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Wykaz skrotow i oznaczen

ACN
BET
CHN
DVLO
FA
HETP
HILIC
HPLC
HTLC
IM
i-PDeA
IPA
ISEC
MDM
pnHPLC
OoDS
PALC
PHW-LC
POPLC
RP LC
SBWC
SHWC
TGA
THF

UHPLC

Acetonitryl (ang. acetonitrile)

Model izotermy Brunauera-Emmetta-Tellera

Analiza elementarna (ang. elemental analysis)

Skrot teorii pochodzacy od jej tworcow: Derjauguina, Landau'a, Verwey'a
1 Overbeeka

Analiza czotowa (ang. frontal analysis)

Wysoko$§¢ rownowazna potce teoretycznej (ang. height equivalent to a theoretical
plate)

Chromatografia cieczcowa oddziatywan hydrofilowych (ang. hydrophilic
interaction liquid chromatography)

Wysokosprawna chromatografia cieczowa (ang. high-performance liquid
chromatography)

Wysokotemperaturowa chromatografia cieczowa* (ang. high temperature liquid
chromatography)
Metoda inwersyjna (ang. inverse method)

Inteligentna analiza dekonwolucji pikoéw (ang. intelligent peak deconvolution
analysis)

Alkohol izopropylowy (ang. isopropyl alcohol)

Odwrécona  chromatografia inverse  size  exclusion
chromatography)

Metoda zaburzeniowa (ang. minor disturbance method)

wykluczenia (ang.

Kapilarna wysokosprawna chromatografia cieczowa (ang. micro-high performance
liquid chromatography)
Oktadecylosilan (ang. octadecylsilane)

Wodna chromatografia cieczowa* (ang. per aqueous liquid chromatography)

Chromatografia cieczowa z goraca woda pod ci$nieniem (ang. pressurized hot
water liquid chromatography)

Zoptymalizowana fazowo chromatografia cieczowa (ang. phase optimized liquid
chromatography)

Chromatografia cieczowa w odwroconym uktadzie faz (ang. reversed phase liquid
chromatography)

Chromatografia z woda w stanie podkrytycznym* (ang. subcritical water
chromatography)

Chromatografia w przegrzanej wodzie (ang. superheated water chromatography)

Analiza termograwimetryczna (ang. thermogravimetric analysis)
Tetrahydrofuran (ang. tetrahydrofuran)

Ultra-wysokosprawna chromatografia cieczowa (ang. ultra-high performance
liquid chromatography)



Wprowadzenie

We wspotczesnym  $Swiecie rosnie  $wiadomo$¢ oraz praktyka zwigzana
z ekologicznym podejsciem do zycia. Coraz wigkszy nacisk wywierany jest w kierunku
eliminacji lub znacznej redukcji produkowania odpadéw. Swiat nauki rowniez dazy do tego,
aby podejscie do planowania i realizacji badan byto jak najbardziej ,,zielone”. W przypadku
chemii za swoisty poczatek wickszej swiadomosci ekologicznej oraz przelozenia tego
na praktyke mozna uzna¢ wprowadzanie przez Anastas’a oraz Werner’a w 1999 roku pojecia
,»zielonej chemii” 1 zdefiniowanie jej 12 zasad. Rowniez w chromatografii cieczowej coraz
istotniejsze jest poszukiwanie i wdrazanie rozwigzan pozwalajagcych na zmniejszenie
lub catkowita redukcje wytwarzania szkodliwych odpadéw w czasie wykonywania analiz.
W przypadku chromatografii, jednostkowo chromatograf cieczowy nie produkuje znacznych
ilosci odpadow, jednakze bioragc pod uwage szerokie zastosowanie tego typu aparatury
w laboratoriach farmaceutycznych, analitycznych, medycznych czy zwigzanych z zywnoS$cig
oraz mnozac przez czas, w jakim wykonuja swoja prace, ilo§¢ generowanych odpadow

znacznie ro$nie.

Do mozliwych rozwigzan ,zielonej” chromatografii cieczowe] pozwalajacych
na redukcj¢ wytwarzanych szkodliwych dla $rodowiska odpadéw mozna zaliczy¢
miniaturyzacj¢ aparatury chromatograficznej lub skrocenie czasu wykonania analiz. Taki
efekt moze zapewnié takze zastosowanie faz stacjonarnych umozliwiajacych wykonywanie
rozdzielen w wigcej niz jednym trybie chromatograficznym. Nie pojawia si¢ koniecznos¢
posiadania wielu kolumn chromatograficznych wypetnionych r6znymi fazami stacjonarnymi,
jezeli jeden material moze zapewnic¢ ich zastosowania i wtasciwos$ci. Ogranicza si¢ takze ilo§¢

rozpuszczalnikoOw potrzebnych na przeptukiwanie i kondycjonowanie kolumn.

Catkowitg eliminacj¢ rozpuszczalnikOw organicznych zapewni jedynie zamiana
obecnie wykorzystywanych eluentow jako faz ruchomych na nietoksyczne, biodegradowalne
i,zielone” np. czysta wodg, etanol lub dwutlenek wegla w stanie nadkrytycznym. Taka
mozliwos¢ zapewnia odpowiedni dobor fazy stacjonarnej. Konieczne jest zatem poszukiwanie
nowych materialow pozwalajacych na wydajne i selektywne rozdzielenie analitow
w ,,zielonej” fazie ruchomej. Powstajace wtedy zanieczyszczenia zminimalizowane s jedynie

do niewielkich ilo$ci analitow eluujacych z kolumny.

Mozliwos¢ pracy w warunkach nietoksycznych rozpuszczalnikow jako fazy ruchomej

stwarzaja fazy stacjonarne, ktére jednoczesnie posiadaja grupe polarng oraz niepolarng



przytaczong do powierzchni krzemionki lub innego nosnika. Pierwsze wzmianki literaturowe
opisujace proby syntezy takich materiatow do chromatografii cieczowej pojawiaja
si¢ w latach 90-tych ubieglego wieku, co §wiadczy o tym, iz sg to materiaty stosunkowo nowe
oraz wymagajace szerszej charakteryzacji. Dzigki obecnosci zarowno grup hydrofobowych
jak 1hydrofilowych takie fazy stacjonarne charakteryzuja si¢ mieszanym mechanizmem
retencji, co umozliwia rozdzielanie mieszanin zwigzkéw o szerokim spektrum polarno$ci

oraz prac¢ w nietypowych warunkach sktadu fazy ruchomej, w tym catkowicie wodnych.

Publikowane prace zwigzane z fazami stacjonarnymi z wbudowanymi grupami
polarnymi lub grupami polarnymi dolgczonymi na etapie wtornej silanizacji, dotycza gtownie
opisu syntezy i przyktadow zastosowan oraz mechanizmu retencji. Szeroka mozliwo$¢ doboru
grupy polarnej oraz dolaczanej cze$ci niepolarnej sprawia, iz badania dotyczace
przygotowania nowych faz stacjonarnych intensywnie rozwijaja si¢ w ostatnich latach.
Pierwsze fazy stacjonarne z wbudowanymi grupami fosfodiestrowymi pojawity si¢ w 2015
roku. Od tego czasu brakowato pelnej charakterystyki tych faz, opisu mechanizmu retencji

oraz ich mozliwos$ci chromatograficznych.

Przedstawione w niniejszej pracy dogltebne badania analityczne nad fazami
stacjonarnymi do wysokosprawnej chromatografii cieczowej pozwolily na poszerzenie grona
otrzymywanych materialdbw o kolumny posiadajace zastosowanie w roznych trybach
chromatograficznych. Wsrod zsyntezowanych faz stacjonarnych, dwie sa catkowicie nowe,
natomiast dwie byly wczesniej prezentowane w publikacjach naukowych, jednakze
brakowato ich petnej charakterystyki. Z sukcesem wykonano analizy chromatograficzne
potwierdzajace zastosowanie przygotowanych materiatow zardwno w uktadzie RP LC,
jak i HILIC, a takze w warunkach czystej wody. Po raz pierwszy zostala wykonana separacja
zwigzkow catkowicie hydrofobowych, jakimi s3 wielopierscieniowe weglowodory
aromatyczne, stosujagc wode¢ jako jedyny sktadnik fazy ruchomej. Dzieki przeprowadzonym
badaniom 1 kompleksowej charakterystyce pojawia si¢ mozliwos¢ wykorzystania
spreparowanych faz stacjonarnych w analizach zwigzkow farmakologicznie oraz biologicznie
istotnych. Zachowujac zasady ,zielonej chemii”, przygotowane materialy pozwalajg

na zwigkszenie ekologii analiz chromatograficznych.

Niniejszg prac¢ doktorska stanowi zbior szesciu artykuldw naukowych, w tym dwoéch
przegladowych oraz czterech eksperymentalnych, opublikowanych w specjalistycznych

czasopismach naukowych:
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1. Cele i zalozenia rozprawy

Celem nadrzednym dysertacji bylo otrzymanie, charakterystyka oraz wykorzystanie
chemicznie zwigzanych faz stacjonarnych z wbudowanymi grupami fosfodiestrowymi jako
materialdw wykorzystywanych zarowno w odwroconym ukladzie faz (RP LC),
jakiw chromatografii cieczowej oddzialywan hydrofilowych (HILIC) do rozdzielania
zwigzkow o szerokim zakresie polarnosci, a takze przy zastosowaniu czystej wody jako
jedynego sktadnika fazy ruchomej, co wpisuje si¢ w zatozenia ,,zielonej chromatografii”.
W ramach realizacji postawionych zadan wykorzystano techniki syntezy i pakowania faz
stacjonarnych, analizy instrumentalne, fizykochemiczne 1 chromatograficzne oraz obliczenia

komputerowe.
Powyzsze cele zostaty zrealizowane poprzez:

e przeglad literatury oraz systematyczna analiz¢ doniesien naukowych dotyczacych
zastosowania czystej wody w wysokosprawnej chromatografii cieczowej oraz faz
stacjonarnych z wbudowanymi grupami polarnymi [D1, D2],

e syntez¢ serii faz stacjonarnych z dotaczonymi grupami niepolarnymi oraz grupa
fosfodiestrowg i grupami hydroksylowymi, jako cze§ciami polarnymi [D3],

e optymalizacj¢ procesu zawiesinowego pakowania kolumn chromatograficznych [D4],

e scharakteryzowanie mechanizmu retencji zachodzacego na przygotowanych fazach
stacjonarnych zaréwno w czystej wodzie jak 1 w ukladzie chromatografii cieczowe;j
oddziatywan hydrofilowych (obecnie dwa manuskrypty sa po pierwszej recenzji
w Journal of Chrmatography A),

e badanie wlasciwosci chromatograficznych faz stacjonarnych do rozdzielania
mieszanin zwiazkodw o roznej polarnosci z wykorzystaniem chromatografii cieczowe;j
w dwoch uktadach (RP LC 1 HILIC) [DS5],

e wykorzystanie  spreparowanych  kolumn do analizy mieszanin lekow
beta-adrenolitycznych ~ z  zastosowaniem  programowania metod  HPLC

oraz inteligentnej analizy dekonwolucji pikéw (i-PDeA 1I) [D6].

Dwie prace przegladowe [D1, D2] oraz cztery prace badawcze [D3-D6] stanowia
spojng calo$¢ niniejszej dysertacji 1 szczegdlowo przedstawiono w nich realizacje

zamierzonych celow, otrzymane wyniki oraz wykorzystane metody badan.
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2. Problem badawczy

2.1. Zalozenia zielonej chemii

Wspolczesne badania chemii coraz czgséciej dotycza ekologicznego aspektu dziatan.
Przetom w rozwoju nastgpit po wprowadzeniu przez Anastas’a oraz Werner’a 12 zasad
zielonej chemii [1]. Opisuja one, z punktu widzenia chemii, odpowiednie dziatania majace
na celu zmniejszenie lub catkowite pozbycie si¢ niekorzystnego wpltywu dziatalnosci
czlowieka na $§rodowisko. Oczywisty jest zwigzek zielonej chemii z chemig analityczna,
jednakze jest on dwojaki. Z jednej strony chemia analityczna umozliwia badanie negatywnych
wpltywow technologii, produkcji i produktéw na Srodowisko oraz pomiar emitowanych
zanieczyszczen. Jednocze$nie jest celem dziatan zielonej chemii, gdyz pojawiaja
si¢ mozliwosci wdrazania kilku jej zasad w samej chemii analitycznej. Gléwne z nich
to ograniczenie  zuzycia  substancji  niebezpiecznych  (gldwnie  rozpuszczalnikéw
organicznych), mozliwo$¢ degradacji zuzytych produktéw oraz efektywne wykorzystanie

energii [2,3].

Przelozenie tych zasad na praktyke znajduje rowniez zastosowanie w chromatografii
cieczowej, a pojecie zielonej chromatografii jest juz powszechnie stosowanym terminem.
W tej technice dziatania skoncentrowane sg na chromatograficznym rozdzielaniu skladnikéw
mieszaniny, dlatego w dalszej czgsci skupiono si¢ na samych analizach chromatograficznych.
Zestawiajac syntez¢ chemiczng z analizami, ilo§¢ produkowanych szkodliwych odpadéw
moze wydawac si¢ nieznaczna. Przy stosowaniu standardowego przeptywu 1 ml/min szacuje
si¢ produkcje jednego litra odpaddéw organicznych przypadajacych na dzienng prace
wysokosprawnego chromatografu cieczowego. Jednakze biorgc pod uwage ilo$¢ aparatow
wykorzystywanych w przemys$le oraz ich ciagla prace, warto$ci te kumulatywnie rosng.
Dla przykladu w przemys$le farmaceutycznym firmy moga posiada¢é ponad 1000
chromatografow. Coraz czeSciej wykorzystywana jest réwniez ultra-wysokosprawna
chromatografia cieczowa (UHPLC), ktora dzigki wykorzystaniu kolumn chromatograficznych
o mniejszych S$rednicach, umozliwia przeprowadzanie analiz w krotszym czasie
i przy mniejszych przeplywach fazy ruchomej w poréwnaniu do wysokosprawnej
chromatografii cieczowej (HPLC). Zmniejsza to ilo§¢ generowanych odpadow. Jednakze

w farmacji nadal HPLC jest dominujacg technika [2,4].
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Obecnie wdrazane sg juz rozwigzania, ktore skupiajg si¢ wokot trzech grup dziatan:

e ograniczenie wytwarzania odpadéw w postaci rozpuszczalnikow organicznych —
skrocenie czasu analiz,

e zmniejszenie wymiaréw uktadu chromatograficznego — zmniejszenie $rednic kapilar
i kolumn, a w konsekwencji przeplywu fazy ruchomej,

e zamiana rozpuszczalnikow organicznych na alternatywne — dodatki do fazy ruchomej,

zmiany w aparaturze lub warunkoéw prowadzenia analiz.

Sposrod wyzej przedstawionych rozwigzan pierwsze zaklada zastosowanie wyzszych
ci$nien, temperatury, zastosowanie odpowiednich kolumn tak, aby maksymalnie skroci¢ czas
analizy, a tym samym zredukowac ilo$¢ tworzonych odpadéw, nie tracac na jakosci wynikow.
Drugie - opiera si¢ na takiej modyfikacji aparatury, aby nie bylo koniecznosci stosowania
duzych ilo$ci rozpuszczalnikdw organicznych bez zmiany warunkéw analiz. Jest to mozliwe
dzigki np. zmniejszeniu wymiaréw kolumny, redukcji wielkos$ci ziarna stanowigcego
wypehienie czy zastosowanie miniaturyzacji HPLC do mikro chromatografii (WHPLC), gdzie
wymiary kapilar sg zredukowane, a predkosci przeptywu fazy ruchomej zmniejszaja
si¢ z mililitrow na mikrolitry na minut¢. Rozwigzania te nadal nie eliminujg tworzenia
odpaddéw, a jedynie redukujg ich ilo$¢. Jedynym rozwigzaniem pozwalajagcym na catkowite
pozbycie si¢ szkodliwych odpaddéw jest zamiana obecnie uzywanych rozpuszczalnikéw,
takich jak acetonitryl czy metanol, na bardziej przyjazne srodowisku. Do ich grona naleza

gléwnie woda, etanol 1 dwutlenek wegla w stanie nadkrytycznym [5,6].

Zastosowanie alternatywnych 1 jednocze$nie ,,zielonych” rozpuszczalnikow wymaga
odpowiednich zmian w analizie chemicznej. Jedng z mozliwosci jest zastosowanie
podwyzszonej temperatury, ktéra powoduje, iz czysta woda moze posiadac site elucyjng
odpowiadajacg jej mieszaninom z acetonitrylem lub metanolem. Literatura podaje,
iz podwyzszenie temperatury o 3,5°C odpowiada wzrostowi stezenia metanolu w fazie
ruchomej o 1%, natomiast zwigkszenie temperatury o 5-8°C odpowiada zwigkszeniu st¢zenia
acetonitrylu o 1% [7,8]. Jednakze, aby moc przeprowadzaé analizy w temperaturze otoczenia,
przy jednoczesnym zastosowaniu ,,zielonych” zamiennikéw rozpuszczalnikdw organicznych,
konieczne jest wykorzystanie odpowiednio modyfikowanych faz stacjonarnych. Gléwna
grup¢ stanowig fazy stacjonarne, ktérych powierzchnia jest modyfikowana zarowno grupami
polarnymi, jak i niepolarnymi. Taka modyfikacja zapewnia mozliwo$¢ prowadzenia analiz

chromatograficznych z wykorzystaniem fazy ruchomej, w sktad ktérej wchodzi tylko woda
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nie powodujac degradacji fazy stacjonarnej. Dodatkowo, przylaczone grupy funkcyjne

odpowiadaja za retencje¢ i selektywno$¢ podczas analiz chromatograficznych [D1].

Powyzsze rozwazania staty si¢ powodem podjecia dzialan i badan wykonanych
w niniejszej pracy doktorskiej. Wykonano zatem szczegdtowy przeglad literatury pod katem
wykorzystania czystej wody jako jedynego sktadnika fazy ruchomej w HPLC. Zbior
rozwigzan zostal zaprezentowany w pracy przegladowej pt. Pure water as a mobile phase
in liquid chromatography techniques (D1). Opisano w niej zastosowanie wody w stanie
podkrytycznym, gdzie woda o wysokiej temperaturze utrzymywana jest pod wysokim
ci$nieniem, aby nie doprowadzi¢ do jej wrzenia. Takie techniki okreslane sg w literaturze
wieloma okresleniami takimi jak: chromatografia z woda w stanie podkrytycznym (SBWC -
Subcritical Water Chromatography), chromatografia w bardzo goracej wodzie
(Chromatography in very hot water), chromatografia w przegrzanej wodzie (SHWC -
Superheated Water Chromatography), wysokotemperaturowa chromatografia cieczowa
(HTLC - High Temperature Liquid Chromatography) czy chromatografia cieczowa z goraca
woda pod ci$nieniem (PHW-LC - Pressurized Hot Water Liquid Chromatography)*. Mnogos$¢
wykorzystywanych okreslen i towarzyszacych im skrotow wprowadza zame¢t w systematyce
technik chromatograficznych oraz negatywnie wptywa na mozliwosci poszukiwania nowych
badan zwigzanych z ich wykorzystaniem. Ze wzglgdu na ilos¢ badan 1 publikacji zwigzanych
z szeroko pojeta chromatografia cieczowa z wykorzystaniem podgrzanej wody w pracy D1
szczegdtowo opisano t¢ technike. Skupiono si¢ na podstawach teoretycznych, konstrukcji
aparatury, mozliwosciach zastosowania SHWC, wykorzystywanych fazach stacjonarnych

oraz rodzajach detekcji.

Sposrod technik wykorzystujacych czysta wode stosunkowo mloda, ale powszechng jest
wodna chromatografia cieczcowa* (PALC — per aqueous liquid chromatography).
Wykorzystuje ona zel krzemionkowy, na powierzchni ktérego wystepuja wolne silanole,
dzigki czemu mozliwe jest rozdzielanie zwigzkow polarnych. Zastosowanie czystej wody jako
fazy ruchomej powoduje jednak zmiane charakteru tej fazy stacjonarnej. [9—-11]. Z tego
wzgledu w praktyce czesciej stosowana jest faza ruchoma o duzej zawartosci wody, a nie
czysta woda [12—18]. Zastosowanie czystej wody jako jedynego eluentu w fazie ruchome;j
w temperaturze otoczenia wymagalo wylonienia nowej podkategorii nazwane;j ,,tylko wodng”
chromatografig* cieczcowa w odwroconym uktadzie faz (WRP-LC — water-only reversed
phase liquid chromatography) [19]. Zaliczajg si¢ do niej réwniez analizy z wykorzystaniem

techniki PALC, ale tylko gdy wykorzystywana jest czysta woda. Juz ponad 30 lat temu

*tlumaczenie autora pracy doktorskiej 14



Colwell i wspotpr. [20] wykorzystali czysta wode jako faze ruchoma w odwrdéconym uktadzie
faz. Wstepnie otrzymano zadowalajagce wyniki dla faz stacjonarnych modyfikowanych
krétkimi tancuchami weglowymi (C8). Wykorzystywanie dtuzszych tancuchéw powodowato
zmiany konformacyjne hydrofobowych ligandow fazy stacjonarnej [21,22]. Jednakze
w pozniejszych badaniach okazato si¢, iz obecnos¢ wolnych silanoli ma znaczacy wpltyw
na mechanizm rozdzielania. Podejmowano proby funkcjonalizacji powierzchni krzemionki
krotszymi tancuchami alkilowymi (C4), co zapewniato wieksza gesto$¢ pokrycia i stabilnos¢
fazy stacjonarnej. Najnowsze doniesienia literaturowe potwierdzaja, iz w warunkach czystej
wody nie dochodzi do zmian konformacji ligandow hydrofobowych przytaczonych
do powierzchni, a do blokowania catych poréw, przez co ligandy te staja si¢ niedostgpne.
Retencja jest wtedy spowodowana oddziatywaniem analitow z powierzchnig fazy stacjonarnej

z wylaczeniem poréw, co powoduje jej drastyczny spadek [23,24].

W konsekwencji, aby znacznie ograniczy¢ wptyw wolnych silanoli na retencje, powstata
koncepcja faz stacjonarnych z wbudowanymi grupami polarnymi (ang. polar-embedded
stationary phases) lub grupami polarnymi dotagczonymi na etapie wtdrnej silanizacji
(ang. polar-endcapped stationary phases). Materiaty takie sa obecnie stosowane jako fazy
stacjonarne dedykowane rozdzieleniom prowadzonym z wykorzystaniem faz ruchomych
o duzej zawartosci wody. Zwigkszaja one znaczaco stabilno$¢ fazy stacjonarnej podczas
procesu rozdzielenia. Przeglad literatury zwiazanej z wdrazaniem zasad ,,zielonej chemii”,
aw tym zastosowanie czystej wody jako jedynego eluentu fazy ruchomej w analizach
chromatograficznych, potwierdzit koniecznos¢ charakterystyki, opisu mechanizmu retencji
oraz podjecia prob analiz chromatograficznych na fazach stacjonarnych z wbudowanymi
grupami polarnymi. Zdecydowano si¢ na synteze¢ faz stacjonarnych z wbudowanymi grupami
fosfodiestrowymi, ze wzgledu na ich obiecujace wtasciwosci opublikowane przez zespot
z naszej Katedry [25-27], a takze na brak ich pelnego opisu wlasciwosci, charakterystyki
powierzchni 1 mozliwosci chromatograficznych. Dodatkowo zdecydowano

si¢ na przygotowanie dwoch catkowicie nowych faz stacjonarnych [D1].

2.2. Fazy stacjonarne z wbudowanymi grupami polarnymi

Fazy stacjonarne umozliwiajace rozdzielanie substancji w czystej wodzie jako fazie
ruchomej musza charakteryzowa¢ si¢ pewnymi cechami. Konieczna jest ich stabilno$¢
w silnie polarnych warunkach. W przypadku stosowania wody w podwyzszonej temperaturze

istotna jest rOwniez stabilno$¢ termiczna fazy stacjonarnej. Jednocze$nie musza zapewniad
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selektywno$¢, zadowalajaca sprawnos$¢ oraz retencj¢, przy czym ta ostatnia nie moze by¢
przesadnie duza. Obecnie na rynku dostepnych jest wiele kolumn bazujacych na materiatach
r6éznego typu [8,28]. Do najpopularniejszych naleza: chemicznie zwigzane fazy stacjonarne
na no$niku krzemionkowym [10,15,18,29-33], fazy stacjonarne wykorzystujace tlenek
cyrkonu lub tlenkéw innych metali jako nosnik [34-37], fazy polimerowe [7,38], weglowe

[39,40] oraz hybrydowe - organiczno-nieorganiczne [41,42].

Komercyjnie uzywane wypetnienia kolumn chromatograficznych zawieraja materiat
o niemodyfikowanej  lub  modyfikowanej  powierzchni  zapewniajacy  retencje
oraz selektywno$¢. Wlasciwosci fazy stacjonarnej determinuja mozliwa do zastosowania fazg
ruchoma, z tego wzgledu rdézne wypelienia kolumn chromatograficznych beda
wykorzystywane w réznych trybach chromatografii cieczowej, np. w HILIC i RP LC.
W pierwszym przypadku stosowane sg polarne fazy stacjonarne do rozdzielania zwigzkow
o $redniej i duzej polarnosci w warunkach duzej zawartosci rozpuszczalnikow organicznych
siggajacych nawet 98% zawartosci acetonitrylu. W przypadku RP LC wypekienia kolumn
chromatograficznych s3 niepolarne, dlatego tez stosowane sa do rozdzieleh mieszanin
zwigzkéw hydrofobowych. Natomiast w sktadzie fazy ruchomej zawarto$¢ rozpuszczalnikéw
organicznych moze by¢ niska (np. 5%), niemniej w niektorym metodach moze si¢ga¢ nawet

95%, przy jednoczesnym zapewnieniu rozdzielenia mieszanin zwigzkéw chemicznych [43].

Fazy stacjonarne wykorzystywane w warunkach czystej wody zostaly opisane w pracy
przegladowej pt. Stationary phases for green liquid chromatography (D2). Wiele z nich
stosowanych jest w warunkach podwyzszonej temperatury kolumny chromatograficzne;j.
Wymaga to, oprocz wczesniej wspomnianej stabilno$ci termicznej, rowniez odpowiednio
dostosowanej aparatury, ktéra zapewni réwnomierne ogrzanie zardwno fazy ruchomej,
jak i samej kolumny. Konieczne jest wykorzystanie specjalnych termostatow, systemow
wstepnego podgrzania fazy ruchomej oraz jej chlodzenia przed detektorem. Ze wzgledu
na konieczno$¢ stosowania wysokich cisnien zachodzi réwniez potrzeba zastosowania

odpowiednich kapilar, aby zapewni¢ utrzymanie wody w stanie ciektym [D2].

Istotne stalo si¢ poszukiwanie takiego rozwigzania, ktére zapewni korzystanie
ze standardowej aparatury do chromatografii cieczowej, a jednocze$nie umozliwi rozdzielanie
analitow z zastosowaniem wody jako jedynego sktadnika fazy ruchomej. Pod koniec lat
80-tych poprzedniego wieku po raz pierwszy zaczgto syntezowaé fazy stacjonarne
zawierajace w swojej strukturze jednoczesnie grupy polarne, jak i niepolarne. Celem byta
ich aplikacyjno$¢ w bardzo szerokim zakresie st¢zen modyfikatora organicznego w fazie
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ruchomej przy jednoczesnym zapewnieniu odpowiedniej sprawnosci i selektywnosci.
Z zatozenia mialy tez by¢ wykorzystywane do rozdzielania zaréwno zwigzkow polarnych,
jak i niepolarnych ze wzgledu na dwojaka, pod wzgledem polarnosci, budowe dotaczonych

do powierzchni ligandow [44—46].

Sposréd faz stacjonarnych zawierajagcych dotaczone grupy polarne wyrdzniamy trzy

typy:

e fazy stacjonarne z wbudowanymi grupami polarnymi,
e fazy stacjonarne z grupami polarnymi dotgczonymi na etapie wtornej silanizacji,
e niepolarne fazy stacjonarne z terminalng grupa polarng (ang. polar-headed stationary

phases) [47].

Schematy tych faz stacjonarnych zostaty przedstawione na Rysunku 1. Kazda z nich
zawiera zarOwno grupe polarng, jak i grupe niepolarng w postaci tancucha alkilowego
lub innej czasteczki hydrofobowej. Do najbardziej popularnych grup polarnych stosowanych
wtego typu wypelieniach kolumn chromatograficznych naleza grupy amidowe,
karbaminianowe, eterowe, estrowe, fosfoestrowe oraz czasteczki mocznika. Roéznica
w ich budowie miedzy wymienionymi rodzajami faz stacjonarnych, wynika z metody
syntezy. Fazy stacjonarne z wbudowanymi grupami polarnymi syntezuje si¢, wykorzystujac
zel krzemionkowy, do ktérego w pierwszym etapie przylacza si¢ krotki tacznik alkilowy
z reaktywng grupg funkcyjng, w drugim etapie dolacza si¢ grupe polarng, a nastepnie reaguje
ona z niepolarnym ligandem. Fazy stacjonarne z terminalng grupa polarng przylaczong
do ligandu hydrofobowego syntezuje si¢ w podobny sposob, jednakze odwrocona jest
kolejnos¢ przylaczania kolejnych czasteczek [47]. W przypadku faz z grupami polarnymi
dofaczonymi na etapie wtornej silanizacji pierwszy etap przebiega jak w przypadku syntezy
oktadecylowej fazy stacjonarnej ODS (ang. octadecylsilane). Drugim etapem

jest wykorzystanie resztkowych, wolnych silanoli do przytaczenia grup polarnych [27,48,49].
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Rysunek 1. Schematyczne przedstawienie struktur faz stacjonarnych posiadajacych

o e

zarbwno grupy polarne, jak i1 niepolarne w swojej strukturze A — faza stacjonarna
z wbudowang grupa polarng, B — faza stacjonarna z grupa polarng dolaczong na etapie
wtornej silanizacji, C — niepolarna faza stacjonarna z grupa polarng przytaczong na koncu

czesci hydrofobowe;.

Zaletg faz stacjonarnych posiadajacych oba rodzaje grup jest mozliwos¢ ich zastosowania
do rozdzieleh mieszanin analitbw w najbardziej ,,zielonych” warunkach w chromatografii
cieczowej. Naleza do nich migdzy innymi przygotowane w niniejszej pracy fazy stacjonarne
z wbudowanymi grupami fosfodiestrowymi. Czysta woda w temperaturze pokojowej
zapewnia mozliwos¢ korzystania z klasycznych chromatograféow cieczowych bez
koniecznosci ich dostosowania do podwyzszonych temperatur. Mozliwo$¢ doboru struktury
grupy polarnej oraz niepolarnej budujacych faz¢ stacjonarng oraz sposobu modyfikacji
powierzchni no$nika sprawia, iz ilo§¢ kombinacji jest praktycznie nieograniczona. Dzigki
temu mozna uzyskiwac rdzng selektywnos$¢ tego typu faz stacjonarnych. Wadg przy analizach
wykorzystujacych jednoskladnikowa, wodng faze ruchomg jest to, ze praktycznie tylko
struktura fazy stacjonarnej odpowiada za selektywno$¢ rozdzielenia, a wptyw sktadu fazy
ruchomej jest wyeliminowany. Nie ma mozliwosci zastosowania analizy w warunkach elucji
gradientowej. Jedyng mozliwo$¢ optymalizacji daje zmiana temperatury, a w przypadku

stabilno$ci termicznej fazy stacjonarnej mozna positkowac si¢ gradientem temperatury [D2].

2.3. Synteza faz stacjonarnych

Oprocz wigkszej stabilno$ci w poréwnaniu do klasycznych alkilowych faz stacjonarnych
wykorzystywanych w RP LC fazy stacjonarne z wbudowanymi grupami polarnymi
w warunkach duzej zawarto§ci wody dodatkowo pozwalaja na otrzymanie bardziej

symetrycznych pikow na chromatogramie, szczegélnie dla substancji o charakterze
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zasadowym. Wolne silanole nie wptywajg na retencje¢, ze wzgledu na ekranowanie ich przez
warstwe wodnag zaadsorbowang wokot grup polarnych. Warstwa ta sprzyja roéwniez
zmniejszeniu wytworzonej energii swobodnej dla transferu analitu. Ich specyficzna
selektywno$¢ sprawia, iz staja si¢ pozadane w badaniach metoda POPLC (ang. Phase
Optimized Liquid Chromatography), w ktorej przeprowadza si¢ wstepnie dobor odpowiednie;j
fazy stacjonarnej do analitu, aby pdzniej optymalizowaé sktad fazy ruchomej. Stanowig one
zatem uzupeilnienie pod wzgledem selektywnosci dla alkilowych 1 polarnych faz

stacjonarnych [21,50-55].

Istniejg dwie procedury syntezy faz stacjonarnych pozwalajacych na wbudowanie grupy
polarnej. Historycznie pierwsza, w ktérej otrzymano faz¢ amidowsa, polega na przylaczeniu
do powierzchni no$nika aminopropylowego silanu, ktory nastgpnie w reakcji z chlorkiem
kwasowym lub izocyjanianem formuje grup¢ amidowa lub mocznikowa [56]. Ze wzgledoéw
sterycznych niemozliwa jest jednak modyfikacja wszystkich grup aminowych w drugim
etapie syntezy fazy stacjonarnej, co prowadzi do utworzenia powierzchni zawierajacej
jednoczes$nie grupy aminowe oraz amidowe [57]. Jako rozwigzanie zostala zaproponowana
druga metoda przeprowadzana jednoetapowo [53,58]. Do powierzchni krzemionki
przylaczany jest odpowiedni silan z wewngtrznie wbudowang grupa polarng. Wada tej
metody jest konieczno$¢ posiadania pozadanego silanu, zatem mozliwosci swobodnego

doboru grupy polarnej i niepolarnej sa znaczaco ograniczone [50].

Stosunkowa nowo$¢ faz stacjonarnych z wbudowanymi grupami polarnymi oraz duza
ilos¢ mozliwosci doboru grup polarnych oraz niepolarnych spowodowata zainteresowanie
takimi materialami w analizach chromatograficznych. Poczatkowo synteza nowych
materiatdw w ramach niniejszej pracy doktorskiej miata na celu otrzymanie kolumn, ktore
umozliwig efektywng prace w czystej wodzie, co zostalo z sukcesem osiggniete. W trakcie
prowadzenia badan okazato sie, i1z mozliwosci sa o wiele szersze, zatem cel zostal
zmodyfikowany na otrzymanie faz stacjonarnych umozliwiajacych rozdzielenie w rdéznych
trybach chromatograficznych (RP LC 1 HILIC) oraz ich charakteryzacji z wykazaniem
aplikacyjnosci w rozdzielaniu grup maloczasteczkowych zwiazkdéw polarnych i niepolarnych,
a w tym alkaloidow purynowych, zasad azotowych, benzenu i wielopierscieniowych

weglowodordw aromatycznych a takze lekow beta-adrenolitycznych [DS,D6].

Procedurg syntezy czterech faz stacjonarnych z wbudowanymi grupami fosfodiestrowymi
przedstawiono w pracy pt. Solvent influence on zeta potential of stationary phase—mobile
phase interface (D3). Poczatkowo powierzchni¢ krzemionki funkcjonalizuje si¢ silanem
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zawierajacym krotki tancuch alkilowy zakonczony grupa epoksydowa. W nastepnym etapie
pierscien epoksydowy zostaje otwarty w reakcji hydrolizy katalizowanej kwasem. Otrzymana
zostaje faza stacjonarna zawierajaca dwie grupy hydroksylowe - diol. W kolejnych etapach
do grup hydroksylowych przylaczana jest grupa polarna poprzez reakcje z trichlorkiem
fosforylu, a nastepnie cze¢$¢ hydrofobowa poprzez reakcj¢ z odpowiednim alkoholem.
Rysunek 2 przedstawia schemat syntezy fazy stacjonarnej z wbudowana grupa
fosfodiestrowa w oparciu o zastosowang w badaniach procedure. Ostatecznie otrzymano dwie
fazy stacjonarne, ktorych struktury zostaly opublikowane wczedniej w literaturze naukowe;j:
Diol-P-C10 oraz Diol-P-C18 (obie fazy zostaly opracowane przez nasz zespodt 1 przygotowane
zgodnie z wczesniejszym opisem syntezy) [26,27,59] oraz dwie catkowicie nowe fazy:

Diol-P-benzyl oraz Diol-P-chol.
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Rysunek 2. Schemat syntezy faz stacjonarnych z wbudowana grupa fosfodiestrowa

przygotowanych w ramach badan.
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2.4. Charakterystyka faz stacjonarnych

2.4.1. Analiza elementarna i gestos¢ pokrycia

Synteza nowych faz stacjonarnych zawsze powigzana jest z charakterystyka powierzchni
materialu. W tym celu przeprowadza si¢ szereg analiz instrumentalnych oraz obliczen
pozwalajacych w jak najlepszy sposob jakosciowo oraz ilosciowo opisaé powierzchnie
sorbentu. Wlaczajg si¢ w to réwniez analizy chromatograficzne pozwalajagce na okreslenie
i wyznaczenie parametréw chromatograficznych kolumny, takich jak sprawnosc,

rozdzielczo$¢, selektywnos$¢ czy mechanizm retencji [60].

Metody termoanalityczne, w tym analiza elementarna (CHN) oraz analiza
termograwimetryczna (TGA) wykonywane sa w celu charakterystyki powierzchni
oraz okreslenia sktadu pierwiastkowego fazy stacjonarnej. Termograwimetria pozwala
na okreslenie stabilno$ci termicznej otrzymanych materialow, jednakze nie daje odpowiedzi
dotyczacych struktury zwigzanych ligandow na powierzchni krzemionki. Analiza elementarna
pozwala na okreslenie zawarto$ci procentowej wegla, wodoru oraz azotu w badanej probcee.
Takie badania wykonane na poszczegolnych etapach syntezy moga potwierdza¢ przylaczanie
si¢ kolejnych czasteczek do powierzchni fazy stacjonarnej. Stuzg one rowniez w obliczeniu
gestosci pokrycia przylaczonymi ligandami zgodnie z rOéwnaniem wyznaczonym przez
Berendsen’a oraz de Galan’a [54,55,D3]:

a = 10°P, 1
1200n,—P.(M—ny) SBET

&)

gdzie: a - gesto§¢ pokrycia [umol/cm?]; n. — liczba atoméw wegla w dolaczonej
do powierzchni czasteczce; nx — liczba reaktywnych grup w silanie; M — masa molowa
dotaczonego ligandu [g/mol]; Seer — powierzchnia wlasciwa wyznaczona z modelu BET

[m*/g]; Pc — zawarto$¢ procentowa wegla wyznaczona podczas analizy elementarnej [%].

Wyniki analizy elementarnej dla poszczegoélnych faz stacjonarnych przedstawiono
w Tabeli 1. Analizy wykonano po pierwszym etapie syntezy, gdzie powierzchnia krzemionki
zostala zmodyfikowana z otrzymaniem dioli oraz po drugim etapie, w ktorym dofaczona
zostata grupa fosfodiestrowa z 4 roznymi czasteczkami hydrofobowymi: tancuchem
decylowym (C10), tancuchem oktadecylowym (C18), grupa benzylowa (benzyl)
oraz czasteczka cholesterolu (chol). Widoczny jest wzrost zawarto$ci wegla po pierwszym

etapie, co sugeruje przylaczenie si¢ krotkiego tacznika weglowego do powierzchni. Po drugim
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etapie réwniez nastepuje wzrost, ktory jest rézny w zaleznosci od syntezowanej fazy

stacjonarnej, co sugeruje pomyslne zaj$cie dalszych etapéw syntezy [D3].

Tabela 1. Wyniki analizy elementarnej dla poszczegdlnych faz stacjonarnych

oraz dla fazy diolowe;.

PROCENTOWA ZAWARTOSC DIOL.P DIOL.P

o DIOL  DIOLPCIO DIOLPCIS CHOL
STACJONANRE]J

C [%] ‘ 1,438 3,438 4,177 2,865 9,308

N [%] ‘ 0,062 0,108 0,187 0,456 0,355

H [%] ‘ 1,132 1,234 1,029 1,319 2,105

Gestos¢  pokrycia  sorbentu  dolgczonymi ligandami  wpltywa na  dostepnosé
do powierzchni krzemionki dla czasteczek rozpuszczalnika oraz analitu. Im jest ona mniejsza,
tym dostgpno$¢ ta jest wieksza, a co =za tym idzie, oddziatywania analitu
z nieprzereagowanymi silanolami sg bardziej prawdopodobne. Zatem warto$ci gestosci
pokrycia mogg stanowi¢ podstawe do wyjasniania tendencji w zmianach retencji
wystepujacych dla réznych analitow przy opisie mechanizmu retencji w uktadzie HILIC.
W RP LC rozdzielane s3 zwigzki o niskiej polarnosci, zatem wptyw interakcji wolnych
silanoli z analitami na retencj¢ jest zaniedbywalny, chyba Zze anality zawieraja grupy
o charakterze zasad Lewisa, np. grupy aminowe. W przypadku chromatografii oddziatywan
hydrofilowych zawarto§¢ wody w skladzie fazy ruchomej jest nizsza niz zawartos¢
modyfikatora organicznego, a anality sa polarne i dobrze rozpuszczalne w wodzie. Zatem
oddziatywania analit-silanole maja istotny wpltyw na retencj¢. Niewielka gesto$¢ pokrycia
w takim przypadku moze niekorzystnie wplywa¢ na wystepowanie tych oddziatywan.
W konsekwencji skutkuje to wydluzeniem czasu retencji oraz ogonowaniem pikow

[56,57,D6].

2.4.2. Hydrofobowos¢

Ze wzgledu na ztozony charakter faz stacjonarnych z wbudowanymi grupami polarnymi
pod wzgledem ich polarno$ci istotne jest wyznaczenie ich hydrofobowos$ci. Standardowo
stosowany jest test Galushko, ktory pozwala na wyznaczenie zaréwno hydrofobowosci,

jak 1 aktywnosci wolnych silanoli. Test na hydrofobowo$¢ polega na wyznaczeniu $redniej
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arytmetycznej z warto$ci wspotczynnikow retencji dla toluenu 1 benzenu w okreslonych

warunkach [65]:

KtotuenetKpeznene
Hg = : &)

gdzie Hg — hydrofobowos¢; Kioluene, Kbenzene — Wspotczynniki retencji odpowiednio toluenu

1 benzenu.

Aktywnos$¢ silanolowa jest testem pozwalajgcym na okreslenie udziatu niezwigzanych
grup silanolowych w mechanizmie retencji analitu. W tym celu wyznacza si¢ wspotczynniki
retencji aniliny i fenolu oraz oblicza ja zgodnie ze wzorem [65]:

SAg=1+3" [—"“”""”e — 1] 3)

phenol

gdzie SAc — aktywno$¢ silanoli, Kanitine, Kphenot — WspoOtczynniki retencji odpowiednio

aniliny i fenolu.

Jednakze w przypadku zwigzanych faz stacjonarnych, ktére posiadaja w swojej
strukturze grupy hydroksylowe, aktywnos$¢ ta jest sumg udziatéw resztkowych silanoli
oraz np. dioli. Dodatkowo fazy stacjonarne wykazujace mozliwosci mechanizmu
kationowymiennego, uniemozliwiaja  przeprowadzenie tego testu ze  wzgledu

na oddziatywania elektrostatyczne z aniling [DS5].

Wyznaczenie hydrofobowosci oraz aktywnosci silanoli dla zwigzanych faz stacjonarnych
jest istotnym etapem charakterystyki otrzymanych materialow. Pierwszy parametr pozwala
na okreslenie w jakim stopniu modyfikacja powierzchni wptyneta na niepolarny charakter
materiatu. Drugi - opisuje stopien wplywu aktywnych 1 swobodnych silanoli na retencje.
Dzigki niemu mozna okresli¢, jaka cze$¢ grup hydroksylowych przy silanolach nie ulegta
modyfikacji czasteczkami niepolarnymi, jak ma to miejsce w przypadku syntezy faz ODS.
Ma to szczegdlne znaczenie przy charakterystyce wszystkich kolumn uzywanych w RP LC

[65-67].

W przypadku kolumn wykorzystywanych w réznych trybach chromatografii cieczowe;j
wyznaczenie tych parametréw pozwala na szerszy opis tendencji w retencji zwigzkow
orozne] polarnosci. W pracy pt. Phosphodiester stationary phases as universal
chromatographic materials for separation in RP LC, HILIC, and pure aqueous mobile phase
(DS) wykonano test Galushko, w ktorym okreslono hydrofobowo$¢ przygotowanych

materiatlow. Aktywno$¢ silanoli nie mogta zosta¢ wyznaczona z dwoch wzgledow. Jednym
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jest obecno$¢ dodatkowych grup hydroksylowych pochodzacych od dioli 1 grupy
fosfodiestrowej, ktorych charakter jest inny niz resztkowych silanoli. Drugim powodem
jest fakt, iz otrzymane fazy stacjonarne maja charakter stabych wymieniaczy jonowych,
co uniemozliwia otrzymanie powtarzalnego i wiarygodnego wyniku badania retencji aniliny,
ktéra w warunkach pomiaru jest czeSciowo protonowana. W pracy pt. Beta-blockers
separation on phosphodiester stationary phases - the application of Intelligent Peak
Deconvolution Analysis (D6) wykazano fakt, iz wlasciwo$¢ stabego wymieniacza
kationowego faz stacjonarnych ma rzeczywisty wplyw na retencj¢ zwiazkow posiadajacych
wiele grup funkcyjnych o zréznicowanej polarnosci. Dla grupy fosfodiestrowej warto$¢ pKa
réwna 1,45 £+ 0,5 sprawia, iz w fazie ruchomej o pH rownym 7,5 grupa ta jest zdysocjowana
ijest miejscem wymiany kationéw. Powoduje to wystegpowanie mieszanego mechanizmu
retencji dla wiekszosci stosowanych sktadow fazy ruchomej oraz uniemozliwia
przeprowadzenie analizy beta-blokerow bez wykorzystania soli w sktadzie fazy ruchome;j.
Obecno$¢  oddzialywan jonowych  wplywa réwniez na  poszerzenie  pasma
chromatograficznego i zmniejszenie rozdzielczo$ci, co utrudnia analiz¢ w warunkach
izokratycznych, dlatego tez najlepsze rezultaty otrzymano przy wykorzystaniu elucji

gradientowej [D6].

2.4.3. Potencjal elektrokinetyczny — stabilno$¢ zawiesin faz stacjonarnych

Powierzchnia zwigzanych faz stacjonarnych charakteryzuje si¢ heterogenicznoscia.
Poczatkowo czysta krzemionka posiada grupy silanolowe (wolne i bliZzniacze) 1 siloksanowe
[68]. W wyniku kilkuetapowej modyfikacji dotaczane sg kolejne czasteczki. Zaktadajac,
1z zaden z etapdéw nie zachodzi z wydajnosciag 100%, na powierzchni przygotowanych faz
istniejg przylaczone czasteczki zawierajace grupy diolowe, ligandy z dotaczong tylko grupa

fosforanowa, a takze kompletne ligandy zawierajace grupg¢ polarng i niepolarng [DS].

Na powierzchni faz stacjonarnych z wbudowanymi grupami fosfodiestrowymi znajduja
si¢ resztkowe silanole oraz dotagczone grupy polarne, ktéore moga ulega¢ dysocjacii,
solwatacji, a takze asocjacji polarnych czasteczek. Wolne silanole ulegaja dysocjacji, tworzac
ujemne tadunki na powierzchni. Rowniez grupy hydroksylowe znajdujace si¢ w polarnej
grupie fosfodiestrowej moga ulega¢ jonizacji z utworzeniem grup o tadunku ujemnym
(w zalezno$ci od pH fazy ruchomej). W konsekwencji nastepuje przyciaganie tadunkow
dodatnich znajdujacych si¢ w rozpuszczalniku solwatujacym faze stacjonarng. Skutkiem

jest utworzenie warstwy elektrycznej otaczajacej kazda czastke fazy stacjonarnej
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znajdujacy si¢ roztworze. Utworzona przestrzen przy powierzchni fazy nosi nazwe podwojne;j

warstwy elektrycznej [69,70].

Natadowana powierzchnia krzemionki przycigga 1 unieruchamia blisko swojej
powierzchni jony o przeciwnym znaku. Warstwa ta nosi nazwe warstwy adsorpcyjnej (inaczej
nazywang warstwa Sterna). Powstaje zatem potencjat powierzchniowy (¢o), ktory maleje
wraz ze wzrostem odleglosci od powierzchni. Na granicy warstwy Sterna mozna wyr6znié
potencjat Sterna (¢s), ktory dalej maleje w miar¢ oddalania si¢ od warstwy adsorpcyjne;.
Druga warstwa jest warstwa dyfuzyjna, gdzie czastki w postaci rozmytej nadal oddziatluja
z powierzchnig. Zatem w tej przestrzeni znajduje si¢ wigksze nagromadzenie molekul o znaku
przeciwnym do powierzchniowego. W warstwie dyfuzyjnej znajduje si¢ ptlaszczyzna
poslizgu, ktora graniczy z glebig fazy ruchome;j, a granica ta okres§lana jest mianem potencjatu

elektrokinetycznego zwanego potencjatem zeta (C). [69—73].

Potencjal zeta ma praktyczne zastosowanie przy opisie dwuwarstwy elektrycznej
tworzacej si¢ przy powierzchni fazy stacjonarnej. Ze wzgledu na staty kontakt fazy ruchome;j
z powierzchnig fazy stacjonarnej okreslenie potencjatu zeta bedzie miato istotny wptyw przy
zrozumieniu mechanizmoéw  zachodzacych na powierzchni w trakcie separacji
chromatograficznej oraz wplywajacych na selektywnos$¢ rozdzielenia. Nie tylko charakter
powierzchni ma wpltyw na utworzony potencjal, ale rowniez rodzaj rozpuszczalnika, ktory
solwatuje modyfikowana krzemionke. Rozpuszczalniki o rdznej polarnosci, tendencji
do polaryzacji oraz wlasciwosciach fizykochemicznych beda w rdézny sposdb wplywaé

na zjawiska powierzchniowe [74-77].

Najbardzie} powszechnym sposobem wyznaczenia potencjalu zeta jest badanie
ruchliwos$ci elektroforetycznej (n), ktora nastepnie w oparciu o odpowiednie zalozenia
teoretyczne jest przeliczana na potencjat zeta. Wérod réwnan pozwalajacych na wyznaczenie
tego parametru znajduje si¢ réwnanie Smoluchowskiego, Hiickel’a oraz Henry’ego.

Roéwnanie Henry’ego prezentuje si¢ nastepujaco:

_ E£r£0< .
u=2225 F(ca) @)

gdzie p — ruchliwo$¢ elektroforetyczna [um-cm/Vs], n — lepkos$¢ rozpuszczalnika [Pa-s],
& — stala dielektryczna rozpuszczalnika, o — przenikalno$¢ elektryczna prozni [C%/J-ml],

€ — potencjat zeta [mV] oraz F(ka) — funkcja Henry’ego.
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Réwnanie to uwzglednia kazda zalezno$¢ miedzy gruboScia podwdjnej warstwy
elektrycznej a promieniem czastki. Jednakze w granicznych przypadkach moze ono zostaé
uproszczone. Gdy grubos¢ dwuwarstwy elektrycznej jest znacznie wigksza od promienia
czastki, wartoé¢ ka jest znacznie mniejsza od jednosci (k! - dhlugo$é ekranowania
Debye’a-Hiickel’a, a — promien czastki), a funkcja F(kxa) przyjmuje wartos¢ 1. Otrzymuje
si¢ wtedy rownanie Hiickel’a:

_ ESTSO{
=3, &)

Jednakze gdy sytuacja jest calkowicie odwrotna i wielko$¢ czastki znacznie przekracza
grubos$¢ utworzonej podwojnej warstwy elektrycznej, warto$¢ ka jest znacznie wigksza od 1,
a funkcja Henry’ego roéwna jest 1,5. Pozwala to na zastosowanie matematycznego
przyblizenia w postaci rdwnania Smoluchowskiego:

_ &&¢
== (6)

Wptyw na grubo$¢ dwuwarstwy elektrycznej tworzacej si¢ przy powierzchni czastki
krzemionki ma rodzaj rozpuszczalnika, a w szczego6lno$ci obecne w nim jony. Wigksze
stezenie jonOw bedzie sprzyjac¢ tworzeniu si¢ mniejszej warstwy, a nizsze bedzie powodowac
utworzenie grubej warstwy. Rowniez sita jonowa bedzie wplywaé na grubos$¢ podwojnej
warstwy elektrycznej. W trakcie badan przy pracy D3 wykorzystywane byly gldwnie
rozpuszczalniki organiczne oraz krzemionka o wielkoSci ziarna 5 pm. Tak duze ziarna
oraz staba jonizacja rozpuszczalnikow uzasadnia wykorzystanie uproszczonego rdéwnania

Smoluchowskiego [70,78—81].

Podczas badan potencjalu zeta nalezy wzig¢ pod uwage istotny fakt, iz jest to parametr
globalny i odnosi si¢ do caltej czastki oraz przestrzeni wystepujacych pomiedzy czastkami
w ewentualnie utworzonym agregacie. Uznajac, iz odlegtos¢ od powierzchni krzemionki,
w ktorej potencjat spada do zera, moze osigga¢ warto§¢ 30 nm oraz fakt, iz pory
w standardowo stosowanej krzemionce w HPLC majg $rednice okoto 10 nm, utworzona
podwdjna warstwa elektryczna nie tylko moze zachodzi¢ na siebie z przeciwlegltych $cian
poru, ale rd6wniez wypekiac calg jego objetos¢. Powierzchnia wlasciwa krzemionki gtownie
zlokalizowana jest w porach 1 to tam dochodzi do wielu modyfikacji powierzchniowych
silanoli. Na podstawie opisanych zjawisk mozna wnioskowac, ze lokalnie potencjat zeta moze
by¢ zrdéznicowany, a jego warto§¢ moze by¢ zaburzona i1 nie odzwierciedla¢ faktycznych

oddziatywan przylaczonych ligandow z czasteczkami rozpuszczalnika [75, D3].
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Teoria DVLO (skrot pochodzacy od jej tworcow: Derjauguina, Landau'a, Verwey'a
i Overbeeka) okresla, iz za stabilno$¢ czastek w roztworze odpowiadaja sity odpychania
i przyciaggania. Pierwsze z nich polegaja na sterycznym lub elektrostatycznym odpychaniu
si¢ podwojnej warstwy elektrycznej. W przypadku krzemionki o $rednicy 5 mikrondéw
modyfikowanej grupami polarnymi i niepolarnymi nie wystepuje odpychanie steryczne,
zatem odpychanie elektrostatyczne bedzie kluczowe. Przyciagganie nastgpuje na skutek
oddzialywan van der Waals’a. Jezeli sily te pozostaja w réwnowadze, to nie zachodzi
agregacja, a czastki w roztworze pozostaja zawieszone. Jednakze jezeli sity przyciggania
przewazaja, nastgpi agregacja czastek. Zatem pomiar potencjalu zeta pozwala oszacowac
stabilno$¢ zawiesiny. Krytyczna warto$¢ potencjalu zeta, po ktorej przekroczeniu mozna
moéwicé o trwatosci, wynosi +£30 mV. Nie oznacza to braku agregacji, gdyz w zawiesinie moga

utworzyc¢ si¢ niewielkie agregaty przy jednoczesnym zachowaniu stabilnosci [72,83—85].

W pracy pt. Solvent influence on zeta potential of stationary phase—mobile phase
interface (D3) wykonano pomiary zeta potencjatu dla czterech przygotowanych faz
stacjonarnych z wbudowanymi grupami fosfodiestrowymi dla 10 rozpuszczalnikow
i 6 mieszanin dwusktadnikowych. Potwierdzono, iz dla wigkszo$ci faz rozpuszczalnikiem
zapewniajagcym najlepszg stabilno$¢ zawiesiny jest chloroform, a takze dichlorometan.
Oba dawaly wysoce ujemne wartosci zeta potencjatu. Taka warto$¢ moze wynikac z adsorpcji
czasteczek na powierzchni krzemionki. Chloroform i dichlorometan sa czasteczkami
o niezerowym momencie dipolowym wynoszacym odpowiednio 1,04 + 0,02 C-m
i 1,60 = 0,03 C-m [86], oraz posiadajagcymi atomy chloru z trzema niesparowanymi parami
elektronowymi, co w konsekwencji zapewnia wysoce ujemny tadunek powierzchni.
Wigkszo$¢ otrzymanych wynikow potencjatu zeta byla ujemna, co potwierdza obecno$¢
zjonizowanych grup silanolowych, a takze pozwala domniema¢, iz zachodzi dysocjacja grupy
hydroksylowej znajdujacej si¢ przy atomie fosforu w grupie fosfodiestrowej. Wplyw
na otrzymane wyniki ma rowniez obecno$¢ wysoce elektroujemnych atomow tlenow

w strukturze kazdej fazy [D3].

W celu poréwnania wplywu rodzaju sorbentu na otrzymywane wyniki przygotowano
piata faze stacjonarna, ktora zostala zsyntezowana w ten sam sposob co Diol-P-C10, jednakze
uzyto krzemionki Luna zamiast Kromasil. Prezentowane w pracy D3 wykresy radarowe
oraz poszczegolne wyniki zeta potencjatu potwierdzaja, iz nie zachodzi znaczacy wplyw
rodzaju krzemionki na wartosci potencjatu zeta fazy stacjonarnej. Wigksza rolg speinia

modyfikacja powierzchni podtoza krzemionkowego [D3].
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Calos¢ pracy D3, oprocz bezposrednich wynikow zeta potencjatu oraz wnioskéw z nich
ptynacych, zostata wykonana w celu okre$lenia stabilnosci zawiesin. Bylo to konieczne
w odniesieniu do kolejnych etapéw badan, w ktorych starano si¢ optymalizowaé proces
pakowania kolumn chromatograficznych otrzymanymi fazami stacjonarnymi. Jednym
z kryteriow zapewniajacych efektywne pakowanie metoda zawiesinowa jest dobor
odpowiedniego rozpuszczalnika pchajacego oraz zawiesinowego. Selekcje taka mozna
wykona¢ w oparciu o badania stabilnosci i1 agregacji faz stacjonarnych w ro6znych
rozpuszczalnikach, pomiary zeta potencjatu, obserwacje mikroskopowe oraz zestawienie tych
wynikow z lepkoS$cig 1 gesto$cig zawiesiny. Szczegdlowe badania, wyniki 1 wnioski opisano

w pracy [D4].

2.5. Optymalizacja pakowania faz stacjonarnych metoda zawiesinowa

W przypadku przygotowania nowych faz stacjonarnych stanowigcych wypekienie
kolumn chromatograficznych istotne jest zadbanie o zoptymalizowanie procesu pakowania.
To wlasnie wypehienie pelni kluczowa rol¢ podczas rozdzielenia chromatograficznego, gdyz
to faza stacjonarna odpowiada za selektywna retencje zwigzkow wchodzacych w sktad
mieszaniny, pozwalajac na ich efektywne rozdzielenie. Jako$¢ kolumny okreslana
jest poprzez jej rozdzielczos¢, co zgodnie z rownaniem Purnell’a zalezy od selektywnosci
oraz sprawnosci [87]. Podczas gdy selektywnos$¢ jest parametrem zalezagcym od oddziatywan,
faza stacjonarna-anality, sprawno$¢ jest parametrem fizycznym opisujacym liczbe
jednostkowych  stanow  réwnowagi pozwalajacych na retencj¢ analitu. Sklada
si¢ na to zarowno charakter chemiczny powierzchni fazy stacjonarnej, jak 1 fizyczne
parametry opisujace ztoze wewnatrz kolumny chromatograficznej. Wtasnos¢ ta uwzglednia
zarowno rozmiar, rozrzut wielkosci, sferyczno$¢, porowatos$¢ ziaren fazy stacjonarnej,
jakiich ulozenie wewnatrz kolumny, azatem gestos¢ 1 homogeniczno$¢ upakowania

zar6wno w przekroju podtuznym, jak i poprzecznym [88,89].

Wielko$¢ fizyczna pozwalajaca na liczbowe okreslenie sprawnosci w chromatografii
cieczowe] to wysoko$¢ rownowazna poélce teoretycznej HETP (ang. height equivalent
to a theoretical plate). Wysoko$s¢ ta powinna by¢ jak najmniejsza, aby zapewnié
jak najwigksza ilo$¢ jednostkowych stanéw réwnowagi miedzy analitem a fazg stacjonarng
wzdhuz catej kolumny. Powszechnie stosowane rownanie van Deemter’a pozwalajace

na wyznaczenie HETP posiada nastepujaca postac:
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HETP = A+§+Cu (7)

gdzie A — dyfuzja wirowa, B — dyfuzja wzdtuzna, C — opdr przenoszenia masy miedzy

fazg stacjonarng a ruchoma, u — predko$¢ liniowa fazy ruchomej [cm-s™].

Tylko parametr A jest staly 1 niemozliwy do optymalizacji podczas analizy
chromatograficznej. Zatem jakos$¢ zapakowania ztoza w kolumnie chromatograficznej bedzie
determinowa¢ warto$¢ parametru A, a w konsekwencji jego wplyw na HEPT. Dyfuzja
wirowa to szereg zjawisk wplywajacych na rozmycie pasma spowodowanego roéznymi
predkosciami 1 drogami przeptywu analitu przez zloze kolumny. Roéznice te wynikaja
z nierownomiernego roztozenia wielko$ci, réznic w rozmiarze i ksztaltach porow, a takze
samego ksztaltu kolumny. Jezeli ziarna krzemionki zapewniaja analitowi tatwa i swobodng
droge oraz niewiele interakcji z powierzchnig fazy stacjonarnej, warto$¢ wspotczynnika
A bedzie wysoka, a co za tym idzie, uzyskana zostanie wysoka warto§¢ HETP nawet
dla optymalnej predkosci przeptywu. Oprdocz odpowiedniej gestosci upakowania zloza, ktéra
zapewnia jego stabilno$¢ i brak osadzania si¢ w trakcie pracy, istotne jest tez zapewnienie

jego homogenicznosci przekrojowej [90].

Czynniki wplywajace na jako$¢ wypetnienia kolumny fazg stacjonarng zaleza od kilku
kluczowych parametrow. Konieczne jest zapewnienie jak najwigkszej gestosci, a przestrzenie
miedzy czastkami powinny by¢ zblizonej wielkosci, aby zapewni¢ homogeniczno$¢
przeplywu. Nalezy unika¢ wigkszych zaggszczen w kolumnie, a zatem istotna
jest jednorodno$¢ w przekroju poprzecznym 1 podluznym. Podczas pakowania metoda
zawiesinowy istotne staje si¢ zatem zadbanie o odpowiednie oddziatywania miedzy czastkami
— odpowiednia agregacja — oraz brak sedymentacji zawiesiny. Rozpuszczalnik zawiesinowy
powinien zatem dobrze zwilza¢ powierzchni¢ materiatu, aby zapewni¢ utworzenie agregatow
oraz zapobiec pozostawaniu pecherzykow gazu w porach krzemionki. Zatem fazy stacjonarne
o charakterze hydrofobowym stosowane w RP LC pakowane sa zazwyczaj przy uzyciu
niepolarnych rozpuszczalnikoéw, natomiast fazy przeznaczone do HILIC - na odwrot.
W przypadku faz stacjonarnych z wbudowanymi grupami polarnymi dobor rozpuszczalnika

jest trudniejszy 1 warto go przeprowadzi¢ eksperymentalnie [83,D4].

Historyczne podejscie do agregacji lub jej braku podczas stosowania metody
zawiesinowe] uleglo zmianie. Poczatkowo twierdzono, iz jest to proces niepozadany,
gdyz zwigksza oddziatywania miedzyczasteczkowe, co prowadzi do szybszej sedymentacji.

W latach 90-tych ubieglego wieku Vissers 1 wspolpr. [92-94] przeprowadzili seri¢ szerokich
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badan pod katem wplywu wielu parametréw na pakowanie kolumn. Dowiedli oni,
iz wystepowanie agregacji jest kluczowe, gdyz ogranicza selektywne uktadanie si¢ czastek
fazy stacjonarnej pod wzgledem wielko$ci w przekroju ztoza. Zauwazyli, iz brak agregacji
powoduje gromadzenie si¢ wigkszych czastek w wewngtrznej czesci kolumny, natomiast
mniejszych - przy S$ciankach. Wystepuje rowniez zjawisko wypierania mniejszych czastek
przez wigksze. Oba te procesy negatywnie wptywaja na homogeniczno$¢ przekrojowa ztoza,
w konsekwencji powoduja wigksza dyfuzje wirowa, a ostatecznie mniejsza sprawnosc
kolumny chromatograficznej. Potwierdzona zostata rowniez praktyka kondycjonowania zloza
bezposrednio po pakowaniu z zastosowaniem faz ruchomych o sktadzie odpowiadajacym
prowadzonym w przyszto$ci analizom. Zapobiega to zachodzeniu zjawiska osiadania zloza
po zamknigciu kolumny, co mogloby skutkowa¢ wytworzeniem si¢ pustej przestrzeni
w kolumnie. Zatem stosujac réznego rodzaju pomiary, nalezy zadba¢ o dobor
rozpuszczalnika, ktory zapewni pojawienie si¢ agregacji przy jednoczesnym zachowaniu
stabilno$ci zawiesiny. Druga wlasciwos$¢ najczeSciej osiggana jest poprzez zastosowanie
rozpuszczalnika o zrownowazonej gestosci, co zapobiegnie opadaniu fazy lub poprzez
wykorzystanie wysoce lepkiego rozpuszczalnika. Do okreslania stabilno$ci i agregacji lub ich
braku najczgéciej stosowane sa pomiary zeta potencjatu, obserwacje mikroskopowe

oraz wyznaczenie predkosci sedymentacji [92-98].

W trakcie realizacji pracy pt. Optimization of the packing process of microcolumns
with the embedded phosphodiester stationary phases (D4) wykonano badania majace na celu
wybor odpowiedniego rozpuszczalnika zawiesinowego do pakowania 4 kolumn fazami
stacjonarnymi z wbudowanymi grupami fosfodiestrowymi. Wykorzystano do tego otrzymane
w pracy D3 wyniki pomiaru zeta potencjalu oraz dokonano obserwacji mikroskopowych.
Zestawiajac wyniki z warto$ciami lepko$ci rozpuszczalnikow oraz wykonujac standardowe
analizy chromatograficzne z wykorzystaniem kolumn kapilarnych o $rednicy wewngtrznej
400 pm pozwalajace na okreslenie sprawnosci, dokonano wyboru odpowiedniego
rozpuszczalnika zawiesinowego. Proces ten byt przeprowadzony dedukcyjnie i w wyniku
stosowania rozpuszczalnikow o granicznych wlasciwosciach Iub charakteryzujacych
si¢ przeciwstawnymi wynikami pomiaréw. Zastosowano takze eliminacje tych, ktore
nie zapewnialy uzyskania wysokiej sprawnos$ci. Badania wykazaly, iz pomiary potencjalu
zeta nie pozwalajg na odpowiedni dobor rozpuszczalnika zawiesinowego. Obecno$¢ agregacji
obserwowanej pod mikroskopem pozwalala na najlepszy wybdr. W zestawieniu

z warto$ciami lepkosci izopropanol (IPA) okazat si¢ najlepszym rozpuszczalnikiem
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zawiesinowym dla wszystkich czterech faz stacjonarnych. Dla fazy Diol-P-C10 wykazano,
izprzy zastosowaniu mieszaniny IPA/H>O jako rozpuszczalnika nieagregujacego,
ale o zblizonej lepkosci do izopropanolu, obecno$¢ agregacji jest kluczowa dla osiagniecia
wysokiej sprawnos$ci zapakowanego zloza. Dla fazy Diol-P-chol zbadano wodg¢ i IPA jako
rozpuszczalniki agregujace, jednakze roznigce si¢ lepkoscig. Wyniki wykazaly, iz wysoka
lepko$¢ rozpuszczalnika zawiesinowego bardzo korzystnie wptywa na zapakowanie kolumn,

ktére w analizach chromatograficznych charakteryzuja si¢ wysoka sprawnoscia [D4].

Analizy chromatograficzne przeprowadzono, badajac retencje naftalenu w uktadzie RP
LC oraz tymidyny w uktadzie HILIC, a takze wyznaczajac sprawno$¢ kolumn. Sg to pierwsze
badania w trakcie realizacji pracy doktorskiej potwierdzajace wstepne zalozenie o mozliwosci
zastosowania otrzymanych faz w rdznych trybach wysokosprawnej chromatografii cieczowe;j.
Obie te substancje wykazywaly retencj¢ w badanych uktadach chromatograficznych. W obu
przypadkach sprawno$¢ ukladu byla wysoka, co potwierdza zredukowana wysokos¢
rownowazna polce teoretycznej h wynoszaca dla fazy Diol-P-benzyl 2,85 w przypadku
naftalenu oraz 2,33 dla tymidyny. Warto$ci 4 migdzy 2, a 3 dla 15 cm kapilar 1 wielko$ci
ziarna 5 mikronéw pozwalaja na osiggniecie 10000 — 15000 poétek teoretycznych,
co w wysokosprawnej chromatografii cieczowej osiggane jest dla komercyjnych kolumn.
Wszystkie fazy stacjonarne zostaly zapakowane przy uzyciu izopropanolu jako
rozpuszczalnika zawiesinowego oraz metanolu jako rozpuszczalnika pchajacego. Catos¢
badan wykonanych w ramach pracy [D4] potwierdza, iz zaplanowany i zoptymalizowany
proces pakowania kolumn chromatograficznych przynosi pozadane efekty w postaci wysokiej
sprawnos$ci, co czesto jest trudne do osiggnigcia, w szczegoOlnosci dla kolumn
przygotowanych niekomercyjnie, a takze dla nowych faz stacjonarnych. Optymalizacja
doboru rozpuszczalnika zawiesinowego pozwolila na otrzymanie kolumn charakteryzujacych
si¢ dwukrotnie lepsza sprawno$cig, niz przy standardowych rozpuszczalnikach
zawiesinowych uzywanych podczas pakowania hydrofobowych kolumn uzywanych w RP LC
[87,D4].

2.6. Problem pomiaru objetosci martwej

Doktadne wyznaczenie czasu martwego, a co za tym idzie objetosci martwej kolumny,
jest istotne dla prawidlowego wyznaczenia wspolczynnika retencji, a takze opisu mechanizmu
retencji w szczeg6lnosci dla nowo otrzymanych faz stacjonarnych. Opis wlasciwosci

fizykochemicznych powierzchni adsorbentu poprzez wyznaczenie izoterm adsorpcji
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wykonywany jest powszechnie z zastosowaniem dwoch metod: analizy czolowej
(FA — ang. frontal analysis) oraz metody inwersyjnej (IM — ang. inverse method). Kazda
z nich bazuje na innym rodzaju eksperymentu. Pierwsza polega na pomiarze serii krzywych
przebicia, dzigki czemu zestawienie z objetoscig martwg daje informacje o adsorpcji analitu,
druga natomiast opiera si¢ na obliczeniach wykonywanych na podstawie profilu pikow
otrzymanych w wyniku przetadowania kolumny. Obie wymagaja precyzyjnego wyznaczenia
objetosci martwej, gdyz btad na tym etapie skutkuje bltgdami w wyznaczaniu izoterm
adsorpcji, a w konsekwencji interpretacji mechanizmu adsorpcji i retencji. W takich
przypadkach izotermy zazwyczaj maja nieliniowy charakter, z tego wzgledu doktadny pomiar
objetosci martwej jest bardzo istotny w badaniach chromatograficznych. Podczas
gdy niedoszacowana warto$¢ ma niewielki wptyw na btad modelowania, przeszacowanie

wartos$ci objetosci martwej powoduje duze btgdy w wyznaczonych izotermach [99—-101].

Objetos¢ catego systemu chromatograficznego (Viysiem) jest opisana trzema czynnikami:
Vsystem = Vextra + Vs + Vy ®)

gdzie Veura — to objetos¢ dodatkowa systemu znajdujaca si¢ poza kolumna, a mianowicie,
objetos¢ wszystkich kapilar, przestrzeni martwych na ztaczkach, w detektorze i1 innych,
Vs — to objetos¢, jaka zajmuje faza stacjonarna w kolumnie, Vi — to objetos¢ fazy ruchome;j

(objetos¢ martwa) znajdujacej si¢ w kolumnie.

Istotne jest rozdzielenie Vi na dwie sktadowe, gdyz kazda jej cz¢$¢ mozna okreslic,

wychodzac z innych zalozen teoretycznych. Zatem Vi opisana jest suma:

gdzie Vi — to objeto$¢ znajdujgca si¢ migdzy ziarnami krzemionki zapakowanej

w kolumnie, V), — objetos¢ znajdujaca si¢ w porach krzemionki.

W przypadku chromatografii cieczowej, gdzie stosuje si¢ gotowy material w postaci
zapakowanej kolumny, wazne jest, aby w sposdb niedestrukcyjny wyznaczy¢ objetosc
martwg kolumny. Nastgpnie z réznicy pomiedzy wewnetrzng objetoscig pustej kolumny
aobjetoscia martwg wyznaczana jest objetos¢ fazy stacjonarnej. Vewa mozliwa
jest do wyznaczenia, stosujagc te same metody pomiaru objetoSci martwej, jednakze
przy zastosowaniu ztgczki o zerowej objetosci w zamian za kolumne chromatograficzng

[102].
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Do metod nieinwazyjnych dla kolumny zalicza si¢ piknometrie¢ jako metode
niechromatograficzng oraz odwrocong chromatografi¢ wykluczenia (ISEC — ang. inverse size
exclusion chromatography), metode zaburzeniowa (MDM — ang. minor disturbance method),
a takze dozowanie substancji nieoddzialujacej z powierzchnig fazy stacjonarnej (tzw. marker)
lub dozowanie serii homologéw [103,104]. Podczas realizacji niniejszej pracy wykorzystano

metody ISEC, MDM oraz nastrzyki substancji nieulegajacych retencji.

Odwrbcona chromatografia wykluczania pozwala w bardzo doktadny sposob okresli¢
zaréwno V; jak i1 V), oraz przedstawi¢ jakos$¢ zapakowanego ztoza. Wyznaczany jest wykres
zalezno$ci objetosci elucji (VrR) od promienia kiebka statystycznego (rg) czasteczek
polistyrenu o znanej masie czasteczkowej. Mniejsze czasteczki eluuja dhuzej z kolumny
ze wzgledu na mozliwos$¢ dostania si¢ do wnetrza mniejszych poréw. Im promien czasteczki
polimeru jest wigkszy, tym objetos¢ elucji okre$lona dla danego analitu jest mniejsza, gdyz
ograniczona zostaje mozliwo$¢ wejscia do mniejszych poréw. Po przekroczeniu pewnej
granicznej wielkosci czasteczki sg zbyt duze, aby przedostawaé si¢ do wnetrza porow

i objetos¢ elucji zaczyna by¢ tylko 1 wylacznie objetoscia miedzyziarnowa (V5).

Ekstrapolujac prostoliniowe odcinki wykresu, mozliwe jest doktadne wyznaczenie
objetosci martwej (V) oraz objetosci migdzyziarnowej (V;), a z ich réznicy - objetosci porow
(Vp). Schemat wyznaczenia objgto$ci martwej zostat przedstawiony na Rysunku 3. Warty
podkreslenia jest fakt, iz model ten bierze pod uwage takie czynniki jak: heterogenicznos¢
powierzchni, kinetyke wejscia 1 wyjscia z poréw oraz polidyspersyjno$¢ polimerow. Rowniez
gestos¢ pokrycia w przypadku modyfikowanych faz stacjonarnych moze zosta¢ okreslona,
dzigki doktadnemu wyznaczeniu wielkosci porow oraz informacji o ich wielko$ci
dla niemodyfikowanej powierzchni. Przylaczone ligandy beda zajmowac pewna czg$¢ poru,
co obserwowane jest poprzez redukcje objetosci poru. Modyfikacja powierzchni
zlokalizowana jest gtownie w porach i nie bedzie miata wptywu na wartos¢ V.. Jedyna wada
metody ISEC jest zastosowanie odmiennej fazy ruchomej niz ta, ktora pdzniej stosowana jest
w analizach, gdyz pomiary przeprowadza si¢ z zastosowaniem czystego tetrahydrofuranu
(THF). Takie warunki sg konieczne do zapewnienia elucji polistyrenu bez jego retencji.
W fazach ruchomych stosowanych w ukladach RP LC oraz HILIC ulegalby retencji,
co uniemozliwiatoby  okreslenie  objetosci  martwej kolumny  chromatograficznej

[102,105-108].
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Rysunek 3. Schemat wyznaczania objetoSci martwe] (Vwm), objetosci porow (Vp)
oraz objetosci migdzyziarnowej (Vi) na podstawie wykresu zaleznosci objgtosci elucji (VRr)

od promienia kigbka statystycznego polimeru (rg) dla kolumny Diol-P-C10.

Metoda zaburzeniowa pozwala na wyznaczenie termodynamicznej objetosci martwe;.
Poprzez dozowanie niewielkich ilosci jednego ze sktadnikow fazy ruchomej pojawia
si¢ zaktocenie w skladzie eluentu, co widoczne jest w postaci piku na chromatogramie.
Z réznicy pomiedzy termodynamiczng objetoscig martwag a objetoscig retencji wyznaczona
jest nadmiarowa adsorpcja jednego ze sktadnikow eluentu. Pomiary przeprowadza si¢ w statej
temperaturze dla catego zakresu skladu rozpuszczalnik organiczny/woda, dzigki czemu
otrzymana zostaje izoterma adsorpcji nadmiarowej rozpuszczalnika. Metode t¢ stosuje
si¢ gtownie do okreslania adsorpcji rozpuszczalnikdw na powierzchni fazy stacjonarnej.
Oproécz samego wyniku pomiaru objetosci martwej metoda ta, poprzez wyznaczenie izoterm,
pozwala na opis procesu adsorpcji zachodzacego pomigdzy fazg stacjonarng a ruchoma.
W mieszaninie ACN/H»0, ujemna cze$¢ izotermy zawsze pojawi si¢ przy wysokich

stezeniach acetonitrylu, nawet dla faz stacjonarnych z wbudowanymi grupami polarnymi,
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gdyz acetonitryl jest hydrofobowa czasteczka, ktéra nie ulega  adsorpcji

na nieprzereagowanych wolnych silanolach.

Zaleta tej metody jest praca w uktadzie rozpuszczalnikow odpowiadajagcym rzeczywistym
analizom, dzicki czemu otrzymane wyniki termodynamicznej obje¢tosci martwej wprost
odnosza si¢ do badanych uktadow. Wada MDM jest fakt, iz otrzymany wynik pomiaru
objetosci martwej jest usrednionym pomiarem dla szerokiego zakresu sktadu fazy ruchome;.
Przy fazach stacjonarnych z wbudowanymi grupami polarnymi, gdzie objetos¢ retencji moze
si¢ zmienia¢ wraz ze skladem fazy ruchomej, uogdlniona warto§¢ moze odbiegac
od rzeczywistej przy poOzniejszych analizach w danych warunkach elucji izokratycznej

[109-117].

Ostatnig stosowang metoda w pracy byly nastrzyki substancji, ktore nie ulegaja retencji,
asg powszechnie stosowane do okre§lania objgtosci martwej. Metoda ta jest szybka
i catkowicie nieinwazyjna dla fazy stacjonarnej. Jednakze rézne zwigzki ulegaja réznym
oddziatywaniom, ktore wptywaja na wyznaczenie rzeczywistej obj¢tosci martwej. Sktad fazy
ruchomej oraz cis$nienie bedzie zmienia¢ otrzymang warto$¢ Vu. W  przypadku
gdy oddziatywania analitu z fazg ruchomg sg silne, natomiast z fazg stacjonarng znikome,
badana substancja nie ulegnie retencji. Stosowanie takich zwigzkéw jak tiomocznik
czy uracyl do okreslenia czasu martwego mozliwe jest dla kolumn wypelionych fazami
stacjonarnymi o bardzo matej polarno$ci. Nieorganiczne sole, ulegajac catkowitej dysocjacji,
powinny da¢ najbardziej rzeczywiste wartosci objetosci martwej w przypadku faz
hydrofobowych. Badania jednak wykazuja, iz zastosowanie samej soli uniemozliwia wejscie
jondw do poréow, co w konsekwencji daje warto$¢ objetoSci martwej obarczong duzym
bledem. Istotne staje si¢ zastosowanie dodatku soli do fazy ruchomej. Omija si¢ wtedy
wystepowania efektu Donnan’a, a badany marker moze przedosta¢ si¢ do wnetrza porow
poprzez maskowanie ladunkow wystepujacych przy wolnych silanolach poprzez jony

pochodzace z soli oraz poprzez wyeliminowanie odpychania elektrostatycznego [118—122].

W trakcie realizacji niniejszej pracy wykonano trzy eksperymenty majace na celu
wyznaczenie objetosci martwej dla kazdej z czterech otrzymanych kolumn wypetionych
fazami: Diol-P-C10, Diol-P-C18, Diol-P-benzyl oraz Diol-P-chol. Zestawienie otrzymanych
wynikow pozwolito na okreslenie, ktora metoda daje najblizsze rzeczywisto$ci warto$ci
objetosci martwej dla faz stacjonarnych o polarno-niepolarnym charakterze. Wyniki
te sg przedmiotem cze$ci badan wykonanych w ramach stazu naukowego na Uniwersytecie
w Pecz (Wegry) 1 beda opublikowane w postaci artykutu naukowego.
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2.6.1. Wyniki otrzymane z metody ISEC

Wyznaczenie objetosci martwej oraz innych istotnych fizykochemicznie parametréw,
przy uzyciu stochastycznego modelu ISEC, zostatlo oparte na zatozeniach teoretycznych
oraz rOwnaniach opisanych w publikacji Bacskay i wspotpr. [107]. Obliczona zostata objetos¢
mig¢dzyziarnowa, objetos¢ porow, srednica porow (rp,0) oraz odchylenie standardowe rozktadu
wielkosci porow (o). Wyznaczono zalezno$ci Vr od rc dla kazdej z badanych kolumn.
Do badan uzyto serii wzorcow polistyrenu o znanej masie czasteczkowej, promieniu kigbka
statystycznego oraz polidyspersyjnosci. W Tabeli 2 zestawiono dane dla zastosowanych

wzorcOw masy czgsteczkowe;j.

Tabela 2. Dane dla probek standardow polistyrenu — Mw — masa czasteczkowa [Da], Mw/M,

— polidyspersyjnos¢ oraz wyznaczona warto§¢ promienia zyracji - rg [nm].

Masa czgsteczkowa Mw Polidyspersyjnos¢ Promien kl¢bka
[Da] Mw/Mn statystycznego
r¢ [nm]
580 1,12 0,678
1480 1,06 1,133
3070 1,04 1,692
3950 1,03 1,943
5120 1,03 2,240
6930 1,03 2,645
10110 1,02 3,254
31480 1,02 6,071
70950 1,03 9,484
170800 1,02 15,363
578500 1,02 30,001
1233000 1,05 45,457
3250000 1,04 77,421

Zastosowany do obliczen model zaktada, iz czastki krzemionki sg sferyczne, a pory maja
cylindryczny ksztalt. Wyniki obliczen zestawiono w Tabeli 3. Dla wszystkich czterech
kolumn warto$ci objetosci miedzyziarnowej (Vi) sg bardzo zblizone. Nie ma zatem zalezno$ci
miedzy wlasciwosciami chemicznymi fazy stacjonarnej a objetoscia migdzy ziarnami
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krzemionki. Takie wyniki potwierdzaja roéwniez fakt zastosowania tej samej procedury
pakowania kolumn charakteryzujacej si¢ porownywalng jakos$cig. Wyniki pomiaréw objetosci
(Vp) oraz $rednicy porow (rpo) maleja w kolejnosci: tancuch decylowy, oktadecylowy,
podstawnik benzylowy, czasteczka cholesterolu. Spowodowane jest to wzrastajgca objgtoscia
zajmowang przez czasteczki ligandow. Rozklad wielkosci poréw (o) jest zrdznicowany,
co jest oczywiste, biorgc pod uwage rdzng gestos¢ pokrycia oraz zapotrzebowanie

przestrzenne przylaczonych czasteczek ligandow.

Tabela 3. Zestawienie wynikdéw otrzymanych parametréw przy zastosowaniu stochastycznej
metody ISEC. Violumny — geometryczna objeto$¢ wewngtrzna kolumny, Vi — objetos¢é martwa,
Vi — objetos¢ migdzyziarnowa, V, — objetos¢ zlokalizowana w porach, 1po — wielko$¢ porow,

o — odchylenie standardowe rozktadu wielko$ci porow.

Diol-P-C10 Diol-P-C18 Diol-P-benzyl Diol-P-chol

Wy (@) 2,076 2,076 2,076 2,076
Vum (cm?) 1,651 1,623 1,610 1,609
Vi (cm®) 0,811 0,802 0,814 0,814
Vp (cm?) 0,840 0,822 0,797 0,795
Ipo (nm) 6,213 6,101 5,968 5,841

o 0,260 0,274 0,308 0,281

2.6.2. Wyniki objetosci martwej obliczone za pomoca metody MDM,

nadmiarowe izotermy adsorpcji

W trakcie przeplywu fazy ruchomej przez kolumng¢ ustala si¢ réwnowaga adsorpcji
pomiedzy faza stacjonarng a ptynaca mieszaning rozpuszczalnikow. Rownowage t¢ mozna
zaburzy¢ poprzez dozowanie niewielkiej ilosci jednego ze skladnikéw fazy ruchome;.
Objetos¢ martwa moze zosta¢ wyznaczona poprzez scatkowanie objetosci retencji pikow

zaburzenia w przedziale 0-100% zawarto$ci modyfikatora organicznego, zgodnie ze wzorem:
1 Cmax
Vy = @fo Vr(C)dc (10)

gdzie C — stezenie badanego rozpuszczalnika [mol/l], Vm — objgto$¢ martwa [ml],

VR — objetos¢ retencji [ml].
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Znajac objetos¢ martwg oraz objetos¢ retencji zaburzonego piku, mozna obliczy¢, w tych
samych punktach wykresu, nadmiarowa adsorpcje¢ jednego ze sktadnikéw fazy ruchomej

zgodnie z rOwnaniem:

I'(C) =3 Jy (Va(C) = Vy)dc (11)

gdzie T' —adsorpcja nadmiarowa [mol/m?], S — powierzchnia wtaéciwa adsorbentu

w kolumnie [m?] [110].

Wartosci wyznaczonych objetosci martwych sa mniejsze w poroéwnaniu do wynikéw
otrzymanych metodg ISEC. Zmiany objeto$ci martwej kolumny w zaleznosci od rodzaju fazy
stacjonarnej otrzymane obiema metodami sg zgodne i maleja w kolejnosci: Diol-P-C10,

Diol-P-C18, Diol-P-benzyl, Diol-P-chol. Wyniki dla metody MDM zestawiono w Tabeli 4.

Tabela 4. Wyniki objetosci martwej (Vm) otrzymane za pomoca metody zaburzeniowe]

(MDM).

Diol-P-C10 Diol-P-C18 Diol-P-benzyl Diol-P-chol
Vum (cm?) 1,589 1,584 1,555 1,573

Wyznaczenie nadmiarowych izoterm adsorpcji modyfikatora organicznego (acetonitryl)
oraz wody dla kazdej z badanych kolumn pozwala réwniez na wyciagnigcie szeregu
wnioskow  dotyczacych charakteru powierzchni badanych materiatéw. Wykresy
przedstawiajace wyniki zestawiono na Rysunku 4. Ksztalt izoterm sugeruje heterogenicznos¢
powierzchni we wszystkich czterech przypadkach. Spowodowane jest to obecno$cia polarnej
grupy fosfodiestrowej, grup hydroksylowych oraz hydrofobowych ligandéw w strukturze
kazdej fazy stacjonarnej. Najwigksza adsorpcja acetonitrylu wystgpita dla fazy Diol-P-chol,
co sugeruje jej najwieksza hydrofobowos¢. Uszeregowanie faz stacjonarnych wedlug rosnace;j
adsorpcji ACN jest zgodne z rosnaca hydrofobowoscia ligandow: podstawnik benzylowy,
taficuch decylowy, fancuch oktadecylowy, czasteczka cholesterolu. Wyniki te rdznia
si¢ w zestawieniu z wynikami otrzymanymi podczas testu Galushko, gdyz -charakter
oddziatywan w obu przypadkach jest r6zny. Wyznaczenie warto$ci Hg opiera si¢ na retencji
toluenu i benzenu, ktore oddziatuja glownie z niepolarnymi ligandami fazy stacjonarnej,
natomiast pomiary nadmiarowej adsorpcji uwzgledniaja cato$§¢ powierzchni adsorbentu,
a zatem zarowno grupy niepolarne, polarne, jak 1 wolne silanole. Bioragc rowniez pod uwage

czesSci izoterm opisujgce adsorpcje wody, wyniki uktadajg si¢ w odwrotnej kolejnosci
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dla kazdej z badanych faz stacjonarnych. Wynika to zaré6wno z oddzialywan z grupami
hydroksylowymi ligandoéw, jak i1 nieprzereagowanymi grupami silanolowymi. Kolejnos¢
jest rowniez zbiezna z gesto$cig pokrycia faz stacjonarnych, co potwierdza fakt wigkszej

dostgpnosci grup znajdujacych si¢ blizej powierzchni krzemionki.

b

lzotermy adsorpcji ACN |zotermy adsorpcji H,0

[mrmol/kolumna)
{mmol/kalumna)

P
il
5 :

nadmiarowa adsorpcja

Rysunek 4. Izotermy nadmiarowej adsorpcji acetonitrylu (A) oraz wody (B) dla faz

stacjonarnych Diol-P-C10, Diol-P-C18, Diol-P-benzyl, Diol-P-chol.

2.6.3. Pomiary za pomoca markeréw objetosci martwej

Jako standardowe wskazniki stosowane w RP LC do okre$lania czasu martwego,
acozatym idzie objetosci martwej, wykorzystywane sg substancje niezatrzymywane
na powierzchni fazy stacjonarnej. Nalezg do nich: azotan(V) potasu (KNOs3), tiomocznik
i uracyl. W ramach przeprowadzonych badan substancje te zostaty wprowadzone do kolumn
dla zakresu utamka molowego ACN (®acn) w przedziale 0,0-1,0. Otrzymane wyniki
potwierdzajg wyniki uzyskane podczas pomiaru nadmiarowych izoterm adsorpcji. Przy duzej
zawartosci ACN w fazie ruchomej woda tworzy tzw. ,,poduszke hydratacyjng” poprzez
adsorpcje czasteczek wody na wolnych silanolach, co zwieksza retencje polarnych markerow
(mechanizm HILIC). Przy warto$ciach stezenia ACN miedzy 50%, a 70% nie wystepuje
nadmiarowa adsorpcja wody przy powierzchni fazy stacjonarnej, a zatem objeto$¢ martwa
stabilizuje si¢ 1 nie ulega zmianom. Wyniki pomiaru objetosci elucji/retencji dla wszystkich

trzech markerow zestawiono na Rysunku 5.
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Rysunek 5. Pomiary zalezno$ci objgtosci martwej dla markerow: KNO3, uracyl

i tiomocznik dla fazy stacjonarnej Diol-P-C10.

Porownujac otrzymane wyniki zaobserwowano zblizone warto$ci dla uracylu
oraz tiomocznika, jednakze zanizone dla KNOs3. Wartosci objetosci martwej okazaty
si¢ by¢ zblizone do wartosci obje¢tosci miedzyziarnowej Vi wyznaczone] metoda ISEC.
Wykluczenie jonéw z poréw odbywa si¢ w warunkach wysokiej zawartosci wody w fazie
ruchomej oraz w przypadku powierzchni zawierajacej wolne silanole oraz charakter
spolaryzowany. Jest to dobrze znany efekt Donnan’a. Temu efektowi mozna przeciwdziata¢
poprzez zastosowanie fazy ruchomej w postaci roztworu soli nieorganicznej (KNO3)
ostezeniu 0,025 M . Nastgpuje ekranowanie wolnych silanoli oraz eliminowanie
odpychajacych oddziatywan elektrostatycznych, przez co jon NO3™ moze wnika¢ do wnetrza
poréw, gdzie glownie znajdujg si¢ czgsteczki ligandow zmodyfikowane] powierzchni
krzemionki [103]. Otrzymane w ten sposéb wyniki wyznaczonych objetosci martwych
dla sktadu 50/50 ACN/H20 przedstawiono na Rysunku 6 i sa one zbiezne z wynikami

otrzymanymi z analiz tiomocznika i uracylu.
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Rysunek 6. Zestawienie wynikéw pomiardw objetosci martwej z uzyciem markerdw.

Faza ruchoma dla KNOs* byta mieszanina 50/50 ACN/H20 + 0,025M KNO:s.

2.6.4. Porownanie zastosowanych metod pomiaru Vm — porowatos¢ calkowita (gr)

Porowatos$¢ catkowita (e1) pozwala na dopetnienie fizykochemicznego opisu powierzchni

badanych faz stacjonarnych. Wyznacza si¢ ja w oparciu o wzor:

14
er = V—’: (12)

gdzie et — porowato$¢ catkowita, Vg — objeto$¢ geometryczna kolumny [ml].

Dla zastosowanych metod oraz markeréw wyniki obliczonej porowatosci catkowitej
na podstawie wyznaczone] objetosci martwej zostaly zestawione na Rysunku 7.
Wykorzystanie azotanu(V) potasu bez dodatku soli do fazy ruchomej §wiadczy o niewnikaniu
jondéw do poréw 1 odpowiada to wartosci et dla nieporowatej fazy stacjonarnej. Takie wyniki
umozliwiajg wyznaczenie porowato$ci zewnetrznej kolumny. Zastosowanie roztworu soli
nieorganicznej poprawito otrzymane wartosci, lecz sg one nadal nizsze o okoto 15-20%

w stosunku do wynikow otrzymanych w z pozostatych analiz.
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Rysunek 7. Zestawienie wynikow obliczonej porowatosci catkowitej (er) na podstawie
pomiaréw objetosci martwej réznymi metodami. Wyniki dla KNOsz* zostaly wykonane

w fazie ruchomej o sktadzie 50/50 ACN/H20 + 0,025M KNOs.

Calo$¢ wykonanych badan $wiadczy o koniecznosci przemyslanego doboru metody
wyznaczenia objetosci martwej] w szczegOlnosci dla nowych faz stacjonarnych
o heterogenicznym charakterze powierzchni. Z sukcesem udalo si¢ przeprowadzi¢ takie
badania na materiatach przygotowanych w niniejszej pracy doktorskiej. Sposrod
zastosowanych metod ISEC uwzglednia wszystkie wolne przestrzenie znajdujace
si¢ w kolumnie chromatograficznej, co pozwala na najbardziej precyzyjne wyznaczenie V.
Metoda MDM daje zblizone wyniki i rowniez moze by¢ rozpatrywana jako istotna przy
wyznaczaniu objetosci martwej. Daje ona takze obraz charakteru powierzchni faz poprzez
mozliwo$¢ wyznaczenia izotermy nadmiarowe] adsorpcji rozpuszczalnikow wchodzacych

z sktad fazy ruchome;.

Fazy stacjonarne z wbudowanymi grupami fosfodiestrowymi oraz réznymi ligandami
hydrofobowymi charakteryzuja si¢ nietypowymi wiasciwosciami chromatograficznymi,
co umozliwia zastosowanie ich zaréwno w trybie RP LC, jak i HILIC. Ksztalty izoterm
sugeruja rowniez dominacj¢ oddzialywan hydrofobowych (RP LC), jednakze wystepujaca
nadmiarowa adsorpcja wody przy sktadzie fazy ruchomej o wysokim stezeniu ACN sugeruje

mozliwo$¢ zastosowania tych faz stacjonarnych do analizy polarnych analitow w ukladzie
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HILIC. W pracy D5 wyznaczone parametry chromatograficzne zostaly obliczone w oparciu
o czas retencji mierzony z wykorzystaniem KNO3 bez dodatku soli nieorganicznej do fazy
ruchomej. W $wietle przedstawionych wynikéow (uzyskanych pdzniej) wartosé
ta nie odzwierciedlata faktycznego czasu martwego. Jednakze biorgc pod uwage opis
wynikow w pracy DS obejmujacej mozliwosci separacyjne faz stacjonarnych z wbudowanymi
grupami fosfodiestrowymi, btad ten nie miat negatywnego wptywu na wyciagane wnioski
dotyczace mozliwos$ci rozdzielania zwigzkow polarnych oraz hydrofobowych, a takze pracy

z zastosowaniem czystej wody jako jedynego sktadnika fazy ruchome;.

2.7. Wstepne badania chromatograficzne faz stacjonarnych z wbudowang grupg

fosfodiestrowa

Podczas rozdzielenia chromatograficznego moze zachodzi¢ szereg mechanizméw
prowadzacych do retencji analitow. Naleza do nich: mechanizm adsorpcyjny, podziatowy,
jonowymienny, wykluczenia 1 powinowactwa. W wigkszosci przypadkow kilka
mechanizmoéw zachodzi jednoczesnie, jednakze jeden z nich bierze gltowny udzial.
W przypadku RP LC gtéwny udzial ma mechanizm podziatowy. Podczas przeptywu fazy
ruchomej wraz z analitami przez kolumne¢ zachodzi retencja wynikajaca z wigkszego
powinowactwa niepolarnych analitow do powierzchni hydrofobowej fazy stacjonarnej.
Bardziej polarne anality maja wigksze powinowactwo do polarnej fazy ruchomej, a zatem
sg krocej zatrzymywane 1 eluuja z kolumny chromatograficznej jako pierwsze. Mechanizm
adsorpcyjny pelni w tym uktadzie mniejsza role. Zachodzi adsorpcja poszczegdlnych
substancji wchodzacych w sktad analizowanej probki na powierzchni fazy stacjonarne;,
a nastgpnie ich desorpcja. Mechanizm podziatowy bedzie dominowat w uktadzie RP LC tylko
w przypadku, gdy gestos¢ pokrycia powierzchni fazy stacjonarnej ligandami
weglowodorowymi bedzie tak duza, ze badany analit nie bedzie miat mozliwosci przedostac
si¢ do powierzchni krzemionki, a jedynie bgdzie mogt oddziatywac z koncowymi czegsciami
tancuchow alkilowych. Kontrolujac predkos¢ przeptywu fazy ruchomej, jej site elucyjng
oraz temperature, wptywa si¢ na retencje. W przypadku HILIC faza stacjonarna jest polarna,
natomiast faza ruchoma zawiera zazwyczaj niewielka zawarto§¢ wody (2-30%). Powoduje
to powstanie warstwy zaadsorbowanej wody przy powierzchni krzemionki. W tej technice
rowniez zachodzi mechanizm podziatowy. Ustala si¢ rtOwnowaga pomiedzy stezeniem analitu
w cieczy unieruchomionej przy powierzchni fazy stacjonarnej, a st¢zeniem analitu w ptynacej

pod ci$nieniem faza ruchoma. Konieczne podkreslenia jest iz zarowno w RP LC, jak i HILIC
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wystepuje rownolegle mechanizm podziatowy, adsorpcyjny oraz jonowymienny. Ten ostatni
zachodzi pomigdzy zjonizowanymi grupami na powierzchni zmodyfikowanej krzemionki

a analitami w postaci jonowej [113,123-126].

Zestawiajac chromatografiec w odwroéconym ukladzie faz oraz chromatografie
oddzialywan hydrofilowych, konieczne jest stosowanie faz stacjonarnych o catkowicie rdéznej
polarnos$ci oraz faz ruchomych o zazwyczaj innym sktadzie. Fazy stacjonarne o mieszanym
mechanizmie retencji, do ktorych nalezg miedzy innymi fazy stacjonarne z wbudowanymi
grupami polarnymi, pozwalaja na rozdzielanie mieszanin zwigzkoéw chemicznych o rdznej
polarnosci jednocze$nie w obu ukladach chromatograficznych, otrzymujac symetryczne piki
rozdzielone do linii bazowej. Zazwyczaj zwigzki hydrofobowe rozdzielane sg przy niskiej
zawarto$ci modyfikatora organicznego, wykorzystujac mechanizm podziatowy pomig¢dzy faze
ruchomg a faze stacjonarng zachodzacy w uktadzie RP LC, natomiast zwiazki polarne przy
wysokich zawarto$ciach rozpuszczalnikow organicznych w uktadzie HILIC, wykorzystujac
mechanizm podzialowy miedzy faze ruchomg i zaadsorbowang warstwe wodng. Fazy
stacjonarne umozliwiajagce rozdzielanie tej samej grupy zwigzkow w obu uktadach
chromatograficznych umozliwiaja prace bez konieczno$ci zmiany sktadu eluentu i ptukania
aparatury. Mozliwa jest zatem ciggla praca w warunkach wysokiej zawartosci wody,
rozdzielajagc mieszaniny zwigzkéw polarnych oraz niepolarnych. Korzystne jest to z punktu
ekonomicznego oraz ekologicznego, gdyz krotszy czas pracy, jak 1 mniejsza zawarto$¢

modyfikatora organicznego w fazie ruchomej generuje mniejsze ilosci odpadow. [127-130].

W ramach pracy pt. Phosphodiester stationary phases as universal chromatographic
materials for separation in RP LC, HILIC, and pure aqueous mobile phase (DS)
przeprowadzono analizy chromatograficzne majace na celu wykazanie mozliwos$ci
rozdzielania grup zwigzkéw o r6znej polarnosci w uktadzie RP LC oraz HILIC
z wykorzystaniem zsyntezowanych faz stacjonarnych. W tym celu przygotowano mieszaniny
zwigzkoéw polarnych: alkaloidéw purynowych oraz zasad azotowych, a takze mieszaning
zwigzkow niepolarnych — benzenu i wielopierscieniowych weglowodoréw aromatycznych.
Wyznaczenie zaleznosci retencji od stezenia procentowego acetonitrylu w organiczno-wodne;j
fazie ruchomej potwierdzito zatrzymywanie zwigzkéw polarnych na powierzchni faz
stacjonarnych w obu uktadach chromatograficznych. Wykresy przestawiono na Rysunku 8.
W przypadku RP LC naftalen jako zwigzek niepolarny wykazywal retencje tylko

przy niewielkiej zawartos$ci acetonitrylu w wodzie. Istotne jest zaznaczenie, iz elucja
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naftalenu byta réwniez mozliwa przy zastosowaniu czystej wody. Zaleznos$ci

te zaobserwowano dla kazdej z badanych kolumn.
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Rysunek 8. Zaleznos$ci czasu retencji od skladu fazy ruchomej (ACN/H-0)

dla naftalenu oraz guanozyny.

Poréwnujac czasy retencji dla poszczegdlnych kolumn oraz zakresu udziatu
procentowego ACN odpowiadajacego zakresowi RP LC, dla naftalenu zgadza
si¢ ona z wyznaczong hydrofobowos$cia faz stacjonarnych, jednakze dla guanozyny jest
zupetnie inna. Polarny analit powinien najstabiej oddziatywa¢ z powierzchnig najbardziej
hydrofobowej fazy stacjonarnej 1 w konsekwencji jego retencja powinna by¢ najnizsza,
natomiast faza stacjonarna o najmniejszej hydrofobowosci sposrod wszystkich testowanych
wypetnien kolumn chromatograficznych powinna powodowaé najwyzsza retencjg.
Ze wzgledu na fakt, iz badania nie wykazaly takiej tendencji, spodziewany jest bardziej
ztozony mechanizm retencji zarowno analitow polarnych, jak i niepolarnych. Z tego powodu
w kolejnych etapach pracy zostalty wykonane badania majgce na celu okreslenie mechanizmu

retencji poprzez wyznaczenie izoterm adsorpcji.

Wyniki analiz grup zwiazkdéw polarnych 1 niepolarnych przedstawione w pracy DS,
wykazaty mozliwos¢ rozdzielania z wysoka sprawnos$cig zwigzkéw hydrofilowych zarowno
w uktadzie RP LC, jak i HILIC. Po raz pierwszy udato si¢ roéwniez rozdzieli¢ mieszaning
zwigzkow hydrofobowych, a mianowicie benzen, naftalen i fenantren przy uzyciu czystej
wody jako jedynego sktadnika fazy ruchomej. Badane fazy stacjonarne charakteryzujg
si¢ zatem mozliwoscig rozdzielania matoczasteczkowych zwigzkow o roéznej polarnosci
w dwoch roéznych uktadach chromatograficznych. Moga by¢ uzywane do rozdzielenia

zwigzkoéw polarnych i niepolarnych w czystej wodzie, jak i zwigzkoéw polarnych z ukladzie
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HILIC. Znaczaco wplywa to na aspekt ekonomiczny i ekologiczny stosowania chromatografii
cieczowej, gdyz nie tylko mozna ograniczy¢ produkcje toksycznych rozpuszczalnikow,
ale rowniez ograniczy¢ liczb¢ wykorzystywanych kolumn, gdyz jeden materiat posiada

szerokie mozliwo$ci zastosowania.

2.8. Mechanizm retencji — wyznaczenie izoterm adsorpcji

Jezeli faza stacjonarna umozliwia rozdzielanie zar6wno w ukladzie RP LC, jak i HILIC,
rodzi si¢ pytanie, jaki mechanizm odpowiada za retencje w tego typu materiatach. Bardziej
wiarygodny opis mechanizmu retencji daja nieliniowe metody chromatograficzne
w zestawieniu z analizami chromatograficznymi probek w duzym rozcienczeniu. Zatem
wyznaczane sg izotermy adsorpcji, aby okres§li¢ i zrozumie¢ retencje na granicy fazy
ruchome;j i stacjonarnej. Istnieje wiele metod pozwalajacych na zbadanie jednosktadnikowych
izoterm adsorpcji, jednakze w niniejszej pracy skupiono si¢ na dwodch z nich: metodzie
analizy czotowej oraz metodzie inwersyjnej [99,131]. W tym przypadku przez termin
adsorpcja opisuje si¢ wszystkie odziatywania sorpcyjne, bez rozrdznienia adsorpcji

1 absorpcji.

Metoda analizy czolowej po raz pierwszy byta uzyta w latach 50-tych ubiegtego wieku.
Polega ona na uzyciu dwoch roztworéw do utworzenia eluentu. Jedna z nich to mieszanina
wody z modyfikatorem organicznym stanowigca faz¢ ruchoma, druga to nasycony roztwor
badanego analitu w fazie ruchomej o znanym st¢zeniu. Zaczynajac od minimalnego st¢zenia
roztworu zawierajgcego analit, wprowadzany jest on przy statej predkosci przeptywu fazy
ruchomej przez kolumne. Nastgpuje adsorpcja analitu 1 wustalenie si¢ réwnowagi
termodynamicznej. Na chromatogramie widoczne jest to w postaci wyplaszczenia (plateau)
odpowiedzi detektora. Nastepnie stezenie roztworu z analitem jest zwiekszane 1 ponownie
nastepuje adsorpcja i ustalenie si¢ rownowagi. Taka krokowa analiza wykonywana jest
do osiaggnigcia maksymalnego stezenia roztworu zawierajacego badang substancj¢. Poprzez
wyznaczenie pierwsze] pochodnej z takiego schodkowego chromatogramu mozliwe
jest wyznaczenie krzywych przebicia oraz obliczenie st¢zefn zaadsorbowanego analitu:

(Cis1=C)(VF,it1—Vo—Vex) (13)
Va

qi+1 = q; t

gdzie qi oraz Qi1 — st¢zenia zaadsorbowanego analitu [g/dm3], iteracja odpowiada
stezeniom analitu plynacego przez kolumng, okreslonych jako Ci oraz Cia [g/dm?],

VEi+1 — objeto$é retencji dla krzywej przebicia w i+1 kroku [dm?], Vo — objeto$é martwa
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wyznaczona na podstawie nadmiarowych izoterm adsorpcji [dm?], Vex — objeto$¢ systemu

bez kolumny chromatograficznej [dm?], V., — objeto$¢ adsorbentu w kolumnie [dm?].

Metoda analizy czolowej jest najbardziej precyzyjna przy wyznaczaniu wiasciwosci
fizykochemicznych powierzchni adsorbatu. Jej wada jest czasochtonno$¢ oraz duze zuzycie
rozpuszczalnikow  organicznych 1 badanych substancji. Dodatkowo konieczne
jest zastosowanie analitow o wysokiej czystosci. Pojawienie si¢ niewielkich zanieczyszczen,
ktore cechujg si¢ podobnymi wlasciwosciami adsorpcyjnymi do badanej substancji, bedzie
wplywac¢ na btedne wyniki pomiaru adsorpcji. Biorac pod uwage, iz jest to metoda krokowa,
z kazdym kolejny wzrostem st¢zenia roztworu z analitem, ilo$¢ zanieczyszczen rosnie,

zmieniajac ksztalt krzywych przebicia [132—-135].

Metoda inwersyjna polega na wyznaczeniu pikow przy przetadowaniu kolumny analitem
oraz dopasowaniu do profilu eksperymentalnego modelowego profilu teoretycznego. Poprzez
iteracyjne dobieranie parametrow modelu tak, aby zminimalizowa¢ rdznice migdzy
zmierzonymi oraz obliczonymi z modelu przetadowanymi profilami, wyznaczana

jest izoterma adsorpcji dla danej substancji. Wymaga to zastosowania czterech krokdéw:

1) wstepne zalozZenie parametrow izotermy adsorpciji,

2) obliczenie przetadowanego profilu poprzez calkowanie réwnania bilansu mas
dla modelu rownowagowo-dyspersyjnego,

3) obliczenie sumy kwadratow rdznic miedzy zbadanym oraz symulowanym profilem,

4) dostosowanie wstgpnie zatozonych parametréw izotermy oraz minimalizacja sumy

kwadratow roznic pomiedzy zarejestrowanym oraz modelowym chromatogramem.

Metoda ta jest alternatywa do wyznaczania izoterm adsorpcji. Jest ona szybsza i wymaga
mniejszej ilo$ci rozpuszczalnikow organicznych w porownaniu do FA. Badania wykonane
przez Vajde i wspolpr. [136], wykazaly prawie identyczne parametry izoterm dla metody
IM oraz FA przy badaniu proliny w uktadzie HILIC. Wadg tej techniki jest koniecznos¢
preselekcji modelu izotermy, co moze by¢ kiopotliwe dla nietypowych ksztattow

przetadowanych pikow [132,136,137].

Aby dopetni¢ zestaw parametrow geometrycznych opisujacych kolumny, wyznaczono

rowniez stosunek fazy ruchomej do stacjonarnej § zgodnie ze wzorem:

1—e&r

B = (14)

T
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Tabela 5. Stosunek fazowy dla kolumn wypekionych fazami stacjonarnymi z wbudowanymi

grupami fosfodiestrowymi.

Diol-P-C10 Diol-P-C18 Diol-P-benzyl Diol-P-chol
B 0,307 0,311 0,336 0,320

W badaniach pozwalajacych na wyznaczenie izoterm adsorpcji wykorzystano fakt
retencji kofeiny i teofiliny w granicznych wartosciach stezen acetonitrylu w wodzie:
w warunkach czystej wody (RP LC) oraz przy 97% ACN w wodzie (HILIC). Na Rysunku 9
mozna zaobserwowaé, iz kolejno$¢ retencji tych zwigzkéw zmienia si¢ w zaleznosci
od sktadu fazy ruchomej. W czystej wodzie jako pierwsza eluuje teofilina, natomiast
przy wysokiej zawartosci modyfikatora organicznego wykazuje si¢ ona wyzsza retencja
w poréwnaniu do kofeiny. Teofilina, posiadajac jedna grupe metylowa mniej niz kofeina,
posiada mniej hydrofobowy charakter, dlatego jej retencja w czystej wodzie jest mniejsza
od kofeiny, natomiast przy sktadzie o duzym stgzeniu acetonitrylu wykazuje wigksza retencjg.
Potwierdza to zachodzenie mechanizméw podziatowego i adsorpcyjnego charakterystycznych
dla uktadow RP LC i HILIC. Jednoczes$nie wyniki te dowodza, iz ta sama mieszanina moze
by¢ rozdzielona przy uzyciu jednej kolumny chromatograficznej zarbwno w czystej wodzie,
jak 1 przy wysokim stezeniu ACN. Zmiana uktadu chromatograficznego z RP LC na HILIC
wigze si¢ z odwrotng kolejnoscig elucji analitow z kolumny chromatograficznej. Catkowita
odwrotno$¢ kolejnosci nie musi zosta¢ zachowana, szczegoélnie przy bardziej ztozonych
mieszaninach, ze wzgledu na rézny mechanizm retencji w obu stosowanych uktadach

chromatograficznych.
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Rysunek 9. Objetosci retencji kofeiny i teofiliny dla faz stacjonarnych z wbudowanymi
grupami fosfodiestrowymi w czystej wodzie. Temperatura 30°C, predkos¢ przeptywu

1 ml/min, objeto$¢ dozowania 1pl.

2.8.1. Adsorpcja w czystej wodzie (RP LC)

W strukturze ligandéw dotaczonych do powierzchni fazy stacjonarnej grupy alkilowe,
pierScienie aromatyczne lub dolaczona czasteczka cholesterolu tworza niepolarne centra
adsorpcyjne, natomiast wolne silanole oraz grupy diolowe i1 fosforanowe tworza polarne
centra adsorpcyjne. Ta heterogenicznos¢ powierzchni fazy stacjonarnej sugeruje zastosowanie
modelu bi-Langmuir’a do opisu izotermy w tych warunkach. Model ten zaklada
niejednorodno$¢ powierzchni, na ktérej wystepuja dwa rodzaje miejsc adsorpcyjnych.
W omawianym przypadku s3 to centra hydrofilowe oraz hydrofobowe. Nie uwzglednia
on oddzialywan czgsteczek adsorbatu migdzy soba. Model bi-Langmuir’a opisany

jest wzorem:

=‘151b1C qSZb2C= a,C a,C (15)
14b,C | 14byC  1+b,C | 1+byC

gdzie q oraz C to ré6wnowagowe st¢zenia analitu odpowiednio w fazie stacjonarnej
iruchomej, ai, a; — stale Henry’ego, gs.i, gs2 — jednowarstwowe pojemno$ci nasycenia
w miejscach adsorpcyjnych 1 1 2, by, by — stale rownowagi adsorpcji-desorpcji w miejscach

adsorpcyjnych 11 2.
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Wykorzystujac metode inwersyjng (IM), wyznaczono izotermy adsorpcji kofeiny
i teofiliny poprzez przetadowanie kolumn tymi analitami. Otrzymane wyniki dopasowania
modelu bi-Langmuir’a do danych doswiadczalnych otrzymanych dla kofeiny przedstawiono
na Rysunku 10, natomiast liczbowe wyniki dla obu badanych zwigzkéw zestawiono
w Tabeli 6. Dobrany model dobrze opisuje otrzymane wyniki. Ze wzgledu na znaczace

warto§ci parametréw a; oraz a;, mozna wnioskowa¢, iz zaro6wno hydrofobowe,

jak i hydrofilowe oddziatywania kontrolujg mechanizm retencji w tych warunkach.

Diol-P-C10 Diol-P-C18

16 = eksperyment « eksperyment

——symulacja ——symulacja

o 2 4 (<] a 10
Czas [min]

Q0 2 4 & 8 10
Czas [min]

Diol-P-Benzyl Diol-P-Chol

16 * eksperyment * eksperyment

—symulacja

—symulacja

o 2 q 6 a 10

Czas [min] Czas [min]

Rysunek 10. Zestawienie pomig¢dzy modelowymi oraz eksperymentalnymi wynikami
dla przetadowanych pikow kofeiny dla faz stacjonarnych z wbudowanymi grupami

fosfodiestrowymi w czystej wodzie. Temperatura 30°C, predko$¢ przeptywu 1 ml/min.

Tabela 6. Parametry izoterm adsorpcji dla modelu bi-Langmuir’a w czystej wodzie.

Kolumna Kofeina
ai b; (L/g) az b> (L/g)
Diol-P-C10 3,31898 0,00733 0,5812 1,21323
Diol-P-C18 4,35409 0,01324 3,28889 0,76497
Diol-P-Benzyl 2,34754 0,00684 1,61521 13,11876
Diol-P-Chol 3,16706 0,00346 7,8369 0,38591
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Diol-P-C10
Diol-P-C18
Diol-P-Benzyl
Diol-P-Chol

ai

1,40605
2,54964
0,86501
4,07163

b; (L/g)
0,01638
0,02971
0,00194
0,10141

Teofilina

az
1,72081
10,6818
5,37742
6,3065

b2 (L/g)
22,68424
10,76853

25,064
2,98005

Wyznaczone izotermy adsorpcji kofeiny i teofiliny nieznacznie wykraczaja poza liniowy
zakres. Powodem jest ograniczona rozpuszczalno$¢ tych substancji w wodzie, przez
co nie mozna o0siggna¢ pelnego nasycenia faz stacjonarnych. Zatem fizyczne znaczenie

parametréw  izoterm jest niepewne. Poczatkowy fragment izoterm zwigzany

jest z hydrofobowoscia faz stacjonarnych. Kat nachylenia poszczegolnych izoterm

jest zgodny zich hydrofobowoscia 1ipotwierdza wyniki otrzymane przy badaniu

nadmiarowych izoterm adsorpcji. Najbardziej hydrofobowsg faza jest Diol-P-chol, natomiast

najmniej - Diol-P-benzyl. Otrzymane izotermy przedstawiono na Rysunku 11.

Kofeina

Teofilina

q, Diph-P-10 ——
Dhot P eneyt
J+ | enz
1 & o BiaLp-chal

qigt’)
qial’)

Rysunek 11. Zestawienie izoterm adsorpcji otrzymanych z modelu bi-Langmuir’a

wykorzystujac metode inwersyjng (IM).
2.8.2. Adsorpcja w ukladzie HILIC

Wykorzystujac ksztalty przetadowanych pikéw, mozliwe jest dobranie odpowiedniego
modelu do opisu danych eksperymentalnych. W przypadku gdy rozpuszczalno$¢ badanej

substancji jest niewielka lub wykazuje si¢ ona slabg retencja, otrzymany pik
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przy przetadowaniu kolumny moze nie by¢ wystarczajacg informacjag dla doboru
odpowiedniego modelu. Podczas badan wyznaczono ksztalty przetadowanych profili
dla kofeiny 1 teofiliny przy st¢zeniu acetonitrylu wynoszacego 97% (HILIC). Ze wzgledu,
izich ksztalt nie sugerowatl konkretnego modelu, postanowiono zbada¢ adsorpcig,

wykorzystujac analiz¢ czotlowa (FA).

Podobienstwo wizualne sprawia, iz wyniki otrzymane podczas analizy czotowej
nie pozwalajg na dostrzezenie réznic w adsorpcji pomiedzy poszczegolnymi kolumnami
i analitami. Na podstawie krzywych przebicia zostalty wyznaczone punkty izoterm adsorpcji.
Zalezno$¢ stezenia analitu w fazie ruchomej (C) od stgzenia w fazie stacjonarnej (q)
przyjmuje prawie liniowa posta¢. Zatem ponownie wyznaczone zostaly tylko poczatkowe
czegsci izoterm. W celu okreslenia typu adsorpcji wykre§lono rowniez wykresy Scatchard’a
przedstawiajace zaleznos$¢ q/C od q [99]. Wyniki przedstawiono na Rysunku 12. W kazdym
przypadku wykresy Scatchard’a przy niskich stezeniach analitu w fazie stacjonarnej maleja
do warto$ci granicznej, a nastepnie krzywa wzrasta. Dla metody inwersyjnej oraz ksztattow
wykresow Scatchard’a zblizonych do otrzymanych w niniejszych badaniach dobrym

modelem opisujacym adsorpcj¢ jest model bi-Moreau [138].
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Rysunek 12. Zestawienie izoterm adsorpcji kofeiny oraz teofiliny otrzymanych metoda

analizy czotowej (FA). Faza ruchoma: 97/3 (ACN/H;0).

W przypadku adsorpcji, podczas ktorej zachodzi konkurencyjnos¢ 1 czasteczki adsorbatu
oddzialujag na siebie, konieczne jest zastosowanie modelu, ktory uwzglednia tego typu
interakcje. Model izotermy Moreau zaktada wystepowanie dwoéch niezaleznych miejsc
adsorpcyjnych — hydrofobowego i hydrofilowego — oraz interakcj¢ boczng zaadsorbowanych
czasteczek [138]. Rownanie izotermy bi-Moreau przyjmuje nastepujacg postac:

. b,C+I1b%C b,C+Iyb3C
q=4s1 142D, C+I1b?C? s,2 142b,C+I,b2C2

(16)
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gdzie I;, I sa parametrami opisujacymi interakcje absorbat-absorbat w miejscach
adsorpcyjnych 1 oraz 2. State adsorpcji by oraz by zwigzane sg odpowiednio z energiami €,,1

oraz &,,1 1 opisane wzorem:
b; = byetai/RT 17

gdzie b0 jest wstgpnym wspolczynnikiem wykladniczym, ktéory mozna wyprowadzi¢
z podzialéw molekularnych w fazie ruchomej i stacjonarnej, R — stata gazowa [J-mol!-K'1],
T — temperatura [K]. Parametr opisujacy oddzialywania adsorbat-adsorbat (I) moze zostac

obliczony wedtug wzoru:
I = exp () (18)

gdzie eaa jest energia oddzialywan pomiedzy sasiadujacymi czgsteczkami adsorbatu

(w niniejszym przypadku kofeiny lub teofiliny).

Kluczowym etapem podczas stosowania metody inwersyjnej jest wprowadzenie
parametrow poczatkowych. Wyznaczajac izotermy adsorpcji w ukladzie HILIC dla kofeiny
i teofiliny metoda IM, parametry poczatkowe zostaly wprowadzone w oparciu o obliczenia
izoterm wykonane metoda analizy czolowej. Otrzymano dobre dopasowanie modelu
do eksperymentalnych chromatograméw uzyskanych podczas przeladowania kolumn.
Ponownie izotermy obejmuja tylko liniowy fragment, co uniemozliwia przypisanie
fizycznego znaczenia obliczonym parametrom. Na Rysunku 13 przedstawiono otrzymane
izotermy adsorpcji. Wartosci parametrow obliczone na podstawie modelu bi-Moreau
zestawiono w Tabeli 7. Biorac pod uwageg, iz parametr I1 we wszystkich przypadkach
jest wigkszy od I», sugeruje to, iz boczne oddziatywania pomigedzy czasteczkami analitu
sg bardziej prawdopodobne w hydrofobowych miejscach adsorpcyjnych. Nachylenie izoterm
dla poszczegdlnych faz utozone jest w kolejnosci skorelowanej z gestoscig pokrycia,
co wskazuje na kontrole¢ mechanizmu retencji przez wolne silanole oraz diole obecne

w grupie fosfodiestrowe;j.
Tabela 7. Parametry izoterm adsorpcji dla modelu bi-Moreau w 97% ACN (HILIC).

Kolumna Kofeina
aj bi (L/g) I az b> (L/g) g
Diol-P-C10 395,7631 0,0065 3,753 0,381 1,1998 0,0002
Diol-P-C18 273,5468 0,0092 4,7118 4,1288 0,6328 0,0007
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Diol-P-Benzyl = 206,663 0,0101 35,8565 3,338 0,771 0,0956
Diol-P-Chol ~ 421,8935 0,0068 3,209 0,0383 18,4323 0,0004

Teofilina
ai b; (L/g) I a b> (L/g) I
Diol-P-C10 90,2733 0,0299 3,877 1,2994 0,3263 0,7664
Diol-P-C18 57,65 0,045 5,0287 1,2953 0,6966 1,9387

Diol-P-Benzyl = 48,7348 0,0245 21,5988 5,6095 0,3988 2,1696
Diol-P-Chol 101,9431 0,031 3,6941 1,0417 0,4389 2,1992

Kofeina Teofilina
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Rysunek 13. Zestawienie izoterm adsorpcji otrzymanych metoda inwersyjng (IM)

przy zastosowaniu modelu bi-Moreau.

Podsumowujac wyniki otrzymane podczas badania mechanizmu retencji na podstawie
izoterm adsorpcji kofeiny i teofiliny, mozna stwierdzi¢, iz w zaleznosci od skladu fazy
ruchomej wystepuje inny mechanizm adsorpcji oraz retencja jest kontrolowana przez inne
odziatywania. W czystej wodzie (RP LC), przetadowane chromatogramy potwierdzaja
adsorpcje jednowarstwowa dla obu badanych zwiazkéw. Dobre dopasowanie modelu
bi-Langmuir’a z wykorzystaniem metody inwersyjnej wskazuje na heterogenicznos¢
powierzchni kazdej z badanych kolumn. W warunkach odpowiadajacych uktadowi HILIC
konieczne bylo postuzenie si¢ metoda analizy czotowej w celu dobrania odpowiedniego
modelu. Model izotermy bi-Moreau okazal si¢ odpowiedni dla opisu danych, jednakze zbyt
waski zakres uzyskanej izotermy uniemozliwia jednoznaczne okreslenie fizycznego
charakteru otrzymanych parametrow. Biorgc pod uwage znaczace warto$ci parametru
odpowiadajacego za boczne oddziatywania analitu, prawdopodobnie model wielowarstwowy
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(np. model Brunauera-Emmetta-Tellera - BET) dobrze opisatby izotermy otrzymane
przy petnym przetadowaniu kolumn. Zmiana mechanizmu retencji dla tego samego zwiazku,
przy uzyciu tej samej fazy stacjonarnej, sugeruje, iz faza ruchoma kontroluje retencje
w fazach stacjonarnych z wbudowanymi grupami polarnymi. Uzyskane wyniki po raz
pierwszy daja peten obraz mechanizmu retencji dla faz stacjonarnych zawierajacych grupe

fosfodiestrowg oraz ligandy hydrofobowe w swojej strukturze.

2.9. Aplikacyjnosé¢ — rozdzielanie p-blokerow

Istotnym etapem podczas przygotowania nowych materialdéw jako faz stacjonarnych
do analiz chromatograficznych jest ich praktyczne wykorzystanie w przemysle. Sposrod
substancji farmakologicznie istotnych beta-blokery stanowia grupe lekéw wykorzystywanych
w kardiologii. Pojawiaja si¢ jednak doniesienia, iz dlugotrwate przyjmowanie tego typu
substancji moze powodowac stany depresyjne, a w konsekwencji ryzyko samobdjstw.
Ponadto beta-blokery stosowane sg podczas transportu zwierzat w celu zmniejszenia
zachorowalno$ci, co w konsekwencji powoduje ich obecno$¢ w migsie oraz produktach
pochodzenia zwierzgcego. Konieczne jest zatem przeprowadzenie miarodajnych analiz
zarowno dla probek wzorcowych, jak i1 rzeczywistych, takich jak mocz, krew czy osocze.
Metodyka powinna si¢ skupia¢ na okreSlaniu czystosci preparatow, badaniach
nad farmakokinetyka, badaniach metabolizmu czy testach antydopingowych, gdyz niektére

z nich sg substancjami zakazanymi w rywalizacji sportowej [139-146].

Badania wykonane w trakcie realizacji pracy pt. Beta-blockers separation
on phosphodiester stationary phases - the application of Intelligent Peak Deconvolution
Analysis [D6] skupiaty si¢ na wykorzystaniu faz stacjonarnych z wbudowanymi grupami
fosfodiestrowymi do rozdzielania grupy beta-blokeréow w ukladzie RP LC oraz HILIC.
W ramach pracy przebadano 8 roznych beta-blokerow, wykorzystujac cztery wczesniej
omowione fazy stacjonarne. Grupa fosforowa wbudowana w strukture ligandu posiada pKa
1,45+0,5, a zatem przy pH 7,5 jest zjonizowana, co umozliwia zachodzenie takiego
mechanizmu. Wartosci pKa dla badanych beta-blokerow wskazuja, iz w tych warunkach
wszystkie z nich wystepuja w postaci jonowej (D6). Zatem podczas wszystkich analiz, oprocz
oddziatywan hydrofobowych w RP LC oraz hydrofilowych w HILIC, mialy miejsce
oddziatywania jonowymienne. Zbadanie zaleznosci retencji od skladu fazy ruchome;j
wykazato, ze analizowane zwiazki wykazywaly retencje zarowno przy wysokiej zawartosci

wody z dodatkiem soli, jak i wysokiej zawartosci acetonitrylu. Zazwyczaj w przedziale
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45-55% zawartosci ACN badane w niniejszej pracy fazy stacjonarne wykazuja minimum
retencji, zarowno dla zwigzkow polarnych, jak i niepolarnych, a elucja nastgpuje w okolicach
czasu martwego. W wykonanych analizach wspolczynniki retencji byly wysokie i znajdowaty
si¢ w przedziale miedzy 4 a 7 w zaleznosci od fazy stacjonarnej. W szerszym zakresie,
migdzy 30% a 70% ACN, wszystkie badane zwiazki wykazywaly retencje, jednakze
ich zblizony czas elucji uniemozliwiat ich rozdzielenie. Jest to efekt wymiany kationowe;j
z grupg fosfodiestrowa, ktora zapewnia zatrzymanie analitdéw, jednakze nie zapewnia
odpowiedniej selektywnosci. W zaleznosci od przylaczonego liganda organicznego fazy
stacjonarne charakteryzowaty si¢ innymi wiasciwosciami retencyjnymi. Roznice wynikaty
z rozbieznosci w gestosci pokrycia, a w efekcie - dostepnosci do niezwigzanych silanoli
oraz z r6éznic w hydrofobowosci badanych faz stacjonarnych. Ze wzgledu na zlozonosc
budowy strukturalnej beta-blokerow  (wystepowanie zaréwno grup polarnych,
jak i niepolarnych) kolejnos$¢ elucji w HILIC nie jest odwrotno$cia wzgledem kolejnosci
elucji w RP LC, tak jak wynika to z zatozen teoretycznych. Wyznaczenie zaleznoS$ci retencji
od hydrofobowosci badanych beta-blokeréw wykazato, iz w analizach w uktadzie RP LC
wyzsza hydrofilowo$¢ zwigzku powoduje nizszg retencj¢, natomiast w ukladzie HILIC
retencja dla zwigzkow hydrofilowych jest najwigksza. Zalezno$ci logk od logP w obu
przypadkach sg nieliniowe. Wykresy te potwierdzaja fakt, iz oba rodzaje oddziatywan
(hydrofobowe oraz hydrofilowe) majg wplyw na retencje kazdego ze zwigzkow. W zaleznosci
od hydrofobowosci zwigzku dany analit oddziatuje silniej z centrami hydrofobowymi

lub hydrofilowymi.

Wykonanie analiz chromatograficznych przy skladzie fazy ruchomej bez dodatku soli,
azatem w pH w okolicach 6,8, skutkuje catkowitym brakiem elucji. Spowodowane
jest to brakiem jondéw w fazie ruchomej, ktére umozliwialyby wymywanie analitow.
Obecnos¢ w roztworze przeciwjondow pochodzacych z soli umozliwia elucje zjonizowanych
beta-blokeréw z powierzchni fazy stacjonarnej zgodnie z kationowymiennym mechanizmem
retencji. Takie badania potwierdzaja wystgpowanie mieszanego mechanizmu retencji
w kazdym z badanych sktadow fazy ruchomej oraz fakt, iz badane fazy stacjonarne

sg stabymi wymieniaczami kationowymi.

Rozdzielanie chromatograficzne mieszanin wymaga odpowiednich czynnikdw, takich
jak retencja, selektywno$¢ czy sprawno$¢ kolumny. Ostatni z nich moze by¢ optymalizowany
podczas pakowania, jednakze to selektywnos$¢ jest kluczowa, gdyz zapewnia ona mozliwo$¢

rozdzielenia mieszaniny na pojedyncze anality. Wykorzystane kolumny nie wykazywaty
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si¢ wysokg sprawnos$cig podczas analizy beta-blokeréw, a dodatkowo mechanizm wymiany
kationowej pogtebiatl efekt poszerzania pasma chromatograficznego, co doprowadzato
do pogorszenia sprawnosci oraz rozdzielczosci. Zestawienie selektywnos$ci mieszaniny
8 beta-blokerow wykazalo, iz nie ma mozliwosci rozdzielenia ich w warunkach
izokratycznych. Dodatkowo takie zwigzki jak atenolol oraz acebutolol, charakteryzujace
si¢ wysoka hydrofilowoscia, posiadaty wysoka retencje w uktadzie HILIC, co jest zrozumiale
ze wzgledu na wystepowanie oddziatywan hydrofilowych, a takze w ukiadzie RP LC,
co potwierdza, 1z oprocz hydrofobowych oddziatywan rowniez interakcje polarne
oraz jonowymienne maja swoj kluczowy udziat w procesie retencji. Ponownie potwierdzito

to mieszany mechanizm retencji.

Zatem w celu uzyskania rozdzielenia badanych beta-blokerow zastosowano elucje
gradientowa, ktdra zostata zoptymalizowana przy uzyciu programu ChromSword. Pozwolito
to na ustalenie profilu gradientu pozwalajacego na rozdzielenie 6 beta-blokerow, natomiast
dwa z nich nie zostaly rozdzielone. Wykorzystujac analiz¢ dekonwolucji pikow (i-PDeA 1),
cyfrowo udato rozdzieli¢ si¢ nierozdzielone anality. Jest to mozliwe dzigki réznicom
w widmach UV-Vis badanych zwigzkéw. Zgodnie z literaturg, zastosowanie takiego
algorytmu wigze si¢ z bledem mniejszym niz 1%. Mozna zatem stwierdzi¢, iz w bliski
rzeczywistosci  sposob  pozwala na okreslenie pikdw pojedynczych  substancji
z nierozdzielonego sygnatlu. Przedstawione w pracy D6 wyniki s3 badaniami wstepnymi
i konieczne jest ich rozwinigcie w kierunku szerszego opisu jonowymiennych wtasciwosci faz
stacjonarnych z wbudowanymi grupami fosfodiestrowymi oraz optymalizacji procesu

rozdzielania r6znych grup zwigzkow [147].
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Liquid chromatography is a technique that is gaining increasing interest and application, for example in
the pharmaceutical industry. At the same time as the increase in the number of analyses performed, the
amount of organic waste produced while working with high-performance liquid chromatography (HPLC)
apparatus is growing. Therefore, new methods and materials are being searched for to achieve the so-
called “green” chromatography. In the following review we describe one of them, specifically the
replacement of harmful organic solvents such as acetonitrile, methanol or isopropanol, with pure water
used as the sole component of the mobile phase. In order to achieve a single component mobile phase,
different methods or materials are used: the use of elevated temperature, the selection of new stationary
phases, the utilization of changes in the properties of the stationary phase while using a highly polar
eluent.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Organic solvents and hazardous waste productions is a world-
wide problem that has influence not only human health but is
also dangerous for our environment. Facing this problem, it is
obvious that chemical industry including all laboratories, need to
introduce new technologies and innovations that allow to reduce
the amount of waste production. That awareness brings us to
development of “green” chemistry such as high-performance liquid
chromatography (HPLC) using nontoxic mobile phases, which has
received increased attention. The idea of elimination of huge
amount of organic and hazardous waste produced everyday with
environmentally friendly water is beneficial both ecologically and
economically [1].

Quick, easy and environmentally friendly methods of HPLC
separation are sought for. Due to the harmful effects of organic
solvents, affecting not only humans, but also the environment,
“green” technologies are being developed. Separation techniques,
including chromatographic techniques are based on the con-
sumption of large amounts of organic solvents. Thus, interest and
demand for research towards the separation of mixtures under
environmentally friendly conditions are increasing. There are many
ways to make liquid chromatography “green”. These include:
decreasing the dimensions of the HPLC column to use smaller flows

* Corresponding author. Fax: +48 56 611 4837.
E-mail address: bocian@chem.umk.pl (S. Bocian).

https://doi.org/10.1016/j.trac.2019.115793

that reduce the amount of organic waste generated [2]; using
mobile phase additives such as cyclodextrins [3] or surfactants;
stationary phases with shorter carbon chains [4]; core-shell col-
umns; operating at elevated temperatures [5]; replacing organic
solvents with other, more “green” solvents such as water, ethanol
or supercritical CO,*. Among the above-mentioned, separations
performed with use pure water as the only eluent in HPLC are the
main issue of this paper. For such analyses to be carried out, it is
necessary to apply appropriate separation conditions and special
columns allowing for selective separation of the substance with
such a highly polar solvent [6].

Solvents that are commonly used for reversed phase liquid
chromatography, such as acetonitrile, methanol, isopropanol,
tetrahydrofuran and additives (i.e. trifluoroacetic acid, which is
highly ecotoxic and slowly decompose) are the main product of
harmful waste. Considering “green” chromatography they should
to be replaced with environmentally friendly alternatives.
Therefore, it is important to find HPLC techniques in which the
above-mentioned solvents are replaced with less toxic ones, such
as ethanol [7] (ethanol is assigned to “green” solvents due to its
low toxicity and, possible synthesis from renewable sources, but
mainly because its lifecycle has low impact on environment),
water [8,9], superheated water [10,11] or liquid carbon dioxide
[12]. Reaching totally “green” liquid chromatography which
completely eliminates organic solvents, there are only left water
and carbon dioxide (supercritical or subcritical) as a mobile
phase. This exchange is difficult and need special methods,

0165-9936/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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conditions and equipment. For example, eluotropic strength of
water can be increased but elevating temperature, reaching even
superheated water [11]. Moreover, using of conventional C18
stationary phase results with phase collapse, when water is used
as a mobile phase [6].

Replacement of solvents with less harmful ones is one of the Rs
of green analytical chemistry (Reduce, Replace, Recycle). Not only
reducing of unwanted risks and harmful solvents, but also total
elimination of them can be provided by using this solution of
greening separation techniques. Recently there is growing interest
in greening principles in laboratory work, where minor changes in
procedures multiplied by the number of analyses performed in
laboratories around the world, can together give a significant
impact [13]. High-performance liquid chromatography is one of the
most common analytical techniques. Stationary phase columns
used for separation usually has 4.6 mm internal diameter (i.d.),
25 cm length, and work at mobile phase flow rate between 1 and
1.5 ml/min [14]. These conditions lead to daily production of over 1
litter of effluent by each HPLC instrument that has to be utilized as a
chemical waste. While this amount of solvent waste seems small in
comparison to industrial production, however, the ubiquity of HPLC
apparatus makes its significant. It is not uncommon that single
pharmaceutical company can operate with over 1000 HPLC appa-
ratus. Adding the fact that automation of this technology provide
24-h operation, cause that problem with waste-care, has to be
handle out [13].

2. Subcritical water as a mobile phase

Term “high-temperature” appear to be not exactly defined.
Usually it is explained as “higher than room temperature” or
“higher than the boiling point of the solvent of mobile phase” but
also definitions like “higher than 100°C” or “in range between 40°C
and 200°C” can be found in the literature [15,16]. Interest related
with temperature as a key parameter in liquid chromatography is
still inconsiderable and does not appear in routine laboratory work.
Lack of commercially available equipment, such as column oven,
that can reach and maintain high temperature (up to 200°C) and
deficiency in thermally stable stationary phases, may be the limits
of this technique. Although in last two decades this topic has grown
in interest what can be seen in several reviews that have been
published [10,11,15-21]. Large spectrum of the physicochemical
parameters affected by the temperature may discourage the ana-
lysts. Only influence of temperature on the decrease of viscosity of
mobile phase is often mentioned. Other important effects such as
decrease of eluent strength, increase in diffusivity and change in
selectivity and dissociation rate of ionizable compounds are often
not considered. This provides to change of conclusions regarding
the manipulation of this parameter, from the fact that real benefits
and restrictions of high-temperature analysis are not considered
entirely [16].

The change of analysis temperature can replace the change of
concentration of organic solvent in mobile phase or eliminate it at
all. It can be found that temperature change may have similar effect
to change in the solvent concentration. Bowermaster and McNair
[22] found that change of 1% in methanol concentration is equiv-
alent to change temperature for 3.75°C. Chen and Horvath [23]
found similar effect with acetonitrile. The increase of 1% ACN
(acetonitrile) corresponds to temperature increase of 5°C. Similar
results were obtained by Tran et al. [24]. Kondo and Yang [25]
conducted series of experiments that proved temperature change
correspond to change of given organic solvent concentration de-
pends on conditions and column that has been used. For example,
3.5°C rise in temperature is equivalent to approximately 1% in-
crease of methanol concentration in methanol-water mobile phase

when polystyrene-divinylbenzene (Hamilton PRP-1) column was
used. Temperature change between 5°C and 8°C was similar while
change concentration of acetonitrile by 1% in acetonitrile-water
mixture was performed. However, usage of Zorbax RX-C18 col-
umn give results of 1% increase of methanol concentration equiv-
alent to 2°C rise of the temperature, while same change in
acetonitrile concentration is equivalent to 3°C rise of the temper-
ature. The retention time of three compounds: pyrogallol, resor-
cinol and catechol were compared in above mentioned experiment
[25].

Depending on the author and the conditions used, this tech-
nique can be named as “Subcritical water chromatography”
(SBWC), “Chromatography in very hot water” “Superheated Water
Chromatography” (SHWC) [16], “High Temperature Liquid Chro-
matography” (HTLC) [18,26] or “Pressurized Hot Water Liquid
Chromatography” (PHW-LC) [27]. Pure water in elevated temper-
ature can be used as mobile phase in liquid chromatography mainly
due to change of dielectric constant. Water dielectric constant is
reduced from 85 at 25°C to 35 at 200°C cause that water behave like
an organic solvent. Because of that, water can became an extremely
effective solvent for low-polarity, organic substances, such us
organic pollutants [28]. This allows to conduct experiments in
completely “green” conditions for thermally stable solutes and
stationary phases [15].

Water in the conditions below critical point, that is 374°C and
218 atm., is considered as subcritical water (Fig. 1). Another ter-
minology for water in these conditions is: superheated water, hot-
temperature water, pressurized hot water. In ambient conditions
water is too polar to be efficient eluent in chromatographic analysis.
However, with increase of temperature it can be observed
dramatically decrease of water polarity. Such high critical point of
water allows wide spectrum of temperature and pressure values to
choose. Therefore, such unique characteristic of subcritical water
provides widely tunable parameters such as dielectric constant,
surface tension and viscosity, which decrease with increase of
water temperature (Fig. 2). However, this does not mean that sol-
vents are optimized for a single parameter, e.g. a dielectric constant,
as this single parameter does not affect either the selectivity or the
elution strength. It is necessary to take into account all changing
parameters with a change in the temperature of the mobile phase,
as well as their tendency to change — increase or decrease. Pressure
has low influence on those above-mentioned parameters, as long as
water remains in liquid phase. Thus, subcritical water can imitate
traditional RP (reversed phase) separations with organic solvents as
modifiers in mobile phase. Additionally, dissociation constant in-
creases by three orders of magnitude when temperature is elevated
from 25°C to 250°C. Further increase of temperature causes
decrease in constant. It means that water in high temperature acts
as both stronger acid and stronger base compared to water in
ambient temperature [10].

Although full range of applications and possibilities has not been
recognized for SBWC, this technique should work for substances in
the full spectrum of polarity. At low temperatures of analysis this
technique works for polar compounds, moderately polar sub-
stances in mild temperatures and for non-polar substances in high
temperatures, if stationary phase is stable in that range of tem-
perature. This division is related to the influence of temperature on
the adsorption of the analyte. Analytes adsorption is reduced with
the temperature increase but this change is dependent on their
polarity. At the same time, the viscosity of water is also reduced.
Lower viscosity of mobile phase causes by elevated temperature
gives low backpressure that allows SBWC separation to be per-
formed with much higher flow rate. Thanks to that, shorten sepa-
rations times can be achieved, analytes will be less exposed to high
temperature, so it will minimize the analytes degradation.
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Fig. 1. Schematic water phase diagram. Below the critical point, that is 374 K and 218
atm., the water is in the liquid state and is termed subcritical water, hot-temperature
water, pressurized hot water [10].
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Fig. 2. Changes in dielectric constant [168] and viscosity [169] of water in the tem-
perature range 0—100°C.

Therefore, degradation of analytes is not major problem using
separation techniques in SBWC for low molecular weight sub-
stances [10].

First reported separation with use of subcritical water as a
mobile phase was conducted by Smith and Burgess [29]. Experi-
ment was carried out with superheated water up to 210°C to
separate number of phenols, parabens and barbiturates on a
polystyrene-divinylbenzene (PS-DVB) column. They showed that
retention factors systematically decrease with increase of the
temperature. Also, there was performed comparison of super-
heated water separation with conventional reverse-phase condi-
tions. As approximately equivalent to 180°C water the 20:80
acetonitrile—water mixture was used. Separations were per-
formed to show that superheated water can be used to resolve
analytes which are characterize by wide range of hydrophobicity.
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To separate more hydrophobic propyl and butyl esters a higher
temperature of 210°C was required. The oxidization and degrada-
tion of solutes or column was not observed as well as hydrolysis of
ester functional group. Under these conditions the low back pres-
sure of about 15 bars was noticed, as the vapor pressure of water is
relatively low. As a conclusion authors report that comparison of
conventional reversed-phase chromatography using water organic
eluent and use of superheated water as mobile phase, showed that
SHWC have enhanced separation and even shorter analysis time
[29].

2.1. Application of subcritical water chromatography

For chromatographic analysis conducted at elevated tempera-
tures, one of the concerns is the instability or degradation of the
analyzed compounds. Considering water as a mobile phase, the two
most likely reactions are hydrolysis and oxidation [11]. Due to the
higher temperature of the chromatographic analysis, the viscosity
of the water is reduced and the backpressure is low. This allows a
higher mobile phase flow rate to be used. By combining high
temperature and high flow rate, the analysis time is shortened.
Therefore, SBWC analyses cause less exposure of the sample to hot
water, resulting in no degradation of the analytes [10]. With an
analysis time of between 5 and 30 min and an elevated tempera-
ture, a typical chemical reaction includes dehydration. However,
dehydration will not occur due to the entirely aqueous conditions of
the separation. The oxidation reaction will also not occur due to the
prior degassing of the sample and the mobile phase, or by flushing
with nitrogen to avoid rusting of the metal parts of the apparatus
[11]. Taking parabens as an example, the alkyl p-hydroxybenzoates
can be expected to undergo oxidation or hydrolysis reactions.
However, Smith and Burgess [29] demonstrated that even under
analysis conditions up to 200°C these compounds are thermally
stable and no degradation has been observed. It has also been re-
ported that some pharmaceutical compounds will not decompose
when using fast LC (liquid chromatography) analysis. Reduced
analysis time results in lower exposure of analytes to the reaction
occurring on the column. Thompson and Carr analyzed a number of
drugs and alkaloids to determine their thermal stability. They found
that using reversed phase liquid chromatography, the stability of
the studied compounds is related to the rate of their degradation
under ambient conditions and the residence time in the column.
Only norpseudoephedrine showed significant degradation. There-
fore, it was found that many complex compounds can be deter-
mined at high temperatures [11,30]. It is therefore claimed that
degradation of analytes is not a major problem during SHWC an-
alyses with most low molecular weight compounds [10].

Several other cases where degradation took a place have also
been reported. Thiamine can be analyzed up to 50°C, while at 160°C
it breaks down to form a range of degradation products determined
by on-line mass-spectrometry (MS) and nuclear magnetic reso-
nance (NMR) spectroscopy [31]. Nitrobenzene was tested at tem-
peratures above 220°C on the polystyrene divinylbenzene column,
where it was degraded. At lower temperatures and with the use of a
less retentive column, it showed stability [11]. Research on poly-
cyclic aromatic hydrocarbons in the temperature range from 100°C
to 350°C and heating time from 10 to 240 min in pressurized hot
water was aimed at demonstrating possible degradation. Most of
the compounds disintegrated in a short time of 10 min at a tem-
perature above 300°C. In some cases the losses were observed
already at the temperature of 100°C [32].

As mentioned above, SHWC should work for substances with
full range of polarity, mainly due to decrease of water viscosity and
polarity with increase of analysis temperature. A wide number of
low molecular weight compounds has been already separated with
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use of superheated water chromatography including alcohols
[28,33—38], aldehydes [39], aliphatic aromatic ketones [40] alka-
nols [26,33,35,41—44], alkyl benzenes/chlorinated benzenes/ben-
zene derivatives [34,37,45—51], amino acids [52—54], anilines
[25,45,54,55], aromatic acids [40], aromatic hydrocarbons [56], ar-
omatic standards and alkyl aryl ketones [40,57,58], barbiturates
[29,59,60], benzoates [61], caffeine derivatives [28,46,62,63], car-
bohydrates [52—54,61,64], carboxylic acids [52,65], chlorinated
hydrocarbons [38], chlorophenols [66], diethyl phthalates [48,61],
flavones [67], model drugs [68—72], nucleobases [61], parabens
[29,59,61,63,73], phenols [25,28,29,38,45,47,54,55,65,70,74—76],
phosphonic acids [53], polychlorinated biphenyls (PCBs) [77],
polycyclic aromatic hydrocarbons (PAHs) [47,61,77], polyethylene
glycols [ 78], polyhydroxybenzenes [25], PTH—amino acids [79—81],
pyridines [25,55], steroids [80,82—84], sulphonamides [85,86],
triazine herbicides [87], triazole fungicides [88] and water-soluble
vitamins [31].

2.2. SHWC instrumentation

The application of the SHWC technique requires the use of
suitably adapted apparatus. Additional elements need to be inser-
ted in the conventional HPLC instruments. Although the standard
HPLC apparatus has a heating oven, the temperature range does not
exceed 80—100°C. In addition, such a heating system does not
maintain a constant temperature in the column during the analysis
[10,11].

Carr and coworkers developed a high-temperature ultra-fast LC
apparatus that uses additional pumps to eliminate thermal
mismatch, and avoid band broadening by using a separate pump
that allows direct injection of the analyte into the column [76].
Most of the systems operating in SHWC are based on GC ovens,
which have the ability to heat up to 350°C, and temperature pro-
gramming. However, there is a problem with the delay in achieving
thermal equilibrium between the oven and the column. In high-
temperature chromatography it is important to ensure fast heat-
ing of the column. Tautenberg and co-workers [82] developed a
special oven that allows for fast heating of the column up to 225°C
and efficient cooling with circulating oil, which reduces the cycle
time. Another way to avoid such a problem is the idea of direct
heating of the column by wrapping it with resistively heated wire
was developed, which allows for more rapid and repeatable heating
of the column than in the case of common heating methods [33].
Currently, there are several column ovens available on the market,
which allow to heat up to 200°C in both isocratic and temperature
gradient conditions. The ovens have three separately controlled
heating zones, pre-heating, column heating and cooling system.

Another emerging problem is the creation of back pressure at
the output of the column to prevent water from boiling. One of the
solutions is to use a simple length of PEEK tube with a narrow
diameter (typically 3 m x 0.13 mm LD.), which may be sufficient at
a flow rate of 1 ml/min [11].

During the injection, there is a problem with the preparation of
the sample. If the sample is water-soluble, the injection will be
normal. However, if the solubility of the analyte in water is low, an
organic solvent may be used to allow for homogeneous sample
preparation, if the solvent has a higher retention rate than the
analyte. The problem of band broadening due to the presence of
organic solvent is avoided [89].

Due to the temperature difference between the mobile phase
and the chromatographic column, there is a problem with the
thermal mass entering the column, which can cause an unwanted
cooling effect. In the SHWG, it is therefore important to use pre-
heating in the form of a coil inside the oven or heating on an
inlet line. This problem is more severe when using high flow rates

of the mobile phase. It is therefore suggested that the temperature
difference between the mobile phase and the column should not
exceed 5°C. Also the length of the preheating coil must be adjusted
to the flow rate and parameters of the column. Fields and co-
workers [90] investigated that a 15 cm long coil with an internal
volume of 3.4 ul yields distorted peaks at flow rates above 0.7 ml/
min. However, in the same conditions, when using a 140 cm long
coil, good peak shapes were maintained even up to a flow of 1.5 ml/
min. Using a metal block in close contact with the inlet tube, causes
heat transfer allowing the use of a relatively short tube, 15 cm long,
sufficient up to 190°C [11,82,91].

2.3. Packing materials in SHWC

When considering analyses carried out with water in a
subcritical state, it is important to pay attention to the thermal
stability of the stationary phases. Most of the columns stable under
ambient HPLC analysis may show instability under superheated
water conditions. In both, ambient temperature HPLC and SHWC,
there can be seen a linear van't Hoff relationship between retention
factor (k) and inverse of absolute temperature (1/T) [57,69]. One of
the main examples is the commercially available octadecylsilane
(ODS) silica material for column packing, which undergoes degra-
dation in conditions above 80°C [11]. Therefore, there is a demand
to search for new materials or modify them in order to find a
thermally stable column packing in the SHWC. The elevated tem-
perature lowers the polarity and surface tension of the water, so
that superheated water can be used for the separation of both polar
and non-polar compounds. Studies on interactions between ana-
lytes in superheated water and the normal-phase and reversed-
phase packing materials have been studied by Yang et al. [92].
They concluded that the energy, and therefore the temperature
needed to elute the compounds when using the reversed phase
columns, is higher than when using the normal phase columns. In
addition, the presence of aromatic interactions increased this
differentiation.

Analyses carried out with ODS silica gel allowed us to observe
the phenomenon that occurs at the water concentration in the
mobile phase of over 95%. In such conditions a sudden decrease in
retention times occurs while maintaining efficiency. It was found
that this effect occurred when the columns were not used for some
time and were not under pressure. This phenomenon was attrib-
uted to the so-called “phase collapse” [93]. It consists in the laying
of long, hydrophobic hydrocarbon chains C;s, which reduces the
adsorption available surface of the stationary phase. Therefore, an
attempt was made to eliminate this effect. For this purpose, polar
groups between the connections of hydrophobic chains Cig with
the surface of silica were incorporated. This allowed to obtain a
mixed hydrophilic-hydrophobic phase with simultaneous
improvement of its wettability. Such phases were named after
polar-endcapped phases, polar-embedded phases or aqueous
phases [94,95]. Changes in retention using SHWC analysis were
observed for columns with built-in polar groups, especially when
they cooled down and left without flow for a period of time. The
‘phase collapse’ process is reversible using an eluent with a high
content of organic solvent. However, the occurrence of this effect
occurs suddenly, even between analyses. The behavior of stationary
phases in high aqueous eluent has been described by Walter et al.
[96], where attempts were made to predict the above mentioned
effects. Currently, the effect of “phase collapse” is explained by the
phenomenon of de-wetting of the phase surface, which reduces the
effective volume of the column by removing water molecules from
the pores [97].

The lack of stability of commercial silica columns with attached
octadecyl groups forced the search for new column packings that
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are stable in superheated water. Currently, in SHWC and other
chromatographic analyses using high percentage of water in the
mobile phase, modified silica phases, polymer phases, zirconia-
based and other metal oxides phases, carbon phases and hybrid
phases are used [10,11].

2.3.1. Silica-based packing materials

Conventional silica columns are used in water conditions.
However, their lifetime and the temperature range in which they
can operate is low. Most of the C;g phases have a low lifetime,
although they are used in SHWC analyses [68]. The most common
columns with silica filling include Nucleosil C18 AB [45,62], Zorbax
[69], Zorbax RX-C8 [62], Zorbax RX-C-18 [25,98], Xterra [68,69,84],
Xterra RP 18 [99], Gemini [69], Kromasil-C18 [46], Luna C18 [100]
and many more, see Yang [10]. Typical temperature range for
silica-based columns is from 50°C up to 150°C. With a small addi-
tion of an organic modifier this range can be slightly increased to
200°C, although the recommended range with 100% water is up to
100°C, for the same column material [101].

2.3.2. Polymer-based packing materials

Polymeric phases are commonly used in elevated temperature
chromatography, e.g. for size exclusion chromatography. Because of
that they are expected to be the most thermally stable material for
analysis with superheated water as a mobile phase. The most
commonly used columns with polymer filling for use in SHWC
include polystyrene divinylbenzene column PLRP-S (PS-DVB)
[29,31,46,59,63,68,85,86] and filling with crosslinking polymer
PRP-1[25,28,33,39,52,54,102]. Thermal stability of these columns is
in the range from 100°C to 200°C. There are even works with new
polymers containing amino acid, which are suitable to work under
superheated water conditions up to 150°C for 500 h [103]. How-
ever, in comparison to columns filled with silica, they have a lower
column efficiency, which may result from the high retention ca-
pacity, which causes that elution of moderately polar compounds,
such as alkyl aryl ketones, can be achieved only at high
temperature.

2.3.3. Zirconia-based packing materials

Thermal instability of silica phases directed the researchers in
search of matrices built of oxides of other metals, such as alumina,
zirconia or titania oxides. A wide reviews of this compounds used in
chromatography were prepared by Nawrocki et al. [104—106].
Zirconia-based materials for chromatographic column packings
were first developed by Carr and co-workers [104,107]. However,
problems arose during modification of the surface of amphoteric
oxides with alkyl carbon chains. This required the use of mobile
phase additives in the form of e.g. fluoride ions. Finally, it turned
out that only zirconium compounds are used as effective materials
for the preparation of chromatographic columns. The most
commonly used are encapsulated zirconia by polybutadiene (PDB)
known as ZirChrom-PDB [43,46,48,49,67,68,82,88,90,108] and by
polystyrene (PS) — ZirChrom-PS [62,67,76]. There are also other
zirconia-based materials such as carbon coated zirconia (CARB) —
ZirChrom-CARB [49,68,100] or secondary bonded Cyg zirconia col-
umn (Diamondbond) e.g. ZirChrom-DB-C18 [46]. Thermal stability
of PDB columns has been determined at 200°C. However, manu-
facturers recommend using it up to the upper limit of 150°C. Wu
et al. [43] discovered that the stability of the PDB column in the
recommended conditions is about 200 h, while the upper limit of
temperature at which it can actually be used is about 260°C.
Kephart et al. [49] showed that capillary PDB and CARB columns are
stable up to 370°C and 300°C respectively at the pressure of about
758 bars. They were successfully used for separation of phenol
compounds and alkylbenzenes.
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2.3.4. Carbon-based packing materials

Carbon based packing materials for chromatographic column
were investigated mainly due to its high thermal stability. For this
reason, porous graphitized carbon (PGC) was used [109—111].
However, large activity of carbon materials caused that contami-
nation problems appeared, what conclude in problem with asym-
metric peak shapes. Even with such high-thermal stability, PGC
column efficiency declined with a time, due to difference in thermal
expansion of carbon and stainless-steel column material. This
resulted in a mechanical stress through which the column loses its
separative properties [87].

2.4. Detectors applied in superheated water chromatography

Detectors used in conventional liquid chromatography tech-
niques are dependent on the composition of the mobile phase, in
particular the organic modifier concentration. Thus, the detection
used in liquid chromatography was dominated by UV—Vis and
fluorescence spectroscopy as well as by refractive index detection,
mainly due to the small influence of the matrix composition
changes on the quality of the determinations. In addition, the high
availability, versatility and low cost of UV detection, have led to
their use even in analyses using superheated water. However, the
use of 100% water as a mobile phase has opened up the possibility
to use other, more universal methods for the determination of
analytes. These techniques include Flame Ionization Detector (FID),
Mass Spectrometry (MS), Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS), Nuclear Magnetic Resonance (NMR), Evapora-
tive Light Scattering Detection (ELSD) and others like
amperometric detector or Fourier Transform Infrared Spectroscopy
(FTIR) [10,11,18] (Fig. 3).

Using a UV/visible absorption technique, using pure water as the
only eluent component has the advantage of no background peaks
from organic solvent. This type of liquid chromatography uses a
thermal gradient instead of a concentration gradient, making
available techniques where an organic modifier causes detection
difficulties, e.g. by changing the volatility of the mobile phase and
the analytes. Also, it offers the possibility of determination of
analytes at short wavelengths, even below 200 nm. Yarita et al. 78]
showed that this technique is suitable for determination of low
molecular weight polyethylene glycols at wavelength of 190 nm.
The use of wavelengths below 200 nm allows for increased

UV/Vis

w200 nm

MS

ESI, APCI, APPI

onizators

Fig. 3. Diagram illustrating the wide detection spectrum possible through the use of
pure water in superheated water chromatography (SHWC) [10,11,18].
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sensitivity only for clean samples. Determination of real samples
involves limitations due to the presence of matrix compounds that
strongly absorb high energy radiation, resulting in the hiding of
analytes' peaks [18]. However, there are also other restrictions
related to the use of hot water. Due to the use of elevated tem-
peratures, the back-pressure has to be controlled for keeping water
at liquid state, so the flow cell of the detector should be able to
withstand this pressure [11]. For this reason, a back-pressure
regulator or resistor should be placed at the outlet of the UV/Vis
detector. Most of UV/Vis detectors are not adapted to use in high
temperature, therefore the cooling system has to be applied to
introduce liquid analysis at ambient temperature. Decreasing of
temperature cause increase of polarity of aqueous mobile phase,
thus deposition of moderately and nonpolar analytes in transfer
tubes can appear [10]. It can be seen that UV/Vis technique, when
elevated temperature is applies, losses its universal application,
mainly due to appearance of above-mentioned drawbacks.

The flame ionization detector is a sensitive and universally used
detector in gas chromatography. Due to the lack of such a sensitive
apparatus in LC techniques, attempts have been made to use it for
liquid phase determination. It is well known that the FID is used for
non-volatile analytes and for the determination of all substances
containing carbon, which makes it a very versatile detector. Un-
fortunately, the widespread use of organic solvents in both normal
and reversed phase systems in LC increases the volatility of the
analytes and provides a significant background for FID-based de-
terminations. Water is transparent for FID, so the use of 100% water
as a mobile phase increases the possibility of using FID in liquid
chromatography determinations. However, pure water at room
temperature is not a good eluent for all columns and compounds in
LC. For analytes that can be separated at ambient temperature in
pure water, Synovec et al. [37,38] have developed a FID for the
determination of alcohols and hydrocarbons. Krej¢i and coworkers
[112] performed first determination using capillary column LC
online coupled with modified FID with usage of 100% water as
eluent. In later years many FID modifications for liquid chroma-
tography determinations were carried out, but all of them required
the elimination of organic modifiers from the mobile phase
[37,38,53]. An unmodified FID was used by Miller and Hawthorne
[42] to determine groups of polar organic compounds using the
SHWC. They concluded that placing the end of the capillary resistor
placed at the output of the column at a level below 3 cm from the
tip of the FID gave results in which the detector signals were the
most stable. These results were also confirmed in later works
[36,39,52,54]. Such placement of the resistor allowed to keep the
water in liquid state even at temperatures above 100°C. Also
thermal gradient was investigated as part of their studies [42].

Mass spectrometry is one of the few detection techniques
which, in addition to information on the presence of a product, is
able to determine what is the product. The use of MS detection in
liquid chromatography requires an ionization technique that allows
the liquid to be ionized. The most common techniques are elec-
trospray ionization (ESI) [113—115], atmospheric pressure chemical
ionization (APCI) [116—118] and atmospheric pressure photo-
ionization (APPI) [119]. The possibility of coupling MS detection
with liquid chromatography gives the possibility to use it also using
techniques such as SHWC. The effectiveness of coupling to the MS
detector is related to the processes of nebulization, evaporation and
desolvatation. As a consequence, the different compositions of the
mobile phase in the LC, and therefore its different properties such
as surface tension, polarity and viscosity, influence the detection
results. Therefore, there are few applications in the combination of
APCI-MS detector and HTLC [120]. This is due to the low sensitivity
and mass dependence of this type of ionization. The ESI ionizer,
which was used in temperature programming, enjoys a higher

sensitivity compared to the concentration gradient, as a result of
the faster evaporation of the hot moving phase, which reduces
noise [121—-123].

Although NMR detection is much less sensitive than other
analytical methods, the fact that it is non-destructive for the ana-
lyte causes a growing interest in it as a detector to LC. Applying
NMR analysis to conventional LC coupling requires the use of
suitable deuterated solvents such as methanol and acetonitrile,
which are expensive. This is necessary due to the presence of too
large background signals from protons of non-deuterated solvents.
The use of HTLC coupling with NMR detection is therefore benefi-
cial. Deuterated water is easily available in high purity and at an
affordable price [18]. NMR spectra have significantly less interfer-
ence from the mobile phase with clean water than with conven-
tional solvents. In addition, there is a possibility of coupling NMR-
MS detection, which allows to simultaneously obtain the spectrum
of both 2D and 3D [70]. SWHC-NMR-MS was used to analyze bar-
biturates [60], drugs [70], sulfonamides [86] and ginger extract
[99]. PS-DVB polymer columns [31,60,70,71,84,99] were mainly
used, but ODS columns [99] were not excluded, which are charac-
terized by lower thermal stability.

Among other noteworthy detection methods one can distin-
guish refractive index detection (RID), amperometric detection or
Fourier transform infrared spectroscopy (FTIR). The main problem
with the use of these techniques is the change in the baseline
resulting from the concentration gradient used in conventional LC
methods. However, an alternative to this gradient may be tem-
perature programming, which is used in the SHWC. The instability
of the base line and the presence of high noise levels compared to
other methods is a feature of RID. The use of a single-component
mobile phase in SHWC allows to reduce these effects. The tem-
perature change of course influences the physicochemical proper-
ties of the eluent, which is also reflected on the detector base line,
however, this can be corrected by appropriate software. It has been
proven that the use of high mobile phase flows and good cooling of
the eluent before entering into the refractive index detector system
allows the detection results to be obtained without loss of sensi-
tivity using a temperature gradient [124,125]. Amperometric de-
tector was successfully used for temperature programmed analyses
with electrochemically active compounds. The drifts of baseline
were eliminated by simple mathematical approach. There were no
evidence of influence of temperature gradient on retention nor
sensitivity [126]. The coupling LC-MS has a drawback that do not
distinguish between isomers. Therefore, the combination of these
techniques with infrared spectroscopy will allow full separation
and analysis of mixtures. Also, in this case the use of a temperature
gradient is more advantageous in relation to the composition
gradient. The HTLC coupling with FTIR was performed by Greibrokk
et al., where this technique was used to separate complex antiox-
idants [127].

3. Per aqueous liquid chromatography (PALC)

As mentioned above, the elimination of organic modifiers from
the mobile phase in the LC makes only water and CO5 in the sub- or
supercritical condition are the only two fluidic media that can be
used as a fully “green” solvent. Considering the water, which is the
subject of this review work, temperature control allows for changes
in the eluotropic strength of water [128]. However, there are still
doubts about the stability of both the columns and the solutes at
high temperature.

Hydrophilic Chromatography (HILIC) allows the separation of
mainly polar compounds. Currently the most common solvent in
HILIC analyses is ACN. The influence of water presence in the mo-
bile phase on silica hydride columns using aqueous normal phase

79



M. Dembek, S. Bocian / Trends in Analytical Chemistry 123 (2020) 115793 7

(ANP) technique, has been pioneeringly described by Pesek et al.
[129,130]. Bimodal curves form 0—100% water concentration were
performed to determinate the changes in retention for separation
of epiribicin and analogs, as well as to investigate the mobile phase
layer rich in water associated with the surface of silica [131,132].
Bidlingmeyer studies were the first in which pure silica was used to
separate amines in HILIC and also the mobile phase with high water
content was studied [133]. They have proven that with high water
content, the surface of silica becomes non-polar. Siloxane groups
contribute to the hydrophobic character of silica [134]. The hy-
drophilic character is assigned to free silanols, which, depending on
the pH, may have an ionic nature.

The use of pure water makes polar silica in HILIC adopt a non-
polar character. The use of the term reversed HILIC suggests that
the RP-LC technique is used. Therefore, A. dos Santos Pereira et al.
introduced a new name, per aqueous liquid chromatography (PALC)
to distinguish this method from HILIC, RP-LC and ANP LC (aqueous
normal phase LC) [135]. A schematic illustration of the mobile
phase and the stationary phase used in PALC is shown in Fig. 4. At
first, they used the two coupled Zorbax-Rx-SIL columns for the
determination of underivatized amino acids in biological liquids.
The plot of retention times in function of ACN concentration was
determined. It showed that after a dip related with decreasing of
ACN content, there can be observed an increase of retention times
with major changes in selectivity. They also demonstrated that the
separation of catecholamines, which failed in standard HILIC on
superficially porous particles [136], was successfully carried out
using PALC with excellent peak shapes and high efficiency. In later
works aimed at developing a description of the PALC technique,
Gritti and A. dos Santos Pereira explain the mechanism of retention
and the effect of the use of the water-rich mobile phase on effi-
ciency [137,138]. The adsorption mechanisms were explained by
the adsorption isotherms measured by frontal analysis (FA) on
core-shell particles of neat porous silica (Halo) column package.

PALC — per aqueous liguid chromatography

r Mobile phase —high water
content or even pure water

Stationary phase — silica, which
surface becomes non-polar due
to the higher participation of

mmmm) iloxane groups, which are
responsible for hydrophobic
character.

Fig. 4. Diagram showing the chromatographic arrangement used in the PALC tech-
nique [135].
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The major differences between PALC and HILIC adsorption mech-
anisms were proven. In both, water-rich and acetonitrile-rich
conditions, retention factors were large. Intermediate content of
acetonitrile and water concluded with minimum retention factor.
The mechanism was determined with use of pyridine in whole scale
of acetonitrile concentration. In purely PALC conditions (low
acetonitrile content) surface of silica exhibits strongly heteroge-
nous character. High density hydrophobic siloxane groups take part
in less than 10% of sample retention. Basically, pyridine retention is
controlled by the active adsorption sites present on the surface of
low-density silica. They can be attributed to hydrophobic micro-
pores, which adsorb the pyridine molecules. In purely HILIC con-
ditions (high acetonitrile content) active sites are occupied by ACN
molecules, which are excess in the mobile phase. This prevents
their hydrophobic interactions with pyridine. Therefore, single
silanol groups (constituting 75%) and geminal and/or vicinal hy-
droxyl groups (constituting the remaining 25%) are responsible for
the retention [137]. Efficiency measurements were carried out for
the same Halo column, using caffeine and pure water—acetonitrile
mobile phase, without ionogenic substance added. Retention fac-
tors for both mechanisms were determined in the range from 0.5 to
2.5 at room temperature. For such retention factors efficiency
measurements were carried out. PALC mechanism is the most
efficient at low retention factors k’ < 2, and should be avoided for
strongly retained samples. For k' > 2.5 height equivalent to a
theoretical plate (HEPT) is lower for HILIC mechanism in compare
to PALC [138].

In the next years the PALC technique was studied for various
columns, polar analytes and ionic additives to the mobile phase.
First, Li et al. used the polysaccharide-modified stationary phase
(PMSP) column to determine six polar substances: melamine,
vitamin B2, vitamin B6, caffeine, benzoic acid and hydroquinone
[139]. Further studies confirm that the use of the PALC method has
a comparable retention with HILIC for the determination of polar
compounds. The connection of functionalized carbon nanoparticles
(CNPs) obtained from corn stalk soot to the silica surface allows to
obtain polar stationary phases working with both water-rich and
acetonitrile-rich mobile phase [140]. The effect of the buffer or salt
presence in the mobile phase (ammonium formate, pH = 5) on the
separation of ionized catecholamines using a bare silica column
(Zorbax-Rx-SIL) was then investigated. The poor peak shapes were
obtained mainly due to overloading of few, but strong adsorption
sites [141]. The use of 1.7-um ethylene bridged hybrid silica sta-
tionary phase to determinate twelve imidazolium-based ionic
liquid cations showed that PALC mode gives both hydrophobic and
ion-exchange mechanism [142]. Fungicides containing polar
groups are reluctant to partition into the water-rich layer at a high
ACN content in the bulk phase. Therefore, the application of the
PALC method allows to increase the retention at reduced ACN
content in the mobile phase [143]. Attempts have also been made to
use combined techniques. Matos et al. combined PALC with size
exclusion chromatography (SEC) and diode array detector (PALCx-
SEC-DAD) to determine water-soluble organic matter (WSOM) in
atmospheric aerosols collected at different seasons of the year from
urban area [144]. PALC analyses are also used as a complement to
RP-LC analyses, mainly due to their positive environmental and
economic aspects. A silica-based column with attached Congo red
molecules (Sil-CR) was used to determine four types of biogenic
amines and five bases and nucleotides [145]. The results showed
that PALC analysis in this case gives better separation than the use
of acetonitrile-rich HILIC mode. Also, such a result gives useful in-
formation for exploration of the PALC chromatographic column
materials. The most recent publications report on subsequent
syntheses of materials for chromatographic columns packings, such
as polysaccharide-modified stationary phase [146] and porous
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organic cage embedded C18 amide silica stationary phase [147] and
separation and determination of groups of polar and hydrophilic
compounds such as protein A [148], to develop the PALC mode.

The PALC method is a relatively new technique, covering the last
decade. However, its development is observed mainly in the
context of the analytical technique competing with HILIC, as well as
due to its economic and ecological advantages. Research into the
synthesis of new stationary phases used in PALC and separation of
groups of polar and hydrophilic compounds will be the main issue
of the development of this method.

4. Water as a mobile phase at ambient temperature

The use of a fully aqueous mobile phase at room temperature is
the most advantageous form when considering environmentally
friendly liquid chromatography. Approximately ambient conditions
are understood as analyses performed at temperatures below 60°C.
PALC is also considered as a type of these techniques (Fig. 4). A new
subcategory name for such analyses has been proposed — water-
only reversed phase liquid chromatography (WRP-LC) [50].
Studies under such conditions were performed more than three
decades ago [149]. Satisfactory results were achieved primarily due
to the application of silica surface modification, e.g. by bonding
hydrophobic alkyl chains (C-8). However, in later studies it was
confirmed that the highly polar mobile phase favors a large pro-
portion of surface groups of silanols, which influence the separation
mechanism. The use of short alkyl chains (up to 4 carbon atoms)
allows to obtain stable stationary phases due to their high surface
coverage density. Connecting longer chains causes a decrease in
coverage density, and at low content of organic solvent (less than
5—10%) there is a decrease in phase solvation and causes the phase
tend to collapse [94,150].

In order to reduce the influence of free silanols on retention,
polar-endcapped and polar-embedded stationary phases were
used. Polar-endcapped stationary phases are obtained in two
stages. In the first stage long chains, e.g. alkyl chains, are attached.
In the second stage, unreacted silanols are endcapped by a specific
reagent. Polar-embedded stationary phases are obtained by incor-
porating a polar functional group into the hydrophobic ligand of the
stationary phase, which allows for better water solvation under
highly aqueous conditions (Fig. 5). The advantage of these phases is
that they can be used in RP-LC, different selectivity of polar com-
pounds compared to standard alkyl stationary phases, the ability to
work in highly aqueous conditions, even up to 100% water content
and limited influence of surface bound silanols, which favors the
lack of peaks tailing of basic compounds [94,151—162].

There were many works showing the possibility of separation of
substances with a wide range of polarity, using pure water at
ambient temperature as a mobile phase. Buszewski et al., in 1994
demonstrated the possibility of separating the group of alkylani-
lines using a chemically bound phase (CBP) in particular alkylamide
(AA) phase [163]. The use of ODS-packed column modified with
strongly positive/negative charges surfactant (ODS coated with
zwitteragent) for separation of nucleosides and their bases as a
representative of typical polar organic compounds, were proposed
several times [164—166]. Separation of compounds with different
hydrophobicity was carried out using Poly(N-isopropylcrylamide)-
Modified Silica (PIPAAm-modified silica). The influence of tem-
perature on resolution was investigated. It was shown that already
at room temperature there is a possibility of effective separation of
steroids [167]. Another polymeric stationary phase were used by
Satinsky et al. were analytes of different polarities were determi-
nated [6]. Their main objective was to obtain a “green” method, so
they used a column that would allow separation using a low-toxic
mobile phase that is pure water. Kiridena et al. used their developed
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Fig. 5. Schematic structure of the polar-embedded stationary phase [155—162]. Linker
is connected to the silica surface and to the incorporated polar group. A hydrophobic
alkyl chain of different number of carbon atoms or another non-polar molecule (e.g.
cholesterol) is connected to the polar group. The figure shows an example Amino-P-
C18 phase [159].

polar-endcapped chromatographic column (Synergi™ Hydro-RP)
at room temperature and elevated temperature (not exceeding
65°C) [95]. The most recent studies confirm the use of polar-
embedded stationary phases for the separation of polar com-
pounds in both HILIC and RP-LC. By selecting the appropriate polar
groups, it is possible to obtain stationary phases that will be
effective at room temperature, giving reasonable retention times. It
is important that the stationary phase meets three basic re-
quirements. The first one is the presence of polar and hydrophobic
groups allowing to obtain specific properties of the phase surface.
The second is to allow the adsorption of the analyte molecules,
although it should be selective. The last requirement is to allow the
water molecule to elute the analytes at different times with
retention factors between 1 and 10 and reasonable retention times
[158,159]. Bocian and Krzeminska in their latest work published the
results, which present the successful separation of the series of
nucleic bases, nucleosides and purine alkaloids, using a completely
aqueous mobile phase. They used a standard HPLC apparatus
equipped with a diode-array UV—Vis detector. The temperature of
each measurement was 30°C. The N,O-dialkylphosphoramidate
phase [152] and ester bonded phases [159] were used as a sta-
tionary phases. Because these are further studies demonstrating
successful separation in pure water, such results confirm that the
use of stationary phases from the polar-embedded group allows the
separation of mixtures in a single component, aqueous mobile
phase, at room temperature [158]. Exemplary results are presented
in Fig. 6.

Most of the research using pure water as the only component of
the mobile phase is directed towards the use of polar-embedded
and polar-endcapped stationary phases. They work not only in RP
and HILIC systems, but also with the use of pure water at room
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Fig. 6. Separation of five nucleosides on Ester-18 stationary phase using pure water as a mobile phase basis on [158].

temperature as the only eluent. Research on the development of
subsequent phases of this type will certainly allow for the best
possible optimization of the separation in water-only liquid
chromatography.

5. Summary

The analytical methods presented in this review work prove
that separation using high-performance liquid chromatography
uses pure water as a mobile phase, it is achievable. There are
different approaches, but all based on the selection of analysis
conditions, stationary phase or possible additives to the mobile
phase. The change in conditions is based on an increase in tem-
perature, thanks to which water has different physical and chemical
properties. There are changes in its polarity, dielectric constant,
viscosity, surface tension and many other properties. The solubility
of analytes, which at room temperature may be insoluble in such a
strongly polar solvent, also changes. The stationary phase must
have appropriate properties, in particular aqueous stability, ther-
mal stability (using SHWC) and selectivity in relation to mixtures of
compounds of different polarity. Thus, a number of stationary
phases based on silica, carbon, polymers or metal oxides are ob-
tained. Additions to the mobile phase in the form of acids or pH-
regulating compounds (buffers) enable more selective separation
and often favor shorter analysis times. The main objective of this
review work was to encourage the search for HPLC analytical
methods that will allow for greater environmental friendliness.
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Abstract: Industrial research, including pharmaceutical research, is increasingly using liquid chro-
matography techniques. This involves the production of large quantities of hazardous and toxic
organic waste. Therefore, it is essential at this point to focus interest on solutions proposed by so-
called “green chemistry”. One such solution is the search for new methods or the use of new materials
that will reduce waste. One of the most promising ideas is to perform chromatographic separation
using pure water, without organic solvents, as a mobile phase. Such an approach requires novel
stationary phases or specific chromatographic conditions, such as an elevated separation temperature.
The following review paper aims to gather information on stationary phases used for separation
under purely aqueous conditions at various temperatures.

Keywords: pure water; liquid chromatography; chemically bonded stationary phases; polar-embedded
stationary phases; subcritical water chromatography; SBWC; superheated water chromatography;
SHWC; per aqueous liquid chromatography; PALC

1. Introduction

Liquid chromatography is a common separation technique that is commonly used in
laboratories and various industries. Unfortunately, the liquid chromatographic separation
process typically uses a significant number of organic solvents, and produces considerable
quantities of harmful waste. This is a global problem that directly affects human life
and the functioning of the environment. Thus, many ideas have been proposed to make
chromatographic separation more environmentally friendly in the past decade. Solutions
proposed by “green chemistry” are also increasingly used in high-performance liquid
chromatography (HPLC). Replacing toxic solvents with “green” alternatives has attracted
more and more interest, since it reduces the amount of waste products, which has a positive
ecological effect, reduces costs, and improves the economic aspect. [1,2]. However, it must
be emphasized that a purely aqueous mobile phase must have special requirements; thus,
it is likely to increase costs in other areas, such as stationary phases or instrument operation
at elevated temperatures.

To achieve utterly green chromatography, it is necessary to completely eliminate
organic solvents and replace them with pure water [3-7] or supercritical carbon dioxide [8],
while still being able to separate groups of compounds; this is only possible with the
use of suitable phases. Currently, there are more and more references in the literature to
commercially available or homemade stationary phases that allow working under such
conditions. Knowledge of such phases is incredibly important for researchers involved in
environmental and ecological fields in industries using chromatographic analysis.

This work collects information on the current state of knowledge of stationary phases
used under purely aqueous conditions, describing the advantages as well as the require-
ments associated with the use of pure aqueous conditions; above all, it collects information
about already-used, commercially available stationary phases working in 100% water in a
structured and systematic manner.
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Separation techniques commonly applied in various laboratories and industries, in-
cluding chromatographic techniques, consume large amounts of organic solvents. Ace-
tonitrile, methanol, isopropanol, tetrahydrofuran, and additives (e.g., trifluoroacetic acid)
are some of the toxic solvents commonly used in reversed-phase liquid chromatography
(RP-LC). Considering “green” chromatography and thinking about our environment, these
should be replaced with more environmentally friendly alternatives, e.g., water. A similar
situation is observed in normal-phase liquid chromatography (NP-LC) and hydrophilic
interactions liquid chromatography (HILIC), and the latter has gained more popularity in
recent years. The general assumptions of these modes are shown in Figure 1.

NP-LC RP-LC HILIC
Normal phase liquid chromatography Reversed phase liquid chromatography Hydrophilic interactions liquid
chromatography
Mobile phase — l— Polar mobile phase l— Mobile phase-
non-polar organic — acetonitrile/water, usually high
solvent methanol/water percentage of
acetonitrile in water
mmmmp Polar stationary mmmmp NON-polar stationary mmmmp Polar stationary
phase — i.e. silica phase—i.e. ODS phase

Figure 1. Characterization of the stationary phase and mobile phase in the NP-LC, RP-LC, and
HILIC modes.

Numerous “greener” ways to perform liquid chromatography were reviewed in
our previous work [9]. The most common are downsizing the dimensions of the HPLC
column [10]; the application of mobile phase additives, e.g., cyclodextrins [11] or surfactants;
replacing organic solvents with water [3-7], ethanol [12], or supercritical CO; [8]; and
changes in the used stationary phases. The first solution involves the use of stationary
phases modified with shorter carbon chains [13], materials based on core-shell particles [10],
and the application of polar-embedded stationary phases [14]. Traditional stationary phases
may also be operated at elevated temperatures [15]. Of those previously mentioned, this
paper’s major topic is the application of stationary phases for HPLC enabling analysis in
pure water. For such an approach, the proper selection of stationary phases is necessary.

A second approach to achieve more “green” analytical chemistry is to use mathematical
data analysis methods. Using multivariate and multiway chemometric methods makes it
possible to calculate separation conditions where the resolution will be increased, especially
for more complex mixtures of analytes. Multiway methods in chemometrics are based on
the analysis of higher order data than second-order data (matrix, second-order array)—for
example, third-, fourth-, or higher order data. Such occurrence of data is common in chemistry,
e.g., liquid chromatography coupled with mass spectrometry (LC-MS) [16,17]. This approach
saves time, experimental work, consumption of organic solvents and analytes, and energy
use [18-20]. Nevertheless, it will not always be a completely “green” solution, as organic
solvents are used during the work, and must be treated as waste after the experiments;
however, their consumption can be drastically reduced, so it is a more environmentally
friendly alternative compared to commercially used methods.
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A very “green” solution for liquid chromatography is to use software such as DryLab
or ChromSword, among others [21,22]. These programs enable computer simulations of
analyses, providing data on the optimal analysis conditions for a given mixture of analytes
and chromatographic column. Thus, the analysis stage needed in order to optimize the
separation method of a given group of compounds is omitted; hence, there is a significant
reduction in organic solvents, energy costs, and working time.

When applying pure water as a mobile phase, there are two options for elution and
separation: The first is to use specific stationary phases that increase the relative elution
strength of water. The second option is to increase the temperature of the separation
significantly. In both cases, the stationary phase properties are fundamental in the case of
proper retention, elution, and thermal stability.

2. Purely Aqueous Conditions: Features and Requirements

As mentioned above, the use of pure water allows chromatographic analyses to be
performed in a completely “green” manner. With industry and science growing faster
and faster, the amount of waste generated is increasing. Therefore, we have no choice
but to look for ways to ensure that modern and future-oriented analytical work does not
add to environmental pollution. An extensive description of the problem and solutions
was given by Welch et al. [23]. The past two decades have seen a growing interest in the
application of pure water as a mobile phase. One can find many experimental works and
several published review papers related to this issue [6,7,9,24-31]. Changes to standard
liquid chromatography approaches are needed in order to make the separation in pure
water possible. Two paths are possible: the first includes elevated temperatures, while the
second remains at ambient temperatures but focuses on selecting appropriate stationary
phases.

The magnitude of the temperature increase can vary between applications. However,
the often-used phrase “high-temperature” is not exactly precise. Less precise terms such
as “higher than room temperature” or “higher than 100 °C” and more precise terms such
as “higher than the boiling point of the mobile phase solvent” or “in the range between
40 °C and 200 °C” appear in the literature [25,26]. Changes in water temperature affect a
large spectrum of physicochemical parameters, which may dishearten analysts. Usually,
only the influence on the viscosity is frequently discussed in the literature. Increases in
eluent strength, increases in diffusivity, and changes in the dissociation rates of ionizable
compounds are equally significant, but less frequently considered. Therefore, the overall
benefits and difficulties associated with high-temperature analysis are not considered ex-
haustively [26]. Our previous paper described the discussion about temperature-dependent
changes in water properties and their effects on analyses in pure water [9].

In RP-LC, increasing the temperature produces an effect analogous to that of increas-
ing the organic solvent concentration in the mobile phase. The studies carried out by
Bowermaster and McNair [32], and Chen and Horvath [33] show that a 1% increase in ACN
concentration corresponds to a 5 °C increase in temperature. In contrast, an equivalent
increase in methanol concentration corresponds to a 3.75 °C increase in temperature. Of
course, the precise effect depends on the stationary phases used [34,35]. For example, in
the methanol-water mobile phase, a temperature increase of 3.5 °C corresponds to a 1%
increase in the concentration of the organic component, while a temperature increase of
between 5 °C and 8 °C corresponds to a 1% increase in the concentration of acetonitrile in
an acetonitrile-water mixture on polystyrene-divinylbenzene stationary phase (Hamilton
PRP-1). Changing the stationary phase to Zorbax RX-C18 gives results of 1% of organic
solvent concentration being equivalent to 2 °C for methanol-water and 3 °C for acetonitrile—
water mobile phases [35]. The dielectric constant of water is reduced from 85 at 25 °C
to 35 at 200 °C. Elevated temperatures make the water behave like an organic solvent;
hence, it becomes a very effective solvent for separating weakly polar compounds [36].
Application of water at elevated temperatures allows experiments to be conducted under
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completely “green” conditions if the separated substances and the stationary phase are
thermally stable [25].

If the properties of water depend on the temperature, changing the temperature makes
it possible to separate substances with a full spectrum of polarity. High temperatures
enable elution of non-polar compounds, moderate thermal conditions enable elution of
weakly polar compounds, and low temperatures are sufficient for non-polar substances. Of
course, this is limited by the thermal stability of the stationary phase. A higher temperature
of the water changes the polarity and reduces the viscosity, but also reduces the analyte
adsorption—which is exothermal—on the stationary phase. Depending on the conditions
used and the authors, chromatography with water at elevated and ambient temperatures
can be referred to by different terms. The modes with the description of the conditions of
pure water as a mobile phase and features of stationary phases are shown in Figure 2.

SHWC Superheated Water Chromatography WRP-LC SFC
SBWC suberitical Water Chromatography Water Reversed Phase Liquid Chromatography Supercritical Fluid Chromatography
l— Mobile phase— hot l— Mobile phase— pure l— Mobile phase —
water in subcritical water at ambient supercritical CO, or
conditions - below temperature with water in
374°C and 218 atm. addition of supercritical
inorganic buffer or conditions - over
ethanol 374°Cand 218 atm.
mm) Stationary phase - =) Stationary phase — mmmm) Stationary phase —
modified silica, stable in modified silica, polar- modified silica, polar-
elevated temperature, endcapped, polar- endcapped, polar-
polar-endcapped, polar-
embedded phases, embedded phases embedded phases

polymer-, zirconia-,
alumina-, carbon-based

stationary phases

Figure 2. Characterization of stationary phases and conditions for using pure water as a mobile phase
in different liquid chromatography modes.

More than 30 years ago, a study was conducted on separation in pure water [37]; sadly, it
did not gain popularity. Satisfactory results were obtained when the surface of the stationary
phase was modified with shorter hydrophobic alkyl chains not exceeding eight carbon atoms.
Later studies confirmed that free silanols at the surface of silica particles play the main part in
retention when such highly polar eluents as pure water are used; however, their excessive
activity adversely affects the shape of the peaks and, therefore, the separation results. The use
of even shorter carbon chains (up to C4) allowed us to obtain stable stationary phases with
high coverage density. The problems associated with the attachment of longer alkyl chains
are then avoided, since these phases have lower coverage densities and, at low contents of
organic modifier in the mobile phase, tend to form chain bonds and decrease the stationary
phase solvation [38,39].

The adverse effect of silanols on retention led to the search for new solutions, one
of which is the use of polar-endcapped and polar-embedded stationary phases [40-43].
More details related to the structure, capabilities, and requirements of such phases will be
described in the next section of this work.

An increase in water temperature causes changes in its eluotropic strength [44]. Unfor-
tunately, the thermal stability of both column packing and analytes is a problem. In such a
case, the next option is to change the mode of liquid chromatography. This issue can be
overcome by using more polar stationary phases that allow for higher eluotropic strength
of water.

Applying a purely aqueous mobile phase at room temperature is the most environmen-
tally friendly mode of liquid chromatography, with advantages such as lack of toxic waste
and low energy consumption. Usually, ambient conditions in liquid chromatography are in-
terpreted as analyses performed below 60 °C. The literature suggests a new subcategory of
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this type of analysis—water-only reversed-phase liquid chromatography (WRP-LC)—and
per aqueous liquid chromatography (PALC) is also among these techniques [45].

High elution strength of water is observed in hydrophilic interaction liquid chromatog-
raphy (HILIC). Hydrophilic interaction chromatography is mainly used for the separation
of polar compounds. The water content in HILIC is usually low, and it is impossible to
carry out HILIC with pure water, due to the elution strength being too high.

An alternative to HILIC may be a silica hydride stationary phase applied in an aqueous
normal-phase (ANP) system. ANP was named and described for the first time by Pesek
et al. [46,47]. The changes in the retention of polar compounds from 0 to 100% water con-
centration present bimodal curves. The highest retention is observed at both ends—for high
organic solvent content similarly to HILIC, and for pure water or high-water content [48-50].

The surface properties of silica gel in the purely water mobile phase are somewhat
surprising. The hydrophilic character of silica is attributed to free silanol groups. Silanols,
depending on the pH of the solution, may ionize. Bidlingmeyer et al. separated amines in
HILIC on pure silica using pure water as a mobile phase [51]; the authors demonstrated
that at high water content, the silica surface shows non-polar behavior. This is due to
non-polarized siloxane groups that give the silica surface a hydrophobic nature [52]. Thus,
the use of pure water makes the polar nature of the silica surface in HILIC change to non-
polar. Therefore, A. dos Santos Pereira et al. proposed a new name for this reversed-HILIC
mode—per aqueous liquid chromatography (PALC)—to distinguish this method from
HILIC, RP-LC, and ANP-LC [53]. PALC requires the application of specific stationary
phases.

The application of pure water as a mobile phase causes several problems. If the
stationary phase is highly hydrophobic, such as C18, the bonded ligands may collapse
to the support surface. This usually results in a decrease in retention, and reduces the
reproducibility of the separations [3]. The second problem is that in RP-LC the elution
strength of water may be too low to perform the elution. The opposite problem is observed
in HILIC, where the elution strength is too high and prevents retention.

When using water at elevated temperatures, further constraints arise. Although the
elution strength, viscosity, surface tension, and many other properties of water are favorably
altered, high temperature places some limitations. A stationary phase operating under
these conditions must be thermally stable. The substances to be analyzed must also exhibit
thermal stability over the temperature range used. Degradation of all or some of the
analytes of the tested mixture will completely disturb the results obtained. The thermal
instability of analytes can be circumvented in several ways. The lower viscosity of the
purely aqueous mobile phase causes low backpressure, enabling the use of much higher
flow rates for SBWC separation; as a result, the degradation of analytes is reduced, because
the analysis time and, consequently, their exposure to high temperatures, is reduced. Thus,
analyte degradation is no longer a significant problem when using the SBWC technique for
low-molecular-weight compounds [6].

The use of elevated temperatures is also associated with the use of appropriate in-
strumentation. It is necessary to ensure a stable temperature throughout the analysis,
pre-heating of the mobile phase, and a suitable thermostat for the column [6,54].

3. Stationary Phases Used in Pure Water Conditions

The first reported separation using subcritical water as a mobile phase was carried
out by Smith and Burgess in 1996 [55]. The separations of several phenols, parabens, and
barbiturates on a polystyrene-divinylbenzene (PS-DVB) stationary phase were carried out
at 210 °C. The authors demonstrated that retention factors of separated substances decrease
with increasing temperature. Compared to conventional reversed-phase conditions, super-
heated water separation at 180 °C provides a similar result to a 20:80 acetonitrile-water
mobile phase at ambient temperature. No degradation or oxidation of any analytes or
the stationary phase structure was observed in the experiments performed. Thus, the
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study concluded that SHWC, compared to the conventional RP-LC technique, gives better
separation and allows shorter analysis times [55].

As discussed above, the thermal stability of analytes can be an obstacle to using water
at elevated temperatures. The thermal stability of analytes was investigated by Thompson
and Carr [7,56] in the case of drugs and alkaloids; they concluded that in order to not affect
the analytes’ stability, it is necessary to reduce the analysis time. Doing so will allow even
compounds that degrade at high temperatures to be separated, as the short residence time in
the elevated-temperature column will not affect their stability [6]. The observed rule also has
some exceptions; several other cases have been reported in which degradation has occurred.
Thiamine can only be analyzed below 50 °C, while a temperature of 160 °C results in many
degradation products [57]. Nitrobenzene was degraded above 220 °C using a PS-DVB column;
however, a reduced temperature and a less retentive phase allowed the decomposition to be
prevented [7]. Even polycyclic aromatic hydrocarbons can degrade; analyses in the range of
100-350 °C and an extensive range of heating times from 10 to 240 min in pressurized hot
water showed that even at the shortest time interval, they degraded above 300 °C; at longer
times, damage to the structure of the compounds occurred even at 100 °C [58].

Despite the examples of degradation described above, SHWC can work for substances
with a broad polarity range, mainly due to decreased water viscosity and polarity with
increasing temperature. Several commercial chromatographic columns may be used to
separate low-molecular-weight compounds using supercritical water. By selecting a suit-
able stationary phase or suitable analysis conditions, working with pure water at room
temperature is also possible. These materials are described in the literature and listed in
Tables 1-4.

3.1. Instability of Stationary Phases—A Motivation to Search for Solutions

In most cases, the thermal stability of analytes is not a significant problem, and a wide
range of substances may be analyzed. Another serious problem is the thermal stability of
the stationary phase used. Most of the materials used as stationary phases that are stable
under ambient temperature HPLC may not be stable under superheated water conditions.
Despite the temperature range, the van "t Hoff relationship remains linear for both ambient
temperature HPLC and SHWC [59,60].

One of the leading examples of a thermally unstable stationary phase is the most com-
monly used chromatographic material—octadecyl-modified silica (ODS)—which undergoes
degradation at temperatures above 80 °C [7]. For this reason, it is essential to develop new
materials or modify existing ones in order to ensure their thermal stability when using pure
water as the only eluent. When analyses are carried out with ODS silica materials at water
contents higher than 95%, a sudden decrease in retention times occurs while maintaining
efficiency. This is due to a phenomenon called the “phase collapse” effect, which is associated
with the stacking of long-chain alkyl ligands [61]. In this case, the adsorptive surface area of
the stationary phase is strongly reduced. However, the “phase collapse” process is reversible,
and this can be achieved by using a mobile phase with a high organic modifier content. This
effect is explained by the de-wetting of the phase surface, which lowers the effective volume
of the column by removing water molecules from the pores [62].

Many attempts have been made to prevent this effect. For example, polar groups were
incorporated between the hydrophobic octadecyl chains and the silica surface; this led to
the obtaining of mixed hydrophilic-hydrophobic phases. Such materials have improved
wettability in high-water-content or even in purely aqueous mobile phases. Novel materials
were named polar-endcapped, polar-embedded, or aqueous stationary phases [39,63].

With SHWC, and using phases with embedded polar groups, changes in retention were
also observed. This was achieved by cooling the column and leaving it without flow for a
period of time; however, this effect can occur suddenly—even between performed analyses.
The overall behavior of stationary phases under aqueous conditions was described in detail
by Walter et al. [64].
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Consequently, the inability to successfully use commercial octadecyl phases has forced
the search for other stationary phases that are thermally stable under pure water condi-
tions. Currently, several chromatographic phases are used in SHWC and other techniques
using pure water as the only eluent. The most common are: modified silica phases, poly-
mer phases, zirconia-based phases, other metal oxide phases, carbon phases, and hybrid
phases [6,7].

3.1.1. Silica-Based Packing Materials

Despite the problems mentioned above, conventional silica stationary phases are
applied in water conditions. Unfortunately, the temperature range in which they can
be operated is low; additionally, in most cases, their lifetime is reduced. This is mainly
observed in the case of ODS materials.

Problems that arise during analyses at elevated temperatures mainly focus on the
degradation of analytes. The occurrence of such a phenomenon is not necessarily due
to the use of pure water or elevated temperatures. For example, using a Zorbax RRHD
Eclipse Plus column for the separation of coumarin, vanillin, and ethyl vanillin gave ethyl
vanillin as a degradation product. However, the use of other columns under the same
conditions did not cause degradation of the analyte [65]. This confirms that the degradation
resulted from analyte—stationary phase interactions, rather than from factors associated
with the application of pure water or elevated temperature. In addition, it can be concluded
that by having a wide range of stationary phases commercially available, the reasons for
degradation can be checked efficiently and avoided.

The thermal stability of the column can be measured—simply perform a mixture
separation analysis and then repeat the analysis after a specified volume has passed
through the column. An example study was performed by He and Yang [66], investigating
the change in retention of a mixture of caffeine, benzene, and methyl benzoate. Nucleosil
C18 AB phase degradation occurred when passing more than 8000 column volumes at
100 °C. The reason for increasing the retention of the polar compound and decreasing the
retention of the non-polar compound is the gradual removal of the C18 chains from the
silica surface, causing a decrease in its non-polar character.

Studies also confirm that stationary phases operating over a wide pH range have
greater thermal stability [67]. In addition, those based on ethylene-bridged hybrid (BEH)
technology are currently the most thermally stable and pH-stable silica-based columns [68].

Using elevated temperatures can be problematic, so performing analyses at room tem-
perature using pure water is highly desirable. The PALC technique mentioned above allows
operation under highly aqueous or fully aqueous conditions while maintaining ambient
temperature; it has become competitive with HILIC and, combined with the environmen-
tally beneficial aspect, interest around it has increased. Initially, in the literature, one may
encounter the term reversed HILIC; however, this suggests that the retention mechanism
occurs according to RP-LC, for which reason the term PALC has been introduced.

The application of Zorbax-Rx-SIL to separate catecholamines in standard HILIC was
unsuccessful on superficially porous particles [69]; however, it was successful using PALC,
obtaining excellent peak shapes and high efficiency. In a later work, Gritti and dos Santos
Pereira explained the retention mechanism occurring in PALC, and described the effect of
the water-rich mobile phase on the separation efficiency [70,71]. The adsorption mechanism
was explained by determining adsorption isotherms using frontal analysis (FA) on pure
porous silica (HALO) core—shell structures; this enabled determination of the differences in
mechanisms between HILIC and PALC. The low acetonitrile content in PALC makes the
silica surface strongly heterogeneous; in contrast, in HILIC, the high acetonitrile content
makes the free silanols responsible for the retention: single silanol groups and geminal
and/or vicinal hydroxyl groups [70]. HALO column efficiency measurements showed
a lower value of height equivalent to a theoretical plate (HETP) for PALC compared to
HILIC [71].
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PALC gained wider popularity in the following years, and various materials were
tested as a stationary phase. At first, Li et al. used a polysaccharide-modified stationary
phase (PMSP) to separate six polar substances: melamine, vitamin B2, vitamin B6, caffeine,
benzoic acid, and hydroquinone [72]. Subsequent detailed studies proved that PALC could
obtain retention factors as good as HILIC for separating polar compounds. Modifying
silica particles with the functionalized carbon nanoparticles (CNPs) obtained from corn
stalk soot allows polar stationary phases to be obtained. Such materials can work with both
water-rich and acetonitrile-rich mobile phases [73].

PALC also enables the use of hybrid silica materials such as a 1.7 um ethylene-bridged
hybrid silica stationary phase (BEH HILIC); its application to the separation of 12 imidazole-
based ionic liquids’ cations showed that the PALC system could enable retention with
both hydrophobic and ion-exchange mechanisms [74]. Another application of PALC was
used by Matos et al., combining it with size-exclusion chromatography (SEC) to determine
the water-soluble organic matter (WSOM) content in atmospheric aerosols collected from
urban areas during different seasons [75].

Due to its positive ecological and economic aspects, PALC is sometimes used as a
complementary technique to RP-LC. Detection of four types of biogenic amines and five
nucleic bases and nucleotides was performed on a silica-based column with Congo red
molecules attached (Sil-CR) using PALC [76]. The results obtained showed better separation
with PALC than using HILIC, which consumes large amounts of organic modifiers.

In the RP-LC technique, applying pure water as a mobile phase requires surface
modification of the silica-based stationary phase. These phases have embedded polar
groups to provide a mixed retention mechanism and allow water to interact with the silica
surface. The polar-embedded and polar-endcapped phases will be discussed in subsequent
sections of this paper. Commercially available silica-based stationary phases and the groups
of compounds separated on them are summarized in Table 1.
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Table 1. Literature dataset of silica-based chromatographic columns and groups of chemical compounds separated by them using pure water.
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3.1.2. Polymer-Based Stationary Phases

Polymeric materials usually exhibit higher thermal stability. Such fillings are success-
fully used in elevated-temperature chromatography, e.g., for size-exclusion chromatog-
raphy; thus, it is reasonable to expect them to be the most thermally stable chromato-
graphic materials for analyses using superheated water as a mobile phase. Among poly-
mer materials, two of them are most commonly used in SHWC: polystyrene divinylben-
zene PLRP-S (PS-DVB) [55,57,81,83,90,99-101], and crosslinked polymer PRP-1 by Hamil-
ton [35,36,77,87,89,102,103]. All polymeric stationary phases and the groups of compounds
separated on them are summarized in Table 2. The thermal stability of these phases is
between 100 °C and 200 °C. Polymer-based phases are more thermally stable than silica-
based phases; they are therefore used in conditions of prolonged operation at temperatures
higher than 200 °C. However, when comparing retention times and temperature, using
the silica phase is sometimes more advantageous, because the analysis time is shorter and
does not require such high temperatures. Of course, the limiting parameter for using these
phases is their lifetime, so for long-term use, polymeric phases are mostly used [90]. The
literature also mentions new polymeric phases that contain attached amino acids that allow
them to operate in heated water up to 150 °C for 500 h [104]. Despite better thermal stabil-
ity, polymeric stationary phases also have some disadvantages compared to silica-based
materials, e.g., lower column efficiency; this is likely related to the high retention capacity;
thus, groups of moderately polar compounds such as alkyl- and aryl ketones can be eluted
only at elevated temperatures.
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Table 2. Polymer-based stationary phases used to separate groups of compounds in pure water.
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3.1.3. Zirconia-Based Stationary Phases

Silica, due to the low pH of the point of zero charge (pHp,c), allows only cation
exchange under neutral pH conditions. The dissociation of silanols then occurs, and the
silica surface acquires a negative charge. Therefore, chromatography of basic compounds
on silica is troublesome, because it requires a significant change in pH—which adversely
affects the attached ligands or the silica itself—or the use of ion-exchange displacers or
anionic ion-pairing agents [112-114].

Metal oxides—especially zirconium, aluminum, and titanium oxides—have much
higher pHyc, which means they do not have a negative surface charge, so no electrostatic
interactions will occur; they behave as amphoteric ion exchangers, so anionic or cationic
exchange can occur depending on the pH. Due to the presence of Lewis acid sites, the
additional ligand exchangeability works to the advantage of using these supports [112,113].

Carr et al. were the first research group to examine the use of zirconium oxide as a
potential packing material for chromatography columns [113,115]. This raised issues about
modifying its surface with alkyl ligands. The modification required special conditions and
additives. Finally, it turned out that among metal oxides, only zirconia could be used as
effective chromatographic material.

Zirconium oxide has many adsorption sites, so it can be easily modified. This action
favors a wide adaptation of the use of zirconium-based stationary phases. In general, there
are three types of zirconium oxide modification: (1) dynamic, where the mobile phase
contains a strongly interacting Lewis base; (2) permanent, where the zirconium oxide
surface is permanently silylated as a result of binding to adsorption sites; and (3) physical
screening, e.g., coating the zirconium surface with polymer or carbon. The most commonly
used approaches are zirconia encapsulated by polybutadiene (PDB)—which is also known
as a ZirChrom-PDB [81,83,106,116-122]—and zirconia encapsulated by polystyrene (PS),
called ZirChrom-PS [54,66,120]. Other zirconia-based packings include carbon-coated
zirconia (CARB)—ZirChrom-CARB [81,117,123]—or a secondary bonded C;g zirconia-
based stationary phase (DiamondBond) e.g., ZirChrom-DB-C18 [83]. All zirconium- and
aluminum-based stationary phases are listed in Table 3.

Zirconium oxide used as a support in chromatographic analyses has good thermal
stability and is stable under pure water conditions. For ZirChrom-PDB, the manufacturer
recommends an upper temperature limit of 150 °C; however, the thermal stability of this
material has been observed up to 200 °C. ZirChrom-PDB was tested by Wu et al. [116], who
showed that the upper limit of the column’s thermal stability reaches 260 °C. The ZirChrom-
PDB and ZirChrom-CARB columns tested by Kephart et al. [117] reached thermal stability
of 370 °C and 300 °C, respectively, using a pressure of 75.8 MPa. Compounds from the
phenol and alkylbenzene groups were successfully separated on both stationary phases.

It is also important to note that complete removal of CO; from the mobile phase is
necessary before working in pure water, as it binds to the Lewis acids sites, completely
changing the surface character of the stationary phase. Therefore, it is necessary to boil the
water before use as a mobile phase, degas it, or use a scrubber or pre-column [113].
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Table 3. Collection of zirconium- and aluminum-based stationary phases used to separate the listed
groups of compounds in pure water.

Group of Chemical Compounds
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ZirChrom-PS X X [66,120]

3.1.4. Carbon-Based Packing Materials

Of the carbonaceous materials, only porous graphitized carbon (PGC) has found appli-
cation in liquid chromatography. This material is obtained by immersing silica grains in a
phenol-formaldehyde mixture. Next, gradual heating results in the formation of a phenol-
formaldehyde resin, which is then carbonized at 900 °C in a nitrogen atmosphere. Then,
the silica template is removed using KOH. The final carbonaceous material is heated at
2500 °C in an oxygen-argon atmosphere. The resulting material consists of uniform porous
carbon, with a known pore structure and a surface oxidized under oxygen conditions.

Some chromatographically relevant features characterize carbon support—it is highly
thermally resistant, with a well-reproducible structure and a surface that does not show the
presence of charge during chromatographic operation. The specific surface of this material
is suitable to provide retention, and to maintain linear capacity over a wide range of analyte
concentrations. The porous structure does not exhibit the presence of micropores, and
the pore size is larger than 10 nm, which ensures efficient mass transfer to and from the
solution from the particles. PGC is resistant to highly interfering solvents; thus, no swelling,
shrinkage, or dissolution occurs. This material is stable over the entire pH range and at
high salt concentrations; it exhibits a unique retention mechanism and selectivity. Unlike
common ODS phases, it has stereoselective properties that allow it to separate isomers and
compounds with very similar structures [125].

The first PGC-packed columns were made by Hypersil—a division of Thermoquest
Corporation; the columns are now sold under the Hypercarb name. In 1991, two Japanese
groups—one from Tonen Corporation and the other from Nippon Carbon Company and
Tosoh Corporation—released porous graphites obtained via a completely different proce-
dure. Despite the differences in how these materials are obtained, their chromatographic
properties do not differ. The type of chromatographic columns filled with PGC depends
on the preparation procedure and the silica used for templating. Thus, several versions
of such columns are commercially available, although their chromatographic properties
coincide [125].

A more detailed study of Hypercarb shows that it is a very high-thermal-strength col-
umn. The dependence of log k on 1/T for this column, in the temperature range 20-180 °C,
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is linear, with a very good fit, which proves the independence of AH and AS from tem-
perature over a wide range, regardless of the mobile phase composition—even in pure
water. Although zirconium-based stationary phases exhibit nonlinear Van "t Hoff plot
relationships, for all of the substances studied by Guillarme, the Hypercarb relationships
remained linear, indicating no effect of temperature on the eventual surface modification of
the carbon material and excellent regularity and rigidity [83].

The disadvantage of PCG is the contaminants that form due to the high activity
of the carbon materials, resulting in a problem with the formation of asymmetric peak
shapes in the chromatograms. The second disadvantage of PGC columns is that their
efficiency declines with time. Although carbon materials have high thermal stability, the
significant difference in thermal expansion compared to a stainless steel column causes
high mechanical stresses, resulting in a loss of separation properties of the bed [126]. All
carbon-based stationary phases are listed in Table 4.

Table 4. Overview of carbon-based stationary phases and groups of compounds that were separated
using pure water as a mobile phase.
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carbon (PGC)

4. Stationary Phases with Integrated Polar Groups

Surface modifications of silica by placing both polar and non-polar parts on the phase
surfaces appeared in the early 1990s. This was due to the search for materials that allow for
effective and selective operation in a wide range of organic modifier concentrations. This
phase structure allows a mixed retention mechanism, among other things. Both polar and
non-polar compounds are retained through interactions with hydrophobic and hydrophilic
parts of the stationary phase [41-43].

Among the stationary phases possessing a polar group and a hydrophobic ligand, we
can distinguish three types: Polar-embedded stationary phases are obtained by attaching a
polar group to the silica surface in place of a silanol, and then a hydrophobic part is attached
to it; this construction of the phase with an incorporated polar group and an attached non-
polar component allows for better water solvation at high-water mobile phase conditions.
Polar-endcapped stationary phases are obtained in a two-step process. First, the surface of
the stationary phase is modified by the attachment of non-polar parts, such as alkyl chains;
in the second step, polar groups are endcapped by a specific reagent that possesses a polar
group. The methodology is analogous to typical hydrophobic endcapping. Polar-headed
stationary phases have a non-polar part attached to the silica surface, and the hydrophilic
group is located at the end [40]. A schematic representation of these phases is shown in
Figure 3.
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Figure 3. Schematic representation of the possibility of incorporating a polar group into the structure
of a non-polar phase. (A): polar-embedded; (B): polar—endcapped; (C): polar-headed [40].

Such materials have a series of advantages; they can be used in an RP-LC system and,
compared to typical alkyl-bonded stationary phases, they provide a different selectivity for
polar compounds. Polar-embedded stationary phases also allow operation using highly
polar mobile phases, so they can successfully be used for separations using 100% water.
Polar groups reduce the influence of residual silanols that result in the absence of tailing of
basic chemical compound peaks [14,39,127-138].

Many papers have now been published demonstrating the separation of substances
with a wide range of polarities using pure water at room temperature. Successful separa-
tions of alkylanilines using an alkylamide chemically bonded phase were described in 1994
by Buszewski et al. [139]. Some attempts have been made to apply octadecyl stationary
phases modified with strongly positively/negatively charged surfactants; such stationary
phases were used for the separation of nucleosides and nucleic bases [140-142]. Com-
pounds of different hydrophobicity were separated using poly(N-isopropylacrylamide)-
modified silica [143]; it was shown that it is possible to separate steroids efficiently at
ambient temperature; the authors also investigated the influence of the temperature on
the resolution. It must be remembered that in a single-component mobile phase (pure
water), the separation temperature is the only parameter that can influence the retention
and separation; thus, the proper choice of the stationary phase for a given mixture to be
separated is essential. Another polymeric material used in pure water separation was a
polyethylene glycol stationary phase (Supelco Discovery HS PEG), which was used by
Satinsky et al. for the separation of analytes of different polarities [3]. Kiridena et al. applied
a polar-endcapped chromatographic column (Synergi™ Hydro-RP) at room temperature
and elevated temperatures, but below 65 °C [63]. Recent work indicates the possibility
of using polar-embedded phases in both RP-LC and HILIC systems to separate polar
compounds [14].

The ability to freely select the polar group results in stationary phases giving an
efficient performance at room temperature of the mobile phase, with reasonable retention
times. The polar-embedded stationary phase to be applied in the pure water mobile phase
has to meet three basic requirements: First, it must provide retention of analytes, and this
should be selective for different substances. Second, pure water must elute analytes in a
reasonable time. Finally, it must provide unique selectivity and specific surface properties
due to the presence of a polar group and a hydrophobic ligand [14,127]. The successful
separation of a series of nucleic bases, nucleosides, and purine alkaloids is described in a
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recent paper by Bocian and Krzemiriska. Pure water was the only mobile phase component
at 30 °C, and a standard HPLC system was used for the analyses. As a stationary phase, the
N,O-dialkylphosphoramidate phase [131] and a series of ester-bonded phases [127] were
used. The obtained results confirm that applying polar-embedded stationary phases may
enable water-only separation at ambient temperature conditions [14]. Exemplary structures
of stationary phases used for purely aqueous separation are presented in Figure 4.

28
24 - 4N(
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Figure 4. Separation of seven nucleosides on a polar-embedded stationary phase (Ester-C18) using
pure water at low temperatures as a mobile phase. Description of the compounds—IN: uridine;
2N: guanosine; 3N: 1-methylinosine; 4N: thymidine; 5N: 1-methylguanosine; 6N:N2-methyloguanosine;
7N: adenosine. Adapted from ref. [14].

Another advantage of such stationary phases is that they may also be operated in RP-
LC and HILIC systems. Nevertheless, the separation using pure water at room temperature
as the only eluent is the most exciting and most “green” application. Unfortunately, in such
a case, the selectivity of the separation results only from the stationary phase. However,
there is an option to modify the temperature. Thus, designing and synthesizing new
stationary phases with a different selection of polar and non-polar parts will certainly allow
different selectivity, and will also lead to the optimization of techniques using pure water in
liquid chromatography. These are options that can be implemented in the low-temperature
range; broader possibilities appear when the water temperature is raised significantly.

5. Summary

The separation in liquid chromatography can be performed using pure water as a
mobile phase. The application of pure water is environmentally friendly, and it is the best
option for “green” chromatography.

Separations in purely aqueous conditions may be carried out at room temperature
using specific polar-embedded stationary phases; however, in such a case, the selectiv-
ity depends almost entirely on the stationary phase. The second option is separation at
elevated temperatures—superheated water chromatography. The change in water temper-
ature changes its polarity, dielectric constant, viscosity, surface tension, and many other
properties; as a result, the elution strength of water increases. Unfortunately, another
problem may arise in this case—the thermal stability of both separated substances and
stationary phases. Thus, several stationary phases based on silica gel, carbon, polymers,
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or metal oxides were obtained for application in purely aqueous separation. More new
stationary phases will likely be developed soon, and “green” liquid chromatography will
gain popularity in the coming years.

For completely “green” chromatography, it is necessary to use only nontoxic, environ-
mentally friendly solvents; such solutions include carbon dioxide, ethanol, and water. In
this review paper, we focus on water; its use as the sole component of the mobile phase
presents many challenges to chromatographers, including viscosity, high elution force,
dielectric constant, degradation of stationary phases, hydrolysis, and decomposition of ana-
lytes. Thus, it is necessary to select either an appropriate analysis method—as we discussed
in our previous work [9]—or an appropriate choice of stationary phase, as described in this
work; often, the two can be combined. The most convenient option is to use a stationary
phase that allows the use of water without increasing the temperature or using additives in
the form of salts or buffers; such solutions include phases with silica, polymer, zirconium or
aluminum oxide, or carbon supports. In recent years, silica-based phases with embedded
polar groups have proven to be very promising; they are thermally stable and, through the
mixed hydrophilic-hydrophobic nature of the surface, allow operation under pure water
conditions without the use of additives or elevated temperatures. The goal is to find phases
that allow us to simultaneously understand retention mechanisms, control selectivity (e.g.,
by selecting appropriate groups at the functionalization stage of the stationary phase),
and obtain good resolution and efficiency. The phases mentioned above were found by
attempting to change the support; in contrast, polar-embedded and polar-endcapped sta-
tionary phases open possibilities to manipulate the parameters via a good selection of polar
and non-polar groups attached to the silica surface at the synthesis stage; this provides an
extensive range of possibilities for the preparation of different phases. In our opinion, it is
on these phases that research aimed at finding stationary phases to work under pure water
conditions should focus.
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Abstract: Zeta potential is a surface characteristic formed on the solid surface and liquid interface. It
is an interesting way to describe the surface properties of materials; thus, a series of four homemade
polar embedded stationary phases that contain phosphate groups incorporated into hydrophobic
ligands were investigated according to surface zeta potential. Measurements were carried out using
Zetasizer Nano ZS for the stationary phases suspensions prepared in various solvent and solvent
binary mixtures. The negative zeta potential values were obtained for most cases due to negatively
charged residual silanols and phosphate groups. However, in some solvents: tetrahydrofuran,
isopropanol, and toluene zeta potential are positive. Additionally, it was observed that the zeta
potential seems to be independent of the type of silica gel used for the stationary phase synthesis.

Keywords: zeta potential; stationary phase; solvent; surface

1. Introduction

Silica gel is the most common support of stationary phases synthesis. Despite the
modification procedure, some portions of residual silanols remain unreacted at all times.
The bonding of hydrophobic or polar groups to the silica surface influences the surface
properties, changing their polarity. It also influences the zeta potential of such a surface
when it is in contact with a liquid or a liquid mixture [1-3].

The zeta potential is the potential of the electric field created by surface charges in the
point from which the liquid phase can move either by pressure gradient or by the action of
the outer electric field [1,4]. From the practical point of view, the zeta potential is the critical
characteristic of the electric double layer. Thus, this parameter is essential in describing
the mechanisms occurring at the surface where the stationary phase is in contact with the
liquid mobile phase. The creation of an electric double layer takes place in each liquid
chromatographic separation and influences the retention and selectivity of the separation.

From the stationary phase point of view, the zeta potential corresponds to the surface
charge of the stationary phase. It is evident for ion chromatography where stationary
phases possess charges [5]; however, it is observed even for octadecyl materials [6] as a
result of ionized silanol that was not reacted due to the steric hindrance [7]. For polar
embedded stationary phases, the presence of electronegative atoms, such as nitrogen and
oxygen, the polarization, and donor-acceptor interactions, also influence the zeta potential
values [8]. Incorporating polar functional groups into the nonpolar ligands induces their
different polarization and changes the ionization of the silanols on silica particles. This
action affects the results obtained from zeta potential measurements and varies depending
on the type of surface modification performed [8-10].

The zeta potential is affected by the type of liquid in which the silica is immersed.
Various solvents solvate the surface differently; they differ in polarization and other physic-
ochemical properties. A significant amount of solvent (e.g., water) may adsorb on the
surface of the silica gel support [11]. For example, adsorbed water molecules support
the ionization of surface silanols. It leads to negative charging of the silica gel surface. A
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similar situation may be observed in other solvents that may solvates protons. In such
a case, solvent properties may strongly influence the zeta potential of given materials.
Additionally, it is postulated that zeta potential may be affected by the adsorption of ions
from the solution, especially hydroxide ions [12].

According to DVLO theory, the main energy affecting the stability of a particle in
solution is the potential energy consisting of the force of attraction and repulsion of particles
between each other [13,14]. In a stable suspension, the attractive van der Waals forces and
repulsive forces between the double adsorption layers of the particles are in equilibrium,
and there is no coagulation of the particles. If the repulsive forces are insignificant, the
particles will aggregate, and the suspension will not be stable. So, to ensure the stability of
the suspension, it is necessary to take care of the dominant effect of the repulsion energy
of the double adsorption layers between the particles. It is possible to provide by steric
or electrostatic repulsion [15]. In the case of silica grains of 5 um size, where the particle
surface is modified with the phosphodiester group and attached hydrophobic groups, it
is difficult to speak about steric repulsion. Therefore, electrostatic repulsion will play an
important role. It is connected with the silica surface’s physicochemical character and the
solvent properties in which the suspension is prepared.

The performance of a chromatography column depends on many determinants. One
of them is the quality of packing of the stationary phase bed in the column. This quality is
affected by several different factors. Among them, one of the more important is the proper
choice of slurry and packing solvent. In their work, Vissers et al. [16-18] confirm that the
suspension’s stability is not necessarily related to the complete absence of aggregation.
Various techniques to ensure stability can be found in the literature but mainly involve
balancing the suspension density, chemical, and mechanical stabilization, or the use of high
or low viscosity solvents [18]. Research confirms that the presence of particle aggregation
in suspension while ensuring its stability is favorable [17,19]. Among other things, zeta
potential measurements allow one to determine the stability of a suspension without
determining whether or not aggregation occurs in solution [15,17].

During the last years, zeta potential measurements became one of the methods to
characterize chemically bonded stationary phases [6,20]. The easiest way is to determine
the zeta potential based on electrophoretic mobility measurement (w). The calculation can
be done using the Smoluchowski, Hiickel, or Henry equation [4,21,22]. They differ by
considering the ratio of the radius of the test particle to the thickness of the electric double
layer (EDL)-ka. Henry’s equation is expressed as:

2 eregC
—— .F
3 1 (ka)

where p is electrophoretic mobility, 1 is the viscosity of the solution, &, is the relative
permittivity of the medium, ¢ is the absolute permittivity of vacuum, ( is zeta potential,
and F(ka) is Henry’s function. If the value of the Henry function F(ka) is 1.0, this means
that ka is much smaller than 1, and therefore, the thickness of the electric double layer is
much larger than the radius of the test particle. In this case, the Hiickel equation is used.

_ 2ergoC
H= 3

On the opposite side of the calculation, we have a situation in which the particle’s
radius is much larger than the thickness of the electric double layer so that ka is much larger
than 1.0, and the Henry function F(ka) is equal to 1.5. The Smoluchowski mathematical
approximation is then used.

&€
Ul

In an intermediate situation, i.e., a kappa value slightly greater or less than 1, cal-

culations are used to precisely determine the Henry function. One of them could be the
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Ohshima approximation or the O’Brien calculation [23-25]. The size of the test particle in
the approximation is known and constant. At the same time, the thickness of the electrical
double layer depends on the type of solvent and mainly on the presence of ions in it, that is,
the ionic strength. A higher concentration of ions decreases the thickness of EDL, while a
low concentration makes this layer thicker. Of course, when ions are present in the solution,
the pH of the suspension solution will also play a significant role [4,23,26].

In our study, particles of 5 pm size are used, suspended mostly in organic solvents.
Therefore, it is difficult to talk about the presence of ions in solution and ionic strength.
The main role of charge distribution near the surface and in bulk is performed by functional
groups or atoms of molecules with free electron pairs. With such large particles as 5-micron
silica grains and poorly ionized solvents, the use of the Smoluchowski equation for zeta
potential calculations is justified [21,27]. The zeta potential value is calculated according to

the formula:
un

€r€Q

Various chromatographic packings were investigated according to their zeta potential
in chromatographic conditions. Materials with chemically bonded alkyl groups, with
and without end-capping, and other novel stationary phases were tested. Pure silica gels
were compared with silica-hydride materials. [5,6,8-10,28,29]. In addition to chemically
bonded ligands, which has the most crucial influence on zeta potential, other studies were
performed: (i) the coverage density of bonded groups [6], (ii) the ionization of chemically
bonded functionalities [5,6], (iii) the influence of electronegative atoms (polar groups) in
the structure of bonded moieties [8], (iv) the impact of the mobile solution composition, pH
of the solution, and ionic strength [2,9,10], (v) the formation of water enriched layer [30-32],
and (vi) hydroxide ion adsorption on the stationary phase surface [33-35].

The stationary phase zeta potential was usually tested in methanol, acetonitrile, water,
and its mixture in the previous works. However, it seems reasonable to check how different
solvents influence the zeta potential of stationary phases. Thus, the goal of our study was
to determine the zeta potential of four polar embedded stationary phases with different
organic moieties in the presence of 16 different solvents and solvent mixtures. It allows
obtaining information about slurry properties used for column packing. Although, as
reported in the literature [36], theoretically, the zeta potential results are ideal at infinite
sample dilution. In reality, there is a limit to the ratio of solvent molecules to measured
particles, which depends on the particle size. There is also an upper limit of sample con-
centration which, if exceeded, makes the measurement of zeta potential more complicated;
however, it is individual and depends on the type of sample, the size of grains, the light
transmission through the sample, or the polydispersity of the particle [37]. In our study, the
concentration was increased. It is known that the suspension’s aggregation and stability
depend on the concentration of solute and particles [26,38]. So, increasing the stationary
phase concentration in our study is due to practical aspect as high-concentration suspension
is used for packing chromatography columns. Hence, the results obtained more adequately
relate to the existing solutions used for column packing.

2. Results and Discussion

The stationary phases tested in the study contain a relatively low carbon load com-
pared to typical reversed-phase materials. The first reason was that we wanted to obtain
a relatively weakly hydrophobic stationary phase to allow the elution in purely aqueous
conditions. The second reason is that ligand binding with an ionized (or at least highly
polar) phosphate group does not allow high coverage due to electrostatic repulsion.

Sixteen different solvent and solvent mixtures were used in the study. Solvent and
its mixtures, viscosities, dielectric constants, and refractive indexes are listed in Table 1.
Data from the table were used for zeta potential determination using Zetasizer Nano ZS.
The research aims, among other things, to determine the stability of stationary phase
suspensions in solvents of different polarities and viscosity. These results will allow the
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appropriate selection of solvents for slurry preparation and the choice of packing solvent
when packing chromatographic columns.

Table 1. Characteristic of solvents used in the study.

Solvent/ Solvent/Solvent Viscosit Dielectric . .
Mixture Number Mixture (1/1 /o) 1t [cP] (20 C},’ 0 Constoant Refractive Index RI Literature
g (20 °C)

1 Dichloromethane 0.43 9.08 1.424 [39,40]
2 Tetrahydrofuran 0.55 7.60 1.407 [40]
3 Hexane 0.31 1.89 1.375 [40]
4 Isopropanol 2.86 (15 °C) 18.3 (25 °C) 1.377 [40]
5 Chloroform 0.85 4.81 1.446 [40]
6 Acetone 0.32 20.7 (25 °C) 1.359 [40]
7 Toluene 0.59 2.4 (25°C) 1.496 [40]
8 Methanol 0.55 32.6 (25 °C) 1.329 [40]
9 Acetonitrile 0.37 375 1.344 [40]
10 Water 1.00 78.54 1.333 [40]
11 Acetonitrile/Water 0.81 58.02 1.336 [40,41]
12 Isopropanol/Water 2.58 48.42 1.355 [40,42]
13 Isopropanol/Chloroform 0.64 11.6 1.411 [40,43]
14 Methanol/Isopropanol 0.97 255 1.353 [40,44]
15 Methanol/Chloroform 0.65 18.7 1.383 [40,45]
16 Methanol/Water 1.54 78.5 1.340 [40,41]

The stationary phases zeta potential measurement results in different solvents and
solvent mixtures are presented in Figure 1. It has to be emphasized that there is no data on
the plot for some solvents, mostly hexane (3) and water (10). It is a result of suspension
instability that disallows the zeta potential measurement.

Diol-P-C10 Diol-P-C18

Zeta potential [mV]
Zeta potential [mV]
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Figure 1. The zeta potential of stationary phases in different solvents with standard deviations (mV).
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At first look, it can be seen that both positive and negative values of zeta potential
were observed. In the case of octadecyl stationary phases (results published earlier [6]),
independent of coverage densities, usually negative values were obtained regardless of the
type of organic modifier (methanol or acetonitrile), or the water content in aqueous-organic
solvent mixtures.

Negative zeta potential values indicate the accumulation of positive charges near the
particle’s surface and, therefore, the electrically negative nature of the particle itself. In the
case of phosphate embedded stationary phases tested in the study, negative zeta potential
values may be caused by the partially ionized residual silanols and an ionized phosphate
group. Residual silanol groups can possess different acidities [7,46]. More acidic with a
pKa value between 3.5 and 4.6 are vicinal silanols. The single silanols are less acidic than
vicinal silanols, with a pKa between 6.2 and 6.8 [46,47].

Since all tested stationary phases were synthesized on a silica support, a negatively
charged surface will influence the zeta potential of all stationary phases. From the initial
silanols on silica gel surface equaling 7.7 umol/m? determined in the previous study [48],
around half are reacted or shielded by bonded ligands. Nevertheless, at least 3 tmol /m?
of silanols are available for interactions, and some of them can ionize while affecting the
negative zeta potential values. Additionally, this effect may be enhanced by the presence
of phosphates. However, different functional groups used for silica modification may
weaken the influence of silanols on the silica support on the zeta potential due to different
interactions with solvent molecules. In some solvents, tetrahydrofuran (2), hexane (3),
isopropanol (4), and toluene (7), zeta potential values are positive. Positive values were
also observed for all stationary phases in the isopropanol/chloroform mixture (13). It is
observed mainly for the Diol-P-C10 and Diol-P-benzyl stationary phases. Also, the highest
negative values were observed for chloroform for these materials.

From a suspension stability point of view, the criterium of zeta potential is higher
than £30 mV. If the value is lower than £30 mV, the suspension may not be stable. In
the data obtained, the values are usually lower than £30 mV. Most of the results are in
the range of 20 mV. The most stable suspensions were obtained in chloroform, reaching
up to —91 mV. As determined by zeta potential measurements, suspension stability does
not imply a complete absence of aggregation. Suspended solids may aggregate into small
aggregates while maintaining suspension stability. Therefore, the interpretation of the
obtained results should lean toward the evaluation of suspension stability rather than
statements determining the presence or absence of aggregates. Suspension stability can
also be obtained by balancing the solvent and dispersed phase density or using a high
viscosity solvent. Determining the stability of the suspension allows for a good choice
of slurry solvent, which is one of the essential parameters when efficiently packaging
chromatography columns.

Although it is known that zeta potential is not a direct measure of a surface charge, it
may give some information, such as which surface attracts ions. However, we can explain
the negative zeta potential values by negative charges on the surface. In theory, the highest
negative charge should be observed in proton-acceptor solvents, e.g., water, which solvates
protons and enhances the ionization of silanols and phosphates. The highest negative
values are observed for chloroform, which does not meet these conditions. This case may
be related to the non-zero dipole moment of the chloroform and its significant number of
free electron pairs present at the chlorine atoms. Adsorption of chloroform molecules on
the surface of the phase can cause high negative charge accumulation, which is manifested
by high negative zeta potential values. It shows that values of zeta potential are difficult to
predict without measurements.

Indirect correlation between surface charge and zeta potential explains the positive
values obtained in measurement. Based on the stationary phases’ surface properties, there
are no positive charges on them. Additionally, no acceptor atoms can accept protons such
as nitrogen and provide a positive surface charge [8]. Thus, the positive values at the
stationary phase with an embedded phosphodiester group and a nonionic solvent must be
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due to the accumulation of excess positively charged molecules on the particle surface. This
occurs with reduced dissociation of free silanols and phosphate groups, which depends
on the type of solvent. In this case, positive zeta potential values are caused by more
complicated phenomena, such as solvation, accumulation of some ions from solution, etc.
Positive zeta potential values were also obtained in our previous work [6]. The use of
a hydrophobic phase (C18) and a protic solvent, such as methanol, nevertheless gave a
positive zeta potential value. This confirms that some kind of phenomena occurring on
the surface of stationary phase particles are more complicated and attempts to predict and
describe them are only theoretical assumptions.

Another problem in comparison may be caused by stationary phase wettability that
is somewhat different in various solvents. It has to be emphasized that the silica gel
used in the study is porous, with a specific surface area of 320 m?/g. This surface is
mainly located in pores, and the accessibility to these pores may be different, chang-
ing the solvents. Porosity causes energy inhomogeneity of the surface. According to
Stahlberg [49], the distance from the surface at which the electrostatic potential in the
electric double-layer approaches zero may be as large as 30 nm. It means that the poten-
tial may be present in the total inner pore volume of particles commonly used in packed
columns for HPLC with a pore diameter around 10 nm. When measuring electrophoretic
mobility, the double electrical layer that forms at individual pore walls can overlap,
causing “clogging” of the pore. Therefore, much of the charge can be compensated inside
the pores of the particle or in the empty spaces between particles in aggregates. Only the
part coming from ionized groups on the outer particle surface will be responsible for the
electrophoretic mobility. Of course, it changes depending on the solution composition.
Nevertheless, according to Smoluchowski’s theory, the zeta potential is a global value,
referring to whole particles or aggregates.

To interpret obtained results, the corresponding stationary phase was synthesized
using a different support, Luna 100 A instead of Kromasil 100 A. The comparison of these
two phases is presented in Figure 2. The shape of the radar plot for both stationary phases
is very similar. The most crucial difference was that for Kromasil there was not possible
to measure the zeta potential of the material in hexane and water suspensions (solvent
no. 3 and 10 are omitted in the plot). It shows that zeta potential is reproducible if the
surface physicochemical properties are similar. The convergence of the result trends is
associated with the same surface modification. However, the different initial properties
between Kromasil and Luna result in slight differences. The pure Kromasil and Luna silica
zeta potential results on a DTS1070 capillary cell in pure water gave —45.8 £ 2.23 mV
and —46.9 £ 0.78 mV, respectively. Numerically, these results cannot be compared with
those obtained from measurements using a dip cell. On the other hand, comparing them
indicates that the type of silica support used does not significantly affect the zeta potential
value, so the surface modification influences the differences between the values obtained
for the Diol-P-C10 phase on Kromasil and Luna.

It has to be emphasized that the similarities observed are in character and value. A
significant difference was observed only for tetrahydrofuran (2) and toluene (7). In the case
of tetrahydrofuran, a positive value was observed on Kromasil Diol-P-C-10, and on Luna
Diol-P-C-10, it was negative. Kromasil Diol-P-C-10 exhibits a significant negative value
for toluene, whereas on Luna Diol-P-C-10, the value was almost 0. The slight differences
between the results may be due to differences in the coverage density of the two base
materials. The different amounts and activity of free silanols may affect solvent solvation
processes at the surface of silica grains.
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Kromasil Diol-P-C10 Luna Diol-P-C10

- 8 0 8

Figure 2. Comparison of zeta potential for stationary phases synthesized on a different support.

3. Materials and Methods
3.1. Materials

A series of polar embedded stationary phases that contain phosphate and hydrophobic
functional groups were tested. As a support for the synthesis, the Kromasil 100 silica gel
(Akzo Nobel, Bohus, Sweden) was used. For the comparison, some stationary phases were
also synthesized on Luna (Phenomenex, Torrance, CA, USA). Detailed characteristic of
silica gels used for synthesis is presented in Table 2.

Table 2. Characteristic of silica gels used in the study.

Parameter Kromasil 100 Luna
Particle size [um] 5 5
Specific surface area [m2/ gl 320 400
Average pore size [nm] 11 10
Pore volume [cm?3/ gl 0.9 1.0

Four phosphodiester bonded stationary phases were tested. Structures of the materials
are shown in Figure 3.

The properties of the stationary phases are listed in Table 3. Two Diol-P-C10 were
synthesized on two different supports: Kromasil and Luna.

Reagents for the stationary phase synthesis: (3-glicidoxypropyl)trimethoxysilane,
decanol, octadecanol, cholesterol, benzyl alcohol, and phosphoryl chloride were purchased
from Alfa Aesar (Karlsruhe, Germany). Organic solvents used during synthesis: toluene,
methanol, and hexane were ACS grade, purchased from Avantor Performance Materials
(Center Valley, PA, USA).
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Figure 3. Schematic representation of stationary phase structures with embedded phosphodiester
groups. (A) Diol-P-C10, (B) Diol-P-C18, (C) Diol-P-Benzyl, and (D) Diol-P-Chol. Each diagram also
presents the structures of unreacted diol and residual silanols.

Table 3. Characteristic of stationary phases used in the study.

Stationary Phase Carbon Load [%] Coverage Density [pumol/m?]
Diol-P-C10 3.43 0.56
Diol-P-C18 4.18 0.42
Diol-P-Benzyl 2.86 0.56
Diol-P-Chol 9.31 0.87
Luna-P-C10 4.58 0.51

3.2. Stationary Phase Synthesis

Before the chemical modification of silica gel, a sample of adsorbent was placed in a
glass reactor protecting against the contact of the reagents with the external environment.
Silica gel was dried at 180 °C under vacuum for 12 h. Then, the temperature was decreased
to 90 °C, and (3-glicidoxypropyl)trimethoxysilane was added. After 12 h, the reaction
products were washed out with toluene, methanol, and hexane and dried.

The obtained material was treated with 1% sulfuric acid to hydrolyze the epoxide ring
in the second step. After the hydrolysis, the diol-bonded stationary phase was washed in
water and methanol and dried under a vacuum.

Further, the diol-bonded silica was placed in a glass reactor and heated up to 100 °C
for 10 h. Next, dried material was modified using phosphoryl chloride and proper alcohol:
decanol, octadecanol, cholesterol, or benzyl alcohol to obtain Diol-P-C10, Diol-P-C18, Diol-
P-Chol, and Diol-P-benzy]l, respectively. Dried diol-modified silica was suspended in dry
toluene. Next, the solution of phosphoryl chloride and alcohol was added. Reactions
were carried out with the addition of triethylamine at 65 °C during 12 h under reflux.
The reaction products were washed out with toluene, methanol, and hexane. Synthesized
material was dried under a vacuum.

3.3. Instruments

The zeta potential measurement was performed using Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) with a dip cell. Dip cell was equipped with a quartz cuvette. A
Malvern DTS1070 capillary cell was used to measure suspensions of pure silica in water.

3.4. Methods

For each measurement, around 5 mg of the stationary bonded phase was suspended
in 1 mL of solvent or solvent mixture using an ultrasonic bath for 10 min to help to obtain a
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stable suspension due to removing air from pores. Sample concentrations are increased over
standard zeta potential measurements to make the results more relevant for the practical
use of slurries in packing chromatography columns where the slurry concentration is high.
The zeta potential measurement was done immediately after removing the suspension from
the ultrasonic bath. The zeta potential measurement temperature was 25 °C. Each sample
was measured three times, and the standard deviation was calculated from the results.

Before measurement, the stability of the suspension was routinely tested by Zetasizer.
In the case of good suspension, the stationary bonded phase’s zeta potential in solutions was
automatically calculated using Smoluchowski’s equation by Zetasizer from electrophoretic
mobility. A detailed description was provided in the previous studies [5,6].

4. Conclusions

Five phosphate embedded stationary phases were tested according to the zeta potential
in various solvents and solvent mixtures. The negative zeta potential values were obtained
for most cases due to negatively charged residual silanols and phosphate groups. However,
in some solvents, tetrahydrofuran, isopropanol, and toluene zeta potential get positive
values, which may result from solvation phenomena and adsorption of ions from the
solution. Additionally, it was observed that the zeta potential seems to be independent of
the type of silica gel used for the stationary phase synthesis.

The results obtained will allow the appropriate selection of solvents to prepare station-
ary phase slurries used in the chromatography column packing procedure. As mentioned
in the text, the appropriate choice of solvent is based on the formation of a stable slurry
and the stationary phase. According to the work of Vissers [16-18], packing efficiency
depends on both the aggregation of the stationary phase particles in the suspension and
the stability of the slurry. For the most suitable choice to be made, research must continue
in terms of aggregation evaluation using optical microscopy and chromatographic studies
performed on the efficiency of columns packed with stationary phases from different slurry
solvents. Such studies are planned to be performed by our team. The results will be able to
more precisely answer the question regarding the proper solvent for packing columns with
stationary phases with embedded phosphodiester groups.
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1 | INTRODUCTION
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The development of new home-made stationary phases involves their packaging
procedure and is crucial to obtain satisfactory working parameters. The param-
eter that illustrates the quality of the packed bed is its efficiency measured as
the height equivalent to the theoretical plate. According to the Van Deemetr’s
equation, it depends on three factors, but only one of them, eddy diffusion, does
not depend on the linear flow velocity. Therefore, in order to obtain it as low as
possible, it is necessary to focus on a good filling of the column. Among many
parameters affecting the quality of column packing, in our work we have focused
on the choice of slurry solvent. Novel stationary phases with an embedded phos-
phodiester group were investigated. The suspensions in 16 solvents and solvent
mixtures were studied for their stability, aggregation, sedimentation, and viscos-
ity comparison. The efficiency of the packed microcolumns and its comparison
was determined by chromatographic analyses using a polar (thymidine) and a
nonpolar compound (naphthalene). The results obtained led to the conclusion
that for these stationary phases, the best slurry solvent is the one that aggregates
the phase while maintaining stability and having high viscosity.

KEYWORDS
efficiency, liquid chromatography, microcolumn packing, polar-embedded stationary phase,
slurry solvent

of a given mobile phase. On the other hand, the efficiency
can be connected with the physical properties of the sta-

The separation of compounds is what chromatography
is all about and the chromatographic system’s specific
“heart” is a chromatographic column filled with a sta-
tionary phase. The parameter that describes the “quality”
of the separation is column’s resolution which, accord-
ing to Purnell equation, depends on the selectivity and
efficiency. On the one hand, selectivity, being a thermo-
dynamic parameter, depends on the interactions of the
solutes with the stationary phase surface in the presence

Article Related Abbreviation: RPLC, reversed phase liquid
chromatography.

tionary phase particles themselves (size, size distribution,
shape, sphericity, porosity) and their arrangement (favor-
ably dense and homogeneous) along the column and in
its cross-section [1, 2]. Thus, for the chromatographer, the
height equivalent to the theoretical plate is an important
indicator of the quality of the packed bed. According to
Van Deemeter’s equation (Equation 1), three factors influ-
ence the height equivalent to a theoretical plate: multiple
analyte paths term (eddy diffusion - parameter A), longi-
tudinal diffusion term (B), and resistance to mass transfer
term (C) [3]. While the last two can be influenced during
the chromatographic analysis itself (mobile phase com-

J Sep Sci 2022;1-9.
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HETP=A+B/u+Cu

Heihgt equivalent to a theoretical plate

Linear velocity [cm/s]

FIGURE 1 Presentation of the individual components of the
Van Deemter equation and a schematic illustration of the eddy
diffusion process occurring in a chromatographic column packed
with particle grain filling

position, flow rate), the A-term is constant and depends
on the quality of the stationary phase bed, which directly
depends on the column filling process (Figure 1).
B
HETP = A + v Cu, @
where u is linear velocity of mobile phase (cm-s™%).

In order to compare the efficiencies of columns of
different lengths and particle diameters, it is necessary
to implement testing and data description procedures so
that the compared values can be unified. Bristow and
Knox [4] already developed such a procedure based on
reduced variables in the 1970s. These include reduced
height equivalent to the theoretical plate (h), reduced
mobile phase velocity (v), dimensionless flow resistance
parameter (¢), column capacity factor (k’), reduced
column length (I) or a value allowing general column
efficiency comparison, which is dimensionless separation
impedance (E) (Equation 2; [2, 5-7]).

E = h?¢. 2

As early as the 1970s, Unger described factors affecting
column quality during filling it with stationary phase parti-
cles [8]. The following have been regarded as essential: (1)
packing the particles as densely as possible, (2) the inter-
particle spaces should be as uniform in size as possible to
ensure homogeneity of the flow, (3) avoidance of uneven
packing density across and along with the column—
homogeneity of the cross-section and longitudinal sec-
tion. During the development of liquid chromatographic
columns, two main filling techniques were used: dry fill-
ing procedure and wet filling using stationary phase slurry.
The former included packing methods by tamping the bed
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or rotating the dry matter in the column. Dry filling tech-
nique can be used to particle size down to ca. 20 um. For
smaller particles, slurry filling method was developed. It
was important for the solvent to limit intermolecular inter-
actions (no coagulation occurring) and sedimentation. The
general selection of a suitable solvent depended on the
type of silica. Pure silica, a hydrophilic material, was pre-
pared in more polar solvents, while silica modified for the
reversed-phase LC was prepared in nonpolar solvents [9].
Essential points during the filling procedure were also
highlighted in the literature. Preparing the material by
cleaning it with fines and smaller particles helps prevent
the frit from being clogged during packing. The use of
a balanced-density slurry helped avoid sedimentation of
the stationary phase and its aggregation. There are also
emerging methods that use stirring of the slurry during the
packing process to make the particles float in the liquid.
The solvent used should wet the silica surface to remove
air bubbles from the pores, the presence of which could
lead to inhomogeneity of the packed bed. Another param-
eter to select the slurry solvent can be its high viscosity
to reduce the settling velocity of the spherical particles.
However, in this case the packing process will be longer.
The suspension should also have an appropriate concen-
tration. Initially, a concentration of 1%-30% (w/w) was
recommended, and a concentration of 10% was optimal for
packing at pressures of 400-500 bar. Nevertheless, using
too high pressure with modern stationary phases can lead
to the formation of fine particles from the broken station-
ary phase beads [9, 10]. The last and crucial step in packing
is the exchange of solvents in the column and conditioning
under the conditions in which it will operate [8].
Extensive research on different aspects of filling meth-
ods for capillary LC columns of various diameters was
performed by Vissers [11-14]. His research tended to avoid
coagulation; however, both slurry packing techniques
from balanced and unbalanced density, chemically and
mechanically stabilized, high and low viscosity solutions
were used. Initially, his team obtained results showing a
predominance of noncoagulating suspensions. The results
were consistent with zeta potential measurements, and the
conclusions drawn were aimed at individually optimizing
the suspensions and packing conditions of each stationary
phase [11]. It was not until subsequent years that studies
by both the Vissers [11, 12] group and the Shelly and Edkins
group [15] showed results favoring solvents coagulating the
stationary phase. The studies also confirmed the relevance
of bed compaction and, therefore, bed conditioning under
operating conditions with a connected reservoir to fill any
spaces that may arise due to slight bed rearrangements [14].
In the following years, it was explained why it is
important to use solvents that provide coagulation while
avoiding too rapid sedimentation to achieve high bed
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homogeneity. Cross-sectional heterogeneity makes the
analyte flow paths through the bed diverse, leading to high
eddy diffusion and differences in local flow rates between
the bed near the column walls and the center. Particles
suspended in low viscosity solvent at high pressures can
forcefully exchange particles already arranged in the bed,
leading to a more packed bed. The high aggregation of
particles in the solvent promotes reduced selective segre-
gation of smaller diameter particles near the column walls
and larger particles in the center of the bed. In addition,
high pressure, which is an acceleration of the first pack-
ing step, allows particles to settle faster and not exchange
already packed particles. Large aggregates ensure the ran-
domness of particle size arrangement and reduce particle
rearrangement leading to radial homogeneity. Compar-
ing measurements of sedimentation velocity, zeta potential
and optical microscopy, the latter gives results that are
most consistent with measurements of column efficiency
relative to particle aggregation [16, 17].

Other factors that increase the performance of the pack-
ing process as measured by the efficiency of the columns
obtained are the sonication of the suspension and the use
of a high concentration slurry [18, 19]. Suspension at a
200 mg/ml concentration allows for a reduction of the
interparticle spaces. It, therefore, enables a reduction of
the eddy diffusion in the transchannel and short-range
intrachannel ranges. Nevertheless, maintaining all these
conditions for preparing the suspension for packing in
the Resing study [20] showed different column efficien-
cies at the column’s inlet, center, and outlet. This is due
to a decrease in particle—particle interactions as the pack-
ing process progresses. The outlet part of the bed has the
best efficiency since there are most interactions at the
beginning of the process.

In our group, we have been working on developing a
wide range of new stationary phases for liquid chromatog-
raphy so the column filling process is of high importance
in our laboratory practice. Some of the newly developed
chromatographic materials containing polar and nonpolar
groups do not follow general indications for slurry sol-
vent selection. Hence, this work aimed to study slurry
solvents that allow efficient filling of polar-embedded sta-
tionary phases. Solvent selection is based on zeta potential
measurements, microscopic observations, and viscosity. A
comparison of packed capillary columns was performed
based on chromatographic analyses under standardized
conditions [21]. The material was packed into capillaries
of the same diameter. Furthermore, the analyses were per-
formed on the same liquid chromatograph, so there is no
need to determine the separation impedance since com-
paring the height equivalent to the theoretical plate (H) or
the reduced plate (h) already allows to compare the quality
of the packed bed.
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2 | MATERIALS AND METHODS

Four stationary phases with embedded phosphodiester
groups were used in this study. The silica support was Kro-
masil 100A silica (Akzo Nobel, Bohus, Sweden), with a
diameter 5 um, a specific surface area of 320 m?/g, an aver-
age pore size of 11 nm, and a pore volume of 0.9 cm?/g.
Each stationary phase has a polar phosphodiester group
attached to it and an organic molecule: a decyl chain
(Diol-P-C10), an octadecyl chain (Diol-P-C18), an aromatic
ring (Diol-P-benzyl), and a cholesterol molecule (Diol-P-
chol) (Figure 2). Our previous publication has included the
detailed synthesis procedure and a complete characteriza-
tion of the above-mentioned phases [22]. Some of the more
important phase parameters for this work are summarized
in Table 1.

Nine organic solvents were used to prepare sta-
tionary phase slurries: dichloromethane, tetrahydrofu-
ran, hexane, isopropanol, chloroform, acetone, toluene,
methanol, and ACN (J.T. Baker, Deventer, The Nether-
lands). In addition, a slurry was also prepared in
water that was purified using Milli-Q system (Mil-
lipore, El Paso, TX, USA) in our laboratory. From
the mentioned solvents, six binary mixtures were pre-
pared: ACN/water, isopropanol/water, methanol/water,
isopropanol/chloroform, isopropanol/methanol, and chlo-
roform/methanol to prepare further suspensions. A total
of 16 slurries were prepared: 10 with single solvents and six
from binary mixtures.

High-purity ACN “for HPLC” purchased from J.T. Baker
(Deventer, The Netherlands) was used for chromato-
graphic analyses. Water was purified using the Milli-Q sys-
tem (Millipore, El Paso, TX, USA) in our laboratory. Before
analyses, all solvents for sample preparation and chro-
matographic analyses were degassed using an ultrasonic
bath. For chromatographic analyses, naphthalene (Sigma-
Aldrich, St. Louis, MO, USA) and 2’-deoxythymidine
(Applichem, Darmstadt, Germany) were used as analytes.

Microscopic observations were made using a fluores-
cence stereomicroscope (Olympus, SZX16, Tokyo, Japan)
equipped with a charged-coupled device camera and
AppliChem a personal computer with the CELL software
for data collection.

Capillary columns were filled using a slurry method.
Fused silica capillaries of 400 um of inner diameter
and 794 pum (1/32”) of outer diameter were purchased
from Polymicro representative CM Scientific Ryefield (EU)
(Dublin, Ireland). The capillary columns were slurry-
packed using a set-up consisting of a DSF-122 high-
pressure air-driven pump (Haskel, Burbank, USA), a slurry
reservoir (100 X 2 mm), a manometer, and a cut-off valve.

All chromatographic measurements were performed on
a capillary LC system consisting of a pump delivering the
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TABLE 1 Characteristics of stationary phases with embedded
phosphodiester groups used for the study

Carbon load Coverage density
Stationary phase (%) (wmol/m?)
Diol-P-C10 3.43 0.56
Diol-P-C18 4.18 0.42
Diol-P-benzyl 2.86 0.56
Diol-P-chol 9.31 0.87

mobile phase (Agilent 1260 cap pump with degasser, Agi-
lent Technologies, USA), 10-port valve with a microelectric
actuator model C72MX-4694EH (Vici Valco Instruments
Inc. Co., Houston, TX, USA) with a 50 nl capillary loop, and
a set of connecting capillaries (TSP capillaries of various
diameters from Polymicro Technologies). The detection
was performed using the Spectra-100 (Thermo Separa-
tions Products, San Jose, CA, USA) detector equipped
with a removable cell designed for in-capillary detection.
The chromatographic system was controlled, and the data
were collected by the Clarity software (Data Apex, Prague,
Czech Republic).

2.1 | Methods

2.1.1 | Microscopic observations

Slurries of the stationary phases were prepared with 5 mg
of material and 1 ml of solvent or solvent mixture in 1.5-

(©)
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Structures of stationary phases with embedded phosphodiester groups. Diol-P-C10 (A), Diol-P-C18 (B), Diol-P-benzyl (C),

ml glass vessels. Samples were sonicated for 10 min before
microscopic observations were made. Then 30 ul of the sus-
pension was immediately placed on a primary slide and
covered with a coverslip. Some of the observation pho-
tographs could not be taken because of the rapid solvent
evaporation or the coincident refractive index of the silica
and the liquid phase.

2.1.2 | The capillary column packing
procedure

To prepare the capillary, a long section (ca. 3 m) of
the capillary was washed thoroughly with (consecu-
tively): dichloromethane, acetone, water, acetone, and
dichloromethane, and after that, it was dried in the stream
of nitrogen for 30 min. This long section was then cut into
smaller, ca. 20 cm long pieces: the column blanks. The
outlet internal frit was prepared in each empty column
according to the procedure described in Ref. [23] with a
slight modification consisting that the sodium water glass
solution was used instead of potassium water glass. The
initial length of the frit was 2.5 cm, and after the pack-
ing procedure was complete, it was cut to the final length
of 0.5 cm. The slurry was prepared by suspending 50 mg
of the stationary phase in 0.47 ml of the proper solvent
and sonicating it for 15 min. Then the slurry was trans-
ferred to the slurry reservoir with the capillary column
blank attached to its outlet. The columns were packed for
120 min at 40 MPa. After that time, the air pressure was
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released, and the column with the reservoir was left for
slow depressurization. The packed capillary and the con-
nected reservoir were then connected to the uHPLC system
for column conditioning. The flushing was carried out at
different mobile phase concentrations of ACN/water, start-
ing with a 90/10 (v/v) composition, through 50/50, and
ending with 10/90. Each flushing step lasted 60 min at a
pressure of 100 bar. Finally, the column was left in 100%
ACN. The capillary inlet after the packaging process was
not closed with a frit. The conditioning step was intention-
ally carried out with the reservoir connected and over a
wide range of concentrations of the ACN-water mixture.
If the bed settled, the excess stationary phase held in the
reservoir would fill in any potential gaps in the capillary.
The conditioning helped to avoid the possible settlement
of the bed during chromatographic analyses.

2.1.3 | Chromatographic analysis
Chromatographic analyses were performed in the sol-
vent solution of ACN/H,O. For polar substances, where
retention on stationary phases occurs according to the
HILIC (hydrophilic interaction liquid chromatography)
mechanism, the mobile phase composition was 80/20
(v/v, ACN/H,0), while for nonpolar substances, where
retention occurred according to the reversed-phase lig-
uid chromatography (RPLC) mechanism, the mobile phase
composition was 30/70 (v/v, ACN/H,0). The dead time
was determined using potassium nitrate. All analyses were
performed at a flow rate of 2 pl/min and a valve opening
time of 0.005 min. The detection wavelength of naphtha-
lene was 220 nm, while that of thymidine and potassium
nitrate was 200 nm. All chromatographic analyses were
performed in triplicate.

3 | RESULTS AND DISCUSSION

In order to properly select solvents for column packing,
measurements of zeta potential, published and discussed
in a previous publication, observations and descriptions of
suspensions using optical microscopy, and solvent viscos-
ity calculations were taken into account.

Based on the literature that aggregation is a desir-
able process, slurry solvents were selected that yielded
aggregating and nonaggregating suspensions based on
microscopic observations and zeta potential measure-
ments. This criterion was chosen to compare aggregation
when packing stationary phases with embedded phospho-
diester groups. The zeta potential results are presented
as radar plots (Figure 3), allowing the determination of a
stable solvent according to the criterion accepted in the lit-

128

SEPARATION SCIENCE L

erature that a value of + 30 mV indicates a stable slurry
[24]. A detailed description of the results obtained with
zeta potential measurements, their description, and anal-
ysis have been published in a previous paper by our team
[22], so they are not discussed in detail here [25].

Complete results from the microscopic observations of
the slurry aggregation and visual assessment of sedimen-
tation are included in Table S1. For the Diol-P-C10 phase,
chloroform and methanol solvents were chosen based
on zeta potential measurements, while isopropanol and
ACN were chosen based on microscopic measurements.
Initially, both an aggregation-inducing solvent and a
nonaggregation-inducing solvent were chosen to confirm
the validity of this factor based on more recent literature
reports [17] when using new LC stationary phases. The
optical microscope images showing the aggregation
of modified silica grains are presented in Figure 4. A
significant aggregation is observed for the slurry for
which isopropanol and methanol were used. The lack
of aggregation was observed when ACN was used. It
was impossible to make a microscopic picture of the
suspension with chloroform due to the rapid evaporation
of the solvent; however, direct observation showed the
lack of aggregation of the particles.

Capillary columns filled using the above suspensions
were chromatographically tested. For this purpose, naph-
thalene was analyzed using a 30/70 ACN/H,0 mobile
phase and thymidine using an 80/20 ACN/H,0 mobile
phase. Preliminary results gave the best efficiency for the
column packed with isopropanol.

Isopropanol is the solvent that gave results showing
instability according to the zeta potential measurement.
However, it caused aggregation of the stationary phase.
Additionally, it has the highest viscosity of all the solvents
and mixtures (2.86 cP). Therefore, another capillary col-
umn was packed using a mixture of solvents to prepare
the suspension. Isopropanol/water mixture was chosen as
it has similarly high viscosity (2.58 cP); however, it did
not show phase aggregation ability in microscopic obser-
vation. The results of the chromatographic testing showed
the column efficiency comparable to the column packed
using ACN. Based on the results obtained, it was pre-
liminary concluded that the best solvent for packing this
type of stationary phase is a high viscosity solvent, which
causes aggregation. Also, our observations are consistent
with the previous literature data that microscopic observa-
tion compared to zeta potential measurements proved to be
a better indicator for determining stationary phase aggre-
gation. The results of reduced plate height measurements
for naphthalene and thymidine are shown in Figure 5.

For filling the column with Diol-P-C18 phase, chloro-
form was chosen as the solvent with the highest stability
based on zeta potential measurements, isopropanol as the
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1 Dichloromethane
3 2 Tetrahydrofuran
3 Hexane
6 4 Isopropanol
5 Chloroform
6 Acetone
7 Toluene
8 Methanol
9 Acetonitrile
10 Water
11 Acetonitrile/Water
12 Isopropanol/Water
13 lIsopropanol/Chloroform
14 Methanol/Isopropanol
4 15 Methanol/Chloroform
16 Methanol/Water
}5 *the solvent mixtures are in a volume ratio of 1:1
6

The zeta potential results for slurries of stationary phases (A) Diol-P-C10, (B) Diol-P-C18, (C) Diol-P-benzyl, and (D)

Diol-P-chol. Some results were not obtained, mainly for hexane (3) and water (10) due to the high instability of the suspensions making it

difficult to obtain a result. The solvents used are listed in the table beside

FIGURE 4 Optical microscope images for stationary phase slurries of Diol-P-C10 in methanol (A), isopropanol (B), and acetonitrile (C).
The differences in the shading of the images are due to differences in the refractive indices of the solvents, so the light intensity during the
observations varied. The absence of a photo for the chloroform slurry is due to the fast evaporation of the solvent

aggregating solvent based on microscopic observations,
and water as the aggregating solvent with lower viscosity
than isopropanol. The chromatographic results carried out
in the same out analogously to the Diol-P-C10 phase con-
firmed that the solvent aggregating the stationary phase
and having high viscosity, which in this case is isopropanol,
gave the best results. The reduced plate heights & for naph-
thalene using chloroform, isopropanol, or water as the
slurry solvent were 11.42, 2.99, and 4.26, respectively, and
for thymidine the values were 85.81, 3.09, and 4.60, respec-

129

tively. Thus, using a 15-cm-long column with a particle
size of 5 um, an efficiency of 9500 theoretical plates for
naphthalene could be obtained. This value indicates a good
filling quality of the column using isopropanol as a slurry
solvent. In our study, we used the same particle size, so
the lower the h values, the higher the column efficiency,
indicating a better filling procedure.

Subsequently, a solvent was selected to pack the Diol-P-
benzyl phase. Based on microscopic images and viscosity,
again isopropanol was found to be the best solvent.
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FIGURE 5 Results of a reduced height equivalent to the theoretical plate h measurements for the Diol-P-C10 stationary phase using

different slurry solvents. Analyses were performed at a flow rate F = 2 ul/min with spectrophotometric detection at 1 = 220 nm. (A)
Naphthalene, mobile phase 30/70 ACN/H,O; (B) thymidine, mobile phase 80/20 ACN/H,0

Chromatographic studies showed a reduced plate height
of 2.85 for naphthalene and 2.33 for thymidine. Such
results confirmed the appropriate choice of slurry solvent,
which was again isopropanol. To eliminate possible error
in interpretation, the last phase of Diol-P-chol was also
initially packed with isopropanol. This phase is the only
one that did not aggregate in isopropanol. Thus, the result
obtained allowed us to determine whether only viscosity is
the most relevant parameter for selecting the suspension
solvent, or whether it is aggregation that plays a key role.
For the Diol-P-chol column filled with isopropanol-based
slurry, the reduced plate height for naphthalene was 5.55,
while for thymidine, it was 5.67, which confirms that
aggregation of the stationary phase in the solvent seems
to be a crucial parameter. When combined with the use
of high viscosity solvent, it gives the best results. The
properties of the slurries used to package all columns are
summarized in Table 2.

Using a 150-mm-long capillary column and a stationary
phase of d, = 5 um, the reduced plate height between two
to three corresponds to 10,000-15,000 theoretical plates
[14]. The results obtained show a satisfactory column
performance. The fact that high efficiency was obtained
for both nonpolar and polar analytes, naphthalene and
thymidine confirm the increased range of application of
stationary phases with embedded polar groups as com-
pared to columns dedicated for RPLC or HILIC operation
[26-28]. All results of the reduced plate height and reten-
tion factor for each of the packed columns are summarized
in Table 3. The differences in retention factor values for the
same stationary phase but with different packing quality
are due to the ratio of the number of particles, and there-
fore functional groups responsible for analyte retention, to

the volume of empty intergrain spaces. A less compact sta-
tionary phase affects the increase of void time (¢,) due to a
larger void volume. At the same time, a smaller amount
of stationary phase in the capillary results in a shorter
retention time (t,).

4 | CONCLUDING REMARKS

When developing and using new materials for liquid
chromatographic analyses, it is important to optimize the
column filling procedure. This step is crucial in achieving
good column performance, and its omission can lead to
unsatisfactory results that cannot be optimized during the
chromatographic analysis itself. Many factors contribute
to the filling process optimization, including the choice
of pressure, filling time, slurry solvent, post-packing (con-
ditioning) solvent, sonication, etc. The stationary phases
we used with embedded phosphodiester groups were
optimized with respect to the choice of slurry solvent. The
results obtained confirm that phase aggregation in suspen-
sion is crucial to obtain well-packed capillary columns. A
side parameter that positively affects the packing process
is the high viscosity of the solvent. For the phases Diol-
P-C10, Diol-P-C18, and Diol-P-benzyl, the best solvent is
isopropanol. For the Diol-P-chol phase, isopropanol did
not prove to be as effective solvent as for the previous
phases. This is related to the absence of aggregation of
this phase in isopropanol. Therefore, it is necessary to
select a solvent that will both aggregate the Diol-P-chol
phase and have a high viscosity. By optimizing the packing
process, we obtained columns with efficiencies up to two
times better than when packing with standard solvents
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TABLE 2 Stability based on zeta potential; aggregation based on microscopic observations and viscosity of solvents for stationary phase
slurries
Aggregation (microscope Observed stability Viscosity u [cP]
Slurry solvent observation) (zeta potential [mV]) (20°C)
Diol-P-C10
Chloroform No Stable (—91.1) 0.85
Methanol Occurs Unstable (—7.0) 0.55
Isopropanol Occurs Unstable (8.6) 2.86 (15°C)
Acetonitrile No Unstable (—9.4) 0.37
Isopropanol/water No Unstable (—12.0) 2.58
Diol-P-C18
Chloroform No Unstable (—15.8) 0.85
Isopropanol Occurs Unstable (6.0) 2.86 (15°C)
Water Occurs No result 1.00
Diol-P-benzyl
Isopropanol Occurs Unstable (—13.2) 2.86 (15°C)
Diol-P-chol
Isopropanol No Unstable (—4.3) 2.86 (15°C)
TABLE 3 Reduced plate heights and retention factors of naphthalene and thymidine analysis for columns with embedded
phosphodiester groups
Mobile phase Reduced Retention
Column Slurry solvent Analyte ACN/H,0 (%/%) vIv plate height h factor k
Diol-P-C10 Chloroform Naphthalene 30/70 4.59 1.54
Thymidine 80/20 5.22 0.89
Methanol Naphthalene 30/70 5.15 1.41
Thymidine 80/20 4.90 0.93
Isopropanol Naphthalene 30/70 2.83 1.92
Thymidine 80/20 2.97 0.88
Acetonitrile Naphthalene 30/70 3.75 1.76
Thymidine 80/20 5.08 0.94
Isopropanol/water 1:1 v/v Naphthalene 30/70 3.94 1.48
Thymidine 80/20 4.44 0.89
Diol-P-C18 Chloroform Naphthalene 30/70 11.42 1.72
Thymidine 80/20 85.81 1.00
Isopropanol Naphthalene 30/70 2.99 1.65
Thymidine 80/20 3.09 0.93
Diol-P-benzyl Isopropanol Naphthalene 30/70 2.85 0.76
Thymidine 80/20 2.33 1.09
Diol-P-chol Isopropanol Naphthalene 30/70 5.55 1.75
Thymidine 80/20 5.67 0.96

(chloroform) for packing columns designed for RPLC
operation. Unfortunately, these results are not universal
for every type of stationary phase, even polar-embedded,
and must be optimized each time a new stationary phase is
developed.

Nevertheless, the results obtained and presented here
can lead to a better and faster solvent selection. How-
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ever, as the polar-embedded chromatographic materials
are, by their nature, hydrophilic, it is very likely that dif-
ferent water-based solvents (buffers/salts/bases) used as
constituents of slurry, packing, or conditioning liquids may
have the influence on the aggregation and zeta potential
values and affect column quality. This will be a field of our
future research.
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Abstract: Modern analytical chemistry techniques meet the need for greater attention to ecological
and economic aspects. It is becoming necessary to seek solutions to reduce harmful waste production,
especially in large quantities. High-performance liquid chromatography is a technique widely
used in many industries, including mainly pharmaceuticals, and requires an approach to reduce
the significant amount of organic solvent waste. One of the green chemistry solutions is using
environmentally benign substitutes, such as pure water, supercritical dioxide, and ethanol. Our work
focuses on the preparation and application of new stationary phases with embedded hydrophilic
groups for separations using pure water in liquid chromatography. Polar-embedded stationary
phases are obtained by attaching a phosphodiester group and 4 different hydrophobic molecules.
The studies consisted of hydrophobicity measurements, concentration dependence of retention of
the organic additive to the mobile phase, and chromatographic separations of polar and non-polar
substance mixtures in RP-LC and HILIC systems. Three mixtures were studied: purine alkaloids,
benzene, and polycyclic aromatic hydrocarbons and nucleosides. The stationary phases interact
differently with the analytes depending on the attached hydrophobic group. It is possible to use pure
water to separate each mixture under study. It is also significant that it has been possible to separate
a mixture of completely non-polar compounds using pure water for the first time. The research
being carried out is crucial in synthesizing new polar-embedded stationary phases, providing work

versatility and high environmental performance.

Keywords: polar-embedded stationary phases; pure water; nucleosides; liquid chromatography

1. Introduction

Modern high-performance liquid chromatography is based on two retention modes
that differ in the mechanism—reversed-phase system (RP) and hydrophilic interaction
chromatography (HILIC). Nowadays, the normal-phase system (NP) is rarely used due to
a large amount of harmful organic solvents [1]. The essence of chromatographic separation
is provided by interactions occurring at the surface of the stationary phase between the
analyte and the solvent, the analyte and the stationary phase, and the solvent and the
stationary phase [2—4].

A reversed-phase system (RP LC) is used to analyze non-polar compounds. A non-
polar stationary phase in the form of silica, polymers, or modified silica with alkyl chains
(e.g., C8, C18) is rinsed with a polar mobile phase usually consisting of water and methanol
or acetonitrile. The analytes are separated in terms of their hydrophobicity. An adsorp-
tion/partition mechanism predominates here, in which the non-polar parts of the analytes
are attracted to the hydrophobic ligands of the stationary phase, which induces retention.
Elution of the analytes follows their decreasing polarity. Polar stationary phases and a
mobile phase with a high content of organic modifiers and buffers are used in HILIC. This
reduces hydrophobic interactions between the sample and the stationary phase, allowing
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more polar substances to be separated and eluted. The mechanism is based on partitioning
the analyte between adsorbed water layer on the stationary and mobile phases. In the
normal phase system, the stationary phase is polar—neat silica—while the mobile phase is
non-polar—hexane, heptane, cyclohexane. The mechanism is based on the adsorption of
polar analytes on the silica surface, where silanol and siloxane groups are located. The more
polar the analyte, the stronger the interaction; thus, the elution of a particular compound
will be later. When using bonded stationary phases, the primary mechanism is partitioning
the analyte between the bulk of the mobile phase and the groups chemically bonded to the
silica surface [5-7].

When the stationary phase has bonded hydrophobic groups, it is possible to retain
non-polar compounds whose interactions with the organic-water mobile phase are weaker
than those with non-polar groups. We are then dealing with an inverted phase system (RP).
Increasing organic water content increases retention because non-polar substances have a
higher affinity for bound hydrophobic groups. The mechanism can either partition when
the analyte gets between the alkyl chains attached to the silica or adsorption when they
adsorb onto the alkyl-silica surface [5]. Analysis of polar compounds requires modifying
silica with polar groups. We then deal with hydrophilic interaction chromatography
(HILIC) [8-10]. Using a high content of an organic modifier in the mobile phase causes a
small water content to form a so-called “hydrophilic pillow” at the silica surface. It allows
analyte partitioning between the bulk of the mobile phase and the water adsorbed near the
surface. Increasing the water content of the mobile phase decreases retention as the mobile
phase becomes more polar, so the affinity of the hydrophilic analyte increases [6,7,11,12].

The separation of polar and non-polar compounds requires both different stationary
phases and different mobile phase conditions. It raises the question: is it possible to prepare
such a stationary phase that allows simultaneous operation in RP and HILIC? Phases with
embedded polar groups, in which hydrophilic groups and hydrophobic parts in the form of
alkyl chains, aromatic rings, or whole weakly polar molecules are simultaneously present,
are of increasing interest. There are several ways to attach polar groups. They can be
bonded at the stage of secondary silanization (polar-end-capped), embedded between the
silica surface and the hydrophobic group (polar-embedded), or attached to the end of the
non-polar group (polar-headed) [13-16]. They exhibit a mixed retention mechanism and
can work at high organic modifier content separating polar compounds in HILIC and at
high water content separating non-polar compounds in RP [17-22].

Modern industries using liquid chromatography produce significant amounts of harm-
ful organic solvent waste. The unit waste generation by a chromatograph is insignificant;
however, multiplying this by the number of instruments working in laboratories and the
amount of time they operate, the values increase significantly [23]. Therefore, looking
for solutions to reduce harmful and sometimes even toxic residues is crucial. The basis
is to follow the principle of green chemistry—reduce, replace, recycle. So, the solution
may be to replace harmful solvents with greener alternatives. Among them are ethanol,
supercritical carbon dioxide, and water. In order to use such replacements, it is necessary to
introduce a suitable stationary phase to work under these conditions [1,13,24]. Thus, there
is a requirement in liquid chromatography for the synthesis and broad characterization of
new materials that allow work under conditions that provide ecological benefits. There
are many reports in the Literature regarding stationary phases operating in mixed reten-
tion mode [25-28]. Recent solutions that provide such operation are polar-embedded and
polar-end-capped stationary phases. They have both polar and non-polar parts attached.
The synthesis method as well as the appropriate selection of attached groups provides the
possibility to moderate the selectivity as well as the working range of the prepared material.
This opens up possibilities for the preparation of an incredible number of new stationary
phases with diverse properties and applications. It is also possible to obtain such materials
that will provide efficient and selective work in pure water conditions.
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In our work, we consider pure water the only mobile phase component. New sta-
tionary phases with embedded polar groups provide the possibility of such analyses. By
appropriate selection of the polar group and the attached hydrophobic group, selectivity
can be controlled [17,18,20,29,30]. Thus, four stationary phases have been prepared in
which a phosphodiester group fulfills the role of the hydrophilic group. In contrast, the
non-polar group consists of four different substituents: an octadecyl chain, a decyl chain,
an aromatic ring, and a cholesterol molecule. This work focuses on the presentation of
new stationary phases and a broad description of their chromatographic properties. The
prepared materials were characterized in terms of operation in both RP and HILIC modes,
which allowed the separation of polar and non-polar groups of compounds, as well as
effective work in “green chromatography” conditions, that is, in pure water.

2. Materials and Methods
2.1. Equipment and Chemicals

All chromatographic analyses were performed using the Shimadzu Nexera UHPLC
system (Kioto, Japan). This chromatograph is equipped with a binary solvent delivery
system (LC-30AD), an autosampler with a 20 pL volume loop (SIL-20AC), a column ther-
mostat (CTO20AC), and a diode-array UC-detector (SPD-M20A). LabSolution LC/GC 5.65
software (Shimadzu, Kioto, Japan) was used to collect and process data and control the
apparatus. Acetonitrile (ACN) (HPLC Grade) and methanol (MeOH) (HPLC Grade) were
purchased from Sigma-Aldrich (Steinheim, Germany). Packaging solvents, isopropanol,
and methanol were purchased from ].T. Baker, Deventer, the Netherlands. Water was pre-
pared with a Milli-Q Water Purification System (Millipore Corporation, Bedford, MA, USA).
Standards of nucleosides—adenosine, guanosine, uridine—were obtained from Applichem
(Darmstadt, Germany). Non-polar compounds—naphthalene, benzene, phenanthrene,
caffeine, theophylline, and theobromine—were obtained from Sigma-Aldrich (St. Louis,
MO, USA). For the synthesis of stationary phases (3-glycidoxypropyl) trimethoxysilane,
decanol, octadecanol, cholesterol, benzyl alcohol, and phosphorus chloride were used,
which were purchased from Alfa Aesar (Karlsruhe, Germany). Haskel (Burbank, CA, USA)
laboratory equipment and packing pump were used to pack the stationary phases into
125 x 4.6 mm long empty columns.

2.2. Materials

Four stationary phases with embedded phosphodiester groups were synthesized for
the study. They were prepared on Kromasil 100 A silica (Akzo Nobel, Bohus, Sweden),
with a diameter of 5 um, a specific surface area of 320 m? /g, an average pore size of 11 nm,
and a pore volume of 0.9 cm®/g. The phases were prepared by attaching a short linker in
the form of a propyl chain and then a phosphodiester group to the surface silanols. Each of
the stationary phases has a different hydrophobic molecule attached to a phosphodiester
group: Diol-P-C10, a decyl chain; Diol-P-C18, an octadecyl chain; Diol-P-benzyl, a benzyl
group; and Diol-P-chol, a cholesterol molecule. A detailed procedure for synthesizing
and characterizing these materials has been described in previous works [31,32], while the
structures are shown in Figure 1.
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Figure 1. Schematic representation of four different stationary phases with embedded phosphodiester
groups. On the left side of the figure, residual silanol and diol structures are shown as possible
functional groups occurring in every phase.

2.3. Methods

The stationary phases were packed using the slurry method. 1.7 g of each phase was
suspended in 15 mL of isopropanol, then shaken for 1 min and placed in an ultrasonic bath
for 10 min before packing itself. Packing was performed at 400 bar for 2 h, and methanol
was used as the pressing solvent. After this time, the pressure was reduced to 100 bar,
and the column was flushed with 90/10, 50/50, and 10/90 ACN/H,O solutions for 1 h
each. The final packed column was left in pure methanol. The packaging optimization was
described in a previously published paper.

The hydrophobicity of stationary phases was performed based on a modified Galushko
test [33]. For this purpose, toluene and benzene samples prepared in a 40:60 MeOH:H,O
solution were used. Instead of a mobile phase of 60:40 MeOH:H,O composition, the same
solvents of 40:60 MeOH:H;O composition were used. This was due to the low retention of
analytes. Hydrophobicity (Hg) was calculated based on Equation (1). The dead volume
was measured for an excess amount of one of the mobile phase components: acetonitrile.

Hg = (k_toluene + k_benzene)/2, 1

where Hg is hydrophobicity, k_toluene is the retention factor of toluene, and k_benzene
is the retention factor of benzene. The dependence of retention on the mobile phase
composition was determined for a polar compound: guanosine, and a non-polar compound:
naphthalene. Each sample was analyzed at increasing concentrations (% v/v) of acetonitrile
in water (0, 2, 5, 10, 15, 25, 35, 45, 55, 65, 75, 85, 90, 95, 98, 100) by injecting 0.1 pL of
guanosine solution and 1 pL of naphthalene solution. The mobile phase was prepared by
an on-line mixer. Analyses were performed at 30 °C. The signal was detected with a UV-Vis
detector at 254 nm.

Single compound analyses were performed to determine retention and select mix-
tures” substances. The analysis conditions were the same as those for determining the
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dependence of retention on the mobile phase composition. Analyses were performed
for nucleosides, purine alkaloids (caffeine and its derivatives), benzene, and polycyclic
aromatic hydrocarbons. All samples were prepared in a 50/50 (v/v) acetonitrile-water
solution. Dead time was determined for acetonitrile at a mobile phase composition of 60/40
ACN/H;0. For each mixture, analyses were carried out in the RP LC system—100% water
and HILIC—acetonitrile concentration selected for best separation.

All chromatographic analyses, both for hydrophobicity measurements, retention-
mobile phase concentration relationships, as well as separation analyses, were performed
at least three times. In the results, it did not make sense to include error bars on the graphs,
as they were not visible at this scale.

3. Results and Discussion
3.1. Hydrophobicity

Novel chromatographic materials have to be characterized. In order to describe the
surface properties of the stationary phases used, a Galushko test [33] was performed to
determine the hydrophobicity and silanol activity. The first property is presented in Table 1.
The silanol activity could not be determined due to ion-exchange interactions of aniline. On
the other hand, determining silanols on such polar embedded stationary phase provides
information about all polar groups, e.g., diol, not only silanols. The phase with an attached
benzyl group proved to be the least hydrophobic. It may be due to a delocalized electron
cloud in the aromatic ring and a small number of carbon atoms compared to the other
phases. The phase with an attached octadecyl chain proved to be the most hydrophobic.
Less polar than Diol-P-C18 is the Diol-P-chol phase, most likely due to its size and steric
efficiency it shields less well the polar effect of the phosphodiester group.

Table 1. Characteristics of bonded polar-embedded stationary phases. Hydrophobicity was deter-
mined based on the Galushko test.

Coverage Density

Stationary Phase Carbon Load [%] [umol/m?] Hydrophobicity (Hg)
Diol-P-C10 3.43 0.56 0.149
Diol-P-C18 4.18 0.42 0.303

Diol-P-Benzyl 2.86 0.56 0.044
Diol-P-Chol 9.31 0.87 0.221

3.2. Retention Analyses

In the next stage of the study, analyses were conducted to determine retention’s
dependence on the acetonitrile concentration in the acetonitrile-water mobile phase. For
this purpose, naphthalene was chosen as a non-polar compound and guanosine as a polar
compound. The retention trends are shown in Figure 2. The non-polar compound showed
increased retention with increasing water content in the mobile phase (Figure 2A). This
typical mechanism occurs in RP-LC. A difference in retention can be seen depending
on the stationary phase used. The attachment of the benzyl group exhibited the lowest
retention, while the cholesterol molecule showed the highest retention. The appearance
of naphthalene retention in pure water for each of the studied stationary phases confirms
the mixed retention mechanism. Both hydrophilic and hydrophobic interactions as well as
secondary interactions are involved in retention. The varying retention time on each phase
is due to their differences in hydrophobicity. An increase in retention is observed with an
increase in hydrophobicity.
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Figure 2. Dependence of naphthalene (A) and guanosine (B) retention time on the percentage of acetoni-
trile in the ACN/H2O mobile phase for stationary phases with incorporated phosphodiester groups.

Guanosine retention occurs at both ends of the percentage of water content in the
mobile phase. Under highly aqueous conditions, the retention is small compared to the
high acetonitrile concentration. It is important to note that all tested phases allow retention
in RP LC and HILIC. The differences between the retention in each phase are due to their
structure and the interactions involved in the mechanism. It is also evident that on the RP
LC side, the order of the phases with increasing retention differs from the arrangement
when analyzing naphthalene. This is because other types of interactions contribute more
to the retention mechanism. In the case of high water content, a so-called “hydrophilic
pillow” is formed, which allows polar compounds to be retained near the surface of the
mobile phase [6]. The presence of phosphodiester groups at the surface of each phase
promotes the formation of this “pillow” and its attainment of a greater height than if it were
formed only with the participation of free silanols presented on the silica surface. The high
acetonitrile content provides retention according to the well-known HILIC mechanism.
The low hydrophobicity of the Diol-P-benzyl column indicates the high amount of free
silanols and unfunctionalized diols. This makes hydrophilic interactions the strongest,
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and retention of guanosine is the highest on Diol-P-benzyl among the columns tested.
However, it has to be emphasized that other analytes in HILIC, at different mobile phase
compositions, may create other retention orders.

3.3. Mixture Separation

To confirm the ability to separate polar and non-polar compounds in pure water and
to separate polar mixtures in HILIC mode, the following mixtures were prepared: (A) caf-
feine, theophylline, and theobromine; (B) adenosine, guanosine, and uridine; (C) benzene,
naphthalene, and phenanthrene.

3.3.1. Purine Alkaloids

The results of the mixture (A) separation in pure water are shown in Figure 3.
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Figure 3. Separation of purine alkaloid in pure water on a series of chromatography columns: (A)—
Diol-P-C10, (B)—Diol-P-C18, (C)—Diol-P-benzyl, (D)—Diol-P-chol, compounds: 1A—theophylline,
2A—theobromine, 3A—caffeine.

Applying pure water as a mobile phase allows the complete elimination of organic
solvents, making it the “greenest” solution in chromatography. Despite using a single-
component mobile phase, it is possible to separate the mixture’s components in each tested
stationary phase. The separation to the baseline was possible on the Diol-P-C10 and Diol-P-
benzyl columns. They also had the shortest retention times, making separation possible
in less than 4 min. It is due to their lower hydrophobicity. At the same time, Diol-P-C18
and Diol-P-chol phases provided longer retention times. There was also no separation of
theophylline from theobromine to the baseline. It confirms the effect of the hydrophobic
group on separation selectivity.

Using the same columns and the purine alkaloid mixture, separating them in HILIC
mode was possible. The optimal concentration of ACN/H,O was selected for each column.
Chromatograms are shown in Figure 4.
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Figure 4. Separation of purine alkaloid in HILIC on a series of chromatography columns: (A)—
Diol-P-C10, (B)—Diol-P-C18, (C)—Diol-P-benzyl, (D)—Diol-P-chol, compounds: 1A—theophylline,
2A—theobromine, 3A—caffeine.

Only the Diol-P-benzyl column allowed the separation of the mixture to the baseline.
It is the stationary phase with the lowest hydrophobicity. The differences in the structure of
the caffeine derivatives include the different amounts and locations of the methyl group
in the imidazolopyrimidine ring. Using phases with C10 and C18 chains attached did
not allow the separation of either component to the baseline. In these two cases, it was
necessary to use a higher water content than in the case of the Diol-P-benzyl and Diol-
P-chol phases. This was due to the fact that the retention of the mixture’s components
increased differently with a change in ACN concentration. At lower concentrations, the
first two components eluted together, while at higher concentrations, the second and third
components eluted together, making separation impossible. Using a buffer to stabilize the
pH and ionic strength would likely allow narrower peaks and separation to the baseline in
each case.

3.3.2. Nucleosides

The second group of tested polar compounds was nucleosides. The mixture included
uridine, guanosine, and adenosine. Each of the columns analyzed allowed separation
of the mixture components using pure water as the only mobile phase component. The
Diol-P-benzyl column performed the worst, as it failed to separate uridine and guanosine
to the baseline. The Diol-P-chol column yielded more than 14,000 theoretical plates for
the least retained component of the mixture (uridine), which is comparable to commercial
columns operating in pure water. The chromatograms for this phase are shown in Figure 5.
The elution order of the compounds in each case was the same when using pure water and
in HILIC. This is untypical behavior because the retention order in HILIC and RP conditions
is usually the opposite. This may indicate the strong influence of the phosphodiester group,
present in each phase, on elution.
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Figure 5. The separation of nucleosides in pure water and 15% of water on a Diol-P-C18 column.
1B—uridine, 2B—guanosine, 3B—adenosine.

Applying a high acetonitrile content mobile phase also had the desired effect of
separating the mixture. The worst phase was Diol-P-C10, where elution times were very
long, and the tailing of peaks affected lengthy analysis times reaching up to 60 min.
The Diol-P-C18 phase yielded a reduced plate height (h) within 3, which is considered
outstanding efficiency [34]. The Diol-P-benzyl column in this phase system proved to
perform much better. It succeeded in separating the mixture in less than 5 min using it. All
results for the nucleoside analyses are summarized in Table 2.

Table 2. Summary of the results of separation of nucleosides in pure water and in HILIC on a series

of columns with embedded phosphodiester groups. 1B—uridine, 2B—guanosine, 3B—adenosine.

S“I‘flll‘;;‘:ry I\I’fﬁ:;e Compound R¢ k NTP R, As01
1B 1.720 0.025 2737 9.383 0.981
100% H,O 2B 1.907 0.136 2467 1.311 0.939
. 3B 2.655 0.582 2324 4.004 0.916
Diol-P-C10 1B 5.774 2441 62 - 2.141
4% HyO 2B 14.079 7.390 102 1.952 3.022
3B 25.476 14.182 255 1.904 2.155
1B 1.782 0.087 9210 - 0.944
100% H,O 2B 2.722 0.661 2667 6.591 1.061
. 3B 20.373 11.430 1586 15.641 1.845
Diol-P-C18 1B 2.126 0.297 8197 - 0.879
15% H,O 2B 4.357 1.658 8099 15.511 0.838
3B 10.951 5.681 5292 16.572 1.397
1B 2.727 0.606 659 2.668 2.36
100% H,O 2B 4.949 1.914 366 3.042 5.398
Diol-P- 3B 8.487 3.998 102 1.612 7.274
benzyl 1B 2.466 0.452 5638 - 1.203
15% Hy,O 2B 3.427 1.018 5064 5.933 1.249
3B 4.204 1.476 3306 3.204 1.232
1B 1.800 0.068 14,503 15.136 0.921
100% H,O 2B 2.828 0.679 3804 8.458 0.810
. 3B 11.355 5.739 1403 12.216 1.478
Diol-P-Chol 1B 1.908 0133 6656 - 0821
25% HyO 2B 4.283 1.542 5240 14.382 0.730
3B 21.023 11.477 2824 18.403 0.807

R¢—retention time, k—retention factor, Rs—resolution, NTP—number of theoretical plates, Aso'l—asymmeh'y factor.
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3.3.3. Benzene and Polycyclic Aromatic Hydrocarbons

In RP LC, the eluotropic array of solvents for separating non-polar compounds is re-
versed, so organic solvents such as acetonitrile and methanol have greater elution strength
than water. Thus, at high organic solvent content, separation is not possible, as all sub-
stances will elute at a void time. Only by increasing the water content can retention be
increased, and with proper column selectivity, a given mixture of compounds can be sepa-
rated. In classical RP LC, a small presence of an organic modifier is necessary to enable
elution, as using pure water to separate non-polar compounds would result in a lack of
elution and the permanent retention of analytes in the silica bed. However, the use of
polar-embedded stationary phases enables a mixed retention mechanism. As a result, it
was possible to separate a mixture of completely non-polar compounds in pure water for
the first time. Of course, the separation efficiency, retention time, or peak symmetry are
unsatisfactory and compare inferiorly with the separation in RP LC by adding an organic
modifier. However, the sole fact of using pure water without organic additives from an
ecological and economic point of view is significant for modern liquid chromatography. An
example chromatogram for the Diol-P-C10 column is shown in Figure 6, while all analysis
parameters are summarized in Table 3.

3C

Absorbance (mAbs)
L ~l

%}
1
[
=

5 10 15 20

Time (min.)

Figure 6. The separation of benzene and polycyclic aromatic hydrocarbons in pure water on a
Diol-P-C10 column. 1C—benzene, 2C—naphthalene, 3C—phenanthrene.

All separations have been made to the baseline. Due to the very weak interactions of
the analytes with the mobile phase, there was significant peak tailing in each case. On the
less hydrophobic phases—Diol-P-C10 and Diol-P-benzyl—the separation was completed
in about 10 min; however, using the more hydrophobic phases—with an octadecyl chain or
cholesterol molecule attached—significantly increases the analysis time.
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Table 3. Summary of the results of benzene and polycyclic aromatic hydrocarbons separation in pure
water on a series of columns with embedded phosphodiester groups. 1IC—benzene, 2C—naphthalene,
3C—phenanthrene.

St;tli(;rsl:ry Compound R¢ k NTP Rg Ag01
1C 2610 0.555 1168 2.949 2.624

Diol-P-C10 2C 4942 1.945 434 3718 3.440
3C 10.906 5.499 174 2799 3.687

1C 2632 0.606 1842 4083 4082

Diol-P-C18 2C 6.519 2978 714 6.367 4.894
3C 33.867 19.663 1261 11.417 3524

DioLp 1C 2727 0.606 659 2.668 2360
Benay] 2C 4949 1914 366 3.042 5398
3C 8.487 3.998 102 1.612 7.274

, 1C 3.088 0.832 1447 4706 1.943
Diol-P- 2C 7111 3.220 1725 7.971 1.941
Chol 3C 42533 24.242 998 11.671 2.908

R¢—retention time, k—retention factor, Rs—resolution, NTP—number of theoretical plates, Aso'l—asymmetry factor.

Analyzing all the results of the chromatographic analyses, it is apparent that stationary
phases with embedded phosphodiester groups can work effectively to separate both polar
and non-polar compounds in water. In addition, these phases operate on both sides of the
organic modifier content range in combination with water in the mobile phase (RP LC and
HILIC). This paper presents the possibilities of separating simple mixtures of polar and
non-polar compounds. Preliminary studies for this work have shown that more complex
mixtures of compounds of closer polarity may not be completely separated. In such a
case, in order not to give up purely aqueous conditions, it is possible to use a temperature
gradient already published many times [35-37]. The possibility of improving the results
by, for example, stabilizing the pH or achieving a better-packed bed in the column arises.
These phases offer great potential for modern chromatography, bearing in mind the ecology
and economics of this branch of science and analytics. Research is currently underway to
analyze 3-blockers under both isocratic and gradient conditions. There is a plan to publish
the obtained results in the near future.

4. Conclusions

This work focused on the preparation and description of chromatographic properties
of stationary phases of the polar-embedded type, where the polar part was a phosphodiester
group. An important part of the research was the chromatographic analysis allowing the
separation of compounds of different polarities. The possibility of using each studied phase
to separate a group of caffeine derivatives, nucleosides, benzene, and polycyclic aromatic
hydrocarbons in pure water was confirmed. These results are groundbreaking, as they
are the first stationary phases working in pure water with the ability to separate polar
and non-polar compounds. In addition, their simultaneous ability to operate in a HILIC
system with high efficiency makes these materials an incredible potential for today’s high-
performance liquid chromatography. The use of such materials will significantly improve
the current unfavorable environmental aspect of HPLC associated with the production of
large quantities of organic solvents while at the same time opening the way for the use
of a single material for multiple chromatographic applications. The considerable number
of combinations of different polar groups with attached non-polar groups represents the
immense opportunities posed by polar-embedded stationary phases. The results require
further research to improve efficiency, selectivity, and peak symmetry.
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Abstract: Beta-blockers are a class of medications predominantly used to manage abnormal heart
rhythms. They are also widely used to treat high blood pressure. From the liquid chromatography sep-
aration point of view, beta-blockers are interesting molecules due to their hydrophobic-hydrophilic
properties. Thus, the study aimed to investigate the beta-blocker separation selectivity on four
phosphodiester stationary phases in reversed-phase liquid chromatography (RP LC) and hydrophilic
interactions liquid chromatography (HILIC). On tested stationary phases, beta-blockers provide
retention in both chromatographic systems, RP LC and HILIC. Additionally, it was found that
cation-exchange mechanisms have a significant contribution to retention. Separations were enhanced
by applying ChromSword software for gradient optimization and Intelligent Peak Deconvolution
Analysis to separate unseparated peaks digitally.

Keywords: liquid chromatography; beta-blocker; separation; stationary phases; ChromSword; peak
deconvolution analysis; i-PDeA II

1. Introduction

Beta-adrenergic blockers ((3-blockers) represent an important class of drugs used to
treat cardiac diseases, which are a problem in approximately one-third of the worldwide
population [1-3]. At least 20 3-blockers are now commonly used, e.g., metoprolol, atenolol,
propranolol, alprenolol, carvedilol, etc. [4-10]. On the other hand, long-term treatment
with 3-blockers might induce depression and consequently the risk of suicide [8]. Reli-
able methods of their analysis are indispensable, especially for determining their purity,
for pharmacokinetic and pharmacodynamic studies, metabolism studies (several metabo-
lites are pharmacologically active and harmful), or even for doping control, since some
[3-blockers are prohibited in athletic competitions [1,4,6,7,9]. Moreover, 3-blockers are used
to reduce morbidity in animals during their transportation; consequently, these drugs are
present in meat or milk [11]. Appropriate methods of analysis of these compounds are
needed for standard substances, drug-active substances, and biological samples (blood,
plasma, urine) [1,4,6,7,9,12,13]. Their analysis may provide useful information for clinical
studies. For these reasons, 3-blocker drug testing requires methods of high efficiency and
selectivity in a short time.

Reversed-phase high-performance liquid chromatography with UV, fluorescence,
or mass spectrometry detection has become the so-called ‘gold standard” technique for
the separation, qualification, and quantification of various 3-blockers. However, some
hydrophilic interaction liquid chromatography methods also showed excellent separation
efficiency and selectivity [9,14]. In most cases, separation has been performed on alkyl
Attribution (CC BY) license (https://  Stationary phases, such as C18 and C8. The cyano stationary phases and unmodified silica-
creativecommons.org/licenses /by / based columns have also been used [4-6,9,11,12], as well as monolithic ones [7]. Mobile
40/). phases applied to -blocker analysis usually consist of different combinations of acetonitrile
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or methanol with buffers. Phosphate buffers have been used most frequently (5 mM to
50 mM) [5-7,10]. However, sodium chloride, sodium perchloride, ammonium formate,
and ammonium acetate are used. The ion-pair reagents (sodium dodecyl sulfate with
tetrabutylammonium dihydrogen phosphate) were also utilized [4,6,7,9,12]. Additionally,
mixtures of water and acetonitrile with the addition of acetic or formic acid have been
applied, providing satisfactory (3-blocker resolution when MS detection was applied [9,11].

As usual, the optimization of RP HPLC analysis is the key to obtaining complete
separation of (3-blocker mixtures. The literature shows that these compounds” most influ-
ential chromatographic parameters are the mobile phase composition (especially in buffer
selection), pH, flow rate, and temperature [1,7-9,12]. f-blockers are protonated at low
pH of the mobile phase [7]. Usually, the increase in 3-blocker retention is observed when
the pH of the mobile phase is increased to 6.5. The pH increase reduces the protonation,
increasing the hydrophobicity [7,9]. Another critical parameter is the type of stationary
phase and its particle size. Four compounds were separated in 25 min using 5 um C18;
however, changing the column to monolithic allowed the time to be reduced to 5 min (with
an increased flow rate) [4,7]. Reducing the particle size of the C18 stationary phase to
3.5 um allows the separation of a 5-8 component mixture of (3-blockers in 10 min [6], while
a further reduction to 1.7 pm provides separation of up to a dozen compounds in the same
time [12].

Stationary phases with incorporated polar groups mixed with the hydrophobic alkyl
ligands, so-called polar-embedded stationary phases, are promising chromatographic
materials [15,16]. Such materials containing both hydrophobic and hydrophilic ligands can
be applied in reversed-phase liquid chromatography (RP LC). They can also be used in
hydrophilic interaction liquid chromatography (HILIC). Depending on the mobile phase
pH, mixed-mode stationary phases may be ionized. [17,18]. They may separate both polar
and nonpolar analytes [19]. It was recently proven that polar-embedded stationary phases
allow chromatographic elution and separation using pure water as a mobile phase [20].
These stationary phases are called mixed-mode stationary phases.

In many cases, the complete separation of the mixture is difficult, especially when
separated compounds have similar structures. It is a common problem in the pharmaceu-
tical industry. For this reason, many solutions are being developed to facilitate method
optimization and data analysis. One is peak deconvolution analysis with photodiode array
(PDA) detectors that allow using 3D PDA data [21]. Using a unique software function, it
can separate peaks that are not resolved on-column. It offers better detection results and
minimizes method development and analysis time [22].

The study aimed to characterize the selectivity of four phosphodiester stationary
phases for separating beta-blockers. The research was enhanced by applying Peak Decon-
volution Analysis and gradient optimization software.

2. Results and Discussion

Phosphodiester stationary phases represent a group of polar-embedded materials.
Structures are presented in Figure 1. The presence of a phosphate group and hydrophobic
ligand allows for the retention of compounds in RP LC and HILIC. Thus, 3-blockers are
interesting compounds due to their various polarities and variety of functional groups.
The presence of hydrophobic and polar groups allows the investigation of the selectivity
of phosphodiester stationary phases in different liquid chromatography modes. The
phosphate group in the ligand structure has pKa around 1.45 &= 0.5. Thus, phosphate
groups are ionized in the mobile phase pH equal to 7.5 and constitute cation exchange
sites. The ionized groups are presented in Figure 1. Thus, despite polar and hydrophobic
properties, phosphodiester stationary phases are also weak cation exchangers.
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Figure 1. Structures of chemically bonded stationary phases used in the study at pH = 7.5.

Tested 3-blockers exhibit pKa values in the range of 9.2-9.7 (details are listed in Table 1).
The pH of the mobile phase was 7.5. It means that the hydrogen cation concentration was
two orders of magnitude higher. Thus, in the analysis conditions, all compounds are
protonated (see Figure 2). As a result, despite hydrophobic interactions in RP LC and
hydrophilic interactions in HILIC, 3-blockers can ion-exchange with the stationary phase
surface. Anytime, in RP LC and HILIC, we observe a mixed-mode retention mechanism.
Various types of interactions complicate the optimization of separation conditions but offer
different separation possibilities.

Table 1. Characteristics of compounds used in the study.

Number of Number of
Abbreviation Beta-Blocker Hydrogen Hydrogen Log P * pK, *
Bonds Donor Bonds Acceptor
A metoprolol 2 4 2.15 9.56-9.70
B propranolol 2 3 3.48 9.53-9.45
C cicloprolol 2 5 2.40 9.2
D mexiletine 1 2 2.15 9.14-9.15
E atenolol 3 5 0.16 9.54-9.60
F acebutolol 3 6 1.71 9.52-9.67
G oxprenolol 2 4 2.10 9.57
H pindolol 3 4 1.75 9.25-9.54

* Data according to [23].
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Figure 2. Structure of tested (3-blockers at pH equal 7.5: (A)-metoprolol, (B)-propranolol, (C)—ciciloprolol,

(D)-mexiletine, (E)-atenolol, (F)-acebutolol, (G)-oxprenolol, and (H)-pindolol.

2.1. Retention Investigation

All B-blockers exhibit a U-shape of retention behavior over the mobile phase com-
position. The plots of retention factor (k) are presented in Figure 3. First, on all columns,
all 3-blockers exhibit significant retention, independent of the mobile phase composition.
Usually, for polar-embedded stationary phases, for mobile phase composition in the range
of 45-55% of organic modifier, there is a minimum of retention. In many cases, compounds
in such conditions are eluted in or near the column void volume. Here, we can observe
a retention factor of around five (for Diol-P-C-Benzyl and Diol-P-C18). It increases to
around k = 7 for Diol-P-Chol (for a wide range of 30-70% of ACN). The lowest retention
(around k = 4) is observed for Diol-P-C10. Detailed data on retention factors are listed in

Table S1.
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Figure 3. Retention factor (k) dependence for different mobile phase composition (%ACN in 10 mM
ammonium acetate in water, pH equal 7.5); (A)-Diol-P-Benzyl, (B)-Diol-P-C18, (C)-Diol-P-C10, and

(D)-Diol-P-Chol.
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In the ACN concentration range of 30-70% in ammonium acetate, the retention of all
[-blockers is similar, which makes separation impossible (Figure 3). It is a result of the
cation-exchange mechanism. Protonated molecules interact with ionized phosphate groups
that result in retention but do not offer significant selectivity.

The decreasing or increasing ACN concentration out of this range enormously in-
creases retention. The retention varies between RP LC and HILIC depending on the
stationary phase. Diol-P-Benzyl and Diol-C10 stationary phases provide higher retention
in HILIC compared to the RP LC. In contrast, the retention on Diol-P-Chol and Diol-P-C18
exhibits comparable retention properties in both RP LC and HILIC (Figure 3). Generally,
the highest retention factor was observed for Diol-P-Chol on both sides, RP and HILIC;
however, atenolol in HILIC has the highest retention on Diol-P-Benzyl. It results from
higher carbon load and surface coverage density of Diol-P-Chol stationary phases (see
Table 2). Lower surface coverage and resulting higher accessibility to the silanol group on
Diol-P-Benzyl and Diol-PC10 probably cause the domination of the HILIC mechanism.

Table 2. Characteristics of stationary phases used in the study.

Stationary Phase Carbon Load [%] Coverage Density [umol/m?]
Diol-P-C10 3.43 0.56
Diol-P-C18 4.18 0.42
Diol-P-Benzyl 2.86 0.56
Diol-P-Chol 9.31 0.87

Specific retention of atenolol on Diol-P-Benzyl in HILC is a result of two factors.
First, the Diol-P-Benzyl stationary phase has the lowest coverage of hydrophobic groups
and higher accessibility to hydroxyl groups that increase the HILIC retention mechanism.
Second, atenolol has the lowest hydrophobicity (see Table 1) and the highest hydrophilicity,
which allows strong retention in HILIC.

Changes in the particular 3-blockers’ retention depend on their structure. Usually,
more polar compounds exhibit higher retention in the HILIC range than in RP LC. On the
other hand, more hydrophobic molecules exhibit higher retention in RP LC and lower in
HILC. Thus, the retention order is usually the opposite between RP LC and HILIC. In the
case of 3-blockers, molecules possess both hydrophobic and polar groups (see Figure 2). It
causes some of them to have similar retention in RP LC and HILIC, for example, acebutolol.
On the other hand, atenolol significantly changes the retention order between HILIC and
RP LC.

In RP LC, retention is governed mainly by hydrophobic interactions between the
stationary phase and the solute. As evidence, the dependence of log k of particular com-
pounds plotted against its log P value is linear. In the case of the polar-embedded stationary
phases, the surface is heterogenous and possesses hydrophobic and polar adsorption sites.
If the solute is polar, the retention mechanism is governed mainly by polar interactions
(e.g., hydrogen bonds). The number of hydrogen bond donors and acceptors for each
[-blocker is listed in Table 1. However, hydrophobic interactions may also occur but
to a lower extent. These polar (hydrophilic) interactions are responsible for retention in
HILIC. However, they cannot be omitted in reversed-phase conditions. As a result, the
dependence of log k vs. log P is nonlinear for 3-blockers on tested stationary phases at
10% ACN in the mobile phase. Detailed results are presented in Figure 4. Nevertheless,
the linear dependence log k vs. log P slope confirms the hydrophobicity of the stationary
phases. Higher hydrophobicity of the stationary phases provides a greater value of the
curve slope. The most hydrophobic, in order, are Diol-P-Chol and Diol-P-C18, and the
weakest hydrophobicity is exhibited by Diol-P-Benzyl.
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Figure 4. Dependences of log k vs. log P; (A)-Diol-P-Benzyl, (B)-Diol-P-C18, (C)-Diol-P-C10, and
(D)-Diol-P-Chol measured for 10% ACN in 10 mM ammonium acetate in water. (A)-metoprolol,
(B)—-propranolol, (C)—ciciloprolol, (D)-mexiletine, (E)-atenolol, (F)-acebutolol, (G)-oxprenolol, and
(H)—pindolol.

Deviations from the trend line in Figure 4 result from specific interactions between the
solute and the stationary phases. For example, acebutolol (compound F in Figure 4) exhibits
retention significantly higher than other compounds resulting from its hydrophobicity.
Comparing the chemical structure, acebutolol possesses the highest ability for hydrogen
bond creation with the stationary phase (see Table 1), significantly impacting its retention
(Figure 2). On the other hand, mexiletine (compound D in Figure 4) provides lower
retention than predicted from the trend, which may result from the weak ability for polar
interaction compared with other tested 3-blockers. Mexiletine has the lowest hydrogen
bond donor and acceptor groups (see Table 1)

The opposite situation is observed in Figure 5. The dependence of retention (Log k) on
hydrophobicity is declining. This is very logical because, in HILIC, the retention increases
with the hydrophilicity of the molecule and decreases when the hydrophobicity increases.

Nevertheless, it should be noted that despite hydrophilic interaction in HILIC and
hydrophobic interactions in RP LC, 3-blockers are retained mainly by the cation-exchange
mechanism.

The presence of cation-exchange properties was confirmed through attempts to elute
-blockers in the ACN-water mobile phase without salt addition at an apparent pH of
around 6.8. This pH does not change the form of molecules’ protonation nor the ionization
of the stationary phase. However, any of the tested compounds were eluted from the
stationary phase. Salt addition provides counterions that allow the protonated 3-blockers’
elution from the phosphodiester stationary bonded phases according to the cation-exchange
mechanism. It confirms that tested mixed-mode stationary phases exhibit weak cation-
exchange properties. The detailed investigation of the cation-exchange mechanism was not
the topic of this study. It will be continued in future work.
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Figure 5. Dependences of log k vs. log P; (A)-Diol-P-Benzyl, (B)-Diol-P-C18, (C)-Diol-P-C10, and
(D)-Diol-P-Chol measured for 90% ACN in 10 mM ammonium acetate in water. (A)-metoprolol,
(B)-propranolol, (C)—ciciloprolol, (D)-mexiletine, (E)—-atenolol, (F)-acebutolol, (G)-oxprenolol, and
(H)-pindolol.

2.2. Separation

The separation of very similar compounds may be a difficult task. Chromatographic
resolution depends on three factors: retention, selectivity parameter, and column (system)
efficiency, which is measured as a number of theoretical plates. Two of them are crucial,
the separation factor and efficiency. High column efficiency in modern UHPLC systems
enormously improves chromatographic resolution. However, the selectivity offered by the
stationary phase (or mobile phase) is critical.

The present study tested four homemade columns according to chromatographic
selectivity in RP LC and HILIC modes. Unfortunately, the efficiency of tested columns
was up to 70,000 theoretical plates per meter. Cation-exchange properties cause peak
broadening. It reduces efficiency, which results in the loss of resolution. However, the
obtained result compares the selectivity of various functionalities bonded as a stationary
phase. The selectivity of the separation in RP LC (10% of ACN in ammonium acetate) and
for HILIC (90% of ACN in 10 mM ammonium acetate) are presented in Table 3.

Comparing the selectivity in RP (10% ACN) and HILIC (90% ACN)), it is easy to
conclude that overall selectivity is higher in HILIC. It is observed for all stationary phases,
even for more hydrophobic ones such as Diol-P-Chol.

The surprise is that for Diol-C-10 and Diol-P-Chol, atenolol and acebutolol provide the
highest retention in both 10% and 90% of ACN. These compounds behave with relatively
low hydrophobicity, so the highest retention in RP LC must be governed not only by
hydrophobic interactions typical for RP but also due to some polar interactions with the
stationary phase surface and cation-exchange mechanism. It confirms the mixed-mode
retention model on the tested stationary phase.
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Table 3. Selectivity in RP (10% ACN) and HILIC (90% ACN).
Column Pair 10% ACN Pair 90% ACN
Diol-P-C10 mexiletine/atenolol 1.01 mexiletine /propranolol 1.41
atenolol/pindolol 113 propranolol/pindolol 1.04
pindolol/metoprolol 1.39 pindolol/metoprolol 1.02
metoprolol/ cicloprolol 1.05 metoprolol/ cicloprolol 1.06
cicloprolol/oxprenolol 1.28 cicloprolol/oxprenolol 1.11
oxprenolol/acebutolol 1.02 oxprenolol/acebutolol 1.27
acebutolol/atenolol 1.04 acebutolol/atenolol 1.65
Diol-P-C18 atenolol/pindolol 1.34 mexiletine/propranolol 1.38
pindolol/mexiletine 1.04 propranolol/pindolol 1.03
mexiletine/cicloprolol 1.48 pindolol/ cicloprolol 1.10
cicloprolol/metoprolol 112 cicloprolol/metoprolol 111
metoprolol/propranolol 1.10 metoprolol/oxprenolol 1.00
propranolol/oxprenolol 1.05 oxprenolol/acebutolol 1.29
oxprenolol/acebutolol 1.19 acebutolol/atenolol 1.66
Diol-P-Benzyl mexiletine/pindolol 1.07 mexiletine /propranolol 1.51
pindolol/atenolol 1.12 propranolol/oxprenolol 1.06
atenolol/oxprenolol 1.33 oxprenolol/pindolol 1.01
oxprenolol/propranolol 1.04 pindolol/ cicloprolol 1.11
propranolol/metoprolol 1.06 cicloprolol/metoprolol 1.13
metoprolol/acebutolol 1.06 metoprolol/acebutolol 1.31
acebutolol/cicloprolol 1.09 acebutolol/atenolol 1.81
Diol-P-Chol pindolol/atenolol 1.09 mexiletine/pindolol 1.33
atenolol/mexiletine 1.12 pindolol/propranolol 1.07
mexiletine /metoprolol 1.78 propranolol/metoprolol 1.12
metoprolol/ cicloprolol 1.00 metoprolol/cicloprolol 1.05
cicloprolol/oxprenolol 1.05 cicloprolol/oxprenolol 1.10
oxprenolol/acebutolol 1.47 oxprenolol/acebutolol 1.29
acebutolol/atenolol 1.20 acebutolol/atenolol 1.50

2.3. Intelligent Peak Deconvolution Analysis

Insufficient separation of target compounds resulting from insufficient selectivity or
low efficiency is a significant problem for chromatography. However, if it is possible to
collect 3D data, for example, from a PDA detector, data analysis allows separating signals
of unseparated peaks. One of them is Intelligent Peak Deconvolution Analysis. Details
on the algorithm were described in [24]. According to the literature [24], the algorithm
provided less than £1.0% error between true and separated peak area values.

During the study, i-PDeA II was applied to keep track of unseparated peaks during
gradient separation. The exemplary results are listed in Figure 6. In such conditions, ox-
prenolol and pindolol elute together and provide one symmetrical peak. After performing
the deconvolution, two peaks may be determined. According to Table 1, the selectivity of

these two compounds equals only 1.01.
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Figure 6. Deconvolution of unseparated oxprenolol and pindolol on Diol-P-Benzyl column in 90% of

ACN (A) and corresponding UV spectra (B). Pink line represent signal obtained from detector.

The most significant advantage of the deconvolution function is that peaks that are not
physically separated can be digitally separated. It reduces the time needed for the analysis
of peak tracking in method development and column characterization procedures.
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Deconvolution is not limited to two unseparated peaks. In Figure 7, a part of the chro-
matogram is presented where the blue line presents a measured signal that contains two
bands (A and C). Part C is a zoom of part A. After deconvolution, in two signals, five chro-
matographic peaks were found. Their corresponding spectra are shown in Figure 7B,D. The
effect of deconvolution is reduced if the unseparated substances do not differ in the spectra.
As seen in Figure 7, if the spectra are different, several peaks may be digitally separated.
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Figure 7. Deconvolution of unseparated compounds (A,B) and corresponding UV spectra (C,D).
Deconvoluted signal of various compounds are plotted in different colors whereas navy-blue line
represents the signal from detector.

2.4. Gradient Optimization

For all columns, gradient analyses were optimized in RP LC and HILIC. The best
separation was obtained on the Diol-P-C18 stationary phase in RP LC conditions. The
resulting chromatogram is presented in Figure 8. Only two compounds, mexiletine and
pindolol, were not fully separated. However, it was overcome by deconvolution analysis.
The result shows that 3-blockers may be separated on homemade columns using a mixed-
mode retention mechanism. The further increase in column efficiency may significantly
improve the resolution. It confirms that phosphodiester stationary phases are unique and
promising chromatographic materials.
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Figure 8. Exemplary chromatogram of optimized gradient separation on Diol-P-C18 stationary
phase; linear gradient from 0% to 50% of ACN in 10 mM ammonium acetate; 1-atenolol, 2-mexiletine,
3-pindolol, 4-metoprolol, 5-oxprenolol, 6-acebutolol, 7—cicloprolol, 8-propranolol; compounds 2
and 3 were separated using peak deconvolution.
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3. Materials and Methods
3.1. Materials and Reagents

Four house-made stationary phases were tested during the study. These materials
contain different hydrophobic groups bonded to diol-silica by a phosphate group. The
structures of chemically bonded phases are presented in Figure 1.

Detailed characteristics of these materials are presented in the previous studies [25,26].
Kromasil 100 silica gel (Akzo Nobel, Bohus, Sweden) was used as a support for the station-
ary phase synthesis. The properties of the stationary phases are listed in Table 2. Stationary
phases were packed into 125 x 4.6 mm i.d. stainless steel columns using laboratory-made
equipment and a Haskel (Burbank, CA, USA) packing pump using the slurry method.

Acetonitrile was high-purity “for HPLC” gradient grade, and ammonium acetate
was “for HPLC” from Sigma-Aldrich (St. Louis, MO, USA). Water was purified using a
Milli-Q system (Millipore, El Paso, TX, USA) in our laboratory. Mobile phases consisted of
acetonitrile and 10 mM ammonium acetate in water, with pH equal to 7.5 (adjusted with
1M ammonium hydroxide solution).

3.2. Compounds

Eight beta-adrenergic blockers were used in the study. The chemical structures are
presented in Figure 2. The hydrophobicity of the compounds, measured as log P value
and pK, values, are listed in Table 2. Compounds were dissolved in HPLC water. The
concentration of the samples was 1 mg/mL.

3.3. Instruments

All the experiments were conducted on the Shimadzu Prominence system (Kioto,
Japan). This instrument includes a quaternary solvent delivery pump (LC-20AD) with
an online degasser, an autosampler (SIL-20A), a column thermostat (CTO-10 AS VP),
a spectrophotometric diode-array UV-Vis detector (SPD-M20A), and a data acquisition
station. The data were collected in LabSolutions software.

Peak Deconvolution Analysis (Intelligent Peak Deconvolution Analysis i-PDeA 1I)
was applied to track unseparated peaks. i-PDeA 1l is a part of LabSolutions software by
Shimadzu Corporation (Kioto, Japan) [21,22,24].

ChromSword (Riga, Latvia) software was used for optimizing the gradient condi-
tions [27,28].

3.4. Methods

All the measurements were undertaken with the mobile phase’s 1 mL/min flow rate.
The column thermostat was set to 30 °C, while the autosampler temperature was set to
5 °C. The injection volume was 1 uL for the analysis of single components and 10 pL for
mixtures. Measurements were made in triplicate.

The gradient profiles were modeled in an off-line mode basis on the retention data.
As an input, the parameters (retention time, peak area, and peak width at 50% high) of
two linear gradients from 0 to 50% of a given solvent (acetonitrile in RP LC and 10 mM
ammonium acetate in HILIC) in different times were used.

4. Conclusions

Using phosphodiester stationary phases, 3-blockers exhibit retention in the RP LC
and HILIC range of mobile phase composition. Their retention plot over the mobile phase
composition demonstrates a characteristic U shape. The retention mechanism in RP LC
is based mainly on the compound hydrophobicity; however, polar interactions play a
significant role. It was also confirmed that phosphodiester stationary phases exhibit weak
cation-exchange properties. Eluting 3-blockers without salt added to the mobile phase is
impossible. Unfortunately, cation-exchange properties cause band broadening and reduce
the separation resolution, which may be overcome by applying gradient elution.
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Applying Intelligent Peak Deconvolution Analysis may solve the problem with the
co-elution of particular compounds. Deconvolution allows the digital separation of peaks
based on their spectra using a PDA detector. Intelligent Peak Deconvolution Analysis is a
promising tool facilitating the optimization of chromatographic methods.

Analyses of 3-blockers allow describing the mixed-mode and cation-exchange proper-
ties of phosphodiester stationary phases. The best separation was obtained on Diol-P-C18
in gradient elution. Obtained results show the versatility of tested stationary phases for
their application in RP LC, HILIC, and as a weak cation exchanger.

This article presents a series of preliminary studies on applying novel materials in
RP LC and HILIC. Further investigation will focus on the cation-exchange mechanism,
description, and optimization.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28073249/s1, Table S1: Retention factors of beta-blockers
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5. Whnioski

Przeprowadzone w ramach niniejszej pracy badania skoncentrowane byly
na przygotowaniu nowych faz stacjonarnych jako materiatbw pracujacych zaréwno
w uktadzie RP LC, jak i HILIC, w celu rozdzielania zwigzkow o szerokim spektrum

polarnosci. Zatozenia zostaty zrealizowane poprzez wykonanie nastepujacych etapow pracy:

e synteza czterech faz stacjonarnych z wbudowanymi grupami fosfodiestrowymi oraz
dotgczonymi czterema réznymi ligandami organicznymi: tancuchem decylowym,
tancuchem oktadecylowym, podstawnikiem benzylowym oraz czasteczka
cholesterolu,

e charakterystyka  otrzymanych  faz  stacjonarnych  wybranymi  analizami
instrumentalnymi, a w tym: analiza elementarna, pomiary potencjalu zeta,
chromatograficzne wyznaczenie hydrofobowosci,

e optymalizacja procesu pakowania poprzez dobor odpowiedniego rozpuszczalnika
zawiesinowego oraz procedury pakowania,

e charakterystyka wilasciwosci fizykochemicznych powierzchni faz stacjonarnych
poprzez badania nad najbardziej precyzyjng metoda wyznaczenia objgtosci martwe;j
oraz wyznaczeniem izoterm adsorpcji nadmiarowej, a takze izoterm adsorpcji
pozwalajacych na okreslenie mechanizmu retencji,

e badania chromatograficzne wykazujagce mozliwosci pracy otrzymanych faz
stacjonarnych w czystej wodzie (RP LC) oraz ukladzie HILIC z mozliwos$cia
rozdzielania mieszanin zwigzkow o szerokim zakresie polarnosci, a takze
aplikacyjnos¢ badanych materialow do rozdzielania mieszanin zwigzkow z grupy

beta-blokeréw.
Zrealizowane eksperymenty oraz otrzymane wyniki prowadzg do ponizszych wnioskow.

e Fazy stacjonarne z wbudowanymi grupami fosfodiestrowymi umozliwiaja prace
zard6wno w uktadzie RP LC, jak i HILIC, dzigki czemu nie ma koniecznosci zakupu
1 wykorzystania wielu kolumn chromatograficznych.

e Przebadane materialy umozliwiaja rozdzielanie mieszanin zasad azotowych
oraz alkaloidow purynowych zaréwno w czystej wodzie, niewielkiej zawarto$ci

rozpuszczalnika organicznego w fazie ruchomej (RP LC), jak 1 uktadzie HILIC.

160



Po raz pierwszy udato si¢ rozdzieli¢ mieszaning wielopierscieniowych weglowodorow
aromatycznych w czystej wodzie. Przebadane fazy stacjonarne umozliwiajg rowniez
rozdzielenie tych zwigzkow w uktadzie RP LC.

Mozliwe jest rozdzielenie 8 beta-blokeréw na kazdej z badanych faz stacjonarnych,
wykorzystujac analize gradientowa w uktadzie RP LC, a takze analize¢ dekonwolucji
pikow.

Wykonane analizy chromatograficzne potwierdzaja, iz zastosowanie przygotowanych
faz stacjonarnych z wbudowanymi grupami fosfodiestrowymi wpisuje si¢ w zatozenia
»zlelonej” chemii. Mozliwe jest przeprowadzenie analiz chromatograficznych,
w ktorych zredukowana jest ilo$¢ wytworzonych odpadéw rozpuszczalnikow
organicznych, a w przypadku wykorzystania tylko wody jako jedynego eluentu fazy
ruchomej ilo$¢ ta jest maksymalnie ograniczona.

W przypadku faz stacjonarnych z wbudowanymi grupami polarnymi konieczne
jest precyzyjne wyznaczenie objetosci martwej, gdyz materialy te charakteryzuja
si¢ retencja w szerokim zakresie stezen modyfikatora organicznego w fazie ruchome;j.
Wyznaczenie izoterm adsorpcji kofeiny 1 teofiliny oraz nadmiarowych izoterm
adsorpcji acetonitrylu 1 wody potwierdzilo, iz kazda z badanych faz stacjonarnych
posiada heterogeniczny charakter powierzchni oraz fakt, iz w uktadzie RP LC
mechanizm retencji opiera si¢ na adsorpcji jednowarstwowej (model bi-Langmuir),
natomiast w uktadzie HILIC - na adsorpcji wielowarstwowej (model bi-Moreau).
Analizy chromatograficzne potwierdzaja, iz wszystkie z badanych faz stacjonarnych
wykazuja staby charakter wymieniacza kationowego, a zatem réwniez mechanizm
jonowymienny wplywa na retencj¢, w szczeg6lnosci podczas analizowania zwigzkow
polarnych.

Odpowiednio dobrany rozpuszczalnik zawiesinowy wykorzystany podczas procesu
pakowania oraz kondycjonowanie kolumny z podlaczonym rezerwuarem
w warunkach prowadzonych analiz znacznie poprawia jako$¢ zapakowanego ztoza
w kolumnie chromatograficznej, co przektada si¢ na sprawnos¢ kolumny.

Przy doborze rozpuszczalnika zawiesinowego istotne jest znalezienie rozpuszczalnika
zapewniajacego  jednocze$nie  agregacje¢  czastek stalych w  zawiesinie,
jakijej najwicksza  stabilno$¢. Najlepsza ~metoda doboru rozpuszczalnika
zawiesinowego dla przebadanych faz stacjonarnych byly obserwacje zawiesin

pod mikroskopem optycznym.
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6. Streszczenie

W ramach niniejszej pracy zsyntezowano i scharakteryzowano cztery fazy stacjonarne
z wbudowanymi grupami polarnymi oraz zbadano ich wlasciwosci adsorpcyjne, a takze
opisano mechanizm retencji. Zsyntezowano fazy stacjonarne zawierajgce grupeg
fosfodiestrowg jako grupe polarng oraz cztery rézne ligandy organiczne: tancuch decylowy,
tancuch oktadecylowy, podstawnik benzylowy oraz czasteczka cholesterolu. Uzyskano dzigki
temu dwie fazy stacjonarne, ktére wczes$niej opracowano w naszym zespole badawczym
(Diol-P-C10, Diol-P-C18) oraz dwie nowe fazy stacjonarne (Diol-P-benzyl, Diol-P-chol).
Charakterystyke rozpoczgto od wyznaczenia gestosci pokrycia powierzchni faz stacjonarnych
modyfikowanymi ligandami oraz okre$lenia ich hydrofobowosci, wykorzystujac test
Galushko. Optymalizacja procesu pakowania polegala na doborze rozpuszczalnika
zawiesinowego, ktory wybierano w oparciu o wyniki potencjatu zeta, badania mikroskopowe
oraz lepko$¢. Finalnie otrzymano kolumny o sprawno$ci zblizonej do komercyjnie
pakowanych kolumn chromatograficznych. W dalszej cze$ci pracy skupiono si¢ na opisie
wlasciwosci  adsorpcyjnych  przygotowanych materiatow. Wykorzystano odwrotna
chromatografi¢ wykluczenia, metode zaburzeniowg oraz analizy markeréw objetos$ci martwej,
sposréd  ktorych ta pierwsza okazata si¢ najbardziej odpowiednig. Wyznaczenie
nadmiarowych izoterm adsorpcji acetonitrylu oraz wody potwierdzitlo heterogenicznosé
powierzchni kazdej z badanych faz stacjonarnych. Wykonano badania chromatograficzne
majace na celu potwierdzenie pracy badanych materiatow w warunkach czystej wody
z zachowaniem zasad ,zielonej chromatografii”’. Potwierdzono rdéwniez mozliwosé
rozdzielania polarnych i1 niepolarnych zwigzkéw maloczasteczkowych zarowno w ukladzie
HILIC, jak i RP LC. Z powodzeniem udato si¢ rozdzieli¢ mieszaning alkaloidow
purynowych, zasad azotowych oraz wielopier§cieniowych weglowodorow aromatycznych.
Ze wzgledu na obecnos$¢ polarnych i niepolarnych grup na powierzchni faz stacjonarnych
zbadano mechanizm retencji poprzez wyznaczenie i modelowanie izoterm adsorpcji.
Wykorzystano do tego metode analizy czolowej oraz metod¢ inwersyjna. Aplikacyjnosé
otrzymanych materiatow potwierdzono, analizujac grupe lekow beta-adrenolitycznych, gdzie
wykorzystano roéwniez komputerowe rozdzielenie pikow poprzez inteligentng analize

dekonwolucji pikow.

Wyniki niniejszych badan pozwolily na pelng charakterystyke faz stacjonarnych
z wbudowanymi grupami fosfodiestrowymi, co poszerza ilo§¢ materiatdw wykorzystywanych

w wysokosprawnej chromatografii cieczowej oraz rozwija nurt ,,zielonej chromatografii”.
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7. Abstract

Within the scope of this thesis, four polar-embedded stationary phases were
synthesized, characterized and their adsorption properties were investigated as well as their

retention mechanism was described.

The stationary phases containing a phosphodiester group as a polar group and four
different organic ligands - a decyl chain, an octadecyl chain, a benzyl substituent
and a cholesterol molecule - were synthesized. This yielded two stationary phases previously
developed by our research team (Diol-P-C10, Diol-P-C18) and two new stationary phases
(Diol-P-benzyl, Diol-P-chol). The characterization began by determining the surface coverage
density of the stationary phases with the modified ligands and determining their
hydrophobicity using the Galushko test. The optimization of the packing process consisted
of the selection of the slurry solvent, which was chosen one the basis of zeta potential results,
microscopic studies and solvent viscosity. The final result was columns with efficiency
similar to commercially packaged chromatography columns. In the following part
of the work, the emphasis was on describing the adsorption properties of the prepared
materials. Inverse size exclusion chromatography, the minor disturbance method and void
volume marker analyses were used, of which the former proved to be the most suitable.
The determination of the excess adsorption isotherms of acetonitrile and water confirmed
the surface heterogeneity of each of the studied stationary phases. Chromatographic tests were
performed to confirm the operation of the tested materials under pure water conditions
with the principles of "green chromatography". The ability to separate polar and non-polar
small-molecule compounds in both HILIC and RP LC systems was also confirmed. A mixture
of purine alkaloids and nucleobases, as well as polycyclic aromatic hydrocarbons,
were successfully separated. Due to the presence of polar and non-polar groups on the surface
of the stationary phases, the retention mechanism was investigated by determining
and modeling adsorption isotherms. For this purpose, the frontal analysis method
and the inverse method were used. The applicability of the obtained materials was confirmed
by analyzing a group of beta-blocker drugs, where computerized peak separation

by intelligent peak deconvolution analysis was also used.

The results of the present study authorized a full characterization of stationary phases
with embedded phosphodiester groups, which expands the range of materials used

in high-performance liquid chromatography and develops the "green chromatography" trend.
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Szymon Bocian, Let’s make chromatography more green, 13th Balaton Symposium
on High-Performance Separation Methods, Siofok (Wegry) 4-6 wrze$nia 2023,
wyktad w jezyku angielskim;
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7. Mikolaj Dembek, Oktawia Kalisz, Katarzyna Krzeminska, Sylwia Studzinska,
Szymon Bocian, Zielona chromatografia cieczowa — osiggnigcia 1 perspektywy,

65 Zjazd PTChem, Torun 18-22.09.2023, wyktad.

Granty

1. Grant Dziekana Wydzialu Chemii Uniwersytetu Mikotaja Kopernika w Toruniu
nr 2092/2019 na realizacje tematu: Chromatografia cieczowa z wykorzystaniem
wody jako fazy ruchomej (w okresie od 15 czerwca 2019 do 30 listopada 2019 1.);

2. Grant Dziekana Wydzialu Chemii Uniwersytetu Mikotaja Kopernika w Toruniu
nr 2092/2019 na realizacj¢ tematu: Konkurencyjno$¢ adsorpcji rozpuszczalnikow
na powierzchni fazy stacjonarnej w wysokosprawnej chromatografii cieczowej

(w okresie od 15 pazdziernika 2019 do 31 marca 2020 r).

Nagrody
1. Zespotowe wyrdznienie rektora Uniwersytetu Mikotaja Kopernika w Toruniu
za osiagnigcia w dziedzinie naukowo-badawczej w 2018 roku
2. Zespotowa nagroda rektora Uniwersytety Mikotaja Kopernika w Toruniu III stopnia

za osiggniecia uzyskane w dziedzinie naukowo-badawczej w 2020 roku
Dzialalno$¢ popularno-naukowa

1. Przygotowanie oraz realizacja pokazéw chemicznych pt. ,,Czas na chemi¢!” podczas
XVII Torunskiego Festiwalu Nauki 1 Sztuki, 20-24.04.2018 r.
2. Przygotowanie 1 przeprowadzenie pokazéw chemicznych podczas XIX. Torunskiego

Festiwalu Nauki i Sztuki, pt. ,,Oblicza komunikacji”, 24-28.04.2019
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9. Oswiadczenia wspolautorow

167



WTORUNIU  BABAWECZA Katedra Chemii Srodowiska i Bioanalityki

Wydslat Chemii

o cb Uniwersytet Mikotaja Kopernika w Toruniu ﬁDJ
UNIWERSYTET %&Mf

Wydziat Chemii
mMikotata korermika  UCZELNIA

Torun, 6 pazdziernika 2023 r.

mgr Oktawia Kalisz

Katedra Chemii Srodowiska i Bioanalityki
Wydziat Chemii

Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagarina 7

87-100 Torun

Oswiadczenie

W zwigzku z ubieganiem sie Pana mgr inz. Mikotaja Dembka o stopieri doktora w
dziedzinie nauk Scistych i przyrodniczych w dyscyplinie nauki chemiczne o$wiadczam, ze moj
udziat w ponizszej pracy polegat na:

1. Kalisz Oktawia, Dembek Mikotaj, Studzifiska Sylwia, Bocian Szymon, Beta-blockers separation
on phosphodiester stationary phases - the application of Intelligent Peak Deconvolution Analysis,
Molecules. 28 (2023) 3249

walidacji dziatan, analizie formalnej oraz na wizualizacji manuskryptu.

Jednoczesnie wyrazam zgode na wiaczenie przez mgr inz. Mikotaja Dembka niniejszej
publikacji do rozprawy doktorskiej

d?f’ ¥ N '
Leenyd  uin

ul. Gagarina 7, 87-100 Torun
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; e-mail: rgadz@umk.pl



o cb Uniwersytet Mikotaja Kopernika w Toruniu

Wydziat Chemii
M UCZELNIA s i i % 3 o
oW ToromG BADAWCZA Katedra Chemii Srodowiska i Bioanalityki

Whediriat Chemii

Torun, 6 pazdziernika 2023 r.

dr hab. Sylwia Studziniska, prof. UMK
Katedra Chemii Srodowiska i Bioanalityki
Wydziat Chemii

Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagayina 7

87-100 Torun

Oswiadczenie

W zwigzku z ubieganiem sie Pana mgr inz. Mikotaja Dembka o stopienri doktora w
dziedzinie nauk $cistych i przyrodniczych w dyscyplinie nauki chemiczne o$wiadczam, ze méj
udziat w ponizszej pracy polegat na:

1. Kalisz Oktawia, Dembek Mikotaj, Studzinska Sylwia, Bocian Szymon, Beta-blockers
separation on phosphodiester stationary phases - the application of Intelligent Peak
Deconvolution Analysis, Molecules. 28 (2023) 3249

wspotopracowaniu koncepcji pracy, pozyskaniu finansowania, a takze na pisaniu, edycji oraz
korekcie manuskryptu.

Jednocze$nie wyrazam zgode na wiaczenie przez mgr inz. Mikotaja Dembka niniejszej
publikacji do rozprawy doktorskiej

S\fd/l wia Thadunlea

ul. Gagarina 7, 87-100 Torun
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; e-mail: rgadz@umk.pl



MIKOLAJA KOPERNIKA

W TORUNIU
Wydziat Chemsil

Wydziat Chemii
ﬂ;’.fﬁﬁﬂ'z': Katedra Chemii Srodowiska i Bioanalityki

o cl:’ Uniwersytet Mikotaja Kopernika w Toruniu (@
UNIWERSYTET %@ﬁg

1

Torun, 2 listopada 2023 r.

dr hab. Szymon Bocian, prof. UMK

Katedra Chemii Srodowiska i Bioanalityki
Wydziat Chemii

Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagarina 7, 87-100 Torun

Oswiadczenie

W zwigzku z ubieganiem sie Pana mgr inz. Miko}aja Dembka o stopien doktora w

dziedzinie nauk $cistych i przyrodniczych w dyscyplinie nauki chemiczne o$wiadczam, ze moj
udzial w ponizszych pracach polegat na:

1;

Dembek Mikotaj, Bocian Szymon, Pure water as a mobile phase in liquid chromatography
techniques, TrAC - Trends Anal. Chem. 123 (2020) 115793

nadzorze tworzenia pracy, opracowaniu koncepcji, wizualizacji oraz korekcie i edycji catosci
pracy.

Dembek Mikotaj, Bocian Szymon, Stationary Phases for Green Liquid Chromatography,
Materials (Basel). 15 (2022) 419

opracowaniu koncepcji pracy, korekcie i edycji, wizualizacji oraz pozyskaniu funduszy.

Dembek Mikotaj, Bocian Szymon, Buszewski Bogustaw, Solvent Influence on Zeta Potential of
Stationary Phase—Mobile Phase Interface, Molecules. 27 (2022) 968

Dembek Mikotaj, Szumski Michat, Bocian Szymon, Buszewski Bogustaw, Optimization of the
packing process of microcolumns with the embedded phosphodiester stationary phases, . Sep.
Sci. 45 (2022) 3310-3318

nadzorze merytorycznym prowadzonych badan, opracowaniu koncepcji pracy, edycji i
korekcie manuskryptu oraz pozyskaniu funduszy na publikacje prac.

Dembek Mikotaj, Bocian Szymon, Phosphodiester stationary phases as universal
chromatographic materials for separation in RP LC, HILIC, and pure aqueous mobile phase,
Materials (Basel). 16 (2023) 3539

Kalisz Oktawia, Dembek Mikotaj, Studzinska Sylwia, Bocian Szymon, Beta-blockers separation

on phosphodiester stationary phases - the application of Intelligent Peak Deconvolution Analysis,
Molecules. 28 (2023) 3249

formalnej analizie wynikéw, korekcie i edycji manuskryptu, nadzorze prowadzonych badan,
zarzadzaniu projektem, opracowaniu wynikéw badan oraz pozyskiwaniu funduszy na
opublikowanie prac.

Jednoczesnie wyrazam zgode na wiaczenie przez mgr inz. Mikotaja Dembka niniejszych

publikacji do rozprawy doktorskiej.
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ul. Gagarina 7, 87-100 Torun
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; e-mail: rgadz@umk.pl



o clj Uniwersytet Mikotaja Kopernika w Toruniu
UNIWERSYTET WYdZIa‘l' Chemll

MIKOLAJA KOPERNIKA Uczf[m fﬂ iy " ¥ . 5 .
WTORUNIU  BADAWEZA Katedra Chemii Srodowiska i Bioanalityki
Wiydziat Chemii TR R

Torun, 6 pazdziernika 2023 r.

dr hab. Michat Szumski, prof. UMK

Interdyscyplinarne Centrum Nowoczesnych Technologii
Uniwersytet Mikotaja Kopernika w Toruniu

ul. Wilenska 4

87-100 Jorun

Oswiadczenie

W zwigzku z ubieganiem si¢ Pana mgr inz. Mikotaja Dembka o stopien doktora w
dziedzinie nauk Scistych i przyrodniczych w dyscyplinie nauki chemiczne o$wiadczam, ze moj
udzial w ponizszej pracy polegat na:

1. Dembek Mikotaj, Szumski Michat, Bocian Szymon, Buszewski Bogustaw, Optimization of the
packing process of microcolumns with the embedded phosphodiester stationary phases, J. Sep.
Sci. 45 (2022) 3310-3318

opracowaniu koncepcji pracy, nadzorze nad prowadzonymi analizami chromatograficznymi
oraz interpretacja wynikéw, dyskusji eksperymentu naukowego, pakowaniu kolumn
kapilarnych , ocenie pracy pod wzgledem merytorycznym oraz na korekcie i edycji
manuskryptu.

Jednocze$nie wyrazam zgode na wiaczenie przez mgr inz. Mikotaja Dembka niniejszej
publikacji do rozprawy doktorskiej
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ul. Gagarina 7, 87-100 Torun
Tel.: (+48) (56) 61 14 308; 797 329 345 Fax: (+48) (56) 61 14 837; e-mail: rgadz@umk.pl



KUJAWSKO-POMORSKIE
CENTRUM NAUKOWO-TECHNOLOGICZNE

im. prof. Jana Czochralskiego sp. z 0.0.
z siedzibg w Przysieku k/Torunia

- Torun, 6 pazdziernika 2023 r.

Oswiadczenie

W zwiazku z ubieganiem sie Pana mgr inz. Mikotaja Dembka z Wydziatu Chemii UMK
w Toruniu o stopien doktora w dziedzinie nauk Scistych i przyrodniczych w dyscyplinie nauki
chemiczne o$wiadczam, Ze moéj udziat w ponizszych pracach polegat na:

1. Dembek Mikotaj, Bocian Szymon, Buszewski Bogustaw, Solvent Influence on Zeta Potential of
Stationary Phase—Mobile Phase Interface, Molecules. 27 (2022) 968

2. Dembek Mikotaj, Szumski Michal, Bocian Szymon, Buszewski Bogustaw, Optimization of the
packing process of microcolumns with the embedded phosphodiester stationary phases, ]. Sep. Sci.
45 (2022) 3310-3318

nadzorze merytorycznym przy pisaniu pracy, dyskusji eksperymentu naukowego oraz na
korekcie i edycji finalnej wersji manuskryptu.

Jednoczes$nie wyrazam zgode na wiaczenie przez mgr inz. Mikotaja Dembka niniejszych
publikacji do rozprawy doktorskiej

/e,

Prof. zw. dr hab. dr h.c. Bogustaw Buszewski, czton. rzecz. PAN
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UNIWERSYTET
MIKOLALA KOPERNIKA
W TORUNIU

Wydziat Chemil

Uniwersytet Mikotaja Kopernika w Toruniu
. Wydziat Chemii
BADAWCZA Katedra Chemii Srodowiska i Bioanalityki

Torun, 27 listopada 2023 r.

mgr inz. Mikotaj Dembek

Katedra Chemii Srodowiska i Bioanalityki
Wydzial Chemii

Uniwersytet Mikotaja Kopernika w Toruniu
ul. Gagarina 7, 87-100 Torun

Oswiadczenie
Jako wspétautor o§wiadczam, ze méj udzial w ponizszych pracach polegat na:

Dembek Mikotaj, Bocian Szymon, Pure water as a mobile phase in liquid chromatography
techniques, TrAC - Trends Anal. Chem. 123 (2020) 115793

Dembek Mikotaj, Bocian Szymon, Stationary Phases for Green Liquid Chromatography,
Materials (Basel). 15 (2022) 419

wspotopracowaniu koncepcji pracy, przeprowadzeniu przegladu literatury, napisaniu
pierwszej wersji manuskryptu oraz dokonaniu niezbednych korekt po recenzjach, a takze
odpowiedzi na recenzje;

Dembek Mikotaj, Bocian Szymon, Buszewski Bogustaw, Solvent Influence on Zeta Potential of
Stationary Phase—Mobile Phase Interface, Molecules. 27 (2022) 968

Dembek Mikotaj, Szumski Michat, Bocian Szymon, Buszewski Bogustaw, Optimization of the
packing process of microcolumns with the embedded phosphodiester stationary phases, ]. Sep.
Sci. 45 (2022) 3310-3318

Dembek Mikotaj, Bocian Szymon, Phosphodiester stationary phases as universal
chromatographic materials for separation in RP LC, HILIC, and pure aqueous mobile phase,
Materials (Basel). 16 (2023) 3539

zaplanowaniu oraz przeprowadzeniu kolejnych etapéw badan, analizie i interpretacji
otrzymanych wynikéw, utworzeniu wstepnej wersji manuskryptu oraz odpowiedzi na
recenzje;

Kalisz Oktawia, Dembek Mikotaj, Studzinska Sylwia, Bocian Szymon, Beta-blockers
separation on phosphodiester stationary phases - the application of Intelligent Peak
Deconvolution Analysis, Molecules. 28 (2023) 3249

opracowaniu koncepcji pracy, analizie formalnej manuskryptu i otrzymanych wynikow,
nadzorze prowadzonych badan oraz korekcie i edycji finalnej wersji manuskryptu.
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