electron microscopy, X-ray
photoelectron spectroscopy, and Fourier transform infrared spectroscopy. The stability
constants of the Ln(lll)-GLDA complexes in the binary systems at different
Ln(l11):GLDA molar ratios were determined by the potentiometric method. The effects
of different process parameters (Ln(lll):GLDA molar ratio, initial solution pH, phase
contact time, initial solution concentrations, and temperature) on the adsorption of
La(lll), Nd(IIl), and Ho(lll) ions in the presence of GLDA were investigated by the static
method in the single-component systems. Kinetic, equilibrium, and thermodynamic
parameters were calculated. The highest adsorption capacities were obtained for the
Purolite S957 ion exchanger (139.57 mg/g for the La(lll)-GLDA complexes, 152.72
mg/g for the Nd(llI)-GLDA complexes, and 151.29 mg/g for the Ho(lll)-GLDA

complexes), Lewatit Monoplus SP112 ion exchanger (155.49 mg/g for the La(lll)-
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GLDA complexes, 150.23 mg/g for the Nd(l11)-GLDA complexes, and 132.77 mg/g for
the Ho(lll)-GLDA complexes). The desorption process was performed to regenerate

the ion exchangers. In addition, experiments were performed in the column systems.

Keywords: adsorption, chelating agents, GLDA, rare earth elements, ion exchangers



1. Introduction

GLDA (tetrasodium salt of N,N-bis(carboxymethyl)-L-glutamic acid) is
a synthetic compound belonging to the group of aminopolycarboxylates (APCs), whose
molecule is composed of two carboxymethyl groups attached to the nitrogen atom of
glutamate (Fig. 1). The presence of one nitrogen atom in its molecule makes GLDA
more readily biodegradable compared with conventional APCs (the presence of tertiary
amines in, for example, EDTA or DTPA hinders their biodegradation) [1,2]. GLDA
exists in two isomer forms of which, as shown in the study by Ginkel et al. [3], only the
L-GLDA form is readily and completely degraded by microbial cultures. Borowiec et al.
[4] compared the degree of biodegradation of GLDA and EDTA and found that GLDA
was characterized by a high biodegradation rate of over 90%, while EDTA exhibited
non-biodegradability. In addition, based on the Organization for Economic
Development and Cooperation (OECD) screening tests, the officially recognized tests
for assessing biodegradability, Ginkel and Geerts [5] found that GLDA is more than
60% biodegradable in less than 60 days and that its conversion to water, carbon
dioxide, ammonium, and biomass is catalyzed by the Rhizobium radiobacter strain BG-
1. This extremely valuable property of GLDA complexing agent, combined with its non-
toxicity and safety of application, in contrast to conventional ligands, makes it an
environmentally friendly compound. Another advantage of GLDA, that favours its
increasing application, is its high solubility in both strongly acidic and strongly alkaline
environments [6]. The thermal stability studies of GLDA showed that it is stable in the
form of aqueous solutions up to 150°C. Increasing the temperature to 170°C resulted
less than 12% degradation [7]. In the paper [8], the authors identified hydroxyglutaric
acid and iminodiacetic acid as the primary degradation products of GLDA, while

iminodiacetic acid is further decarboxylated to glycine and hydroxyacetic acid (Fig. 1).
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Fig. 1. Structure, synthesis, degradation, and properties of GLDA.

Due to the presence of the nitrogen atom and the four carboxyl groups in the
molecule, GLDA as a pentadentate ligand forms very stable and soluble complexes
with many metal ions [2,9—-11]. Increased public awareness of the environment and its
pollutants has led to a high demand for a chemical compound characterized by
excellent complexing properties and, at the same time, high biodegradability since its
entry into the market. Today, GLDA can be found in the composition of detergents
along with citrates and carbonates [12]. As a water additive in the recirculating water
systems, GLDA prevents precipitation of metals and inhibits deposition on metal
surfaces [13]. It has also been proposed as a solvent for solid-deposits in oil wells,
which, when deposited, disrupt oil production and cause large economic losses each
year [14]. Salala and Watanabe et al. [15,16] investigated the use of GLDA in
geothermal systems for power generation through a process of chemical stimulation to
increase the permeability of geothermal reservoirs. To protect cultural heritage, GLDA
can be used in the cleaning and conservation of copper-alloy artifacts as an alternative
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to chemical cleaning with EDTA [17]. The studies have shown that GLDA improves the
mobility and availability of iron, an important nutrient for plant growth, resulting in more
intensive plant growth [18]. In recent years, much research has been conducted on the
use of GLDA in soil remediation. The complexation of metal ions into forms that can
be better taken up by plants is used in phytoremediation processes. Yang et al. [19]
studied the effect of complexing agents (including GLDA) on As(V) accumulation in L.
minor plants by affecting Fe(lll) deposition, which limits effective phytoremediation.
They discovered that the addition of GLDA increased the accumulation of As(lll) and
As(V) ions while enhancing the uptake of other essential elements (phosphorus and
iron). Similarly, Masoudi et al. [20] analysed the effect of GLDA on the removal of
heavy metals from contaminated soils by corn using zinc and lead as examples. Guan
et al. [21] compared the effects of GLDA and EDTA on phytoremediation of cadmium
and lead by Sedum hybridum ‘Immergrunchen’. GLDA increased the amount of metal
ions removed from the soil in both cases. In recent years, a number of papers have
also been published focusing on soil washing methods as a method to treat toxic
pollutants [22-24]. They demonstrated the high effectiveness of both the pure
complexing agent GLDA and its mixtures with citric acid, ascorbic acid, EDDS, or NTA,
among others, in removing heavy metals while retaining most nutrients in the soil. The
use of recycled GLDA for this purpose was also an important study, and its
effectiveness was found to be comparable to that of the fresh solution [22]. The growing
number of applications and the increasing prevalence of GLDA in the environment
encouraged further research on this compound, such as the development of a direct
determination method [25].

Complexing agents are used in metal recovery processes. A common method

for this purpose is adsorption because it can achieve high process efficiency with ease



of use and low cost. There are numerous studies on the removal and recovery of metal
ions by adsorption in the presence of EDTA (ethylenediaminetetraacetic acid) or DTPA
(diethylenetriaminepentaacetic acid) [26-29]. However, the application of
biodegradable complexing agents such as GLDA is under investigation. Of particular
importance is the recycling of those elements whose deposits have been depleted or
whose extraction poses many difficulties. This group includes the rare earth elements
(REEs), whose unique magnetic, luminescent, fluorescent, and optical properties have
led to their use in many high-tech products.

The aim of this paper was to study the complexes of REEs with the
biodegradable complexing agent GLDA by a potentiometric method (determination of
stability constants) and then to perform adsorption of the complexes on twelve different
ion exchangers for the selected REE representatives (La(lll), Nd(lll) and Ho(lll)).
Among the ion exchangers selected for the experiments there were chelating ion
exchangers (SAC-CIE), strongly cation exchanger (SAC), strongly basic anion
exchangers (SBA), and weakly basic anion exchanger (WBA) which differed in the
matrix, functional groups, structure, and bead size. A static method was used to
investigate the effects of the Ln(lll):GLDA molar ratio, initial solution pH, phase contact
time, initial solution concentrations, and temperature on the adsorption of Ln(l11)-GLDA
complexes. Then the pseudo-first order, pseudo-second order, intraparticle diffusion,
Boyd, Dumwald-Wagner kinetic and the Langmuir, Freundlich, and Temkin equilibrium
models were used to describe the studied process. The thermodynamic parameters
were determined. Adsorption was also performed using the dynamic method. The
results were analysed using the Thomas, Adams-Bohart, Yoon-Nelson, and Wolborska
models. In addition, the desorption process was carried out to regenerate the ion

exchangers and their physicochemical characterization was performed.



2. Materials and Methods
2.1. Materials

The following ion exchangers were selected: Purolite S950, Purolite S957
(denoted as SAC-S950, SAC-S957), Lewatit Monoplus SP112 (denoted as SAC-
SP112), Lewatit MonoPlus M500 (denoted as SBA-M500), Lewatit MonoPlus MP500,
(denoted as SBA-MP500), Lewatit MonoPlus M600 (denoted as SBA-M600), Amberjet
4200 (denoted as SBA-4200), Amberjet 4400 (denoted as SBA-4400), Amberjet 4600,
(denoted as SBA-4600), Amberlite IRA 958 (denoted as SBA-IRA 958), Amberlite IRA
458 (denoted as SBA-IRA 458) and Amberlite IRA 67 (denoted as WBA-IRA 67). More
information on these ion exchangers is available in our previous paper [30].

The biodegradable complexing agent, GLDA (tetrasodium salt of N,N-
bis(carboxymethyl)-L-glutamic acid), manufactured by Akzo-Nobel (Amsterdam, The
Netherlands), was used as a ligand in the complexation of rare earth element ions. The
product was an aqueous solution with a concentration of 38 wt% and was used without
additional treatment.

The rare earth elements in the form of hydrated nitrate salts (i.e. La(NO3)3-6H20,
Ce(NO3)3-6H20, Pr(NO3)3-6H20, Nd(NO3z)3-6H20, Sm(NO3)3-6H20, Ho(NO3)3-5H20)
were purchased from Sigma-Aldrich (Germany). La(lll), Nd(lll), and Ho(lll) were
selected as representative rare earth elements for the adsorption study.

2.2. Analytical methods

Elpin type 357 and Elpin type 358A laboratory shakers (Elpin Plus, Poland) were

applied to perform the static adsorption. Measurements of the solution pH were done

using the pHmeter pHM82 (Radiometer, Copenhagen).



The Ln(lll) ion concentration was determined by inductively coupled plasma
optical emission spectrometry using Varian 720-ES axial ICP-OES (Varian Inc., USA).
Five standards with concentrations ranging from 0.25 to 20 mg/L and the blank solution
were employed to create the calibration curves. To exclude matrix interference, all
standards and blank samples were prepared with high purity HNOs. La(lll), Nd(lll), and
Ho(lll) ions were measured at 333.749 nm, 401.224 nm, and 345.600 nm, respectively.
The relative standard deviation (RSD) for the triple analysis was within 5%.

The bead size distribution of the ion exchangers was determined by the sieve
analysis. For this purpose, 10 g of dry ion exchangers were sieved for 1 minute using
laboratory sieves (Retsch, Poland) with a diameter of 200 x 50 mm and a mesh size
of 100 to 900 um.

The surface morphology of the ion exchanger beads was observed with a
scanning electron microscope (SEM) using the Quanta 3D FEG (FEI, USA) with the
EDS (Energy Dispersive Spectroscopy)/EBSD (Electron Backscatter Diffraction)
system (FEI, USA). SEM were recorded at a magnification of 10,000x.

The X-ray photoelectron spectroscopy (XPS) was performed using ultra-high
vacuum multi-chamber analytical system (Prevac, Poland) equipped with the
monochromatic AlKa radiation.

The FTIR spectra of the ion exchangers before and after the adsorption process
were recorded using the Agilent Cary 630 ATR FT-IR spectrometer with the attenuated
total reflectance mode (Agilent Technologies, Inc., USA) in the wavelength range
4000-650 cm™" with a spectral resolution of 4 cm-'. The spectra were collected using
the MicroLab software (version B.04) and processed using Agilent Resolutions Pro

software (version 5.2.0.861).



The potentiometric titrations were made with the 907 Titrando titrator equipped
with dosing system (Metrohm, Switzerland). Prior to each measurement series, the
display of the pH-meter was corrected with two standard buffer solutions of pH 4.00
and pH 9.00, and the operation conditions were as previously [30]. The protonation
constants of the complexing agent (GLDA) and the stability constants of the rare earth
element complexes with GLDA in the 1:1, 1:2, and 2:1 systems were calculated using
the HYPERQUAD2008 program (Hyperquad Limited, Leeds, UK). The water ion
product (pKw) included in the computer analysis was 13.78.

2.3. Adsorption studies (static and dynamic methods)

The stock solutions of La(lll), Nd(lll), and Ho(lll) ions with the 1x102 M
concentration were prepared by dissolving appropriate amounts of hydrated rare earth
nitrate salts (La(NO3)3-6H20, Nd(NO3)3-:6H20 or Ho(NO3)3-:5H20) in deionized water.
To prepare solutions for the adsorption studies with the desired concentrations and
molar ratios of metal to ligand, appropriate volumes of the metal ion stock solution were
added to the GLDA solutions. The ICP-OES spectroscopy was used to determine the
final ion concentration.

The static adsorption experiments (single-component systems) were performed
according to the following procedure: 0.1 g of the ion exchanger was added to
100 cm? Erlenmeyer flasks, then 10 mL of the Ln(lll)-GLDA complexes solution was
added and mechanically stirred at a shaking speed of 180 rpm and the amplitude of 8.
After the indicated shaking time, the samples were separated with a filter paper. Each
experiment was performed three times, and the presented results are their average.
The influence of various factors on the Ln(lll)-GLDA complexes adsorption was
investigated. The studies on the molar Ln(lll):GLDA ratio effect were performed at a

metal ion concentration of 1.0x10-3 M and without pH adjustment. The influence of the



pH was also tested. The pH of the solutions was corrected to the desired value with 1
M HNOs or 1 M NaOH. The adsorption kinetic studies were performed for the contact
time of the adsorbate with the adsorbent from 1 to 240 minutes and at the initial
concentrations of 0.5x103, 1.0x10-3, and 1.5x10- M. The adsorption isotherms at the
temperatures of 293, 313, and 333 K were determined using solutions with initial
concentrations in the range of 0.5x10-3-1.2x10-2 M. All experiments were conducted at
293 K (except for the adsorption isotherm studies at higher temperatures).

The desorption tests were carried out on the ion exchanger after the Ln(lll)-
GLDA complexes adsorption (prepared as described above). 0.1 g of the dried sample
was weighed into 100 mL Erlenmeyer flasks and shaken at 180 rpm and 293 K with
10 mL of the desorbent media solution for 240 minutes. The effect of the desorbent
agent (HCI or HNOs) and the concentration (0.5, 1, and 2 M) was investigated.

The adsorption of La(lll)-GLDA complexes on ion exchangers was also
investigated in column systems, employing glass columns with a diameter of 1.5 cm
and a height of 25 cm filled with 10 mL of swollen, suitable ion exchanger. In this stage,
the optimal adsorption conditions for La(lll)-GLDA complexes developed by the static
method were applied: pH 8.0 and the La(lll):GLDA ratio of 1:1 for SAC-S950 and SAC-
S957, pH 2.0 and the La(lll):GLDA ratio of 1:1 for SAC-SP112, pH 10.0 and the
La(lll):GLDA ratio of 1:2 for SBA-M500, SBA-MP500, SBA-M600, SBA-4200, SBA-
4400, SBA-4600, SBA-IRA 958, SBA-IRA 458, and pH 4.0 and the La(lll):GLDA ratio
of 1:2 for WBA-IRA 67. The solution with a La(lll) ion concentration of 1.0x103 M
flowed through the bed at a constant rate of 0.6 mL/min at 293 K. After passing through
the column, the effluent was collected in fractions and analysed by using the ICP-OES.

The experiments in the column systems were terminated when the La(lll) ions
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concentration in the effluent was equal to the concentration of the solution entering the
column.
2.4. Calculations
2.4.1. Static method: basic parameters

The adsorption capacities at the equilibrium ge [mg/g] and at the defined time q:
[mg/g], the adsorption effectiveness %S and the desorption percentage %D were

calculated from Eqgs. 1-4.

4, =(C,-C,)x - (1)

6. =(C,-C)x = &

%5 = (C"C) 1009 (3)
Co

%D=%X1OO% (4)

0

where Co is the initial concentration of Ln(lll) [mg/L], Ce is the equilibrium concentration
of Ln(lll) [mg/L], Ct is the concentration of Ln(lIl) after time t [mg/L], V is the volume of
the solution [L], m is the mass of ion exchanger [g], Cudes is the concentration of Ln(lll)
after the desorption process [mg/L].
2.4.2. Dynamic method: basic parameters and mathematical models

Based on the results obtained in the column systems, using Egs. 5-9, the values
of the following parameters were determined: the adsorption capacity at the exhaustion
point ge [Mmg/g], the work exchange capacity Cw [mg/mL], the total exchange capacity
Ct [mg/mL], the mass distribution coefficient Dg and the volume distribution coefficient

D..

6 =— | (C,~C)av (%)
m;
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C.=~y (©)
c = U\x/jco 7)
D, =$ (8)
D, = W ©

where: Co is the concentration of Ln(lll) ions in the solution entering the column
[mg/mL], Cis the concentration of Ln(lll) ions in the leakage [mg/mL], Vk is the volume
of solution required for the bed exhaustion [mL], m;is the mass of the dry ion exchanger
filling the column [g], U is the leakage volume required to reach the breakthrough point
[mL], V;is the volume of the ion exchanger placed in the column [mL], U is the leakage
volume until C/Co=0.5 [mL], Uo is the dead volume in the column [mL] and V is the
volume of empty space between the resin beads (0.4 mL).

The dynamics of the La(lll)-GLDA adsorption process was estimated using the
Thomas [31], Adams-Bohart [32], Yoon-Nelson [33], and Wolborska [34] models:

kinQom ) kG

n(%-1)= 0 oV (10)
In(&)=k,eCot -kAqu (11)
In(5%5) = Kt - kT (12)
P Rl (13)

q 4

p= o (e ) (14
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where Co is the concentration of Ln(lll) ions in the solution entering the column [mg/L],
C is the concentration of Ln(lll) ions in the leakage [mg/L], km is the Thomas rate
constant [mL/mg min], qo is the adsorption capacity of the ion exchanger filling the
column [mg/g], m is the ion exchanger mass [g], Q is the flow rate [mL/min], V is the
leakage volume [L], kas is the Adams-Bohart rate constant [L/mg min], t is the time
[min], g is the adsorption capacity of the ion exchanger per unit volume of the bed
[mg/L], vis the linear velocity [cm/min], H is the bed depth of the fixed bed column [cm],
kyn is the Yoon-Nelson rate constant [1/min], 7is the time necessary for 50% adsorbate
breakthrough [min], B is the external mass transfer kinetic coefficient [1/min] and D is
the axial diffusion coefficient [cm2/min], Bo is the external mass transfer coefficient with
the negligible axial dispersion coefficient D.
2.4.3. Kinetic parameters

The kinetic data obtained in this paper for the Ln(lll)-GLDA complexes
adsorption were described using five commonly used models: pseudo-first order (PFO)
[35], pseudo-second order (PSO) [36], Weber-Morris [37], Boyd [38], and Dumwald-

Wagner (D-W) [39]:

9, =q.(1-exp(-k;t)) (15)
__kiqt
qt - 1+k2qet (16)
q, =kt®®+C (17)
6 < 1 ,

F:1—F;Fexp(—n B,) (18)
q

F=9 (19)
e

m°F
B, = (N - |- )?, for F values < 0.85 (20)
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B, =-0.4977 -In(1-F), for F values > 0.85 (21)

log(1-F?)=

2.303t (22)

where qe, q: were defined as previously, k1 is the PFO rate constant [1/min], k2 is the
PSO rate constant [g/mg min], ki is the Weber-Morris rate constant [mg/g min'?], C is
the intercept value related to the boundary layer thickness, F is the fractional
attainment of equilibrium at time t, n is the integer that defines the infinite series
solution, By is the mathematical function of F, k is the Dumwald-Wagner model rate
constant [1/min].
2.4.4. Isotherm parameters

There were examined the following adsorption isotherm models: Langmuir [40],
Freundlich [41], Temkin [42] as regards their ability to describe the Ln(lll)-GLDA

complexes adsorption process accurately:

_ q,K.C,
% =14k, (23)
g, =K.C!'" (24)
g, =BInA+BInC, (25)

where ge, Ce Were defined as previously, qois the maximum adsorption capacity [mg/g],
K. is the Langmuir constant [L/mg], Kr is the Freundlich constant [mg/g], n is the
Freundlich intensity parameter, A [L/g] and B [J/mol] are the Temkin constants
corresponding to the maximum binding energy and the adsorption heat, respectively.
The Temkin constant B can be written as B=RT/br, where R is the gas constant (8.314
J/mol K), T is the absolute temperature [K], and bris the Temkin isotherm constant.

2.4.5. Thermodynamic parameters
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The thermodynamic parameters (i.e. the Gibbs free energy change AG®
[kd/mol], the enthalpy change AH° [kJ/mol], and the entropy change AS° [J/mol K]) of
the Ln(lIl)-GLDA adsorption on the studied ion exchangers were determined based on

Egs. 26 and 27.

AG° =-RTInK, (26)
AS° AH°
InK, = T RT (27)

To determine the thermodynamic parameters, it is necessary to get to know the value
of the equilibrium constant K. (dimensionless). It can be determined by multiplying the
distribution coefficient Ky [L/g] [43].
2.4.6. Statistical analysis

In order to assess the accuracy of the fit of the obtained experimental data to
different kinetic models and adsorption isotherm models, the correlation coefficient (R?)
and the Chi-square (y?) statistical test were used. The Chi-square test, which is the
ratio of the sum of square differences between the experimental data and the data
obtained from the models to the data from the models, is mathematically expressed

as:

_ 2
X2 — z (qe,ex;;:l qe,cal) (28)
e,cal

where geexp is the adsorption capacity determined from the experimental data and qe,ca
is the adsorption capacity calculated from the model. The smallest Chi-square value
indicates the best model fit. Using the OriginPro 8 software (OriginLab Corporation,
USA), the kinetics and adsorption isotherm data were fitted to the nonlinear forms of

models, and the corresponding parameters were calculated.
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3. Results and Discussion
3.1. Materials characterization
3.1.1. GLDA as a high-potential complexing agent

Depending on the solution pH, the GLDA molecules are dissociated, the phases
of which correspond to the protonation constants (overall and successive). The
potentiometric measurements were made to determine their values using the
HYPERQUAD2008 software at y=0.1 M and T=293 K. The calculated protonation
constant values are shown in Table 1, and the species distribution curves of GLDA are

presented in Fig. 2a.

Table 1. The protonation constants for GLDA.

Overall protonation Successive
constants (logp) SD Protonation equilibria protonation
9 constants (logK)
9.69 0.01 GLDA* + H* 2 HGLDA®* 9.69
14.66 0.01 HGLDAS3- + H* 2 H2GLDA? 4.97
18.27 0.01 H2GLDAZ + H* 2 H3GLDA- 3.61
20.88 0.02 HsGLDA- + H* 2 H4GLDA 2.61

SD - standard deviation

The potentiometric studies at pH ranges from 2.5 to 11.0 have shown that GLDA
exists as a fully protonated molecule (H«GLDA) in strongly acidic solutions (pH=2). As
the solution pH rises, protons begin to dissociate from the oxygen atoms in the carboxyl
groups, corresponding to the successive logK values (2.61, 3.61, 4.97), and
deprotonation takes place. When pH is 2.6, the dominant form becomes H3GLDA,
whose percentage reaches 61% at pH 3.1. The proton dissociation from another
carboxyl group in the H3GLDA" molecule leads to the H2.GLDA? form formation, which
is predominant at pH ranges from 3.6 to 5.0. HGLDA3- is the form found in the largest
pH range (from 5.0 to 9.6), reaching 98.5%. Under strongly basic conditions, the last
to dissociate is the proton from the amine nitrogen atom, forming a fully deprotonated

form of GLDA* (logK=9.69).
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Understanding the GLDA complexation behaviour with metal ions is crucial in

the design of many processes, such as industrial purification. Although there are the

literature reports on the GLDA complexes with heavy metals (Ni, Cu, Zn, Cd, and Pb),

Ca, Mg, Ba, and Y, little is known about their interaction with rare earth elements [9,11].

Therefore, the potentiometric measurements were conducted in the binary systems

(GLDA with La(lll), Ce(lll), Pr(lll), Nd(lll), Sm(lll), or Ho(lll)) at different molar

metal:GLDA ratios and presented in Figs. 2 and S1 and Table 2.
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Fig. 2. (a) Percentage distribution of GLDA individual forms depending on the pH values and (b-d)
distribution diagrams for the Ln(lll)-GLDA systems at the Ln(lll):GLDA ratio 1:1.

Table 2. The calculated values of the overall stability constants (logfB) and the equilibrium constants
(logKe) for the Ln(lII)-GLDA systems for various Ln(l11):GLDA ratios.

1:1 1:2 2:1
Species
logB SD logKe logB SD logKe logB SD logKe
La(lll)-GLDA
LnHoL 18.70 0.02 4.04 18.53 0.02 3.87 18.30 0.04 3.64
LnHL 15.01 0.01 5.33 14.83 0.01 5.15 14.94 0.02 5.25
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LnL 995 002 995 993 002 993 952 008  9.52
LnL(OH) 020 002  4.02 - - - 336 004  7.60
LnL(OH)2 - - - - - - 635 005  4.07

LnHL: 2421  0.04 457 - - - - - -
LnLo - - - 1563 004  5.70 - - -
LnaL - - - - - - 1371 0.05 4.9

Ce(lll)-GLDA

LnHaL 19.14 001 448 1970 002  5.05 - - -
LnHL 1553 001 584 1634 002 665 1618 0.02  6.49
LnL 1044 002 1044 1172 002 1172 1059 0.07  10.59

LnL(OH) 136 002 469 533 003 738 390 0.06  7.07
LnL(OH)2 - - - 465 003 379 -686 008  3.02

LnHL2 2454 005  4.41 - - - - - -

Pr(lll)-GLDA

LnHaL 1883 001 4417 - - - 1994 005  5.28
LnHL 1530 002 561 1740 003 7.71 1667 004  6.98
LnL 1026 002 10.26 1354 003 1354 1167 005 11.67

LnL(OH) 139 007 489 830 003 853 504 006 7.4
LnL(OH)2 - - - 082 004 465 -559 006  3.14

LnHL: 2418  0.02 422 - - - - - -

Nd(Ill)-GLDA

LnHaL 19.08 001 442 1968 003 502 19.88 006 522
LnHL 1556 001 587 1692 002 724 1661 005  6.92
LnL 1074 001 1074 1244 003 1244 1186 006  11.86

LnL(OH) 190 002 492 708 002 841 526 007 747
LnL(OH)2 - - - 231 003 438 -400 007 450

LnHL: 2421 009 378 2550 004  3.36 - - -

Sm(lll)-GLDA

LnHaL 1929 002  4.63 - - - - - -
LnHL 1585 001 616 1727 002 7.58 16.86 0.03  7.17
LnL 1095 002 1095 13.00 0.02 13.00 1224 005 1224

LnL(OH) 270 004 551 763 003 841 654 005  8.07
LnL(OH)2 - - - 271 003 343 -339 006  3.84

LnHL: - - - 26.02 005  3.34 - - -
LnL> 19.93 006  8.98 - - - - - -

Ho(lll)-GLDA

LnHaL 2060 0.03  5.94 - - - - - -
LnHL 1696 003 727 1802 006 833 1767 004  7.98
LnL 12.06 003 12.06 1373 006 13.73 1331 004  13.31

LnL(OH) 397 003 569 825 007 829 745 005  7.91
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LnL(OH)2 -6.45 0.03 3.35 -2.22 0.07 3.30 -2.33 0.05 3.99
LnHL> - - - 26.96 0.08 3.54 - - -

SD - standard deviation

Three basic forms of complexes were discovered in each studied system. These
were: LnGLDA, LnHxGLDA (the protonated complexes) and LnGLDA(OH)x
(hydroxycomplexes). LnHGLDA and LnGLDA(OH) type complexes were identified in
all systems. LnH2GLDA and LnGLDA(OH)2 type complexes were also discovered in
more than half of the cases. The presence of redundant ligand molecules was
manifested by the formation of LhnHGLDA:2 type complexes. The forms of GLDA

complexes with rare earth elements can be formed by the following reactions:

Ln3* + H2GLDA? 2 LnH2GLDA* (29)
Ln3* + HGLDA®* 2 LnHGLDA (30)
Ln3* + GLDA* 2 LnGLDA" (31)
LnGLDA" + H20 2 LnGLDA(OH)? + H* (32)
LnGLDA(OH)? + H20 = LnGLDA(OH)2% + H* (33)
LnGLDA" + HGLDA3 = LnHGLDAZ* (34)

3.1.2. lon exchangers

The physicochemical characterization of the ion exchangers was conducted by
sieve analysis, scanning electron microscopy, X-ray photoelectron spectroscopy, and
Fourier transform infrared spectroscopy.

To verify the ion exchanger bead size, the sieve analysis was made using the
laboratory sieves with mesh sizes varying between 100 and 900 um (Fig. 3). The
results validated the information from the manufacturers on the beads dispersion.
Among the twelve ion exchangers chosen for the study, there were both monodisperse
and polydisperse ones. The SAC-SP112, SBA-M500, SBA-MP500, and SBA-M600 ion

exchangers were recognized as having nearly uniform-sized (monodisperse) beads.
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90% of the SAC-SP112 cation exchanger beads were 500 pym in size and 91% of the
SBA-MP500 anion exchanger beads were 400 ym in size. The SBA-M500 and SBA-
M600 anion exchangers had slightly greater diversity in bead size (81% and 72% of
the 500 um bead size, respectively). The other ion exchangers exhibited polydispersity,

but the bead sizes estimated in the study differed a little from the data given by the

manufacturers.
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Figure 3. Bead size distribution diagrams for SAC ion exchangers (a) S950, S957, SP112, for SBA and
WBA ion exchangers (b) M500, MP500, M600, (c) 4200, 4400, 4600, and (d) IRA 958, IRA 458, IRA 67,

and the general appearance of the ion exchangers.

The surface morphology of the ion exchangers was examined by the scanning
electron microscopy (SEM). The ion exchanger samples with La(lll) ions adsorbed on
the surface in the presence of GLDA were analysed (Fig. S2) and images were

recorded at x10,000. All the ion exchangers are in the form of beads with a spherical
20



shape and homogeneous surface. In a few cases, cracks and fissures can be observed
on the surface, which may be the result of mechanical damage. The SEM images of
ion exchangers with a macroporous structure (SAC-S950, SAC-S957, SAC-SP112,
SBA-MP500, SBA-IRA 958) show small cavities and pores typical of this structure,
while the gel ion exchangers (SBA-M500, SBA-M600, SBA-4200, SBA-4400, SBA-
4600, SBA-IRA 458, WBA-IRA 67) exhibit a more compact and packed surface. The
last one, WBA-IRA 67, is characterized by a creased and irregular surface after
adsorption. The SEM analysis of the ion exchangers before the adsorption process
was presented in the paper [30].

The elemental composition of the ion exchanger surfaces was assessed using
X-ray photoelectron spectroscopy (XPS), which also enables detecting the chemical
state of the elements present there and consequently the Ln(lll)-GLDA complexes
adsorption mechanism. The analysis included the twelve pure ion exchangers as well
as the ion exchangers after the La(lll)-GLDA complexes adsorption under optimal
conditions. Fig. 4 presents the wide-scan XPS spectra of samples before and after
adsorption. The elemental compositions and binding energies obtained during the

measurements are listed in Table S1.

21



(c)

1200

1200’

(9)

1200

U]

1200’

O1s

OKLLO1s

Ci1s

Cis

200-La(lll)-GLDA

SP112

— 5000
|— 4000

I— 3000

ty x10° [CPS]

L 2000 ;

I— 1000

Intens

T

L_0

[cPs]

sity x10

Inten.

2 [cPs]

nsity x10

Inte

L_0

4200

0

Cis

1200

(d)

1000 800

1200’

(h)

1200 1000

Bing;,
mdmg ene,.gy [eV]

Binding q,

\\ 4000

|— 3000

Intensity x10° [CPS]

600 M500-La(lll)-GLDA

400 M500

200 0

O1s

Cis

ty x10° [CPS]

[

(5.

o

S
Intens

800

600
eran 0 200 7 IRA958
"9y [ev)

22



(k) Cls on

RA 458-La(lll)-GLDA
O 200 7 IRA458

Fig. 4. XPS spectra of SAC ion exchangers (a) S950, (b) S957, (c) SP112, SBA ion exchangers (d)
M500, (e) MP500, (f) M600, (g) 4200, (h) 4400, (i) 4600, (j) IRA 958, (k) IRA 458, and WBA ion
exchangers (l) IRA 67 before and after the La(lll)-GLDA complexes adsorption.

The XPS spectra recorded: C1s and O1s bands corresponding to the presence
of carbon and oxygen atoms in the major matrix building blocks of ion exchangers; P2p
bands in the SAC-S950 spectrum proving the presence of phosphonic groups; S2p
bands in the SAC-SP112 spectrum derived from the sulfonic groups; and both (P2p
and S2p) in the case of the SAC-S957 ion exchanger (phosphonic and sulfonic
groups), as well as N1s bands corresponding to the amine and ammonium groups.
The Na1s band originates from the sodium form of the ion exchangers SAC-S950,
SAC-S957, and SAC-SP112, while the CI2p band confirms the chloride form in which
the SAC anion exchangers were present. Only WBA-IRA 67 had a free form. The
appearance of unexpected Si2p, Al2p, and Ca2p bands can indicate additives or
impurities introduced in the manufacturing or processing stage.

The spectra of ion exchangers after La(lll)-GLDA complexes adsorption reveal
bands originating from lanthanum atoms (La3d in the range of 833.7-836.7 eV),
confirming effective adsorption. The lanthanum content ranged from 0.1 to 0.6%;
nonetheless, it should be mentioned that this content, determined by the XPS
technique, refers only to the surface layer of the ion exchanger and not the entire

volume of the sample. The XPS spectra analysis of SBA anion exchangers in chloride
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form after the adsorption showed complete disappearance of the Cl1s band. Similarly,
the Na1s bands for the SAC-S950 and SAC-SP112 decreased. This suggests that the
La(lll)-GLDA complexes adsorption follows the ion exchange mechanism. Regarding
anion exchangers, Cl ions are exchanged for the negatively charged La(lll)-GLDA
complexes, whereas Na* ions in the SAC-S950 and SAC-SP112 structures are
replaced by La®* ions released during the complex decomposition.

Fourier transform infrared spectroscopy (FTIR) was applied to confirm the
functional groups of used ion exchangers. The spectra of the samples were recorded

in the wavelength range of 4000 cm™' to 650 cm™ (Fig. 5).
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Fig. 5. FTIR spectra for SAC ion exchangers (a) S950, S957, SP112, for SBA and WBA ion exchangers
(b) M500, MP500, M600, (c) 4200, 4400, 4600 and (d) IRA 958, IRA 458, IRA 67 before and after the
Ln(lll)-GLDA complexes adsorption.

The FTIR studies revealed the presence of multiple bands from both the ion
exchanger matrix (divinylbenzene-crosslinked polystyrene or polyacrylic acid) and the
various functional groups. The most prominent band present in each recorded
spectrum is that in the range of 3500-3300 cm- attributed to the stretching vibrations
of the O-H groups and the N-H groups [44]. Knowing the structures of SAC-S957 and
SAC-SP112 (no groups containing nitrogen atoms), it is possible to conclude that the
band originates from only the water content remaining in the ion exchanger phase and
that there are only vibrations of O-H groups. In the other ten studied ion exchangers,
where the quaternary ammonium, tertiary amine, or aminophosphonic groups are
present, the vibrations of N-H groups also occur in this wavelength range. The bands

in the 3050-3015 cm-" range originate from the benzene ring and correspond to the C-
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H stretching vibrations. In the range 2940-2840 cm™', there can be observed two bands
derived from asymmetric and symmetric C-H stretching vibrations in the -CHz2 groups
[45]. The aromatic ring presence in the ion exchanger structure is also confirmed by
three bands at 1480-1470, 1420-1410, and 1380-1370 cm-', which are the result of
asymmetric C=C stretching vibrations in the ring and asymmetric scissor vibrations in
the methylene groups [46]. Furthermore, the band at 1640 cm-' in the spectra of
polyacrylate ion exchangers can be attributed to the stretching vibrations of -C=0
groups [47].

The FTIR spectroscopic studies carried out on the SAC-S950 ion exchanger
verified the existence of phosphonic groups. In Fig. 5a, at 2312 cm™! as well as at 1083
and 973 cm™, there are clear bands of stretching vibrations of the P-OH, P=0, and P-
O groups, respectively. The spectrum of SCA-SP112 revealed four bands
characteristic of the sulfonic groups at 1177, 1123, 1037, and 1008 cm’,
corresponding to the S=0 and S-O groups stretching vibrations [48]. Meanwhile, the
chelating ion exchanger SAC-S957, which has both phosphonic and sulfonic groups,
exhibited all of the vibrations indicated above (at 2283, 2112, 1123, and 988 cm™ - the
stretching vibrations of P-OH and S-OH groups as well as P=0, P-O, S=0, and S-O
groups) [49]. Quaternary nitrogen atoms in the anion exchangers with the ammonium
groups give a characteristic band at 975 cm' [50].

The FTIR spectra recorded after the Ln(lll)-GLDA complexes adsorption were
compared to those obtained for the pure ion exchangers, allowing the mechanism
driving the uptake of Ln(lll) ions from the solution to be determined. The spectra of
SAC-S950, SAC-S957, and SAC-SP112 (Fig. 5a) did not change significantly as for all
the bands identified before the adsorption process, although a change in their intensity

as well as slight shifts could be seen. For example, the bands of the sulfonic groups in
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SAC-SP112 shifted from 1177, 1123, 1037, and 1008 cm-' to 1156, 1121, 1035, and
1004 cm-', respectively, and those of the sulfonic and phosphonic groups in the SAC-
S957 spectra shifted from 2283 cm™' to 2299 cm™' and from 1123 cm™' to 1153 cm™".
The change in the bands position for each group in the FTIR spectra suggests their
involvement in the adsorption process. The contribution of the phosphonic and sulfonic
groups (in the case of SAC-S950, SAC-S957, and SAC-SP112) to the removal of
Ln(lIl)-GLDA complexes indicates that in the studied process, it is highly possible that
the complexes decompose in favour of the formation of bonds between the dissociated
phosphonic or sulfonic groups and Ln(lll) ions. The anion exchanger spectra analysis
after the Ln(lll)-GLDA complexes adsorption revealed the appearance of new bands
in the 1600-1580 cm™' and 1380-1330 cm™ regions, which can be attributed to the
carboxyl groups stretching vibrations, originating from GLDA molecules, which is
evidence of the presence of complexes in the ion exchanger phase [44].
3.2. GLDA in rare earth elements removal - Adsorption static method
3.2.1. Evaluation of the influence of different process conditions

In order for adsorption to occur with the highest possible effectiveness, besides
choosing the appropriate adsorbent, it is also crucial to determine the optimal external
conditions, such as the molar metal:ligand ratio, solution pH, process time, and
temperature.
3.2.1.1. Ln(lll):GLDA molar ratio

The analysis of the effect of individual conditions on the adsorption began with
the selection of the appropriate metal to complexing agent molar ratio in the solution.
It is commonly known that the types of complexes that occur, their quantity, and the
degree of metal complexation depend on the amount of metal ions and ligand

introduced into the solution. The experiments were conducted at the initial Ln(lIl) ions
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concentration of 1.0x10 M, varying the GLDA concentration from 1.0x10* M to
4.0x10°% M, which corresponded to the metal:ligand ratios of 1:1, 1:2, and 1:4,
respectively (without modifying the original pH of the solution). The studies were not
carried out in the systems with an underdose of GLDA (for example, the metal:ligand
ratio 2:1), due to the Ln(lll) hydroxides precipitation at higher values of pH. Fig. 6
demonstrates that increasing the GLDA concentration in the sample (change in the
molar ratio from 1:1 to 1:4) had no impact on the adsorption capacities of SAC-S950
and SAC-S957 relative to the La(lll) complexes; nonetheless, it had a significant effect
on the other ion exchangers. The increase in the GLDA concentration from 1.0x103 M
to 4.0x103 M in the system with SAC-SP112 caused a reduction in the adsorption
effectiveness from 7.67 to 0.23 mg/g, while the inverse relationship was observed for
the anion exchangers SBA-M500, SBA-MP500, SBA-M600, SBA-4200, SBA-4400,
SBA-4600, SBA-IRA 958, and SBA-IRA 458, where the adsorption capabilities
increased as the GLDA concentration increased. In the case of the aforementioned
anion exchangers, a large increase in the ge values was recorded when the ratio was
altered from 1:1 to 1:2; further modifications no longer affected the system significantly.
A significant overabundance of the complexing agent (Ln(lll):GLDA ratio of 1:4)
reduced adsorption capacities in the systems that contained the WBA-IRA 67. For the
systems containing Nd(l11) and Ho(lll) ions, similar relationships were discovered (Figs.
S3 and S4). Further research described in the paper were carried out at the
Ln(lll):GLDA ratios, which yielded the greatest capacity for adsorption but without
unnecessary excess consumption of the complexing agent. These were the
Ln(lIl):GLDA ratios of 1:1 for SAC-S950, SAC-S957, and SAC-SP112 and 1:2 for SBA-
M500, SBA-MP500, SBA-M600, SBA-4200, SBA-4400, SBA-4600, SBA-IRA 958,

SBA-IRA 458, and WBA-IRA 67.
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Fig. 6. Effect of the Ln(lll):GLDA molar ratio on the La(lll)-GLDA complexes adsorption on SAC ion

exchangers (a) S950, S957, SP112, on SBA and WBA ion exchangers (b) M500, MP500, M600, (c)
4200, 4400, 4600 and (d) IRA 958, IRA 458, IRA 67.

3.2.1.2. The initial solution pH

It is commonly known that the solution pH has an impact both the adsorbent by
changing its surface charge and the adsorbate by changing the form of the metal in
the solution. In the aqueous solutions, La(lll), Nd(lll), and Ho(lll) exist as Ln3*,
Ln(OH)?*, Ln(OH)2*, and Ln(OH)s. However, free cations capable of participating in the
adsorption are present only in the solutions with the pH value below 6.0; more alkaline
solutions cause hydroxide precipitation, which inhibits the process from proceeding.
The addition of an appropriate amount of a ligand, such as GLDA, causes the formation
of well-soluble complexes with metal ions, so that the process can be conducted over
a considerably wider pH range, even up to pH 12.0. In addition, in the alkaline solutions

rare earth elements form negatively charged complexes with GLDA (Fig. 2) which
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provides the possibility of using a wide range of ion exchangers, such as the anion
exchangers, in the adsorption process.

The effect of the initial solution pH on the Ln(lll) ions adsorption with the
complexing agent GLDA is investigated in this paper. The experiments were
conducted in the pH range from 2.0 to 12.0 for the initial Ln(lll) ions concentration of
1.0x10 M and the optimal molar metal:ligand ratios determined for each system in
the previous stage of the study. The obtained ge vs. initial pH dependencies for the
adsorption of La(lll)-GLDA complexes are shown in Fig. 7, and for the Nd(lll)-GLDA

and Ho(lll)-GLDA complexes in Figs. S5 and S6.
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Fig. 7. Effect of the initial solution pH on the La(lll)-GDLA complexes adsorption on SAC ion exchangers
(a) S950, S957, SP112, on SBA and WBA ion exchangers (b) M500, MP500, M600, (c) 4200, 4400,
4600 and (d) IRA 958, IRA 458, IRA 67, and changes of solution pH after the process.

The results show that the studied correlation was significantly influenced by the

type of ion exchanger used in the system, which is related to the presence of different
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functional groups on their surface. Among the adsorbents selected for the experiments
were the ion exchangers belonging to four groups: chelating ion exchangers (SAC-
CIE), strongly cation exchangers (SAC), strongly basic anion exchangers (SBA), and
weakly basic anion exchangers (WBA). For SAC-S950 and SAC-S957 (SAC-CIE),
similar adsorption capacities were obtained over a very broad pH range from 2.0 to
10.0. During the La(lll) complexes adsorption, the qe values ranged from 42.98 to 47.31
mg/g for SAC-S950 and from 55.03 to 56.98 mg/g for SAC-S957, whereas the during
Nd(lll) complexes adsorption, the ge values ranged from 35.75 to 40.94 mg/g for SAC-
S950 and from 56.17 to 57.13 mg/g for SAC-S957. The qe values for the SAC-S957-
Ho(lll)-GLDA system were also stable with the changes in pH (63.85-65.34 mg/g) but
a different correlation was observed for the SAC-S950-Ho(lll)-GLDA system; as pH
increased, the adsorption capacity reduced from 44.88 to 24.63 mg/g. The SAC-SP112
cation exchanger showed the same behaviour. The maximum adsorption capacities
(56.56 mg/g for La(lll), 55.86 mg/g for Nd(lll), and 64.30 mg/g for Ho(lll)) were found
here only in strongly acidic environments where the potentiometric measurements
revealed free Ln3* cations and fully protonated GLDA molecules incapable of forming
complexes, and then dropped to barely 20.24 mg/g for La(lll), 10.46 mg/g for Nd(III)
and 13.19 mg/g for Ho(lll) at pH 12.0. The optimal pH for the adsorption using SBA ion
exchangers was determined to be 10.0. At this value this is directly related to the
presence of negatively charged complexes in the solution that are readily captured by
the quaternary ammonium groups of anion exchangers. WBA-IRA 67, having tertiary
amine groups, which qualifies it to be in the WBA ion exchangers group, adsorbed the
Ln(lIl)-GLDA complexes with the highest efficiency (50.97 mg/g for La(lll), 51.96 mg/g
for Nd(lll), and 62.97 mg/g for Ho(lll)) at pH 4.0. Both the decreasing pH value and its

increase caused a significant reduction in the adsorption capacities. The anion
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exchangers of this type are most effective in low pH solutions, i.e., at high hydrogen
ion concentrations that allow protonation of their functional groups [51]. However, in
too acidic an environment (pH=2), the metal ions remain uncomplexed (Ln3*) and are
not captured by the amine groups.
3.2.1.3. The phase contact time and the initial solution concentration

The studies on the impact of contact time between particular ion exchangers
and the adsorbate (the solution of Ln(l11)-GLDA complexes) were carried out analysing
the systems in which adsorption proceeded for a period of 1 to 240 minutes. The
experiment was conducted for the three initial concentrations of 0.5x10-3 M, 1.0x10-3
M, and 1.5%x10-3 M. The obtained results for the exemplary La(lll)-GLDA complexes of
the concentration of 0.5x103 M are shown in Fig. S7a-d, and the determined
adsorption capacities geexp are provided in Tables S2, S5, and S8. In all studied
systems, efficiency was improved by lengthening the adsorption time until equilibrium
was established and the process was complete. The results allowed to conclude that
the adsorption of Ln(Ill)-GLDA complexes on the majority of the ion exchangers being
used is very quick. The period of 30 minutes was sufficient for adsorption to occur with
more than 95% efficiency. The exceptions were the systems with SAC-S950 and WBA-
IRA 67 for which the period of time of up to 240 minutes was required at the
concentration of Ln(l11)-GLDA complexes of 1.5%x10-3 M. The time needed for achieving
adsorption equilibrium in the systems was dependent on the initial adsorbate
concentration. At higher concentrations the period of time was longer. For example, for
the SAC-S950-La(lll)-GLDA system at the concentration of 0.5x10-3 M, the equilibrium
was reached in 10 minutes, at the concentration of 1.0x10* M in 60 minutes, and at
the concentration of 1.5x10-3 M in 120 minutes. An increase in the initial concentration

also caused a reduction in the adsorption effectiveness (%S). However, in the studied
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concentration range, %S did not decrease below 93% (the lowest %S value for the
WBA-IRA 67-Nd(l11)-GLDA system).
3.2.1.4. Temperature

Another important external parameter affecting adsorption efficiency is the
temperature. In addition, the study of the temperature effect on the process is
necessary to determine the thermodynamic parameters that allow a better
understanding of its nature. In the current study, the adsorption of Ln(lll)-GLDA
complexes was performed at three different temperatures: 293 K, 313 K, and 333 K.
The temperature effect on the maximum adsorption capabilities of ion exchangers
towards the La(lll)-GLDA complexes is shown in Fig. 8, and the experimentally
determined qe values are provided in Tables S11-S14.
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Fig. 8. Temperature effect on the La(lll)-GLDA complexes adsorption on various ion exchangers.

The studies revealed that the ion exchangers chosen for adsorption can be
divided into two groups with regard to the behaviour of their adsorption capacities with
changes in the process temperature. Independent of the adsorbed complex (La(lll)-
GLDA, Nd(l1)-GLDA, or Ho(lll)-GLDA), the SAC-S950, SAC-S957, SAC-SP112, SBA-
M500, SBA-MP500, SBA-M600, SBA-4200, SBA-4400, and SBA-4600 ion exchangers
exhibited an increase in the adsorption capacity when the temperature was raised from

293 K to 333 K. Such behaviour for the ion exchangers is typical and often reported in
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the literature [52-54]. This is because the adsorbate molecules are more easily
transported to active sites, which is a result of an increase in their kinetic energy as
well as an enhanced intraparticle diffusion rate. For these systems, changes in qe were
observed in varying ranges. The largest temperature influence on the adsorption was
demonstrated for the SAC-S950-La(lll)-GLDA system, where the ge value increased
from 120.10 to 135.40 mg/g, and the smallest for the SAC-SP112-La(lll)-GLDA system
where a change from 155.49 to 156.22 mg/g was registered. The completely opposite
dependence was found for the second group which included the ion exchangers with
polyacrylic matrix (SBA-IRA 958, SBA-IRA 458, and WBA-IRA 67). The adsorption
effectiveness decreased with the rising temperature in the systems containing these
ion exchangers. The largest reduction in the adsorption capacity (from 52.83 to 39.38
mg/g) was obtained for the WBA-IRA 67-La(lll)-GLDA system.
3.2.2. Adsorption kinetics

The adsorption rates of Ln(lll) complexes with GLDA on twelve different ion
exchangers were determined by fitting the experimental data obtained by studying the
phase contact time effect on the adsorption process to the pseudo-first order (PFO),
pseudo-second order (PSO), Weber-Morris intraparticle diffusion, Boyd, and
Dumwald-Wagner (D-W) kinetic models. For the analysis of the kinetics of adsorption
with the PFO and PSO models, nonlinear versions of the equations were applied.
Fitting was made using the OriginPro 8 software. The consistency of the experiment
with the kinetic model was evaluated by applying the correlation coefficient (R?) and
the Chi-square (72) statistical test. Table 3 presents the kinetic parameters determined
for the La(lll)-GLDA complexes adsorption at the 0.5x10-% M initial concentration. The
parameters obtained for higher concentrations and for Nd(l11)/Ho(lll)-GLDA complexes
are summarized in Tables S2-S10. In addition, the fit of the kinetic models to the
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experimental data obtained for the La(lll)-GLDA complexes at the concentration of

0.5x107 M is illustrated in Fig. S7.

Table 3. Calculated kinetic parameters for the La(lll)-GLDA complexes adsorption on SAC-S950, SAC-
S957, SAC-SP112, SBA-M500, SBA-MP500, SBA-M600, SBA-4200, SBA-4400, SBA-4600, SBA-IRA
958, SBA-IRA 458, WBA-IRA 67 (Cy=0.5x10-3 M).

Model Pseudo-First Order Pseudo-Second Order
lon Je.exp Qq1.cal k1 R? > q2.cal [ 7;] R? >
exchanger [mg/g] [mg/g] [1/min] z [mg/g] ?nin]g z

SAC-S950 6.77 6.37 0.221 0.956 0.127 6.75 0.050 0970 0.088
SAC-S957 6.89 6.90 0.447 0.998 0.004 7.24 0.108 0910 0.194
SAC-SP112 6.85 6.68 0.204 0.976  0.082 7.07 0.044 0973 0.090
SBA-M500 6.83 6.68 0.424 0.981 0.028 7.16 0.100 0.965 0.053
SBA-MP500 6.79 6.61 0.563 0.972 0.028 7.04 0.143 0.957 0.042
SBA-M600 6.83 6.74 0.369 0.992 0.014 7.23 0.085 0.955 0.082
SBA-4200 6.81 6.73 0.327 0.995 0.010 7.23 0.073 0.959 0.082
SBA-4400 6.81 6.62 0.351 0.982  0.030 7.10 0.082 0.965 0.059
SBA-4600 6.77 6.69 0.308 0.987 0.027 7.17 0.069 0963 0.074
SBA-IRA 958 6.73 6.68 0.442 0.977 0.033 7.12 0.110 0926 0.104
SBA-IRA 458 6.65 6.58 0.286 0.992 0.018 7.10 0.062 0951 0.115
WBA-IRA 67 6.82 6.04 0.208 0.776  0.441 6.56 0.046 0931 0.135

Weber-Morris Intraparticle Diffusion

ki1 Ki2 kis
[mg/g Cq R? [mg/g C> R? [mg/g Cs R?

SAC-S950 1.80 0.03 0.978 0.16 5.01 1.000 0.06 5.86 0.934
SAC-S957 2.58 0.19 0.970 0.01 6.85 0.668 - - -
SAC-SP112 1.89 0.27 0.992 0.30 4.51 0.838 0.03 6.45 0.827
SBA-M500 2.58 0.18 0.968 0.81 3.99 0.983 0.02 6.63 0.347
SBA-MP500 2.42 0.97 0.988 0.38 5.22 0.789 0.01 6.75 0.743
SBA-M600 2.29 0.34 0.964 0.34 5.32 0.764 0.00 6.78 0.769
SBA-4200 2.24 0.17 0.974 0.34 5.21 0.962 0.01 6.74 0.617
SBA-4400 1.71 1.22 0.965 0.18 5.76 0.965 0.01 6.72 0.817
SBA-4600 1.92 0.60 0.970 0.17 5.85 0.929 0.00 6.75 0.655
SBA-IRA 958 2.54 0.32 0.993 0.67 4.53 0.973 0.00 6.67 0.272
SBA-IRA 458 2.04 0.09 0.933 0.27 5.24 0.865 0.00 6.61 0.856
WBA-IRA 67 1.60 0.55 0.936 0.64 2.57 0.975 0.18 4.55 0.764

Boyd Dumwald-Wagner
k .
2 2
slope R [1/min] intercept R
SAC-S950 0.135 0.973 0.122 -0.040 0.974

SAC-S957 0.558 0.985 0.536 -0.306 0.980
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SAC-SP112 0.104 0.995 0.093 -0.017 0.996

SBA-M500 0.264 0.995 0.245 -0.020 0.996
SBA-MP500 0.286 0.985 0.268 0.044 0.988
SBA-M600 0.276 0.989 0.256 -0.070 0.989
SBA-4200 0.245 0.994 0.225 -0.065 0.995
SBA-4400 0.220 0.997 0.202 -0.033 0.997
SBA-4600 0.241 0.987 0.222 -0.086 0.985
SBA-IRA 958 0.384 0.989 0.363 -0.136 0.987
SBA-IRA 458 0.212 0.981 0.194 -0.056 0.983
WBA-IRA 67 0.058 0.941 0.053 0.049 0.937

On the basis of the PFO and PSO models fitting the experimental data, it can
be concluded that both models were applicable in the studied process description. The
PFO model provided an accurate description of adsorption kinetics in the systems
containing SAC-S957, SAC-SP112, SBA-M500, SBA-MP500, SBA-M600, SBA-4200,
SBA-4400, SBA-4600, SBA-IRA 958, or SBA-IRA 458, independently of the Ln(lll) ions
forming the complexes. This is evidenced by the obtained parameters determining the
degree of fitting (R? and »?). Compared to the PSO model, the R? values were closer
to unity and the #? values were smaller. Additionally, the equilibrium adsorption
capacities determined experimentally (qexp) had greater agreement with the adsorption
capacities calculated from the PFO model (q+.ca) than with the adsorption capacities
determined from the PSO model (q2.ca). In the case of the Ln(lll)-GLDA complexes
adsorption on SAC-S950 and WBA-IRA 67, the process kinetics were more precisely
represented by the PSO model, which was also confirmed by the values of R? and ;2
as well as the agreement of qexp and q2.ca values.

The PFO and PSO models are categorized as adsorption reaction models and
are based on the overall adsorption process without considering its individual stages.
When describing adsorption using these models, there is no possibility of getting to

know the mechanism by which it occurs. Therefore, the Weber-Morris, Boyd, and
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Dumwald-Wagner models, known as adsorption diffusion models, were developed to
determine the process rate controlling step. During the adsorbate adsorption on the
adsorbent, the adsorbate is transported in the solution phase in the first step. This
stage proceeds quite rapidly and is called the bulk transport. Then the adsorbate
passes the boundary layer (film diffusion) and diffuses through the pores of the
adsorbent (intraparticle diffusion) so that it can be adsorbed onto the active sites of the
adsorbent in the final step. The last adsorption phase is also regarded as quick, so only
the film diffusion and/or intraparticle diffusion are included as factors affecting the
adsorption rate [55].

According to the adsorption diffusion models, the adsorption mechanism can be
estimated by determining first the g: vs. t"2 plots for the Weber-Morris model, B; vs. t
plots for the Boyd model, and log(1-F?) vs. t plots for the Dumwald-Wagner model.
Then, the analysis of the resulting graphs reveals the process step that controls its
rate. If the plot is a straight line passing through the origin, it should be inferred that the
step is intraparticle diffusion; otherwise (when the line obtained is not straight and/or
does not cross the origin), adsorption is a complex process influenced by both
intraparticle diffusion and film diffusion [56—58]. In the present paper, such a procedure
was employed for all experimental data and the resulting fits of the exemplary La(lll)-
GLDA complexes with the concentration of 0.5x10-3 M are shown in Fig. S7.

The application of the Weber-Morris model to describe the Ln(lll)-GLDA
complexes adsorption kinetics showed the multi-step process. The obtained plots of g:
vs. t"”2 were not rectilinear and were characterized by the presence of two or three
sections corresponding to the successive steps of adsorption that had various rate
constants. Thus, it can be concluded that there are more steps beyond intraparticle

diffusion affecting the Ln(lll)-GLDA complexes adsorption rate. Additionally, the
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boundary layer thickness effect on the adsorbate particles diffusion can be analysed
based on the discussed model. This information is provided by the C parameter, which
is the intercept value on the g: vs. t”2 plot. The greater the boundary layer thickness
influence, the greater the value of C [59]. Remarkable is the fact that the C values
increase in the Cs < C2 < C3 series as well as with the increasing initial Ln(lll)-GLDA
complexes concentration, suggesting a greater boundary layer effect (Tables 3, S3,
S6, and S9). An increase in the initial concentration also caused an increase in the k;
values, which correspond to the slopes of the straight lines assigned to the subsequent
adsorption steps.

The Boyd and Dumwald-Wagner plots (B; vs. t and log(1-F?) vs. t) are shown in
Fig. S7e-f, and the determined parameters are summarized in Tables 3, S4, S7, and
S10. It can be observed that the obtained graphs are characterized by great linearity,
which is confirmed by the high R? values. The R? values for the Boyd model ranged
from 0.893 to 0.998 for the La(lll)-GLDA complexes adsorption, from 0.853 to 0.998
for the Nd(ll1)-GLDA complexes adsorption, and from 0.868 to 0.998 for the Ho(lll)-
GLDA complexes adsorption. As for the Dumwald-Wagner model the R? values ranged
from 0.915 to 0.998 for the La(lll)-GLDA complexes, from 0.846 to 0.998 for the Nd(lIl)-
GLDA complexes and from 0.863 to 0.997 for the Ho(lll)-GLDA complexes. However,
in any case the straight lines obtained from the Boyd and Dumwald-Wagner plots did
not intersect the point (0.0). The application of these models allowed to validate the
conclusions obtained from the Weber-Morris model and confirmed the complexity of
the Ln(lll)-GLDA complexes adsorption mechanism.
3.2.3. Adsorption isotherms

Adsorption isotherms were determined to find the maximum adsorption

capacities of the selected ion exchangers towards the Ln(lll) complexes with the GLDA

38



complexing agent. These studies also allow for a better understanding of the
adsorption mechanism by assessing the distribution of Ln(lll)-GLDA complexes
between the solution and the ion exchanger surface at equilibrium. The obtained
experimental data were analysed using the Langmuir, Freundlich, and Temkin models.
Isotherms were determined for the adsorption conducted under the optimal conditions
at the temperatures of 293 K, 313 K, and 333 K. Fig. 9 depicts the nonlinear models fit

to the data obtained during the adsorption of La(lll)-GLDA complexes at 293 K.
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Fig. 9. Fitting the nonlinear form of (a) Langmuir, (b) Freundlich, and (c) Temkin adsorption isotherms

to the experimental data of the La(lll)-GLDA complexes adsorption on SAC, SBA, and WBA ion
exchangers at 293 K.

The isotherm models chosen to analyse the experimental data differ significantly
in their assumptions about the adsorption mechanism. The monolayer coverage of an
energetically homogeneous adsorbent surface and the absence of interactions

between the adsorbed particles are the Langmuir model assumptions. The Freundlich
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model describes an entirely different adsorption mechanism in which adsorption occurs
multilayered on the heterogeneous adsorbent surface and the adsorbate particles can
interact with each other. The model that assumes the possibility of multilayer
adsorption is also the Temkin model, which takes into consideration the interactions
between the adsorbate and the adsorbent that cause a linear decrease in the
adsorption heat with the coverage of the adsorbent surface.

The experimental data of adsorption isotherms of Ln(lll) ions with GLDA on
twelve ion exchangers were fitted to the nonlinear versions of isotherm models utilizing
the OriginPro 8 software. The determined isotherm parameters as well as the R? and
72 values for the temperature of 293 K are summarized in Table S11, and for the
temperatures of 313 K and 333 K in Tables S12-S14. From the obtained results, it is
possible to infer the diversity of the adsorption mechanism depending on the ion
exchanger used in the system. The adsorption of Ln(lll)-GLDA complexes on SBA-
M500, SBA-MP500, SBA-M600, SBA-4200, SBA-4400, SBA-4600, SBA-IRA 958, and
SBA-IRA 458 was very well described by the Langmuir model. The adsorption data
obtained using WBA-IRA 67 showed the best agreement with the Freundlich model,
regardless of the Ln(lll) ions present in the system. However, when SAC-S950, SAC-
S957, or SAC-SP112 were used as adsorbents, the best isotherm fit was obtained for
the Temkin model.

The determination of the maximum adsorption capacities of ion exchangers as
regards the complexes under study provides an opportunity of developing an affinity
series and identification of the adsorbent with the highest capability of capturing
complexes from the solution. Twelve ion exchangers differing in the matrix, functional
groups, structure, and bead size were ranked according to the increasing affinity for

the Ln(lll)-GLDA complexes:
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- WBA-IRA 67 < SBA-4400 < SBA-4600 < SBA-M600 < SBA-IRA 958 < SBA-4200 <
SBA-M500 < SBA-MP500 < SBA-IRA 458 < SAC-S950 < SAC-S957 < SAC-SP112 for
the La(lll)-GLDA complexes,

- WBA-IRA 67 < SBA-4400 < SBA-M600 < SBA-MP500 < SBA-M500 < SBA-4600 <
SBA-IRA 958 < SBA-4200 < SAC-S950 < SBA-IRA 458 < SAC-SP112 < SAC-S957
for the Nd(l11)-GLDA complexes,

- SAC-S950 < WBA-IRA 67 < SBA-4400 < SBA-MP500 < SBA-M600 < SBA-IRA 958
< SBA-M500 < SBA-4200 < SBA-4600 < SBA-IRA 458 < SAC-SP112 < SAC-S957 for
the Ho(lll)-GLDA complexes.

The studies presented in this paper proved that SAC-S957 and SAC-SP112
were characterized by the greatest adsorption capacities towards the complexes in
focus. The adsorption capacities toward the La(lll)-GLDA, Nd(III)-GLDA, and Ho(lll)-
GLDA complexes using SAC-S957 at 293 K were 139.57 mg/g, 152.72 mg/g, and
151.29 mg/g, respectively, while the values for SAC-SP112 were 155.49 mg/g, 150.23
mg/g, and 132.77 mg/g.

3.2.4. Adsorption thermodynamics

The basic thermodynamic parameters (AG°, AH®, and AS°®) of the Ln(lll)-GLDA
complexes adsorption on the twelve various ion exchangers were calculated for three
temperatures (293 K, 313 K, and 333 K) and are presented in Tables 4, S15, and S16.
The InK: vs. 1/T plots, from which the parameters were calculated, are shown in Fig.

S8.

Table 4. Thermodynamic parameters for the La(lll)-GLDA complexes adsorption on SAC, SBA, and
WBA ion exchangers.

lon AH° AS° AG° [kJ/mol]
exchanger [kd/mol] [J/mol K] 203 K 313 K 333K
SAC-S950 11.41 85.59 -13.76 -15.17 -17.21
SAC-S957 16.76 110.38 -15.62 -17.72 -20.05

SAC-SP112 2.50 73.26 -18.97 -20.41 -21.90
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SBA-M500 3.95 58.58 -13.22 -14.39 -15.56

SBA-MP500 6.51 71.02 -14.29 -15.73 -17.13
SBA-M600 4.32 62.93 -14.13 -156.37 -16.64
SBA-4200 6.93 72.16 -14.22 -15.63 -17.11
SBA-4400 6.22 67.10 -13.47 -14.70 -16.16
SBA-4600 2.06 54.61 -13.95 -15.01 -16.14

SBA-IRA 958 -3.32 36.91 -14.13 -14.88 -15.60

SBA-IRA 458 -3.39 40.24 -15.20 -15.94 -16.82

WBA-IRA 67 -10.56 5.21 -12.11 -12.12 -12.33

The obtained negative AG° values for each system under study indicate the
thermodynamically favourable and spontaneous nature of the Ln(l11)-GLDA complexes
adsorption. Moreover, the values varied between -20 kd/mol and 0 kd/mol, suggesting
that the major mechanism is physical adsorption. This conclusion is validated by the
values of the enthalpy change AH°®, which are less than 40 kJ/mol (AH® values above
40 kJ/mol are characteristic of chemical adsorption). Furthermore, the energy effect of
adsorption can be inferred from AH°. In the systems with the divinylbenzene-
crosslinked polystyrene matrix ion exchangers (SAC-S950, SAC-S957, SAC-SP112,
SBA-M500, SBA-MP500, SBA-M600, SBA-4200, SBA-4400, and SBA-4600), positive
AH? values confirm the endothermic nature of the process while in the systems with
the polyacrylate matrix ion exchangers (SBA-IRA 958, SBA-IRA 458, and WBA-IRA
67), negative AH® values were obtained, typical of exothermic processes. The positive
entropy change AS° values indicate an increase in randomness at the phase boundary
during the Ln(lIl)-GLDA complexes adsorption.

3.2.5. Desorption experiments

The desorption studies provide information on the extent of valuable metal ion
recovery. They are also necessary to evaluate the possibility of regeneration and reuse
of the adsorbent. Therefore, desorption is extremely important for the use of

adsorbents in industrial processes where economical considerations play an important
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role. Reusable adsorbents are also more suitable from an environmental perspective
because they reduce the production of process waste. Accordingly, carrying out the
research on the application of adsorbents in water and wastewater treatment
processes and the recovery of various metals requires analysing the desorption
process as well. In the present study, the desorption process was conducted using two
desorbing agents with different concentrations. These were hydrochloric acid and
nitric(V) acid at the concentrations of 0.5, 1, and 2 M. The obtained desorption
efficiencies for the La(lll)-GLDA complexes are shown in Fig. 10, and for the

Nd(ll1)/Ho(lll)-GLDA complexes in Figs. S9 and S10.
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Fig. 10. Effect of the desorbing agent (type and concentration) on the desorption process of La(lll) from
the SAC ion exchangers (a) S950, S957, SP112, the SBA and WBA ion exchangers (b) M500, MP500,
M600, (c) 4200, 4400, 4600, and (d) IRA 958, IRA 458, IRA 67.

Based on the presented results, it can be concluded that the desorption process

on SAC-S950, SAC-S957, and SAC-SP112 is largely dependent on the concentration
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of the used desorbing agent and that its effectiveness rises with the increasing eluent
concentration. For example, in the desorption of La(lll) from SAC-S957, changing the
concentration of nitric(V) acid from 0.5 M to 2 M increased the desorption efficiency
from 3.34% to 60.76%. The type of used desorbing agent was slightly less important
compared to its concentration. Changing 2 M nitric(V) acid to 2 M hydrochloric acid
increased the %D value from 25.90% to 37.07% during the desorption of La(lll) from
SAC-S950 but it resulted in a slight decrease from 24.60% to 23.29% during the
desorption of La(lll) from SAC-SP112. The other ion exchangers (anion exchangers)
did not exhibit such correlations. Both the change of desorbing agent and its
concentration affected marginally the process, with the obtained desorption efficiencies
being greater compared to SAC-S950, SAC-S957, and SAC-SP112 (up to 94.38%).
The results show that the Ln(l11)-GLDA complexes have a higher affinity for SAC-S950,
SAC-S957, and SAC-SP112 than for the anion exchangers.
3.3. GLDA in rare earth elements removal - Adsorption dynamic method

The adsorption studies using a static method enabled quick and easy
determination of the effect of various factors on the Ln(lll)-GLDA complexes
adsorption. However, this method is suitable for the processes conducted on a smaller
scale. In industry, the more preferred method of adsorption is the dynamic one,
especially that on a fixed bed. Continuous passing of the solution through the
immobilized adsorbent bed keeps the adsorbent in the constant contact with the fresh
adsorbate solution, which makes it possible to achieve higher volumes of purified
effluent.

The dynamic method was employed to study the La(lll)-GLDA complexes
adsorption at the concentrations of 1.0x1072 M. The obtained results are illustrated as

the breakthrough curves (C/C, vs. V) in Fig. 11. On their basis, the fundamental
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parameters describing the column system (qe, Cw, Ct, Dg, and D,) were calculated,

which are summarized in Table 5.
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Fig. 11. Breakthrough curves of La(lll)-GLDA complexes adsorption on SAC, SBA, and WBA ion
exchangers (a) S950, S957, SP112, M500, MP500, M600, (b) 4200, 4400, 4600, IRA 958, IRA 458, IRA
67 (Co=1.0%x1073 M).

Table 5. Dynamic studies parameters of the La(lll)-GLDA complexes adsorption (Cy=1.0x10-3 M).

lon e U U Cw Ct

o,
exchanger [mg/g]  [mL] [mL] [mg/mL] [mg/mL] Dy D, %D

SAC-S950 222.38 3000 6050 43.18 87.08 1599.37  604.56 94.04

SAC-S957 305.89 5400 9000 77.72 129.54  2106.70  899.56 99.03

SAC-SP112  211.94 4600 5640 66.21 81.18 1496.36  563.56 94.89

SBA-M500 104.34 2000 2520 28.33 35.70 757.12 251.56 93.67

SBA-MP500 110.22 1600 2020 22.66 28.61 806.08 201.56 98.36

SBA-M600 96.45 1700 2460 24.08 34.85 699.72 245.56 84.09

SBA-4200 103.86 1900 2750 26.91 38.95 755.16 274.56 98.20

SBA-4400 101.17 2400 2900 34.00 41.08 729.85 289.56 98.70

SBA-4600 100.53 1700 2620 24.08 37.11 723.46 261.56 99.71

SBA-IRA 958 67.14 1200 1590 17.00 22.52 489.23 158.56 99.37

SBA-IRA 458  86.39 1400 2360 19.83 33.43 627.16 235.56 99.95

WBA-IRA 67 10.25 50 150 0.68 2.03 39.55 14.56 94.24

The adsorption systems closest to the ideal are characterized by the
breakthrough curves with a shape referred to as "S". The determined curves for the
La(lll)-GLDA complexes adsorption are characterized by this shape, however, they

vary in steepness. The maximum adsorption capacities determined by the static
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method and the affinity series formed from them are reflected in the results obtained
using the column systems. It can be concluded that SAC-S957 showed the greatest
uptake capacity of the La(lll)-GLDA complexes among the tested ion exchangers. It
was characterized by a very high value of the adsorption capacity qe, equal to 305.89
mg/g as well as the other parameters crucial to the design of adsorption systems, such
as the working exchange capacity Cw of 77.72 mg/mL and the total exchange capacity
Ct of 129.54 mg/mL. Slightly lower adsorption efficiencies were reported for SAC-S950
and SAC-SP112 whose adsorption capacities obtained by the dynamic method were
222.38 mg/g and 211.94 mg/g, respectively. In the group of polystyrene anion
exchangers (SBA-M500, SBA-MP500, SBA-M600, SBA-4200, SBA-4400, and SBA-
4600), adsorption capacities ranged from 96.45 mg/g to 110.22 mg/g. The strongly
basic polyacrylate anion exchangers SBA-IRA 958 and SBA-IRA 458 were slightly less
efficient with the ge values of 67.14 mg/g and 86.39 mg/g, respectively. The lowest
adsorption capacity was determined for WBA-IRA 67, which is only 10.25 mg/g. For
this column system, passing only 50 mL of solution through the column resulted in the
column breakthrough, suggesting that WBA-IRA 67 is not suitable for the use as an
adsorbent in the La(lll)-GLDA complexes removal.

The experimental data of the La(lll)-GLDA complexes adsorption in the column
systems were analysed using four mathematical models (Thomas, Adams-Bohart,
Yoon-Nelson, Wolborska models) to study the behaviour of the columns filled with the
chosen ion exchangers. The obtained parameters from the models are summarized in
Table S17.

The Thomas model is employed in the literature to describe column systems,
assuming that the process follows the assumptions of the Langmuir isotherm and the

second-order kinetic model omitting the axial dispersion [60]. The Adams-Bohart model
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asserts that the adsorption rate depends mostly on the adsorbent capacity available at
the moment for the adsorbate (called the residual adsorbent capacity) and on the
adsorbate concentration [61]. The Yoon-Nelson model considers that the adsorption
probability of adsorbate molecules, and thus the breakthrough on the adsorbent, is
proportional to the rate of decrease in the adsorption probability of each adsorbate
molecule [62]. While based on the Wolborska model, in the initial part of the
breakthrough curve, the film diffusion with a constant kinetic coefficient is the
adsorption controlling step [63]. The Thomas and Yoon-Nelson models are used to
describe the breakthrough curves over their entire range. However, when applying the
Adams-Bohart and Wolborska models, only the initial part of the curves should be
analysed.

The Thomas model was adjusted to the experimental data by plotting In(Co/C)-
1 vs. V. The model allowed the Thomas rate constant k1, and the adsorption capacities
qo to be calculated. The qo values determined from the Thomas model exhibit good
agreement with the adsorption capacities received by experiment (ge in Table 5). The
compatibility of the model with the experimental results was also assessed based on
the R? value. The worst fit was characterized by the system with WBA-IRA 67, for which
the R? was equal to 0.755. For the other ion exchangers, the values varied between
0.879 and 0.987, indicating a good match.

In the next step, linear plots of In(C/Co) vs. t were prepared to determine the
Adams-Bohart model parameters (adsorption capacities per unit bed volume q and the
Adams-Bohart rate constants kag). The greatest adsorption capacity of 130779.92
mg/L was obtained for SAC-S957. The R? values ranged from 0.422 for the system

with WBA-IRA 67 to 0.974 for the system with SAC-SP112.
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The time requisite to achieve a 50% adsorbate breakthrough (r) and the Yoon-
Nelson rate constant (kyn) were computed using the intercept and slope of the Yoon-
Nelson plot (In(C/Co-C) vs. t). The comparison of 1 values gives crucial information
about the possible column operating time before half depletion. According to the
results, if SAC-S957 is used, the column will be half-occupied after 15275.70 minutes
(254.6 hours of operation). This is almost four times longer compared to the SBA ion
exchanger group, whose average 1 value was 3909.73 minutes. For the column
systems with SAC-S950 and SAC-SP112, ris equal to 9851.82 and 9243.01 minutes
were obtained, respectively. The column with WBA-IRA 67 reached the 50%
breakthrough after only 438.41 minutes.

The last model chosen to describe the column systems was the Wolborska
model. The model was based on the analogous dependence to the Adams-Bohart
model (In(C/Cy) vs. t), which was utilized to calculate the external mass transfer kinetic
coefficients B2 and the adsorption capacities per unit bed volume g (Table S17). The
R? values for fitting the Wolborska model to the La(lll)-GLDA complexes adsorption
experimental results in the column systems were 0.422 for the system with WBA-IRA
67 and from 0.707 to 0.974 for the other ion exchangers.

When the ion exchanger bed in all systems was depleted (C/Co=1 in Fig. 11),
the desorption process was conducted to recover La(lll) and to regenerate the
columns. Desorption was made by employing the following desorbing agents: 2 M HCI
for the system with SAC-S950; 2 M HNOs for the systems with SAC-S957 and SAC-
SP112; and 1 M HCI for the systems with anion exchangers. The results are shown in
Table 5 as the %D values. The recovery of La(lll) was incredibly high, ranging from

84.09% to 99.95%.
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4. Conclusions

This study focused on the application of GLDA (tetrasodium salt of N,N-
bis(carboxymethyl)-L-glutamic acid) as a biodegradable complexing agent in the
adsorption of the rare earth element ions La(lll), Nd(lll), and Ho(lll). The ion
exchangers differing in the matrix, functional groups, structure and bead size as well
as belonging to the groups of chelating ion exchangers, cation exchangers and
strongly or weakly basic anion exchangers were selected as adsorbents. The
experiments were performed using the static and dynamic methods in the single-
component systems. Prior to the main part of the study, the potentiometric
measurements were conducted to provide knowledge of the complex forms present in
the solution depending on its pH. Moreover, the physicochemical characterization of
ion exchangers was made. These studies promoted largely the explanation of
adsorption mechanisms. In the Ln(lll)-GLDA systems being investigated, the presence
of LnGLDA complexes, the protonated complexes (LnHxGLDA) and
hydroxycomplexes (LnGLDA(OH)x) was identified. The adsorption process was
analysed in terms of the effects of the Ln(lll):GLDA molar ratio, initial solution pH,
phase contact time, initial concentrations, and temperature on its course. It was
demonstrated that the adsorption of Ln(lll)-GLDA complexes is dependent on the
investigated factors, and that the ion exchanger used in the system has a significant
effect on the selection of optimal parameters. The adsorption of Ln(lll)-GLDA
complexes was found to proceed with a great efficiency in 30 minutes; only in the
systems containing SAC-S950 and WBA-IRA 67 the equilibrium took up to 240 minutes
to establish. The adsorption kinetics on SAC-S950 and WBA-IRA 67 followed the PSO
model, while the other systems were best characterized by the PFO model. The

equilibrium studies allowed to conclude that both the Langmuir and Freundlich and
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Temkin models were applicable in description of the Ln(lll)-GLDA complexes
adsorption (systems with SAC-S950, SAC-S957, and SAC-SP112 - the Temkin model;
systems with the SBA ion exchangers - the Langmuir model; systems with WBA-IRA
67 - the Freundlich model). The greatest adsorption capacities were obtained for SAC-
S957 and SAC-SP112, which were 139.57 mg/g and 155.49 mg/g for the La(lll)-GLDA
complexes, 152.72 mg/g and 150.23 mg/g for the Nd(l11)-GLDA complexes, and 151.29
mg/g and 132.77 mg/g for the Ho(lll)-GLDA complexes, respectively. However, in the
case of SAC-SP112, a particular attention should be paid to the conditions under which
these results were obtained. SAC-SP112 adsorbed with a satisfactory efficiency only
in the very low pH range, in which according to the potentiometric measurements,
mainly uncomplexed Ln3* ions rather than complexes were present. Finally, the
experiments performed by the dynamic method confirmed the good adsorption
capacity of the ion exchangers towards the Ln(lll)-GLDA complexes (with the
exception of WBA-IRA 67). The results demonstrated in this paper indicate that GLDA
has great complexing properties and can be applied as an alternative to the traditional,

poorly biodegradable ligands.
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1. Potentiometric measurements
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Fig. S1. Distribution diagrams for the Ln(ll1)-GLDA systems: (a-c) Ln(lll)-GLDA 1:1, (d-i) Ln(lll)-GLDA
1:2, (j-0) Ln(lll)-GLDA 2:1.



2. The characterization of ion exchangers

4 (e)
"
2l (
e ,
e T ) [ 5 R
() (h) (@] SR B i
7.‘_ 2

Fig. S2. SEM images of SAC ion exchangers (a) S950, (b) S957, (c) SP112, SBA ion exchangers (d)
M500, (e) MP500, (f) M600, (g) 4200, (h) 4400, (i) 4600, (j) IRA 958, (k) IRA 458, and WBA ion
exchanger () IRA 67 after the La(lll)-GLDA complexes adsorption (magnification x 10,000).

Table 1. The elemental composition (Cs) and binding energies (Eg) for SAC, SBA, and WBA ion
exchangers before and after the La(lll)-GLDA complexes adsorption obtained by the XPS analysis.

SAC-S950 + SAC-S957 + SAC-SP112 +
Level SAC-S950 | aan-gLpa  SACS97  aameLpa SAC-SP112in)-GLDA
Es Cat Es Cat Es Cat Es Cat Es Cat Es Cat

eVl  [%] [eV] [%] [eV] [%] eVl [%]  [eV] [%] [eV]  [%]




Cls 2850 516 2847 664 2850 617 2847 664 2850 669 2847 67.9
O1s 5305 251 5315 205 533.0 230 5322 227 5320 205 5315 209
Nis 3995 47 3995 22 4020 07 4010 16 - - 3995 1.3
P2p 1335 99 1332 73 1345 79 1340 56 - - - -
S2p - - - - 1685 39 1685 31 169.0 86 1685 7.6
A2p 750 04 - - 765 2.8 - - - - - -
Nais 10715 83 1070.7 3.0 - - 10722 03 10725 40 10715 18
La3d - - 8352 06 - - 836.0 0.3 - - 8360 05
- SBA-M500 faB(ﬁl)“_"éfg; SBA-MP500 sLi':")M_FG’?_‘g’; SBA-M600 faB(ﬁl)IYICEEg;
Es Cat Es Cat Es Cat Es Cat Es Cat Es Cat
[eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%]
Cls 2847 830 2847 789 2847 812 2847 792 2847 797 2847 T7.1
O1s 5322 80 5315 150 5322 7.0 5307 153 5322 106 5315 17.2
N1s 4025 40 4025 41 4025 56 4017 43 4025 47 3995 4.0
Cl2p 1970 5.0 - - 1970 62 - - 1970 42 - -
Si2p - - 1542 19 - - 1527 10 1017 08 1527 16
La3d - - 8337 0.1 - - 851.0 02 - - 8367 0.1
Level  SBA-4200 fzﬁ‘l;‘_‘é‘l’_%z SBA-4400 fzﬁ;‘_‘é‘l’_%z SBA-4600 f:ﬁ;‘_‘gf_%;
Es Cat Es Cat Es Cat Es Cat Eg Ca Es Cat
[eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%]
Cls 2847 702 2847 555 2847 625 2847 56.8 2847 659 2847 517
O1s 5315 162 5315 291 5322 223 5315 283 5322 208 5315 309
N1s 4025 35 4025 28 4025 28 3995 24 4025 25 3995 20
Clp 197.0 34 - - 1970 27 - - 1977 19 - -
Si2p 1017 50 1535 86 103.0 6.1 1535 90 1025 6.1 1535 112
A2p 740 17 740 39 747 36 740 34 740 28 740 4.1
La3d - - 8352 0.1 - - 8360 0.1 - - 836.0 0.1
Level SBA-IRA 958 +SE;?|-|I||)Q23|53§\ SBA-IRA 458 ff:z;::;_gfgi WBA-IRA 67 +"{':2°‘"'I')'_?£L%7A
Es Cat Es Cat Es Cat Es Cat Eg Cat Es Cat
[eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%] [eV] [%]
Cls 2847 736 2847 727 2847 769 2847 727 2847 572 2847 44.1
O1s 5315 149 5307 178 5315 134 5315 183 5315 264 5315 348
Nis 3987 63 3995 80 3987 6.4 3995 63 3995 39 3995 3.0
Cl2p 1962 4.0 - - 1962 26 - - - -
Sizp 1010 12 1527 13 101.0 07 1527 26 1017 92 1535 124
Al2p - - - - - - - - 740 26 740 46
Ca2p - - - - - - - - 3507 07 3507 1.0
La3d - - 8345 02 - - 8337 0.1 - - 8345 0.1




3. Kinetic and adsorption studies
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Fig. S7. (a-d) Influence of interaction time and fitting of the kinetic models: (a-d) pseudo-first order,

pseudo-second order, Weber-Morris, (e-f) Boyd, and Dumwald-Wagner for the La(lll)-GLDA complexes
adsorption on SAC, SBA, and WBA ion exchangers (C;=0.5x103 M).

Table S2. Kinetic parameters for the pseudo-first order and pseudo-second order kinetic models for the
La(lll)-GLDA complexes adsorption on SAC, SBA, and WBA ion exchangers (Co=1.0x10°% M and
1.5x103 M).

Model Pseudo-First Order Pseudo-Second Order
Co ko
Ion -3 Qe.exp q1.cal k1 2 2 q2.cal 2 2
exchanger 10" mgig] [mglg] [tmin] R 7 imglqy 9m9 R x
[M] min]
1.0 13.86 13.22 0.185 0.962 0.512 14.06 0.019 0.984 0.216
SAC-S950
1.5 21.82 20.96 0.137 0.951 1.900 22.50 0.008 0.980 0.763
1.0 14.25 14.06 0.706 0.975 0.111 14.56 0.088 0.898 0.450
SAC-S957

1.5 2216 2169 0582 0950 0.649 2270 0.048 0.890 1.429

SAC- 1.0 14.22 13.93 0.229 0989 0.155 14.72 0.024 0987 0.176

SP112 15 2114 2073 0217 0985 0455 2188 0016 0.984  0.486

1.0 13.79 13.76  0.347 0999 0.010 1476  0.038 0.933  0.569
SBA-M500

1.5 19.75 1942 0389 0.991 0.133  20.82  0.031 0.959  0.582

SBA- 1.0 13.73 1346 0496 0.980 0.101 1438 0.060 0.952 0.243

MP500 15 1950 18.88 0471 0978 0.231 2023 0.040 0.962 0.391

1.0 13.79 13.66 0375 0.991 0.066 14.62 0.043 0.947 0.380

SBA-M600
1.5 19.90 1944 0392 0975 0332 2084 0.032 0975 0.334
1.0 13.78 13.70  0.291 0.993  0.064 14.71 0.031 0.947  0.505
SBA-4200
1.5 19.70 19.36  0.300  0.991 0.159 20.83 0.023 0.967 0.589
1.0 13.76 1349 0323 0989  0.092 14.51 0.036 0.966  0.274
SBA-4400
1.5 19.54 18.76  0.317 0.993 0.108 20.19 0.025 0.960 0.585
1.0 13.73 1352 0325 0975 0.193 1450 0.037 0.958  0.327
SBA-4600

1.5 19.72 19.26 0.300 0.981 0.321 20.70 0.023 0978 0.373

SBA-IRA 1.0 13.40 13.37 0393 0.990 0.066 1430 0.047 0926 0.502

958 15 1972 1945 0474 0923 0.786 2066 0.042 0.922  0.800

SBAJJRA 10 1330 1324 0308 098 0124 1423 0034 0929 0.619

458 15 1960 1928 0317 0972 0443 2066 0.025 0.962 0.609




WBA-IRA

1.0

13.76

11.10

0.181

0.743

2.035

12.25

0.020

0.896

0.820

67

1.5

19.64

14.93

0.189

0.709

4.313

16.59

0.015

0.863

2.037

Table S3. Kinetic parameters for the Weber-Morris kinetic model for the La(lll)-GLDA complexes
adsorption on SAC, SBA, and WBA ion exchangers (C;=1.0x103 M and 1.5x10-3 M).

Model Weber-Morris Intraparticle Diffusion
lon Co ki1 kiz kis
x10°  [mg/g Cq R? [mg/g C: R? [mg/g Cs R?
exchanger [M] min2] min'2] min'’2]
1.0 13.86 007 0989 053 921 0981 008 12.68 0.962
SAC-S950
15 433 0.88 0988 128 1148 0927 0.12 20.13 0.821
1.0 2.81 586 0936 0.02 14.05 0.676 - - -
SAC-S957
15 588 597 0.996 0.04 2168 0.798 - - -
SAC- 1.0 357 060 0959 0.61 957 0853 003 13.81 0.669
SP112 15 535 072 0982 0.88 1448 0902 003 2060 0.668
1.0 449 061 0954 030 1236 0975 001 1370 0.685
SBA-M500
15 566 284 0944 041 1749 0961 001 1962 0.845
SBA- 1.0 5.16 1.04 0982 062 11.06 0825 001 1363 0.631
MP500 15 6.79 196 0975 111 1454 0.874 0.02 1920 0.635
1.0 4.11 163 0960 045 11.71 1.000 0.01 13.71 0.770
SBA-M600
15 535 352 0953 092 1562 0993 0.01 19.76 0.594
1.0 423 039 096 038 1171 0915 001 1366 0.728
SBA-4200
15 5.64 140 0958 0.63 16.17 0.945 0.02 1945 0.612
1.0 3.83 144 0944 039 1154 0938 0.01 13.58 0.757
SBA-4400
15 480 3.08 0957 079 1487 0952 004 1895 0.765
1.0 3.79 162 0957 036 1180 0878 001 1364 0.786
SBA-4600
15 5.21 227 0961 081 1535 0.868 001 1951 0.760
SBA-IRA 1.0 476 0.52 0.975 0.56 10.73 0.950 0.01 13.25 0.262
958 15 563 416 0974 074 1753  0.901 0.03 19.40 0.462
SBA-IRA 1.0 409 054 0931 028 1149 0918 000 1325 0.536
458 15 536 230 0969 034 1795 0.999 001 1948 0.772
WBA-IRA 1.0 2.60 1.05 0923  0.61 594 0948 048 6.91 00936
67 15 3.65 124 0963  1.61 6.02 0986 072 877 0.989

Table S4. Kinetic parameters for the Boyd and Dumwald-Wagner kinetic models for the La(lll)-GLDA
complexes adsorption on SAC, SBA, and WBA ion exchangers (Co=1.0x10-* M and 1.5x10-3 M).

Model Boyd Dumwald-Wagner
Co
lon x1073 slope R? k . intercept R?
exchanger M] [1/min]
1.0 0.111 0.981 0.100 -0.034 0.983
SAC-S950
1.5 0.036 0.974 0.034 0.085 0.979
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1.0 0.377 0.995 0.359 -0.040 0.991
SAC-S957
15 0.355 0.975 0.336 -0.041 0.974
1.0 0.112 0.987 0.101 -0.021 0.986
SAC-SP112
15 0.119 0.995 0.092 -0.013 0.995
1.0 0.324 0.992 0.303 -0.147 0.990
SBA-M500
15 0.274 0.995 0.255 -0.054 0.996
1.0 0.294 0.980 0.275 0.012 0.983
SBA-MP500
15 0.238 0.984 0.220 0.036 0.987
1.0 0.292 0.985 0.271 -0.075 0.986
SBA-M600
15 0.236 0.984 0.217 -0.018 0.986
1.0 0.252 0.988 0.232 -0.108 0.987
SBA-4200
15 0.217 0.998 0.199 -0.060 0.998
1.0 0.221 0.994 0.203 -0.045 0.995
SBA-4400
15 0.172 0.994 0.157 -0.021 0.995
1.0 0.245 0.985 0.226 -0.076 0.984
SBA-4600
15 0.191 0.994 0.174 -0.028 0.995
SBA-IRA 1.0 0.364 0.982 0.342 -0.146 0.981
958 15 0.379 0.963 0.358 -0.116 0.960
SBA-IRA 1.0 0.255 0.962 0.235 -0.081 0.965
458 15 0.213 0.987 0.194 -0.039 0.988
1.0 0.039 0.893 0.036 0.035 0.886
WBA-IRA 67
15 0.039 0.919 0.036 0.026 0.915

Table S5. Kinetic parameters for the pseudo-first order and pseudo-second order kinetic models for the
Nd(I11)-GLDA complexes adsorption on SAC, SBA, and WBA ion exchangers (C¢=0.5x10-3 M-1.5x103

M).
Mldel Pseudo-First Order Pseudo-Second Order
Co k2
exc:::r:ger X[:VIO]'S [ﬁfgefé’] [r‘?]g?Z] [1/lr(r1in] R ' [21;72] [%mf R? 7
0.5 7.25 6.01 0.068 0.680  0.904 6.73 0.013 0.803  0.555
SAC-S950 1.0 14.25 11.48 0.096 0.626 3.613 12.77 0.009 0.782 2.105
1.5 20.95 16.59 0.120 0.586 7.810 18.33 0.009 0.768 4.377
0.5 7.37 7.33 0.405 0.996 0.007 7.84 0.088 0.937 0.126
SAC-S957 1.0 14.56 14.47 0.400 0.985 0.114 15.47 0.044 0.937 0.477
1.5 21.49 21.35 0.402 0.987 0.216 22.82 0.030 0.938 1.004
0.5 7.37 7.25 0.456 0.978 0.035 7.74 0.102 0.958 0.067
Sslﬁlc’i-2 1.0 14.57 14.28 0.471 0.962 0.219 15.24 0.054 0.961 0.224
1.5 21.49 21.11 0.448 0.962 0.496 22.52 0.035 0.956 0.572
SBA-M500 0.5 6.52 6.47 0.392 0.991 0.016 6.95 0.093 0.929 0.121
1.0 13.42 13.28 0.343 0.997 0.026 14.26 0.039 0.952 0.375
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15 2023 2004 0344 0995 0081 2150 0026 0954  0.782
05 663 650 0594 0960 0035 690 0.158 0960 0.036
o 10 1347 1343 0564 0968  0.126 1400 0072 0965  0.140
15 2028 1960 0563 0984 0137 2090 0048 0918  0.691
05 658 650 0429 0990 0015 695 0.105 0939 0.089
SBA-M600 1.0 1349 1331 0354 0988 0086 1426 0041 0963 0.261
15 2034 1991 0380 0975 0357 2133 0030 0973 0.382
05 68 677 0307 0987 0027 727 0069 0962 0.080
SBA-4200 10 1378 1361 0271 0994 0058 1465 0029 0966 0.335
15 2056 2028 0244 0991 0202 2183 0017 0976  0.541
05 68 677 0321 0994 0013 727 0071 0958 0.088
SBA-4400 10 1369 1345 0277 0994 0053 1450 0030 0972 0.266
15 2046 1993 0251 0989 0237 2150 0018 0982  0.377
05 681 673 0329 0996 0009 7.23 0074 0952 0.099
SBA-4600 10 1373 1358 0280 0989 0104 1458 0030 0962 0.350
15 2055 2021 0249 0979 0442 2171 0018 0972  0.605
05 651 648 0472 0994 0008 691 0.119 0911 0.121
SBg;RA 10 1319 1312 0446 0991 0050 1399 0056 0926 0415
15 2024 2001 0489 0988 0139 2131 0041 0939  0.691
05 68 668 0325 0994 0013 748 0073 0948 0.108
SBAA 10 1351 1338 0336 0994 0.047 1436 0038 0947 0425
15 2067 2040 0335 0989 0185 21.88 0025 0963 0.651
05 729 612 0229 0645 0719 671 0049 0856 0292
WBLIRA 40 1390 1067 0229 0576 2883 1182 0026 0790 1424
15 1970 1441 0288 0551 5060 1599 0025 0769  2.602

Table S6. Kinetic parameters for the Weber-Morris kinetic model for the Nd(Ill)-GLDA complexes
adsorption on SAC, SBA, and WBA ion exchangers (C;=0.5x10° M-1.5x103 M).

Model Weber-Morris Intraparticle Diffusion
lon X1CS-3 [nfg/g c R? [rrll( o c R? ni{ vy C R?
exchanger  \p  minig] 1 mir%’g] ] r[nir%/g] ]
0.5 0.34 1.60 0.971 0.38 1.83 0.942 - - -
SAC-S950 1.0 0.84 3.37 0995 0.70 4.35 0.949 - - -
1.5 1.43 526  0.967 0.92 7.79 0.942 - - -
0.5 2.36 0.75 0949 0.02 7.14 0.361 - - -
SAC-S957 1.0 4.25 216 0947 0.03 14.26  0.349 - - -
1.5 5.83 4.01 0.936 0.02 21.21 0.251 - - -
0.5 2.70 053 0986 0.89 4.40 0.959 0.01 7.26 0.252
Ssl;oﬁ-Z 1.0 4.24 2.82 0.971 0.94 11.08 0.886 0.02 14.29 0.251
1.5 6.17 407 0.986 1.66 1559  0.939 0.03 2111 0.263
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05 235 013 0934 078 392 099 001 643 0450
SBA-M500 10 442 046 0956 062 1059 0873 001 1332 0.789
15 617 161 0959 052 1754 0892 002 2018 0.819
05 220 118 0987 035 528 0682 001 660 0.995
s 10 450 232 0968 059 1094 0793 001 1338 0679
15 574 504 0977 106 1571 0746 002 2005 0583
05 221 059 0953 018 575 0831 001 651 0994
SBA-M600 1.0 38 161 0961 051 1115 0887 001 1343 0.698
15 544 352 0960 086 1637 0948 002 2021 0597
05 219 018 0984 042 498 0974 001 684 0626
SBA-4200 10 410 030 0961 060 1060 0856 001 1369 0.628
15 591 033 0982 102 1506 0886 002 2035 0.757
05 226 011 0968 035 523 0918 001 679 0574
SBA-4400 10 399 050 0958 056 10.60 0891 002 1347 0674
15 578 051 0972 091 1508 0942 005 19.78 0.646
05 199 058 0950 014 604 0819 001 672 0925
SBA-4600 10 399 069 0975 044 1135 0863 001 1362 0.800
15 573 085 0988 086 1577 0943 002 2028 0.670
05 265 006 0957 064 450 0822 001 642 0.769
SBANA 10 444 133 0969 108 965 0943 001 1306 0810
15 631 341 0965 143 1548 0983 002 1997 0843
05 203 044 0954 012 605 0999 001 662 0976
SBANA 10 399 119 0954 016 1256 0.880 001 1335 0.976
15 577 247 0961 052 1791 0829 001 2055 0.999
05 162 080 0928 044 323 0984 023 426 0814
WBAIRA 10 228 217 0894 060 615 0776 051 655 0.950
15 324 335 0949 061 974 0975 069 920 0.989

Table S7. Kinetic parameters for the Boyd and Dumwald-Wagner kinetic models for the Nd(Ill)-GLDA
complexes adsorption on SAC, SBA, and WBA ion exchangers (Cp=0.5x10-3 M-1.5x10-3 M).

Model Boyd Dumwald-Wagner
exc:lc:ar:lger x[i;(% slope R? 1 /rl:lin] intercept R?
0.5 0.008 0.989 0.008 0.030 0.989
SAC-S950 1.0 0.013 0.995 0.012 0.037 0.995
1.5 0.016 0.954 0.014 0.044 0.951
0.5 0.367 0.988 0.346 -0.155 0.985
SAC-S957 1.0 0.355 0.987 0.333 -0.144 0.984
1.5 0.342 0.993 0.321 -0.121 0.992
SAC-SP112 0.5 0.316 0.988 0.297 -0.060 0.986
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1.0 0.297 0.989 0.278 -0.025 0.990
15 0.311 0.993 0.291 -0.064 0.992

05 0.338 0.984 0.318 -0.130 0.981

SBA-M500 1.0 0.266 0.996 0.246 -0.078 0.996
15 0.270 0.998 0.249 -0.082 0.998

05 0.362 0.995 0.344 -0.029 0.995

SBA-MP500 1.0 0.296 0.988 0.279 0.031 0.990
15 0.273 0.998 0.256 0.030 0.998

0.5 0.331 0.994 0.311 -0.089 0.994

SBA-M600 10 0.272 0.990 0.252 -0.086 0.988
15 0.250 0.997 0.231 -0.042 0.997

05 0.234 0.984 0.214 -0.070 0.984

SBA-4200 1.0 0.204 0.994 0.186 -0.065 0.995
15 0.178 0.997 0.161 -0.060 0.997

05 0.250 0.992 0.231 -0.081 0.991

SBA-4400 1.0 0.196 0.996 0.179 -0.052 0.997
15 0.168 0.997 0.153 -0.045 0.997

0.5 0.262 0.995 0.242 -0.088 0.995

SBA-4600 10 0.221 0.994 0.202 -0.084 0.994
15 0.185 0.988 0.168 -0.069 0.987

05 0.438 0.985 0.417 -0.156 0.984

S 10 0.424 0.980 0.403 0.186 0.976
15 0.408 0.996 0.388 -0.143 0.993

05 0.267 0.994 0.246 -0.105 0.993

SBARA 1.0 0.207 0.981 0.276 -0.134 0.977
15 0.255 0.997 0.235 0.077 0.996

05 0.045 0.872 0.041 0.067 0.865

WBA-IRA67 1.0 0.036 0.853 0.033 0.055 0.846
15 0.039 0.873 0.035 0.059 0.868

Table S8. Kinetic parameters for the pseudo-first order and pseudo-second order kinetic models for the
Ho(ll1)-GLDA complexes adsorption on SAC, SBA, and WBA ion exchangers (C;=0.5x1023 M-1.5x103

M).
M::del Pseudo-First Order Pseudo-Second Order
lon ><1CS'3 Ge.exp Q1.cal K1 2 Q2.cal [ ;(r; R? 2
exchanger M] [mg/g] [mg/g] [1/min] X [mg/q] ?nin]g X
0.5 7.65 6.32 0.276 0.761 0.443 6.90 0.060 0.930 0.130
SAC-S950 1.0 15.77 12.94 0.242 0.739 2.164 14.11 0.025 0.913 0.718
1.5 23.35 19.04 0.189 0.768  4.960 20.89  0.013 0.917 1.782
SAC-S957 0.5 7.86 7.86 0.406 0.999 0.003 8.42 0.081 0.917 0.200
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10 1638 1632 0414 0995 0051 1744 0041 0931 0658
15 2453 2442 0394 0996 0095 2614 0025 0933 1534
05 787 787 0304 0995 0016 847 0057 0931 0226
SRCT 10 1639 1636 0314 0995 0070 1758 0029 0936  0.843
15 2454 2447 0308 0994 0173 2624 0019 0948 1473
05 802 7838 0587 0958 0065 840 0.123 0914 0.133
SBA-M500 10 1588 1565 0488 0977 0156 16690 0052 0953 0.320
15 2494 2439 0554 0965 0486 2598 0038 0948 0718
05 802 797 0549 0992 0013 846 0.118 0927 0.115
e, 10 1588 1577 0538 0994 0041 1678 0058 0925 0485
15 2495 2461 0602 0958 0515 2608 0043 0946 0.671
05 802 787 0493 0965 0065 842 0.101 0939 0112
SBA-M600 10 1588 1567 0444 0970 0228 1673 0046 0949 0.387
15 2495 2452 0425 0955 0823 2614 0029 0937 1.151
05 802 793 0375 098 0029 849 0074 0958 0.099
SBA-4200 10 1588 1569 0367 0983 0.156 1680 0037 0962  0.361
15 2495 2454 039 0975 0520 26.25 0026 0966 0.701
05 802 798 0336 0995 0015 857 0064 0941 0171
SBA-4400 10 1588 1589 0312 0996 0050 17.05 0030 0936 0.784
15 2494 2477 0336 0990 0258 2653 0021 0953  1.222
05 802 803 0318 0998 0008 864 0059 0928 0.236
SBA-4600 10 1588 1589 0310 0999 0016 1708 0029 0935 0.828
15 2495 2482 0331 0994 0174 2661 0020 0946  1.460
05 791 790 0433 0998 0005 844 0088 0919 0178
SBAA 10 1603 1597 0416 0997 0030 17.07 0042 0931 0627
15 2479 2465 0473 0970 0519 2621 0033 0925 1314
05 791 780 0362 0992 0020 838 0071 0958 0.106
SBATA 10 1603 1578 0364 0983 0162 1692 0036 0963 0359
15 2479 2426 0415 0971 0557 2599 0027 0970 0579
05 756 690 0203 0883 0322 751 0039 0980 0.055
WBLIRA 40 1637 1350 0223 0719 2869 1485 0021 0893  1.090
15 2357 1804 0237 0652 6657 1998 0016 0837 3.125

Table S9. Kinetic parameters for the Weber-Morris kinetic model for the Ho(lll)-GLDA complexes
adsorption on SAC, SBA, and WBA ion exchangers (C;=0.5x10% M-1.5x 103 M).

Model Weber-Morris Intraparticle Diffusion
lon Co kir kiz kis
x10°  [mg/g Cs R? [mg/g C R? [mg/g Cs R?
exchanger [M] min'2] min2] min'’2]
0.5 1.72 0.86 0975 0.23 4.50 0.943 - - -
SAC-S950

1.0 3.07 215 0.992 0.51 8.67 0.945 - - -
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1.5 4.18 2.51 0.988 0.81 11.77  0.959 - - -

0.5 2.93 0.11 0.957 0.64 5.73 0.918 0.01 7.77 0.313

SAC-S957 1.0 5.72 1.03 0.979 1.21 1223  0.922 0.01 16.23 0.311

1.5 8.09 1.90 0.956 2.63 15.58 0.790 0.02 2426 0.307

0.5 2.52 0.09 0.939 0.02 7.66 0.273 - - -

SAC-

SP112 1.0 5.08 0.70 0948 0.04 15.94 0.302 - - -

1.5 7.39 1.44 0.970 0.06 2384 0.276 - - -

0.5 2.28 2.02 0.823 0.56 6.11 0.956 0.01 7.94  0.255

SBA-M500 1.0 4.37 3.61 0.939 0.37 1426 0.794 0.01 15.88 0.870

1.5 5.70 8.30  0.921 0.31 2337 0.865 0.02 2494 0.655

0.5 3.28 052 0987 0.38 6.61 0.590 0.01 8.01 0.373

SBA-

MP500 1.0 6.12 1.38 0.967 0.53 13.76  0.626 0.01 15.88 0.473

1.5 7.94 5.54 0.984 0.87 2154 0.603 0.02 2494 0.944

0.5 2.41 1.46 0.882 0.27 6.84 0.787 0.01 8.02 0.861

SBA-M600 1.0 4.21 3.51 0.938 0.35 14.34 0.735 0.01 15.87 0.354

1.5 6.35 5.77 0.981 0.56 2246 0812 0.01 2493 0.450

0.5 2.46 0.84 0.971 0.30 6.70 0.930 0.00 8.02 0.890

SBA-4200 1.0 4.29 2.57 0.961 0.27 14.48 0.828 0.01 15.87 0.493

1.5 6.36 5.23 0.955 0.46 2258 0.834 0.01 2494 0.577

0.5 2.73 0.09 0958 0.34 6.51 0.912 0.00 8.01 0.672

SBA-4400 1.0 4.94 0.67 0.962 0.23 14.70  0.855 0.01 15.88 0.580

1.5 7.18 2.68 0.970 0.42 2276  0.899 0.01 2494 0.836

0.5 2.58 0.17 0.944 0.12 7.40 0.827 0.01 8.01  0.527

SBA-4600 1.0 5.04 0.39 0.952 0.25 14.60 0.833 0.01 15.87 0.498

1.5 7.32 2.28 0.956 0.52 2227 0.849 0.02 2494 0.535

0.5 3.05 0.13 0.974 0.61 5.88 0.891 0.01 7.84 0.383

SB;\S'E';RA 10 560 101 0973 140 1138 0926 001 1594 0.341
15 789 389 0983 155 1960 00999 001 2464 0284
05 218 112 0923 019 692 0830 000 790 0.789
SBf‘s'z';RA 10 426 264 0938 043 1379 0837 001 1602 0570
15 641 575 0938 051 2212 0854 001 2478 0537
05 189 023 0957 050 369 0985 002 732 0.999

WBA-IRA
& 10 319 193 0948 099 729 0978 052 928 0907

1.5 4.45 2.55 0.957 0.47 1240 0.866 0.83 11.38 0.978

Table S10. Kinetic parameters for the Boyd and Dumwald-Wagner kinetic models for the Ho(lll)-GLDA
complexes adsorption on SAC, SBA, and WBA ion exchangers (Co=0.5x103 M-1.5x10-3 M).

Model Boyd Dumwald-Wagner
lon Co Kk
-3 2 . 5
exchanger x10 slope R [1/min] intercept R

M]
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05 0.065 0.946 0.059 0.052 0.943
SAC-S950 1.0 0.056 0.947 0.050 0.047 0.945
15 0.046 0.971 0.042 0.031 0.968

05 0.381 0.994 0.360 -0.147 0.994

SAC-S957 1.0 0.376 0.987 0.354 -0.145 0.985
15 0.341 0.975 0.320 -0.120 0.973

05 0.275 0.990 0.254 0.117 0.989

SAC-SP112 10 0.282 0.991 0.261 -0.120 0.990
15 0.276 0.990 0.255 0122 0.989

05 0.338 0.979 0.321 0.019 0.981

SBA-M500 1.0 0.354 0.991 0.334 -0.082 0.990
15 0.332 0.994 0.314 -0.028 0.993

05 0.503 0.985 0.483 -0.204 0.981

SBA-MP500 1.0 0.446 0.991 0.426 0132 0.989
15 0.447 0.993 0.428 0.118 0.990

05 0.329 0.987 0.310 -0.054 0.985

SBA-M600 1.0 0.349 0.972 0.329 0.114 0.968
15 0.344 0.967 0.323 20141 0.962

05 0.298 0.995 0.278 -0.100 0.993

SBA-4200 10 0.294 0.989 0.274 -0.107 0.986
15 0.284 0.998 0.264 -0.069 0.997

05 0.286 0.989 0.265 -0.107 0.987

SBA-4400 1.0 0.306 0.980 0.284 -0.158 0.976
15 0.298 0.987 0.277 0133 0.983

05 0.316 0.986 0.294 -0.162 0.983

SBA-4600 1.0 0.296 0.985 0.275 -0.146 0.982
15 0.281 0.990 0.260 -0.105 0.990

05 0.410 0.992 0.389 -0.161 0.991

SBATA 1.0 0.408 0.958 0.386 -0.196 0.951
15 0.421 0.985 0.400 -0.150 0.984

05 0.257 0.995 0.238 -0.052 0.996

SBAA 1.0 0.250 0.986 0.231 -0.044 0.987
15 0.276 0.984 0.255 -0.048 0.982

05 0.074 0.948 0.066 0.029 0.945

WBAJRA67 1.0 0.051 0.917 0.046 0.046 0.913
15 0.042 0.868 0.038 0.047 0.863

Table S11. Adsorption isotherm parameters for the Ln(lll)-GLDA complexes adsorption on SAC, SBA,

and WBA ion exchangers at the temperature of 293 K.

Model

Langmuir
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excll'g:lger REE [%95751 [mcé‘}g] [L/ﬁg] R 3
La(lll) 120.10 109.16 0.099 0.914 127.973

SAC-S950  Nd(lll) 64.96 66.69 0.111 0.977 9.433
Ho(lll) 55.66 59.33 0.054 0.997 1,057

La(lll) 138.66 135.99 0.924 0.995 9.262

SAC-S957  Nd(lll) 152.72 153.21 0.176 0.994 12.990
Holll) 151.29 141.55 3.971 0.957 85.678

La(lll) 155.49 154.40 1724 0.998 3.927

Ss'lf‘1c1'2 Nd(Ill) 150.23 151.73 0.163 0.992 17.309
Ho(lll) 132.77 129.06 0.542 0.991 12.991

La(lll) 73.18 72.09 0.273 0.991 3.670
SBA-M500  Nd(lll) 59.37 61.51 0.236 0.999 0.556
Ho(lll) 86.56 83.09 0.915 0.992 6.080

La(lll) 73.21 72.62 0.224 0.994 2.341

N?ES'?)'O Nd(Ill) 59.28 60.43 0.169 0.997 0.999
Ho(lll) 81.64 79.11 0.926 0.985 10.146

La(lll) 72.08 70.60 0.314 0.995 1.871
SBA-M600  Nd(lll) 57.57 58.83 0.266 0.997 1017
Ho(ll) 82.86 80.15 1.054 0.989 7.732

La(lll) 72.70 72.75 0.396 0.996 1.781

SBA-4200  Nd(lll) 64.46 65.47 0.208 0.995 2.150
Ho(ll) 86.58 82.88 1198 0.992 5.957

La(lll) 67.25 67.47 0.264 0.999 0.357

SBA-4400  Nd(lll) 50.44 53.62 0.238 0.997 1.305
Ho(lll) 75.27 73.72 0.728 0.997 1.701

La(lll) 70.84 69.57 0.356 0.993 2576

SBA-4600  Nd(lll) 61.67 62.77 0.268 0.999 0.319
Ho(lll) 86.71 84.19 0.679 0.995 3.639

La(lll) 72.09 70.55 0.279 0.995 1.894

SBé“s'z';RA Nd(Ill) 61.61 65.55 0.107 0.992 3.106
Ho(ll) 86.15 83.31 0.876 0.991 6.384

La(lll) 78.62 77.19 0.309 0.985 6.611

SBgéRA Nd(I1l) 69.49 73.05 0.161 0.995 2257
Ho(lll) 94.17 90.51 1189 0.982 15.536

La(lll) 52.83 45.77 0.069 0.805 39.905

WBLIRA  Naq 41.10 34.69 0.125 0.836 19.703
Ho(lll) 61.28 47.49 0.195 0.762 62.090

Freundlich Temkin
[mgjg] n R [Ll;\g] [J/rﬁol] R '3
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La(ll) 3206 450 0989 15826 330 1641 0992  11.745
SAC-S950 Nd(ll)  17.66 361 0969 12771 182 1200 0991  3.900
Ho(lly  10.66  3.07 0967 11325 077 1123 0996  1.423
La(ll) 10007 917 0996  7.631 540x10* 893 0997 5353
SAc.ses7 Nd(ll) 8435 867 0999 2547 11097 1544 0999  2.101
Ho(ll) 11029 992 0994  11.141 2)(51'39 879 0996  7.795
La(lll) 12875 939 0999 2672 1)(21'376 686 0999 2530
Sslf‘1c1'2 Nd(ll) 8235 859 0999 2124 9418 1544 0999 1834
Ho(ll) 8859  9.84 0993 10229 2X01'8§’ 855 0995  6.992
La(ll) 4445 982 0987 4932 87954 601 0990  3.957
SBA-M500 Nd(ll) 3631 919 0968 12078 37310 546 0974  9.846
Ho(ll) 5421 896 0977 16911 2512.88 667 0982  12.890
La(ll) 4106 882 0992 3288 14385 725 0994  2.483
ot Nd(l) 3225 859 0985 5490 7719 620 0990 3811
Ho(ll) 5239 946 0985 9852 364791 6.5 0990  6.571
La(ll) 4388 945 0993 2677 78240 607 0995  1.983
SBA-M600 Nd(ll) 3637 920 0974 9281 98039 480 0978  7.632
Ho(lll) 5410  9.04 0979 14738 694614 593 0984  11.280
Lalll) 4684 912 0982 7421 159896 594 0985  6.056
SBA-4200 Nd(ll) 3423 793 0978 9254 5357 718 0985  6.318
Ho(llll 5565 953 0978 16144 510439 634 0984 12004
Lalll) 4338  9.84 0992 3030 215180 523 0994  2.342
SBA4400 Nd(l) 3125 909 0984 6939 18179 530 0987  5.946
Ho(l) 5071 972 0985 8816 2)(21337 487 0988 6953
Lalll) 4504 946 0991 3615 215378 550 0992  3.028
SBA-4600 Nd(l) 3676 981 0973 10704 31696 571 0979 8451
Ho(ll) 5337 856 0969 22457 140473 7.01 0975 17.868
La(ll) 4326 932 0992 3198 63982 613 0994  2.546
SBARA Nogl) 3085 7.38 0959 16357 1852 7.73 0967  13.314
Ho(ll) 5439 908 0972 20090 269858 663 0978 15983
La(lll) 4408 844 0982 8227 14101 797 0984  7.003
SBg:;RA Nd(ll) 3345 649 0960 19468 1379 948 0971  14.278
Ho(ll) 5837 872 0961 33198 121190 800 0967 27.673
La(ll) 1214 411 0980 4105 278 677 0929 14619
WB:‘_;'RA Nd(ll) 1256 524 0993 0860 525 494 0971  3.534
Ho(ll) 495  17.33 0982 4626 806 668 0941 15349

Table S12. Adsorption isotherm parameters for the La(lll)-GLDA complexes adsorption on SAC, SBA,
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and WBA ion exchangers at the temperature of 313 K.and 333 K.

Model Langmuir
lon T Qe.exp Qo Ke R2 12
exchanger [K] [mg/qg] [mg/g] [L/mg]
313 125.56 118.73 0.141 0.951 84.075
SAC-S950
333 135.40 133.09 0.273 0.985 29.837
313 146.30 139.84 1.247 0.988 22.421
SAC-S957
333 151.60 145.55 1.495 0.991 17.894
SAC- 313 155.84 153.68 2.483 0.998 4.427
SP112 333 156.22 153.66 2.967 0.998 5.264
313 75.49 72.67 0.454 0.983 6.852
SBA-M500
333 77.36 74.97 0.463 0.989 4.680
SBA- 313 75.95 73.43 0.370 0.989 4.649
MP500 333 77.93 77.07 0.359 0.997 1.583
313 73.83 71.78 0.498 0.994 2.496
SBA-M600
333 75.45 73.42 0.591 0.995 2.337
313 75.38 74.00 0.632 0.995 2.421
SBA-4200
333 77.80 73.44 1.095 0.973 12.403
313 69.47 68.72 0.416 0.996 1.632
SBA-4400
333 72.74 71.78 0.392 0.993 2.766
313 71.54 69.61 0.556 0.994 2.440
SBA-4600
333 72.57 70.75 0.621 0.994 2.348
SBAJRA 313 70.69 69.42 0.329 0.994 2.478
958 333 69.23 68.37 0.321 0.993 2.515
SBAJRA 313 77.09 75.51 0.356 0.987 5.535
458 333 76.37 74.69 0.371 0.988 5.140
WBA-IRA 313 42.91 53.01 0.006 0.978 3.490
67 333 39.38 52.57 0.005 0.985 2.011
Freundlich Temkin
T Kr A B
n R2 2 R2 2
[K] [mg/g] £ [Ligl  [J/mol] £
313 37.56 460 0.964 62628  3.67 18.05  0.991  15.652
SAC-S950
333 49.96 514 0908 185.179  7.73 19.22  0.967  67.061
313 10452 976 0993 12910 017 883 0995  9.869
SAC-S957 3745
333 107.79 931 0991 17917 L 10.05  0.993  13.757
68.24
SAC. 313 130.93  9.89 0999  1.417 107 6.40 0.999  1.306
SP112 433 43203 930 0999  1.381 1X11'888 629 0999  1.268
313 47.19 9.44 0989 4434 233111 574 0.991 3.558
SBA-M500
333 47.92 991 0988 5243 141347 6.19 0.992  3.625
SBA- 313 44.00 909 0996 1666 27833 7.14 0.998  0.829
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MP500

333 45.15 868 0988 5412 18294  7.84 0.992  3.434

313 47.08 9.18 0992 3344 218658 579 0.994  2.446
SBA-M600

333 48.46 9.99 0990 4.348 2034.09 6.04 0.993  2.951

313 49.22 9.11 0986  6.381 228236 6.05 0.990  4.604
SBA-4200

333 50.73 991 0993 3207 301646 6.12 0996  1.798

313 45.83 9.15 0992 2935 412127 519 0.994  2.121
SBA-4400

333 45.45 9.51  0.991 3.873 94169  6.17 0.993  2.793

313 47.68 963 0992 3216 8606.35 5.04 0.994 2517
SBA-4600

333 48.57 947 0990 3.930 7788.84 519 0.993  2.933

SBAJRA 313 45.11 980 0988 4763 273413 534 0.989  4.184

958 333 45.19 947 0.987 5.018 4886.24  5.01 0.988  4.498

SBA.JRA 313 45.40 934 0983 7.626 337.99 7.14 0.985  6.465

458 333 45.91 984 0982 7.783 54062 6.74 0.985  6.690

WBA.IRA 313 2.00 201 0983  2.662 0.07 1110  0.980  3.157

67 333 1.44 188 0.989  1.462 0.06 10.63  0.977  3.167

Table S13. Adsorption isotherm parameters for the Nd(lI)-GLDA complexes adsorption on SAC, SBA,
and WBA ion exchangers at the temperature of 313 Kand 333 K.

Model Langmuir
lon T Qe.exp Qo R2 12
exchanger K] [mg/g] [mg/g] [L/mg]
313 66.94 65.83 0.220 0.961 17.427
SAC-S950
333 69.07 68.31 0.359 0.930 33.201
313 156.55 154.84 0.388 0.990 24.763
SAC-S957
333 160.37 159.39 0.544 0.993 16.186
SAC- 313 151.49 153.34 0.159 0.994 13.314
SP112 333 152.17 154.82 0.163 0.993 15.708
313 62.07 63.03 0.292 0.999 0.439
SBA-M500
333 64.26 63.92 0.343 0.997 1.155
SBA- 313 61.92 61.34 0.260 0.990 4.051
MP500 333 64.42 62.52 0.325 0.987 5.436
313 59.33 60.49 0.322 0.994 2.123
SBA-M600
333 60.39 61.27 0.382 0.993 2.538
313 65.64 65.17 0.332 0.991 3.905
SBA-4200
333 67.29 65.56 0.490 0.981 8.689
313 51.81 54.72 0.355 0.996 1.799
SBA-4400
333 53.34 55.55 0.529 0.996 1.825
313 63.24 63.43 0.485 0.997 1.062
SBA-4600
333 65.24 63.24 1.423 0.990 4.502
SBA-IRA 313 59.74 63.33 0.110 0.992 3.186
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958 333 58.92 62.99 0.096 0.991 3.412
SBAJRA 313 64.68 67.71 0.179 0.989 4.844
458 333 62.76 66.28 0.155 0.974 10.762
WBA-RA 313 37.57 67.96 0.003 0.997 0.319
67 333 33.69 57.22 0.003 0.996 0.392
Freundlich Temkin
T Kr 2 2 A B 2 2
Kl [mgig] " R % g [mop R %
313 22.91 424 0967  14.751 6.05 10.27  0.981 8.345
SAC-S950
333 28.08 479 0.926 35206 16.52 946  0.938  29.330
313 95.55 960 0998 4.656 48567 1429 0998  3.581
SAC-S957
333 10152 954 0997 7.133 64047 1478 0998  4.395
SAC- 313 82.12 8.38 0999  1.244 77.56 1594  1.000  0.665
SP112 333 81.90 8.10 0998  3.938 62.66 16.58 0.999  3.082
313 37.43  10.00 0.971 11685 392.88 565 0.977  9.239
SBA-M500
333 37.79 962 0977 9661 33210 590 0.983  7.105
SBA- 313 34.28 8.83 0989  4.421 14017  6.09 0993 2876
MP500 333 35.47 8.81 0990  4.055 170.62 618 0994 2510
313 37.92 9.30 0968 12160 124167 4.89 0973 10.138
SBA-M600
333 39.05 952 0965 13.486 170318 4.87 0971  11.220
313 36.77 860 0984  7.115 14035 6.62 0990  4.431
SBA-4200
333 38.88 9.01 0984 7280 27136 6.38 0990  4.478
313 34.20 9.02 0979 9843 55487 497 0982  8.562
SBA-4400
333 36.16 927 0978 10566 951.04 494 0982  8.993
313 4023  11.06 0.972 11610 157573 513  0.977  9.429
SBA-4600 11.87
333 4370 1240 0985  6.720 10 455 0989  4.693
SBAJRA 313 31.07 789 0962 14470  29.01 704  0.968  12.094
958 333 29.84 759 0962 13.959  20.06 726  0.969  11.601
SBAJRA 313 35.41 819 0951 21492  57.90 723  0.959 18.066
458 333 35.14 8.64 0937  26.321 74.93 6.77 0.944 23.625
WBAJIRA 313 0.78 159  0.999  0.077 0.03 14.01 0984  1.768
67 333 0.83 167 0998  0.166 0.03 12.25  0.984 1.371

Table S14. Adsorption isotherm parameters for the Ho(lll)-GLDA complexes adsorption on SAC, SBA,
and WBA ion exchangers at the temperature of 313 K and 333 K.

Model Langmuir
lon T Qe.exp Qo R2 ;(2
exchanger [K] [mg/qg] [mg/g] [L/mg]
313 58.09 60.86 0.072 0.995 1.756
SAC-S950
333 60.99 62.33 0.101 0.990 3.947
SAC-S957 313 160.89 149.14 3.668 0.959 89.545
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333 163.40 154.68 4.312 0.981 42.187
SAC- 313 135.82 128.76 0.758 0.982 26.810
SP112 333 137.17 128.90 1.016 0.976 36.117
313 88.27 84.97 1.018 0.992 6.348
SBA-M500
333 90.31 88.17 1.098 0.988 9.313
SBA- 313 86.15 82.27 0.998 0.989 8.272
MP500 333 87.44 84.02 1.226 0.988 8.865
313 85.83 81.91 1.113 0.984 11.239
SBA-M600
333 87.22 83.57 1.089 0.983 12.540
313 90.33 86.09 1.370 0.982 14.124
SBA-4200
333 93.41 88.71 1.450 0.981 15.810
313 78.68 77.70 0.759 0.997 1.795
SBA-4400
333 80.03 78.27 1.452 0.992 5.495
313 87.80 85.79 0.817 0.995 3.783
SBA-4600
333 88.88 86.58 1.124 0.994 4.510
SBARA 313 84.81 82.70 0.830 0.994 4.376
958 333 83.55 81.90 0.823 0.994 4.164
SBARA 313 91.84 89.41 1.061 0.984 12.756
458 333 89.82 88.04 0.902 0.989 8.437
WBAJIRA 313 53.67 43.90 0.013 0.985 3.193
67 333 53.01 41.97 0.007 0.980 4.126
Freundlich Temkin
T Kr A B
n R2 2 RZ 2
[K] [mg/g] £ [Lig]  [J/mol] u
313 12.35 317 0962  14.459 1.01 1150 0.998  0.897
SAC-S950
333 14.52 331 0971 12111 1.77 11.05 0.996  1.671
313 11427 906 0989 23109 2320 1142 0993  14.885
SAC-S957 1538
333 12027 971 0984  34.237 09 1119  0.990 22.263
28.91
SAC. 313 89.84 994 0996  5.927 109 8.44 0998  3.449
SP12 333 9157 928 0997 4550 ‘;91'838 823 0998 2443
313 55.29 850 0977 17.272 1806.36  7.11 0.984  11.891
SBA-M500
333 57.75 8.60 0958 33.306 2176.89 7.28 0966 27.156
SBA- 313 54.04 899 0981 13.428 2737.86 659 0987  9.605
MP500 333 55.87 895 0.978 16557 3049.11 676  0.984  11.790
313 54.59 927 0981 13539 372860 643 0987  9.521
SBA-M600
333 54.73 854 0982 13.813 1946.31 698 0988  9.082
313 57.14 857 0975 19576 2607.75 7.09 0981 15123
SBA-4200
333 58.64 8.12 0970 24926 189247 7.60 0977  19.359
SBA-4400 313 52.37 9.71 0977 14661 9367.27 551 0.982  11.662
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37.72

333 5538 974 0978 14495 o0 514 0983  11.179
313 5519 860 0965 26569 159148 7.16  0.973  20.379

SBA-4600
333 5724 889 0966 26758 2660.86 7.03  0.974  20.117
SBAJRA 313 5427 939 0970 21456 3246.82 645 0976  17.068
958 333 5402 960 0970 20.802 3793.89 629 0976  16.497
SBAJRA 313 57.81 918 0956 35724 155653 7.62  0.963  29.928
458 333 56.51 9.33 0.958 32994 147231 745 0.966 27.036
WBAJIRA 313 0.13 102 0985  3.134 0.01 2409 0912 18.856
67 333 0.10 098 0981  4.050 0.01 23.96 0.897  21.443

Table S15. Thermodynamic parameters for the Nd(lll)-GLDA complexes adsorption on SAC, SBA, and

WBA ion exchangers.

lon AH° AS® AG” [kJ/mol]
exchanger [kJ/mol] [J/mol K] 293 K 313 K 333 K
SAC-S950 7.49 75.70 -14.72 -16.16 -17.75
SAC-S957 12.53 98.86 -16.48 -18.31 -20.45
SAC-SP112 2.34 63.02 -16.12 -17.41 -18.64
SBA-M500 5.60 63.88 -13.11 -14.39 -15.67
SBA-MP500 5.89 64.78 -13.10 -14.37 -15.69
SBA-M600 3.05 54.40 -12.88 -14.00 -15.05
SBA-4200 3.61 59.40 -13.81 -14.95 -16.19
SBA-4400 2.66 50.67 -12.20 -13.18 -14.23
SBA-4600 4.24 60.22 -13.42 -14.57 -15.83
SBA-IRA 958 -2.99 35.49 -13.41 -14.06 -14.83
SBA-IRA 458 -8.85 19.48 -14.62 -14.79 -15.42
WBA-IRA 67 -7.20 13.30 -11.08 -11.40 -11.60

Table $16. Thermodynamic parameters for the Ho(lll)-GLDA complexes adsorption on SAC, SBA, and

WBA ion exchangers.

lon AH° AS° AG”° [kJ/mol]
exchanger [kJ/mol] [J/mol K] 203 K 313 K 333 K
SAC-S950 8.45 75.91 -13.82 -15.23 -16.87
SAC-S957 19.32 121.14 -16.04 -18.90 -20.85
SAC-SP112 3.08 58.96 -14.18 -15.41 -16.53
SBA-M500 4.80 66.32 -14.65 -15.92 -17.31
SBA-MP500 6.56 70.34 -14.00 -15.59 -16.79
SBA-M600 4.99 65.40 -14.15 -15.54 -16.76
SBA-4200 9.44 82.19 -14.65 -16.27 -17.94
SBA-4400 4.49 60.70 -13.27 -14.58 -15.69
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SBA-4600 2.70 59.26 -14.67 -15.84 -17.04
SBA-IRA 958 -2.93 39.81 -14.59 -15.39 -16.18
SBA-IRA 458 -6.60 31.83 -15.94 -16.55 -17.21
WBA-IRA 67 -7.07 17.84 -12.40 -12.42 -13.14
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Fig. S8. Plots of InK¢ as a function of reciprocal of temperature (1/T) for the Ln(ll1)-GLDA complexes
adsorption on SAC ion exchangers (a) S950, S957, SP112, on SBA and WBA ion exchangers (b) M500,
MP500, M600, (c) 4200, 4400, 4600, (d) IRA 958, IRA 458, IRA 67.
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Fig. S9. Effect of the desorbing agent (type and concentration) on the desorption process of Nd(l1) from
the SAC ion exchangers (a) S950, S957, SP112, the SBA and WBA ion exchangers (b) M500, MP500,
M600, (c) 4200, 4400, 4600, and (d) IRA 958, IRA 458, IRA 67.
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Fig. S10. Effect of the desorbing agent (type and concentration) on the desorption process of Ho(lll)
from the SAC ion exchangers (a) S950, S957, SP112, the SBA and WBA ion exchangers (b) M500,
MP500, M600, (c) 4200, 4400, 4600, and (d) IRA 958, IRA 458, IRA 67.

Table S17. Breakthrough fitting models results for the La(lll)-GLDA complexes adsorption.

Model Thomas Adams-Bohart
lon kTh x 103 Jo R2 kAB x 106 q R?
exchanger [mL/mg min] [mg/g] [L/mg min] [mg/L]
SAC-S950 7.42 225.08 0.963 5.07 78545.23 0.967
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SAC-S957 4.52 308.95 0.966 2.32 130779.92 0.866
SAC-SP112 31.12 211.95 0.951 19.69 68067.98 0.974
SBA-M500 52.08 105.21 0.987 26.17 31369.54 0.888
SBA-MP500 4761 112.16 0.964 13.77 27941.56 0.707
SBA-M600 49.06 95.76 0.928 28.87 30225.15 0.937
SBA-4200 36.58 102.88 0.938 19.30 34455.67 0.945
SBA-4400 40.16 101.63 0.945 18.16 36157.47 0.886
SBA-4600 30.78 100.29 0.970 17.10 33818.91 0.927
SBA-IRA 958 45.47 70.91 0.925 21.28 22539.70 0.764
SBA-IRA 458 33.48 85.90 0.879 20.18 30087.47 0.945
WBA-IRA 67 23.72 9.69 0.755 9.91 7044.66 0.422
Yoon-Nelson Wolborska
[1mn] (i R [1/r€1in] [mZ/L] R

SAC-5950 0.0011 9851.82 0.963 0.398 78545.23 0.967
SAC-S957 0.0007 1527570  0.966 0.304 130779.92 0.866
SAC-SP112 0.0045 9243.01 0.951 1.340 68067.98 0.974
SBA-M500 0.0074 4113.00 0.987 0.821 31369.54 0.888
SBA-MP500 0.0067 3209.67 0.964 0.385 27941.56 0.707
SBA-M600 0.0069 3953.88 0.928 0.873 30225.15 0.937
SBA-4200 0.0052 4401.19 0.938 0.665 34455.67 0.945
SBA-4400 0.0057 4743.96 0.945 0.657 36157.47 0.886
SBA-4600 0.0044 4266.00 0.970 0.578 33818.91 0.927
SBAJRA 958  0.0064 2703.94 0.925 0.480 22539.70 0.764
SBAJRA 458  0.0047 3796.18 0.879 0.607 30087.47 0.945
WBA-IRA 67 0.0032 438.41 0.755 0.070 7044.66 0.422
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