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ZYCIORYS NAUKOWY

1) Dane personalne:

* Imig¢ i nazwisko: Karolina Ptaszynska

* Tytul naukowy: magister

» Data 1 miejsce urodzenia: 02.04.1995, Poznan

2) Wpyksztalcenie:

3)

2019-2024

2017-2019

2014-2017

Szkota Doktorska, Uniwersytet im. Adama Mickiewicza w Poznaniu,
Wydziat Chemii

Dyscyplina: nauki chemiczne

Rozprawa doktorska pt. ,, Waloryzacja glicerolu z zastosowaniem
katalizatorow weglowych” realizowana w Zakladzie Technologii
Chemicznej pod opieka prof. dr. hab. Mieczystawa Kozlowskiego oraz
dr Anny Malaiki

Studia II stopnia (magisterskie)
Uniwersytet im. Adama Mickiewicza w Poznaniu, Wydziat Chemii
Kierunek: chemia ogo6lna
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Wykaz publikacji:

a) wchodzacych w sktad rozprawy doktorskie;j:

* A. Malaika, K. Ptaszynska, J. Gaidukevi¢, M. Koztowski, The impact of surface
groups of functionalized graphene on glycerol acetylation, Fuel, 2022, 313(73),

122987.

» K. Ptaszynska, A. Malaika, M. Kapska, M. Koztowski, SOzH-functionalized carbon
fibers for the catalytic transformation of glycerol to glycerol tert-butyl ethers,
Scientific Reports, 2023, 13(1), 565.



K. Ptaszynska, A. Malaika, K. Kozigrodzka, M. Koztowski, A green approach
to obtaining glycerol carbonate by urea glycerolysis using carbon-supported metal
oxide catalysts, Molecules, 2023, 28(18), 6534.

K. Ptaszynska, A. Malaika, K. Morawa Eblagon, J. L. Figueiredo, M. Koztowski,
Promoting effect of ball milling on the functionalization and catalytic performance
of carbon nanotubes in glycerol etherification, Molecules, 2024, 29(7), 1623.

K. Ptaszynska, K. Morawa Eblagon, A. Malaika, J. L. Figueiredo, M. Koztowski,
The role of mechanochemical treatment of carbon nanotubes in promoting glycerol
etherification, Catalysis Science & Technology, 2024, 14(11), 3184-3200.

b) niewchodzacych w sktad rozprawy doktorskiej:

B. Krzyzynska, A. Malaika, K. Ptaszynska, A. Tolinska, P. Kirszensztejn,
M. Koztowski, Modified activated carbons for esterification of acetic acid with
ethanol, Diamond and Related Materials, 2020, 101, 107608.

K. Morawa Eblagon, A. Malaika, K. Ptaszynska, M. F. R. Pereira, J. L. Figueiredo,
Impact of thermal treatment of Nb2Os on its performance in glucose dehydration
to 5-hydroxymethylfurfural in water, Nanomaterials, 2020, 10(9), 1685.

A. Malaika, K. Ptaszynska, M. Kozlowski, Conversion of renewable feedstock
to bio-carbons dedicated for the production of green fuel additives from glycerol,
Fuel, 2021, 288(4), 1196009.

A. Malaika, K. Ptaszynska, K. Morawa Eblagon, M. F. R. Pereira, J. L. Figueiredo,
M. Koztowski, Solid acid carbon catalysts for sustainable production of biofuel
enhancers via transesterification of glycerol with ethyl acetate, Fuel, 2021, 304(3),
121381.

A. Malaika, K. Ptaszynska, M. Koztowski, Production of valuable chemicals from
glycerol using carbon fiber catalysts derived from ethylene, Scientific Reports,
2021, 11(1), 20251.

K. Morawa Eblagon, A. Malaika, K. Ptaszynska, M. F. R. Pereira, M. Kozlowski,
J. L. Figueiredo, Niobium oxide-phosphorylated carbon xerogel composites as solid
acid catalysts for cascade conversion of glucose to 5-hydroxymethylfurfural (HMF)
in pure water, Catalysis Today, 2023, 418, 114070.

A. Malaika, J. Kowalska-Kus, K. Konska, K. Ptaszynska, A. Jankowska, A. Held,
K. Wroblewski, M. Koztowski, Upgrading pyrolytic residue from end-of-life tires
to efficient heterogeneous catalysts for the conversion of glycerol to acetins.
Molecules, 2023, 28(24), 8137.

A. Malaika, K. Ptaszynska, M. Kapska, M. Koztowski, The role of surface
chemistry of carbons in the catalytic production of fuel additives by glycerol
etherification, Fuel, 2024, 358(2), 130147.



4) Udzial w konferencjach naukowych:

a) krajowych (autor prezentujacy):

» K. Ptaszynska, A. Malaika, M. Koztowski, Estryfikacja i transestryfikacja glicerolu
do octanow glicerolu w obecnosci katalizatorow weglowych — synteza
komponentéow  paliwowych, 62. Zjazd Naukowy Polskiego Towarzystwa
Chemicznego, Warszawa, 2-6 wrzesnia 2019, S09, Poster P09, str. S09-35.

« K. Ptaszynska, M. Kapska, A. Malaika, M. Kozlowski, Zastosowanie
modyfikowanych materiatow weglowych w procesie waloryzacji glicerolu —
otrzymywanie eterow tert-butylowych glicerolu, 62. Zjazd Naukowy Polskiego
Towarzystwa Chemicznego, Warszawa, 2-6 wrzesnia 2019, S09, Poster P11,
str. S09-37.

» K. Ptaszynska, A. Malaika, J. Gaidukevi¢, M. Koztowski, Funkcjonalizowane
materialy weglowe na bazie grafenu w syntezie dodatkéw paliwowych, 63. Zjazd
Naukowy Polskiego Towarzystwa Chemicznego, £.0dz, 13—17 wrze$nia 2021, SO8,
Poster P002, str. S08-570.

« K. Ptaszynska, A. Malaika, D. Mesjasz, M. Koztowski, Optymalizacja warunkow
otrzymywania di- i trioctanow glicerolu metodq estryfikacji glicerolu kwasem
octowym prowadzonej w obecnosci katalizatorow weglowych, 63. Zjazd Naukowy
Polskiego Towarzystwa Chemicznego, £.6dz, 13—17 wrzesnia 2021, SO8, Poster
P003, str. S08-571.

» K. Ptaszynska, A. Malaika, M. Koztowski, Otrzymywanie eterow tert-butylowych
glicerolu w obecnosci sulfonowalych nanorurek weglowych jako katalizatorow,
64. Zjazd Naukowy Polskiego Towarzystwa Chemicznego, 11-16 wrzes$nia 2022,
Lublin, Polska, S10, Poster P20, str. 587.

« K. Kozigrodzka, K. Ptaszynska, A. Malaika, M. Koztowski, Zastosowanie tlenkéw
metali osadzonych na nosniku weglowym w roli katalizatorow procesu glicerolizy
mocznika, 64. Zjazd Naukowy Polskiego Towarzystwa Chemicznego,
11-16 wrzesnia 2022, Lublin, Polska, S10, Poster P21, str. 588.

b) miedzynarodowych (autor prezentujacy):

« K. Ptaszynska, A. Malaika, M. Koztowski, Esterification and transesterification
of glycerol to glycerol acetates in the presence of carbon catalysts — synthesis
of fuel additives, XXV Encontro Galego-Portugués de Quimica, Santiago
de Compostela, Hiszpania, 20-22 listopada 2019, Poster CATQ9, str. 267.

» K. Ptaszynska, A. Malaika, K. Morawa Eblagon, M. F. R. Pereira, J. L. Figueiredo,
M. Koztowski, Production of valuable fuel additives from glycerol and tert-butyl
alcohol over carbon nanotubes as catalysts, NanoTech Poland 2022,
1-3 czerwca 2022, Poznan, Polska, Section A, Poster A41, str. 115.



K. Kozigrodzka, K. Ptaszynska, A. Malaika, M. Koztowski, Production of glycerol
carbonate by urea glycerolysis under ambient pressure using carbon-supported
metal oxide catalysts, NanoTech Poland 2022, 1-3 czerwca 2022, Poznan, Polska,
Section A, Poster A29, str. 103.

* M. Koztowski, K. Ptaszynska, A. Malaika, Plastic waste-derived solid acid
catalysts for the production of fuel enhancers by glycerol esterification,
9th International Symposium on Carbon for Catalysis, 28-30 czerwca 2022,
Zaragoza, Hiszpania, Fine Chemistry, Poster P44.

« K. Morawa Eblagon, K. Ptaszynska, A. Malaika, M. F. R. Pereira, J. L. Figueiredo,
Influence of the type of acidic sites in bifunctional Nb2Os/carbon catalysts on
cascade conversion of glucose to 5-(hydroxymethyl)furfural, 9th International
Symposium on Carbon for Catalysis, 28-30 czerwca 2022, Zaragoza, Hiszpania,
Session 4: Biomass conversion, Prezentacja ustna OC13.

+ K. Ptaszynska, A. Malaika, K. Morawa Eblagon, M. Koztowski, Modified carbon
nanotubes as solid acids for catalytic obtaining of fuel enhancers via glycerol
etherification, NanoTech Poland 2023, 14-16 czerwca 2023, Poznan, Polska,
Section A, Poster A27, str. 93.

+ K. Ptaszynska, A. Malaika, M. Kapska, M. Koztowski, Diazonium salt-modified
carbons as highly active and recyclable heterogeneous catalysts for glycerol
valorization, NanoTech Poland 2023, 14-16 czerwca 2023, Poznan, Polska,
Section A, Poster A26, str. 92.

+ K. Ptaszynska, A. Malaika, M. Koztowski, The influence of the morphology
of spherical-fibrous carbon composites on their functionalization and catalytic
activity in glycerol etherification, NanoTech Poland 2024, 5-7 czerwca 2024,
Poznan, Polska, Section A, Poster A27, str. 69.

5) Granty:

* Inicjatywa Doskonatosci — Uczelnia Badawcza: Minigranty dla doktorantow szkot
doktorskich: konkurs nr 017 (zadanie 02) z dnia 22.03.2021 (numer wniosku:
017/02/SNS/0013)

Funkcja: kierownik projektu
Okres realizacji: 10.2021-11.2022

Tytut projektu: Katalityczna synteza eterow tert-butylowych glicerolu — efektywnych,
"zielonych" dodatkow paliwowych, otrzymanych z udzialem funkcjonalizowanych
nanorurek weglowych (CNT). Wptyw warunkéw modyfikacji CNT na ich
wlasciwosci katalityczne.

» ,,Grants for young scientists” na udzial w konferencji NanoTech Poland 2022.
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6)

Inicjatywa Doskonatosci — Uczelnia Badawcza: Wsparcie publikowania

w prestizowych czasopismach naukowych: konkurs nr 085 (zadanie 08) z dnia
3.01.2023 (numer wniosku 085/08/POB3/0002).

Szkolenia (prowadzone przez firme¢ Merck):

25.11.2021: ,Filtracja membranowa — rozwigzania EZ-Fit Family dedykowane
do badania wody 1 napojow”

02.12.2021: ,Pipety automatyczne w laboratorium. Wymagania dotyczace
zapewnienia jako$ci i potwierdzenie metrologiczne”

06.12.2021: ,,Chromatografia gazowa — omodwienie techniki, dobdér kolumny
chromatograficznej, wskazowki praktyczne”

09.12.2021: ,Mikrobiologiczna kontrola czystosci powierzchni produkcyjnych
z uwzglednieniem metod alternatywnych: MVP Icon i MC Media Pads”

16.12.2021: ,Monitorowanie  przyrzadow  pomiarowych w  laboratorium.
Harmonogram kalibracji i regulacji. Zrédla niepewnosci wystepujace podczas
kalibracji pipet ttokowych”

13.12.2021: ,Kalibracja 1 walidacja metod pomiarowych dla zapewnienia
wiarygodno$ci w laboratorium”

20.12.2021: ,Dobra praktyka przy stosowaniu wody do analiz chemicznych,
biochemicznych i mikrobiologicznych”

10.01.2022: ,Przyczyny bledow podczas codziennej pracy z automatycznymi
urzadzeniami do pomiar6w objetosci (pipety, dozowniki, biurety)”

13.01.2022: ,,Walidacja metod testowych Spectroquant — arkusz walidacyjny jako
jedno z dedykowanych narzedzi”

14.01.2022: ,,Ekstrakcja i oczyszczanie biatka z materiatu biologicznego”
17.01.2022: ,,Sposob na szybkie i doktadne miareczkowanie”

20.01.2022: ,Nadzor nad wyposazeniem pomiarowym w laboratorium. Szklane
naczynia pomiarowe klasy A”

24.01.2022: ,Jakos¢ wody w laboratoriach akredytowanych — zgodno$¢ z normami
ISO 170251 1SO 11133~

24.01.2022: ,,Wykorzystanie chromatografii cienkowarstwowej do szybkiej analizy
jako$ciowe;j”

27.01.2022: , Mycie, suszenie, praca ze szklem pomiarowym w laboratorium”
31.01.2022: ,,Analiza kannabinoidow w probkach Zywno$ciowych”

04.02.2022: ,Western blotting — wskazowki i porady dotyczace optymalizacji
procesu”

07.02.2022: ,,ZooMAD innowacyjne rekombinowane przeciwciala monoklonalne”
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» 25.02.2022: ,,0Oczyszczanie DNA”
7) Staze naukowe:

» Associate Laboratory LSRE-LCM, Faculty of Engineering, University of Porto
Rua Dr. Roberto Frias, s/n 4200-465 Porto, Portugal

Staz naukowy sfinansowany ze $rodkow projektu ,,UNIWERSYTET JUTRA II —
zintegrowany program rozwoju Uniwersytetu im. Adama Mickiewicza w Poznaniu”

Okres realizacji: 26.06.2023-28.09.2023
Temat projektu: Catalytic conversion of industrial grade sugarcane molasses to HMF.

Zakres obowigzkow: preparatyka katalizatoréw, charakterystyka fizykochemiczna
przygotowanych materialow, testy katalityczne (reakcja otrzymywania HMF), analiza
produktow reakcji metoda HPLC, opracowanie i graficzna prezentacja wynikow.

Opiekunowie stazu: prof. M. Fernando R. Pereira oraz dr Katarzyna Morawa Eblagon
« Associate Laboratory LSRE-LCM, Faculty of Engineering, University of Porto

Rua Dr. Roberto Frias, s/n 4200-465 Porto, Portugal

Staz naukowy sfinansowany ze srodkow programu Erasmus+

Okres realizacji: 09.09.2019-01.12.2019

Temat projektu: Development of bifunctional catalysts for valorization
of carbohydrates.

Zakres obowiazkow: preparatyka katalizatorow weglowych, charakterystyka
fizykochemiczna przygotowanych materiatow, testy katalityczne (konwersja glukozy
do HMF), analiza produktéw reakcji metoda HPLC, opracowanie i graficzna
prezentacja wynikow.

Opiekun stazu: dr Katarzyna Morawa Eblagon
8) Wspélpraca naukowa:

« Associate Laboratory LSRE-LCM, Faculty of Engineering, University of Porto,
Portugal

* Institute of Chemistry, Faculty of Chemistry and Geosciences, Vilnius University,
Lithuania

9) Nagrody i inne osiagniecia naukowe:

» Czlonkostwo w Polskim Towarzystwie Chemicznym od 24.06.2021.

» Aktywny udziat w organizacji Nocy Naukowcow na Wydziale Chemii UAM
(24.09.2021).
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Stypendium naukowe Rektora przyznawane w 2022 roku za wybitne osiagnig¢cia
publikacyjne w 2021 roku.

Aktywny udziat w organizacji Festiwalu Nauki na Wydziale Chemii UAM
(19.05.2023).

Nagroda ,Best Poster Award” za prezentacje na mi¢dzynarodowej konferencji
NanoTech Poland 2023 (komunikat pt. ,,Modified carbon nanotubes as solid acids for
catalytic obtaining of fuel enhancers via glycerol etherification”).

Przygotowanie dwoch recenzji artykutlu naukowego (dla czasopisma Renewable
Energy; 1F(2023): 9.0, 5-Year IF: 8.1).
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WYKAZ STOSOWANYCH SKROTOW

CCVD - wspomagany katalitycznie proces chemicznego osadzania z fazy gazowej
CF — wlékna weglowe

CNT — nanorurki weglowe

BDS — s6l diazoniowa kwasu 4-benzenosulfonowego

TRGO - termicznie redukowany tlenek grafenu

TRGO_H2S04 — TRGO funkcjonalizowany za pomoca st¢zonego kwasu siarkowego(VI)
w 140 °C przez 20 h (TRGO_SA w publikacji P1)

TRGO_H3POs — TRGO impregnowany 7 % roztworem H3POs i poddany obrobce
termicznej w 800 °C przez 30 minut w atmosferze gazu obojetnego (TRGO_ PA
w publikacji P1)

TRGO_BDS — TRGO modyfikowany za pomocg BDS w temperaturze otoczenia przez
20 h

CFi-bu— probka CF otrzymana w procesie CCVD z izobutanu

CFipu-H2SOs4 — probka CFipy funkcjonalizowana za pomocg stgzonego kwasu
siarkowego(V1) w 140 °C przez 20 h

CFi-bu-BDS — probka CFi.py funkcjonalizowana za pomocg BDS w 20 °C przez 20 h
CFet — probka CF otrzymana w procesie CCVD z etylenu

CFet-H2SO4 — probka CFet funkcjonalizowana za pomocg stezonego kwasu
siarkowego(V1) w 140 °C przez 20 h

CFet-BDS — probka CFet funkcjonalizowana za pomocg BDS w 20 °C przez 20 h

CNTncsi0 — komercyjne nanorurki weglowe (Nanocyl NC3100) o czystosci >95 %
(NC3100 w publikacji P4)

CNTncrooo — komercyjne nanorurki weglowe (Nanocyl NC7000) o czystosci ~90 %
(NC7000 w publikacji P4)

CNTncrooo-em — probka CNTnc7o00 poddana obrobce mechanicznej przy uzyciu miyna
kulowego (NC7000-BM w publikacji P4)

CNTncs100-H2S04(conc.)-180-20h — probka CNTncswo funkcjonalizowana za pomoca
stezonego kwasu siarkowego(VI) w 180 °C przez 20 h

CNTnc7o00-H2S04(conc.)-180-20h — probka CNTncrooo funkcjonalizowana za pomoca
stezonego kwasu siarkowego(VI) w 180 °C przez 20 h

CNTncrooo-eM-H2SO4(conc.)-180-20h —  probka CNTncrooo-em — funkcjonalizowana
za pomoca st¢zonego kwasu siarkowego(VI) w 180 °C przez 20 h

CNTnc7000-8M-H2SO4(fum.)-100-8h — probka CNTnc7oo0-8m funkcjonalizowana za pomoca
dymigcego kwasu siarkowego w 100 °C przez 8 h
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CNTncroo0-8M-Glu/H2S04(fum.)-180-12h — probka CNTncrooo-sm  funkcjonalizowana
za pomocg dymigcego kwasu siarkowego i w obecnosci glukozy w 180 °C przez 12 h

CNTncro00-8M-Glu/H2S04(5 M)-150-4h  —  probka CNTncrooo-sm  funkcjonalizowana
za pomoca 5 M kwasu siarkowego(VI) i w obecnosci glukozy w 150 °C przez 4 h

CNTnc3100-BDS-50 — probka CNTncswo funkcjonalizowana za pomocg BDS w 50 °C
przez 20 h (NC3100-BDS-50 w publikacji P4)

CNTnc7000-BDS-50 — probka CNTncrooo funkcjonalizowana za pomocg BDS w 50 °C
przez 20 h (NC7000-BDS-50 w publikacji P4)

CNTncr000-BDS-20 — probka CNTncro00 funkcjonalizowana za pomoca BDS w 20 °C
przez 20 h (NC7000-BDS-20 w publikacji P4)

CNTncro00-8M-BDS-50 — probka CNTncrooo-em funkcjonalizowana za pomoca BDS
W 50 °C przez 20 h (NC7000-BM-BDS-50 w publikacji P4)

CF_iniox — wiokna weglowe otrzymane w procesie CCVD z gazu LPG i utlenione
w strumieniu powietrza w 300 °C

MgO/CF — MgO osadzony na CF otrzymanych w procesie CCVD z gazu LPG (MgO/CFox
w publikacji P3)

Cr203/CF — Cr203 osadzony na CF otrzymanych w procesie CCVD z gazu LPG
(Cr203/CFox W publikacji P3)

BaO/CF — BaO osadzony na CF otrzymanych w procesie CCVD z gazu LPG (BaO/CFox
w publikacji P3)

ZnO/CF — ZnO osadzony na CF otrzymanych w procesie CCVD z gazu LPG (ZnO/CFox
w publikacji P3)

EA — analiza elementarna

TG — analiza termograwimetryczna

XRD - rentgenowska dyfraktometria proszkowa

XPS — rentgenowska spektroskopia fotoelektronow

SEM - skaningowa mikroskopia elektronowa

TEM — transmisyjna mikroskopia elektronowa

TEM-HR — wysokorozdzielcza transmisyjna mikroskopia elektronowa
Atot — kwasowos$¢ catkowita (typu Brensteda) wyrazona w mmol H*/g
G —glicerol

AA — kwas octowy

IB —izobuten

TBA — alkohol tert-butylowy

U — mocznik
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Glu - glukoza

MAG — monooctany glicerolu

DAG — dioctany glicerolu

TAG — trioctan glicerolu

TBGE - etery tert-butylowe glicerolu

MTBGE - etery mono-tert-butylowe glicerolu

DTBGE - etery di-tert-butylowe glicerolu

TTBGE - eter tri-tert-butylowy glicerolu

GC — weglan glicerolu

GU — produkt przejsciowy w procesie glicerolizy mocznika
By-P — produkty uboczne w procesie glicerolizy mocznika
X — konwersja glicerolu

Sx — selektywno$¢ do produktu x

Y x — wydajnos¢ produktu x
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STRESZCZENIE

Celem realizowanej pracy doktorskiej byly szczegétowe badania dotyczace
opracowania nowych heterogenicznych katalizatorow na bazie wegla, uzytecznych
w wybranych procesach waloryzacji glicerolu, tj. estryfikacji glicerolu za pomocag kwasu
octowego, eteryfikacji glicerolu alkoholem tert-butylowym i glicerolizie mocznika,
prowadzacych do warto$ciowych zwigzkéw chemicznych. Podjeta tematyka jest szczegdlnie
wazna ze wzgledu na konieczno$¢ zagospodarowania glicerolu, ktéry otrzymywany jest
ubocznie w procesie produkcji biodiesla i wystepuje obecnie na rynku w znacznym nadmiarze
(co zagraza rentownoS$ci przemystu biodiesla). Zasadniczym etapem prowadzonych prac byto
okreslenie zalezno$ci pomiedzy wiasciwosciami fizykochemicznymi otrzymanych materiatow
a ich aktywno$cig katalityczng w danym procesie waloryzacji glicerolu. Najwazniejsze
rezultaty przeprowadzonych prac podsumowano w niniejszej rozprawie doktorskiej, ktora
obejmuje cykl 5 spojnych tematycznie artykutéw naukowych (P1-P5) oraz komentarz do tych
prac.

W pierwszej publikacji (P1) przedstawiono wyniki badan otrzymane dla procesu
estryfikacji glicerolu za pomoca kwasu octowego. Reakcje realizowano w obecnosci
katalizatora, ktorym byl termicznie redukowany tlenek grafenu (TRGO), funkcjonalizowany
réznymi czynnikami (tj. kwasem siarkowym(V1), generowang in situ solg diazoniowg (BDS)
lub kwasem fosforowym(V)). Przeprowadzone badania udowodnity, ze zastosowane metody
modyfikacji byly efektywne i skutkowaly wygenerowaniem do$¢ znacznej kwasowosci
catkowitej probek, wynikajacej z wprowadzenia ugrupowan zawierajacych S, O i/lub
P na powierzchni¢ TRGO. Wykazano, ze kluczowy wplyw na przebieg procesu estryfikcji
glicerolu za pomocg kwasu octowego ma rodzaj wprowadzonych ugrupowan
powierzchniowych, tj. proces estryfikacji, najefektywniej zachodzit w obecnosci materiatow
z silnie kwasowymi grupami (-SOsH). Potwierdzono, ze probka TRGO modyfikowana BDS
pracowata najefektywniej we wspomnianym procesie (w zwigzku wysoka zawartoscig grup
sulfonowych) 1 nie tracita aktywnosci katalitycznej przynajmniej przez 4 cykle reakcyjne.

Proces eteryfikacji glicerolu za pomoca alkoholu tert-butylowego zostal omdéwiony
w artykutach naukowych P2, P4 i P5. W pierwszym z nich (P2), w roli katalizatorow
zastosowano wiokna weglowe, otrzymane laboratoryjnie w procesie CCVD z etylenu lub
izobutanu, ktore nast¢pnie poddano sulfonowaniu réznymi czynnikami (H2SOs lub BDS).
Udowodniono, ze modyfikacja za pomoca BDS jest bardziej skuteczng metoda wprowadzania

ugrupowan zawierajacych siarke do struktury CF niz modyfikacja kwasem siarkowym(V1).
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Co wigcej, ujawniono, ze zastosowanie etylenu skutkowato uzyskaniem probki weglowej
o wigkszej podatnosci na funkcjonalizacj¢ niz w przypadku uzycia izobutanu. Materiaty
modyfikowane BDS (o najwyzszym stopniu funkcjonalizacji) pracowaly najefektywniej
w badanym procesie. Niemniej jednak, w zwigzku z niejednorodng strukturg probek
(obecnos¢ wildkien o réznych Srednicach oraz obecno$¢ niewielkiej ilosci nanorurek
weglowych), nie bylo mozliwe jednoznaczne okre$lenie wpltywu wyjsciowego wegla
na funkcjonalizacje¢ 1 aktywno$¢ w badanej reakcji.

W zwigzku z powyzszym w kolejnych etapach pracy do preparatyki katalizatorow
uzytecznych w procesie eteryfikacji glicerolu za pomoca alkoholu tert-butylowego
wykorzystano komercyjne nanorurki weglowe (CNT). Probki te charakteryzowaly sig
jednorodng strukturg, co ulatwito ocen¢ uzyskanych wynikéw. Material wyjsciowy
funkcjonalizowano za pomoca H>SOs lub generowanej in situ soli diazoniowej (BDS),
a otrzymane wyniki przedstawiono w publikacjach P4 i P5. Podjeto réwniez probe
zwigkszenia podatnosci CNT na funkcjonalizacje stosujac wstepna obrobke mechaniczng
materialu (za pomoca miyna kulowego). Zastosowany zabieg pozytywnie wplynat
na efektywnos¢ wprowadzania siarki do struktury wegla, przy czym miato to zwigzek
z rozdrobnieniem wigzek CNT 1 lamaniem pojedynczych witdkien, skutkujacym
wygenerowaniem nowych krawedzi zdolnych do funkcjonalizacji. Co wigcej, wlaczenie
glukozy do modyfikacji CNT za pomoca H2SO4 dodatkowo uskutecznito funkcjonalizacje,
co wynikato z osadzenia wegla otrzymanego z glukozy na CNT, ktory dzialat jak ,klej” dla
grup funkcyjnych. Najbardziej efektywng metoda modyfikacji CNT okazalo si¢ zastosowanie
BDS, skutkujace wprowadzeniem znacznej ilosci siarki do struktury wegla w formie grup -
SOsH. W obecnosci najbardziej aktywnych probek (wybranych CNT modyfikowanych BDS)
uzyskano wyniki konwersji glicerolu oraz wydajnosci do pozadanych eterow tert-butylowych
przewyzszajace te uzyskane przy uzyciu komercyjnego katalizatora (Amberlyst-15).
Co istotne, probki te nie tracity swojej aktywno$ci przynajmniej przez kilka cykli
reakcyjnych. Udowodniono, ze grupy sulfonowe sa kluczowe w procesie eteryfikacji
glicerolu za pomoca alkoholu tert-butylowego. Niemniej jednak obecnos$¢ tlenowych
ugrupowan roéwniez miata pozytywny wplyw na przebieg reakcji, najprawdopodobniej
wskutek zwiekszenia hydrofilowosci materialéw, ulatwiajacej adsorpcje reagentow
na powierzchni katalizatora.

Publikacja P3 dotyczyla preparatyki nowych katalizatorow na bazie wegla
dedykowanych do zastosowania w procesie glicerolizy mocznika do weglanu glicerolu (GC).

Opracowano uktady sktadajace si¢ z tlenkow wybranych metali (Ba, Cr, Mg 1 Zn) osadzonych
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na wtoknach weglowych (CF) otrzymanych z gazu LPG w procesie CCVD. Wszystkie
otrzymane katalizatory byly aktywne w omawianym procesie konwersji glicerolu, jednak
uzyskane wyniki Kkatalityczne nieco roznity si¢ pomigdzy prébkami. Wynikato
to najprawdopodobniej z rdéznic w dystrybucji ugrupowan kwasowo-zasadowych w tych
materiatach. Udowodniono réwniez, ze zastosowanie w reakcji utlenionego no$nika
weglowego CF (samodzielnie) miato pozytywny wplyw na przebieg procesu, gdyz
skutkowalo znacznym zwigkszeniem selektywnosci do GC w poréwnaniu z reakcja
przeprowadzong bez uzycia katalizatora. Dla najefektywniej pracujgcej probki ZnO/CF
przeprowadzono optymalizacj¢ warunkow reakcji. Zaprezentowano réwniez dwa sposoby
odprowadzania amoniaku (produkt uboczny) ze S$rodowiska reakcyjnego, uwzgledniajac
przepuszczanie gazu obojetnego (Ar) przez reaktor lub przez mieszaning reakcyjna.

Udowodniono, Ze zastosowanie tej drugiej metody znaczaco ogranicza reakcje uboczne.
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ABSTRACT

The submitted doctoral dissertation aimed at detailed research on the development
of novel heterogeneous carbon-based catalysts for selected glycerol valorization processes,
including the esterification of glycerol with acetic acid, the etherification of glycerol with
tert-butyl alcohol, and the glycerolysis of urea, all leading to valuable chemical compounds.
This topic is of particular importance due to the need for efficient management of glycerol,
a by-product in the biodiesel production process, which is currently on the market
in significant excess, potentially threatening the profitability of the biodiesel industry.
The main purpose of the work was to establish the relationship between the physicochemical
properties of the obtained samples and their catalytic activity in the selected glycerol
valorization processes. The most significant findings are summarized in the doctoral
dissertation, which includes a series of five thematically related scientific articles (P1-P5)
along with appropriate commentary.

Article P1 presents the results of the glycerol esterification process with acetic acid.
The reaction was carried out in the presence of thermally reduced graphene oxide (TRGO)
functionalized with various agents, such as sulfuric acid, in situ generated diazonium salt
(BDS), or phosphoric acid, serving as catalysts. Physicochemical analyses of the samples
confirmed that the applied modifications were effective, leading to a significant increase
in the total acidity of the TRGO due to the introduction of S-, O-, and/or P-containing
functional groups onto its surface. It was demonstrated that the type of surface groups had
a key impact on glycerol esterification with acetic acid. Specifically, the esterification process
was most efficient in the presence of catalysts containing strongly acidic groups, i.e., -SO3H
functionalities. The BDS-modified TRGO exhibited the best catalytic performance in the
process, attributed to the high content of sulfonic groups, and maintained its catalytic activity
for at least four reaction cycles.

Etherification of glycerol with tert-butyl alcohol over fibrous carbon catalysts
is discussed in scientific articles P2, P4, and P5.

The P2 article shows the results of using carbon fibers (CF) obtained through the CCVD
process from ethylene or isobutane and modified with H>SOs or BDS. It was found
that sulfonation with BDS was a more effective method for introducing sulfur-containing
moieties into the CF structure compared to modification with sulfuric acid. Furthermore,
it was demonstrated that the carbon fibers produced from ethylene were more susceptible

to functionalization than those from isobutane. The BDS-modified materials, which presented
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the highest functionalization degree with -SOsH groups, worked most effectively in the tested
process. However, due to the variable structure of the samples (i.e., the presence of fibers with
different diameters and a small number of carbon nanotubes), it was not possible to clearly
determine the impact of the initial carbon type on the functionalization of CF and their
activity in the tested reaction.

In the subsequent stages of work, commercial carbon nanotubes (CNT) were used
to prepare functionalized catalysts for the etherification of glycerol with tert-butyl alcohol.
These samples had a uniform structure, which facilitated a more accurate assessment of the
results, and the outcomes are presented in articles P4 and P5. Additionally, an attempt was
made to increase the CNTSs’ susceptibility to functionalization through their mechanical
pretreatment (using a ball mill). This method positively impacted the efficiency of sulfur
incorporation into the carbon structure by fragmenting CNT bundles and breaking individual
fibers, thereby generating new edges susceptible to functionalization. Furthermore, adding
glucose to carbon nanotubes during their modification with H>SOs improved CNTS’
functionalization, as a carbonaceous matter derived from glucose and deposited onto the CNT
acted as a “glue” for the introduced groups. The most effective method of modification
of CNT was the use of BDS, which introduced a significant amount of sulfur in the form
of -SOsH groups into the carbon structure. In the presence of the most active samples
(selected CNT modified with BDS), glycerol conversion and yields of the desired tert-butyl
ethers exceed those obtained with a commercial catalyst Amberlyst-15. Importantly, these
CNT samples retained their activity over several reaction cycles. It was demonstrated that
sulfonic groups are crucial for the etherification of glycerol with tert-butyl alcohol. However,
the presence of oxygen-containing species also had a positive effect on the reaction, most
likely due to the increased hydrophilicity of the materials, which facilitated the adsorption
of reagents on the catalyst surface and enabled their contact with active sites.

Article P3 presents the development of novel carbon-based catalysts for the glycerolysis
of urea to glycerol carbonate (GC). Systems consisting of oxides of selected metals (Ba, Cr,
Mg, and Zn) deposited on carbon fibers (CF) obtained from LPG gas via the CCVD process
were prepared in this study. All the catalysts were active in the urea glycerolysis, however,
the catalytic results varied slightly between the samples. These differences were most likely
due to variations in the distribution of acid-base groups within the materials. It was also
shown that the use of oxidized carbon support (CF) in the reaction positively impacted the
process, significantly increasing the selectivity to GC compared to the reaction without

a catalyst. The reaction conditions were optimized for the best-working sample, i.e., ZnO/CF.
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Two methods of removing ammonia (by-product) from the reaction medium were also
presented: passing inert gas (Ar) through the reactor or through the reaction mixture. It was

demonstrated that the latter method significantly reduces side reactions.
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1. Wprowadzenie
1.1. Wplyw stosowania paliw kopalnych na gospodarke i Srodowisko

Paliwa kopalne stosowane tradycyjnie w roli zrodet energii obecnie tracg na znaczeniu,
na co wptyw ma kilka czynnikéw. Po pierwsze, zasoby ropy naftowej, wegla kamiennego
i gazu ziemnego ulegajg stopniowemu wyczerpywaniu. Ponadto sg terytorialnie
skoncentrowane oraz politycznie zalezne, co stanowi powazny problem dla stabilnosci
gospodarki. Po drugie, spalanie paliw kopalnych jest wspotodpowiedzialne za obserwowane
w ostatnich latach gwaltowne zmiany klimatyczne, a takze ztg jako$¢ powietrza, wpltywajaca
na zwigkszenie zachorowalnosci oraz umieralno$ci [1,2,3]. Zapewnienie cigglosci dostaw
energii oraz zabezpieczenie Srodowiska naturalnego stanowia duze wyzwanie dla rzadow
panstw i sektora energetycznego.

Wykorzystanie odnawialnych zrédet energii (OZE), takich jak energia wiatru, stonca,
wody czy geotermalna, proponowane jest jako bezpieczna, zrownowazona i tatwo dostgpna
alternatywa dla paliw kopalnych. Nalezy jednak zaznaczy¢, ze funkcjonalnos¢ OZE jest
pogodowo zalezna, a odpowiednie naslonecznienie czy sita wiatru nie zawsze moga by¢
spelnione [1,3]. Rozwigzaniem zyskujacym na znaczeniu od kilkunastu lat jest rowniez
wykorzystanie biomasy jako zrodta energii. Biomasa stosowana jest m.in. do otrzymywania

paliw ptynnych, takich jak np. biodiesel [3,4].
1.2. Rozwdj przemyshu biodiesla — odnawialnego zrodla energii

Zwyczajowo biodiesel otrzymywany jest z tluszczéw zwierzecych lub olejow
roslinnych w procesie ich transestryfikacji z prostymi alkoholami 1 w obecnosci
odpowiednich katalizatorow [5]. Co istotne, jako surowiec w ww. procesie mozna stosowac
réwniez odpadowe oleje posmazalnicze, dlatego branza biodiesla ma olbrzymi potencjal,
by nie konkurowa¢ bezposrednio z przemystem spozywczym, kosmetycznym
czy farmaceutycznym, wykorzystujacymi czyste surowce tluszczowe [4,6,7,8]. Podkresli¢
trzeba, ze w reakcji transestryfikacji olejow i tluszczow poza biodieslem otrzymywany jest
réwniez produkt uboczny w postaci (bio)glicerolu (propano-1,2,3-triol). Stanowi on okoto
10% mieszaniny poreakcyjnej [9,10].

Przedstawione na Rys. 1 dane wskazuja, ze produkcja biodiesla w pierwszych dwdéch
dekadach XXI wieku gwattownie wzrastalta na przestrzeni lat, osiggajac warto$¢
~37 miliardow litrow w 2020 roku [10]. Wedlug danych udostepnionych przez

Migdzynarodowg Agencje Energetyczng (IEA), rowniez w najblizszych latach, mimo coraz
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wiekszej popularno$ci innych rozwigzan, globalna produkcja tego biopaliwa bedzie wysoka
(szacuje si¢, ze w 2025 r., na $wiecie wyprodukowane zostanie okoto 46 miliardow litrow
biodiesla) [11].

Jak zaznaczono na Rys. 1, sukcesywnemu wzrostowi podazy rynkowej biodiesla
w ostatnich kilkunastu latach, towarzyszyl wzrost podazy (bio)glicerolu. Glicerol znajduje
wprawdzie zastosowanie w wielu branzach przemystu, m.in. spozywczej, kosmetycznej
czy farmaceutycznej, ale obecne zapotrzebowanie na ten surowiec jest duzo mniejsze niz jego
rezerwy. Problemem jest takze czysto$¢ otrzymywanego (bio)glicerolu 1 koszty jego
oczyszczania dla ww. zastosowan. Sytuacja ta wymusza rozwini¢cie nowych kierunkow
zagospodarowania glicerolu pochodzacego z produkcji biodiesla [8,12,13]. Pozwoli
to uniknaé problemow zwigzanych m.in. ze sktadowaniem 1 wykorzystaniem (bio)glicerolu,
a takze zwigkszy rentowno$¢ przemystu produkcji biodiesla. Argumentem stojagcym
za sensownos$cig nowych metod wykorzystania (bio)glicerolu jest takze coraz nizszy koszt

tego surowca (Rys. 1) [10,14].
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Rys. 1. Swiatowa produkcja biodiesla [10]

1.3. Sposoby waloryzacji glicerolu — zwiazku otrzymywanego ubocznie w procesie

produkcji biodiesla

Prowadzone w ostatnich latach badania nad reaktywnoscig glicerolu wykazaty,
ze zwigzek ten moze by¢ z powodzeniem przeksztalcany w wiele wartosciowych
chemikalidéw, co podsumowane zostato na Rys. 2 [12,13].

Jednymi z wazniejszych procesow transformacji glicerolu sga: 1) estryfikacja glicerolu
do odpowiednich octandw, ii) eteryfikacja glicerolu do eteréw tert-butylowych glicerolu
oraz iii) gliceroliza mocznika do weglanu glicerolu. Otrzymywane pochodne glicerolowe

maja szereg zastosowan przemyslowych, niemniej jednak wcigz brakuje dobrze
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opracowanych rozwigzan, ktore pozwolityby na efektywne otrzymywanie tych zwiazkow
na wigkszg skale. Wobec powyzszego niniejsza rozprawa doktorska skoncentrowana byla
na badaniach procesow waloryzacji glicerolu na drodze estryfikacji, -eteryfikacji
oraz glicerolizy mocznika w obecno$ci katalizatorow. Ogodlna charakterystyka tych proceséw
1 uzyskane wyniki badan katalitycznych zostaly szczegdétowo omodwione w kolejnych

rozdziatach tej pracy oraz w zalaczonych artykutach naukowych (P1-P5).
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Rys.2. Nowe metody przeksztalcania glicerolu [12,13]

1.3.1. Estryfikacja glicerolu do octanéw glicerolu

Reakcja estryfikacji glicerolu do octandéw moze by¢ realizowana z zastosowaniem
kwasu octowego lub bardziej reaktywnego bezwodnika octowego [15]. Uzycie bezwodnika
jest jednak mniej preferowane, gdyz surowiec ten jest stosowany do produkcji zwigzkow
chemicznych o dzialaniu narkotycznym, stad jego dostgpnos¢ w niektorych panstwach moze
by¢ ograniczona. Dodatkowo reakcja glicerolu z bezwodnikiem octowym jest silnie
egzotermiczna 1 trudna do kontrolowania [16,17]. W zwiazku z powyzZszym czynnikiem

estryfikujacym najczesciej jest kwas octowy.
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Proces estryfikacji glicerolu (G) za pomoca kwasu octowego (AA) wykazuje efekt
autokatalityczny i z tego wzgledu pewng konwersj¢ glicerolu mozna zaobserwowa¢ nawet
bez uzycia katalizatora [18]. Niemniej jednak, aby uzyskac¢ satysfakcjonujace wyniki, reakcje
zwyczajowo prowadzi si¢ w obecnosci katalizatora kwasowego, przy czym jego moc jest
kluczowa dla zapewnienia wysokiej wydajnosci procesu [17,19]. Produktami omawiangj
reakcji s3 monooctany, dioctany oraz trioctan glicerolu (odpowiednio: MAG, DAG oraz
TAG), ktére otrzymywane sg na drodze reakcji nastepczych (Rys. 3) [20]. Wszystkie
te zwiazki znajdujg szerokie zastosowanie w przemysle, m.in. w sektorze spozywczym,
kosmetycznym czy farmaceutycznym. Szczegodlnie pozadanymi pochodnymi sg jednak wyzej
podstawione produkty (DAG i1 TAG), ktore stosuje si¢ jako cenne dodatki paliwowe. DAG
i TAG m.in. poprawiajg parametry paliw (takie jak np. lepkos¢ 1 wiasciwosci
przeciwstukowe) oraz redukuja emisje szkodliwych substancji podczas spalania paliw

[17,19,21,22].
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Rys. 3. Schemat reakcji estryfikacji glicerolu za pomocgq kwasu octowego [20]
1.3.1.1. Katalizatory stosowane w procesie estryfikacji glicerolu

Zgodnie z dostgpnymi danymi literaturowymi najwyzsze wydajnosci octanow glicerolu
w reakcji estryfikacji glicerolu uzyskiwano w obecnosci kwasu siarkowego lub kwasu
p-toluenosulfonowego (TsOH) [15,23]. Na przyktad: Sun i wspotpracownicy [23] uzyskali
92,5 % wydajno§¢ TAG w obecnosci TsOH po 8 h reakcji w 120°C, stosujac stosunek
molowy reagentow G:AA = 1:6. Niemniej jednak zastosowanie ciektych kwasow wiaze si¢
z wieloma trudno$ciami wynikajacymi z ogolnych ograniczen katalizator6w homogenicznych
(np. problemy z oddzieleniem katalizatora od mieszaniny poreakcyjnej czy brak mozliwosci

powtornego uzycia). Klopotliwa moze okaza¢ si¢ roOwniez natura tych zwigzkow
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(np. wlasciwosci korozyjne, konieczno$¢ neutralizacji generujaca ogromne ilosci odpadow)
[22,24]. Sposobem na radzenie sobie z wyzej wymienionymi ograniczeniami jest
opracowanie odpowiednich systemow heterogenicznych.

Wsrod najefektywniejszych statych katalizatorow kwasowych testowanych w procesie
estryfikacji glicerolu za pomoca kwasu octowego znajdujg si¢ takie materialy jak: zeolity,
polimery kwasowe, zywice jonowymienne czy sulfonowane krzemionki [25,26,27,28].
Na przyklad: Mou 1 wspotpracownicy |[25] przygotowali staly kwas na bazie
polidiwinylobenzenu i wuzyskali 88 % wydajnos¢ DAG+TAG w zoptymalizowanych
warunkach reakcji, tj. po 3 h reakcji w 110 °C, stosujac 5 % wag. katalizatora (wzglgdem
masy glicerolu) oraz stosunek molowy reagentow G:AA =1:6. Z kolei Bedogni
1 wspotpracownicy [26] testowali komercyjny katalizator Amberlyst-36 1 osiagneli 98,8 %
konwersje glicerolu z 93 % wydajnoscia do produktéw DAG+TAG po 4 h reakcji w 120 °C
(G:AA = 1:6). Niestety, w tym przypadku autorzy zaobserwowali niecodwracalne zmiany
w skladzie testowanej probki po jej odzyskaniu, $wiadczace o stopniowym wymywaniu
sulfonowych grup funkcyjnych, odpowiedzialnych za aktywnos$¢ probki w procesie.
W zwiazku z powyzszym w kolejnych cyklach reakcyjnych odnotowano znaczaco gorsze
wyniki katalityczne. Gautam i wspolpracownicy [27] osiagnegli 98,3 % konwersje glicerolu
po 5 h reakcji w 120 °C, uzywajac w roli katalizatora procesu zeolit ZSM-5 modyfikowany
cerem. Niemniej jednak osiggnigcie tych imponujacych wynikdw wymagato zastosowania
dos¢ duzej ilosci katalizatora (8 % wag. wzgledem masy glicerolu) oraz znacznego nadmiaru
srodka estryfikujacego (9-krotnego). Popova 1 wspdlpracownicy [28] uzyskali catkowitg
konwersj¢ glicerolu oraz ~80 % selektywnos¢ do DAG+TAG w obecnos$ci sulfonowane;j
mezoporowatej krzemionki SBA-15 po 3 h procesu. Warto jednak zauwazy¢, ze osiagnigcie
tych satysfakcjonujacych wynikéw wymagato zastosowania wysokiej temperatury (130 °C),

a jej obnizenie skutkowato drastycznym spadkiem wydajnosci reakcji.
1.3.2. Eteryfikacja glicerolu do eter6w tert-butylowych glicerolu

Waznym procesem waloryzacji glicerolu jest takze jego eteryfikacja, prowadzaca
do eterow tert-butylowych glicerolu. Proces ten moze by¢ realizowany za pomocg izobutenu
(IB) Iub alkoholu tert-butylowego (TBA) jako $rodkéw eteryfikujacych [29,30]. Niemniej
jednak, ze wzgledow ekonomicznych i ekologicznych, preferowany jest wybor tego drugiego.
Co wigcej, stosowanie TBA jest bardziej praktyczne, gdyz uzycie IB (wystgpujacego w fazie
gazowej) wymaga specjalnego podejScia umozliwiajagcego mieszanie tego zwiazku

z glicerolem [30,31]. Omawiana reakcja, niezaleznie od stosowanego $rodka eteryfikujacego,
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najefektywniej zachodzi w obecnosci silnie kwasowych katalizatorow Brensteda
w podwyzszonej temperaturze, a produktami reakcji sa odpowiednie etery tert-butylowe
glicerolu (mono-, di-, lub tripodstawione; odpowiednio MTBGE, DTBGE lub TTBGE).
Zwiazki te (podobnie jak octany glicerolu) stanowig przyjazne dla srodowiska komponenty
paliwowe [29,32,33]. Tak jak w przypadku reakcji estryfikacji glicerolu, di- i tri-podstawione
pochodne otrzymywane sa3 w wyniku reakcji nastgpczych, jak przedstawiono na Rys. 4.
Ze wzgledu na dobrg mieszalnos¢ z paliwami (benzyna, dieslem lub biodieslem), zwigzki
wyzej podstawione (tj. DTBGE oraz TTBGE) sg szczego6lnie pozadanymi produktami reakcji
[29,33,34]. Niemniej jednak etery mono-tert-butylowe glicerolu, stosowane w odpowiedniej
mieszance z eterami di-tert-butylowymi i tri-tert-butylowym glicerolu lub przeksztatcone
w odpowiednie pochodne, rdwniez z powodzeniem moga by¢ wykorzystywane w sektorze
paliwowym [33,35]. Warto takze zauwazy¢, ze etery tert-butylowe glicerolu sa uwazane
za bardziej ekologiczne substytuty eteru metylowo-tert-butylowego (MTBE), waznego
komercyjnego dodatku paliwowego, ktorego neutralnos¢ $rodowiskowa w niektorych

panstwach jest kwestionowana [29,34,35].
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Rys. 4. Schemat reakcji eteryfikacji glicerolu za pomocg alkoholu tert-butylowego

Jednym z wazniejszych czynnikow wplywajacych na efektywna produkcje eterow
tert-butylowych glicerolu (TBGE) jest typ zastosowanego katalizatora (reakcja bez uzycia
katalizatora praktycznie nie zachodzi) [36]. Ze wzgledu na wspomniane juz wczesniej
trudnoS$ci zwigzane ze stosowaniem katalizatorow homogenicznych, w pracach poswigconych
eteryfikacji glicerolu szczeg6lng uwage koncentrowano na opracowaniu odpowiednich

katalizatorow heterogenicznych.
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1.3.2.1. Katalizatory stosowane w procesie eteryfikacji glicerolu

Jednym =z chetniej stosowanych w  eteryfikacji glicerolu stalych katalizatorow
kwasowych jest komercyjny katalizator Amberlyst-15 wykazujacy wysoka kwasowosé
(4,7 mmol/g), wynikajaca z obecnosci sulfonowych grup funkcyjnych (-SOszH) [37,38].
Gongalves 1 wspotpracownicy [32] wykazali, ze wykorzystujac ten materiat, po 4 h procesu
prowadzonego w temperaturze 120 °C, przy stosunku molowym reagentéw TBA:G réwnym
4:1 1 przy uzyciu 5 % wag. katalizatora (w przeliczeniu na mase¢ gliceryny), mozna uzyskaé
wydajno$¢ DTBGE+TTBGE wynoszacg okoto 12 %. Z kolei Estevez 1 wspotpracownicy [30]
testowali sulfonowane krzemionki hybrydowe i w przypadku najaktywniejszej probki
osiggneli 98 % konwersje glicerolu i okoto 28 % wydajnos¢ DTBGE+TTBGE (stosujac
5 % wag. katalizatora i temperature procesu wynoszaca 75 °C). Niemniej jednak w celu
osiggniecia tych wyr6zniajacych si¢ wynikoéw, autorzy musieli wydhuzy¢ czas reakcji
az do 24 h. Co istotne, w pracy zwrocono uwage na kluczowy wptyw kwasowosci
testowanych materiatéw oraz ich hydrofilowosci na postep reakcji. Z kolei Liu
1 wspotpracownicy [39] zastosowali w reakcji komercyjny katalizator NKC-9 (w ilosci
jedynie 0,5 % wag. wzglegdem masy glicerolu), co skutkowalo prawie 60 % konwersja
glicerolu i okoto 7 % wydajnoscia do najbardziej pozadanych eterow po 24 h reakcji
prowadzonej w temperaturze 80 °C. Co wazne, autorzy udowodnili, ze uzycie w reakcji TBA

zamiast B utrudnia przebieg reakcji niepozadanych.
1.3.3. Gliceroliza mocznika

Reakcja glicerolu z mocznikiem cieszy si¢ w ostatnim czasie coraz wigkszym
zainteresowaniem badaczy, co spowodowane jest kilkoma czynnikami. Po pierwsze, proces
ten wykorzystuje latwo dostgpne i tanie substancje odpadowe (poza glicerolem takze
dwutlenek wegla 1 amoniak, ktore wykorzystuje si¢ do produkeji mocznika) [40]. Po drugie,
reakcja umozliwia  przyjazng dla  $rodowiska  produkcje  weglanu  glicerolu
(4-(hydroksymetylo)-1,3-dioksolan-2-on; GC), czyli zwigzku, ktory ma szerokie
zastosowanie w przemysle, np. jako wysokowrzacy rozpuszczalnik polarny, potprodukt
w syntezie organicznej, a takze w produkcji poliweglanéw, poliuretanéw, Srodkow
powierzchniowo czynnych i kosmetykow [40,41,42]. W rezultacie gliceroliza mocznika
zastepuje 1nng metod¢ otrzymywania weglanu glicerolu, wykorzystujaca toksyczny
fosgen [42].

Reakcja otrzymywania weglanu glicerolu z glicerolu i mocznika zachodzi poprzez

wytworzenie produktu przejsciowego (karbaminian 2,3-dihydroksypropylu; GU), a etap ten,
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wedtug doniesien literaturowych, zachodzi samorzutnie z duza szybko$cig. Efektywne
przeksztatcenie GU do weglanu glicerolu wymaga juz jednak uzycia katalizatora [42,43].
Dla przyktadu: Hammond 1 wspoipracownicy [42] osiggneli w reakcji glicerolu
z mocznikiem prowadzonej w temperaturze 150 °C bez uzycia katalizatora do$¢ znaczng
konwersj¢ glicerolu wynoszaca ok. 60 % i jedynie 36 % selektywnos$¢ do GC po 4 h. Nalezy
réwniez wspomnie¢, ze w procesie glicerolizy mocznika mozliwe jest takze zachodzenie
reakcji ubocznych [44,45]. Schemat reakcji otrzymywania GC z uwzglednieniem wszystkich

mozliwych reakcji ubocznych przedstawiono na Rys. 5.
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Rys. 5. Schemat reakcji glicerolu z mocznikiem oraz mozliwe produkty uboczne [44,45]

Jednym ze sposobow radzenia sobie z ww. trudno$ciami (i w konsekwencji zwigkszenia
wydajnosci weglanu glicerolu) jest opracowanie selektywnego katalizatora reakcji oraz dobor
odpowiednich warunkéw procesu. Wedtug doniesien literaturowych mozliwych jest kilka
mechanizmow reakcji glicerolu z mocznikiem (w zalezno$ci od uzytego katalizatora),
tj. proces moze zachodzi¢ w obecnosci: 1) katalizatoréw z kwasowymi miejscami aktywnymi
Lewisa, 11) katalizatorow z zasadowymi miejscami aktywnymi Lewisa lub i1i1) z udzialem
katalizatora dwufunkcyjnego [40,46,47,48]. Istotnym parametrem determinujagcym wydajnos¢
procesu jest takze temperatura. Wedlug doniesien literaturowych zbyt niska utrudnia
aktywacje reagentow do reakcji, a zbyt wysoka poteguje zachodzenie reakcji ubocznych
[43,45,47].
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1.3.3.1. Katalizatory stosowane w procesie glicerolizy mocznika

W procesie glicerolizy mocznika najlepsze rezultaty uzyskiwano w obecnosci
katalizatora typu LaCl; (95,4 % konwersja glicerolu i niemal 100 % selektywnos¢ do GC)
lub ZnCl: (80,2 % wydajnos¢ GC z 99,7 % selektywnoscia do tego produktu). Warto jednak
wspomnie¢, ze wedlug dostgpnych raportéw, procesy z uzyciem wskazanych wyzej
katalizatorow zachodza na drodze homogenicznej [43,49]. Z tego wzgledu obecnie
prowadzone badania skupiajg si¢ na probach opracowania nowych aktywnych ukladow
heterogenicznych dla reakcji glicerolu z mocznikiem. Na przyktad: Wang 1 wspotpracownicy
[48] testowali w procesie glicerolizy mocznika stale tlenki lantanu i1 udowodnili,
ze odpowiednia aktywacja probki w temperaturze 600 °C skutkowala wygenerowaniem
imponujacej aktywnosci katalizatora, umozliwiajaca uzyskanie ~90 % wydajnosci GC po 4 h
reakcji prowadzonej w 140 °C. Ponadto autorzy zaprezentowali ciekawy sposob
odprowadzania amoniaku ze srodowiska reakcyjnego z wykorzystaniem prézni. Zastosowane
rozwigzanie skutkowalo przesunigciem réwnowagi reakcji w kierunku tworzenia weglanu
glicerolu z jednoczesnym ograniczeniem zachodzenia niepozadanych reakcji ubocznych.
Kondawar 1 wspolpracownicy [S0] testowali wiasciwos$ci katalityczne serii mezoporowatych
krzemionek MCM-41 zawierajacych metale przejsciowe (Cu, Ni i Zn). Najlepiej pracujaca
probka (Zn/MCM-41) pozwolita na osiagniecie 75 % konwersji glicerolu z 98 %
selektywnoscia do GC. Co ciekawe, autorzy udowodnili, Ze istotny wplyw na przebieg
procesu miata odpowiednia dystrybucja miejsc kwasowych i zasadowych w testowanych
uktadach katalitycznych. Z kolei Charate 1 wspolpracownicy [51] przygotowali
heterogeniczne uklady typu CuO-ZnO 1 pokazali, ze zastosowanie odpowiedniego stosunku
Cu do Zn w katalizatorze i odpowiednich warunkéw kalcynacji pozwala uzyska¢ znakomita
konwersje glicerolu (86 %) 1 100 % selektywnos¢ do GC. Ponadto otrzymany katalizator byt
w petni zdolny do ponownego uzycia w kolejnych cyklach reakcyjnych mimo pewnych
doniesien o homogenicznym przebiegu glicerolizy mocznika w obecnosci katalizatorow

zawierajacych cynk [52].
1.4. Stale katalizatory na bazie wegla w procesach waloryzacji glicerolu

Jak wspomniano w poprzednich rozdziatach, w omawianych procesach waloryzacji
glicerolu przetestowano wiele katalizatorow heterogenicznych, wsrod ktorych znalazty sig
m.in. zeolity, polimery kwasowe, zywice jonowymienne, sulfonowane krzemionki,
heteropolikwasy czy uklady zawierajace metale lub ich tlenki. Nalezy jednak podkresli¢,

ze niektore z proponowanych katalizatorow, ze wzgledu na wysokie koszty lub ztozona
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procedure otrzymywania, sktadajaca si¢ z wielu czasochtonnych etapow, nie sg szczegdlnie
atrakcyjne. W niektérych przypadkach odnotowano takze niskg stabilno$¢ miejsc aktywnych,
ograniczajacg mozliwos$¢ powtdrnego uzycia.

Godng uwagi alternatywa dla ww. katalizatorow transformacji glicerolu sg katalizatory
weglowe, ktore posiadaja szereg atrakcyjnych cech. Przede wszystkim, materialy weglowe
sa zazwyczaj odporne na dziatanie wysokiej temperatury i potencjalnych zanieczyszczen [53].
Co wiegcej, moga by¢ otrzymywane z szerokiej gamy surowcow, rowniez substancji
odpadowych, co umozliwia ich preparatyke niskim kosztem. Warto réwniez wspomniec,
ze dobdr odpowiedniej procedury syntezy pozwala na uzyskanie probek o okre§lonej
morfologii i parametrach teksturalnych. Co istotne, materialy weglowe daja si¢ wzglednie
tatwo modyfikowaé, co umozliwia wprowadzenie na ich powierzchni¢ grup funkcyjnych
o okreslonym charakterze chemicznym (kwasowym lub zasadowym) [37,53,54,55]. Niektore
typy wegli (np. wegle aktywne czy nanorurki weglowe) charakteryzuja si¢ duza powierzchnia
wlasciwa, co ma istotne znaczenie w przypadku ich zastosowania w roli no$nika fazy
aktywnej, takiej jak np. metale lub ich tlenki [53,54,55]. Wreszcie, materialty we¢glowe moga
by¢ tatwo oddzielane od mieszaniny reakcyjnej 1 wykorzystywane w kolejnych cyklach

reakcyjnych [37].
1.4.1. Estryfikacja glicerolu do octanow w obecnosci katalizatorow na bazie wegla

Jedna z naszych poprzednich prac (nie wchodzaca w sklad niniejszej rozprawy
doktorskiej) zawiera wyniki Kkatalityczne uzyskane w reakcji estryfikacji glicerolu
przy zastosowaniu materialdw weglowych otrzymanych z cukrow w procesie jednoczesnej
karbonizacji 1 sulfonowania w temperaturze 180 °C, i w obecno$ci stezonego kwasu
siarkowego(VI). W przypadku najlepiej pracujacego katalizatora (otrzymanego ze skrobi)
osiggnigto prawie 100 % konwersj¢ glicerolu i 71 % laczng wydajnos$¢ di- i trioctanow
glicerolu juz po 2h reakcji w 110°C 1 przy uzyciu stosunku molowego reagentow
G:AA =1:6. Co wigcej, probka byla w petni zdolna do ponownego uzycia i stabilna
przez przynajmniej 4 cykle reakcyjne [56]. Z kolei Perez 1 wspotpracownicy [57]
przetestowali w procesie estryfikacji surowego glicerolu kwasem octowym sulfonowany
wegiel otrzymany z tupin orzechow ziemnych (aktywowany za pomoca KOH). Autorzy
uzyskali 99 % konwersje glicerolu z 70,6 % sumaryczng selektywnosciag do DAG 1 TAG
po 4h reakcji w 120 °C, wykorzystujac 6-krotny nadmiar czynnika estryfikujacego.
W literaturze dostgpne sa rowniez doniesienia o zastosowaniu katalizatorow weglowych

na bazie grafenu. Na przyktad: Hidayati 1 wspolpracownicy [S8] testowali tlenek grafenu

40



1 uzyskali wysoka konwersje glicerolu (~89 %) wraz z sumaryczng selektywnoscig
do DAG+TAG wynoszaca ~53 % po 2 h reakcji w 120 °C, wykorzystujac 9-krotny nadmiar
srodka estryfikujacego 1 dodatek 5 % wag. katalizatora wzglegdem masy glicerolu. Autorzy
zasugerowali jednak, ze wymagane sg dodatkowe badania, majace na celu zwickszenie
stabilno$ci testowanego katalizatora w kolejnych cyklach reakcyjnych. Z kolei Riascos
1 wspolpracownicy [59] badali aktywno$¢ katalityczng chemicznie redukowanego tlenku
grafenu, funkcjonalizowanego generowang in situ solg diazoniowa. Autorzy uzyskali 92 %
konwersje glicerolu po 2 h reakcji w 110 °C, wykorzystujac 9-krotny nadmiar s$rodka
estryfikujacego i 5 % wag. katalizatora (wzgledem masy glicerolu). W tym przypadku testy
ponownego uzycia potwierdzity, ze aktywnos$¢ probki po 2 cyklach reakcyjnych znaczaco
spadta, a w trzecim konwersja glicerolu (~56 %) zblizona byla do wynikéw uzyskanych

w reakcji bez uzycia katalizatora.

1.4.2. Eteryfikacja glicerolu do eteré6w tert-butylowych w obecnosci Kkatalizatorow

na bazie wegla

Proces eteryfikacji glicerolu za pomocg alkoholu tert-butylowego i katalizatorow
weglowych badany byt relatywnie rzadko. Gongalves 1 wspoipracownicy [32] prowadzili
badania w obecnosci sulfonowanego wegla otrzymanego z wyttokow z trzciny cukrowe;j
i osiagneli ~80 % konwersje glicerolu juz po 4 h reakcji w temperaturze 120 °C. W tym
przypadku selektywno$¢ do DTBGE+TTBGE wyniosta ~21,3 %. Co istotne, autorzy
zaobserwowali, ze dalszy wzrost temperatury reakcji (powyzej 120 °C) promowal proces
de-eteryfikacji, a w konsekwencji znaczny spadek konwersji glicerolu. Galhardo
1 wspotpracownicy [60] otrzymali sulfonowany wegiel z tusek ryzowych 1 osiagneli 53 %
konwersje glicerolu z 13,2 % wydajnoscia DTBGE+TTBGE po 4 h reakcji w 120 °C,
uzywajac 5 % wag. katalizatora (wzgledem masy glicerolu). Co wigcej, autorzy udowodnili,
ze ubocznie produkowana w reakcji woda nie powodowala dezaktywacji testowanego
katalizatora. Z drugiej strony, Miranda 1 wspolpracownicy [61] badali aktywnos¢
sulfonowanego komercyjnego wegla aktywnego w omawianym procesie. Przeprowadzone
testy potwierdzily umiarkowang aktywno$¢ tej probki, skutkujaca jedynie 35 % konwersja
glicerolu 1 7% wydajnoscia DTBGE+TTBGE po 10h reakcji. Odnaleziono réwniez
wzmianke o zastosowaniu sulfonowanego tlenku grafenu, ktory dos¢ efektywnie przeksztatcat
glicerol, dajac 50 % konwersje glicerolu i ~11 % sumaryczng wydajnos¢ DTBGE 1 TTBGE
po 10 h reakcji w 90 °C. Warto jednak wspomnie¢, ze w tym przypadku zastosowano do$é¢

duza ilo$¢ katalizatora (7,5 % wag. wzgledem masy glicerolu).
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1.4.3. Gliceroliza mocznika w obecnosci katalizatoréw na bazie wegla

Generalnie proces glicerolizy mocznika byt dotychczas prowadzony gltownie
w obecno$ci metali badz ich tlenkoéw lub soli, stosowanych samodzielnie badz osadzonych
na réznego rodzaju nos$nikach, gldwnie nieorganicznych [42-52,62—-64]. Przeprowadzony
przeglad literatury ujawnit tylko jedng wzmianke o zastosowaniu materialu weglowego
w reakcji glicerolizy mocznika, przy czym probka ta byta uzywana jako nos$nik fazy aktywnej
(konkretnie ztota) [42]. W tym przypadku uzyskano 66 % konwersj¢ glicerolu oraz 34 %
selektywno$¢ do weglanu glicerolu. Niemniej jednak brak jest jakichkolwiek informacji
na temat zalezno$ci miedzy wlasciwosciami fizykochemicznymi uzytego uktadu a jego
aktywno$cia w badanym procesie oraz ewentualnego wplywu zastosowanego nos$nika

weglowego na przebieg reakcji.
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Tematyka podjeta w ramach realizacji niniejszej rozprawy doktorskiej dotyczyta badan
zwigzanych z wybranymi procesami waloryzacji glicerolu, tj. estryfikacji glicerolu kwasem
octowym, eteryfikacji glicerolu za pomocag alkoholu tert-butylowego oraz glicerolizy
mocznika.

Jak wynika z przedstawionego przegladu literaturowego, wspomniane reakcje
waloryzacji glicerolu najefektywniej zachodza w obecnosci katalizatorow homogenicznych.
Niemniej jednak celem wyeliminowania ograniczen typowych dla tego typu ukladow,
w ostatnich latach naukowcy swoja uwage skupiajg na opracowaniu skutecznych
katalizatorow heterogenicznych dla reakcji konwersji glicerolu. Szczegdlnie interesujace
wydaje si¢ zastosowanie materiatow weglowych jako katalizatorow omawianych procesow.
Wsrod dotychczas przetestowanych w estryfikacji 1 eteryfikacji glicerolu oraz glicerolizie
mocznika katalizatorow weglowych znalazty si¢ przede wszystkim proste uktady
otrzymywane z biomasy lub substancji odpadowych, gléwnie o strukturze amorficzne;.
Natomiast analiza doniesien literaturowych dowiodla, iz niewiele jest publikacji dotyczacych
badan aktywnos$ci katalitycznej zaawansowanych materialow weglowych, takich
jak np. probki na bazie grafenu, witokna czy rurki weglowe. Tymczasem Guan
1 wspdlpracownicy [65] odnotowali bardzo wysoka aktywno$¢ sulfonowanych nanorurek
weglowych w podobnych procesach, np. produkcji biodiesla z trilauryny i etanolu. Uzyskana
przez autorow wydajno$¢ reakcji byla pordwnywalna do otrzymanej w obecnosci kwasu
siarkowego(VI). Warto rowniez zaznaczy¢, ze w wielu pracach badawczych wskazywano
na pozytywny wpltyw mobilnosci elektronow w materialach na bazie grafenu na aktywnos¢
probek wskutek utatwionego transferu elektronow podczas reakcji katalitycznych [66,67].

Majac na uwadze wzmiankowane wczesniej zalety katalizatorow weglowych
oraz fakt, iz materiaty te byly stosunkowo rzadko testowane w roli katalizator6w procesoéw
waloryzacji glicerolu, celem niniejszej pracy bylo opracowanie ukladéw weglowych
o zaawansowane] strukturze (takich jak funkcjonalizowane pochodne grafenu, nanorurki
lub wtokna weglowe) oraz zbadanie ich wlasciwosci katalitycznych w wybranych reakcjach
konwersji glicerolu do warto$ciowych chemikaliéw. Biorac pod uwage fakt, Zze tego typu
materialy posiadaja do$¢ ,,sztywna” strukture oporng na wszelkiego rodzaju funkcjonalizacje
powierzchni (w pordéwnaniu z innymi rodzajami materialow weglowych, np. weglami
aktywnymi) [68,69] podjete dziatania obejmowaly rowniez proby zwiekszenia podatnosci
wybranych materialdow na modyfikacje. Realizacja powyzszego celu obejmowata nastgpujace

zadania badawcze:

45



1) Otrzymanie serii zaawansowanych katalizatorow weglowych o zroznicowanej budowie
i pozgdanym charakterze chemicznym powierzchni.

2) Szczegotowa charakterystyka fizykochemiczna uzyskanych materiatow.

3) Testy katalityczne z udziatem otrzymanych probek w wybranych procesach waloryzacji
glicerolu.

4) Testy ponownego uzycia dla wybranych materiatow.

5) Okreslenie zaleznosci pomiedzy wlasciwosciami fizykochemicznymi badanych wegli

a ich aktywnoscig katalityczng w wybranych reakcjach waloryzacji glicerolu.
Realizacja tych zadan pozwolila na udzielenie odpowiedzi na postawione pytania badawcze:

1) Jakie warunki i czynniki modyfikujgce bedq skutkowaly najefektywniejszq
Sfunkcjonalizacjq uzyskanych materiatow weglowych?

2) Jakie warunki prowadzenia proponowanych reakcji waloryzacji glicerolu sq optymalne
w przypadku uzycia otrzymanych probek weglowych?

3) Czy istnieje zaleznos¢ miedzy  parametrami  fizykochemicznymi  uzyskanych
katalizatorow weglowych a ich aktywnoscig w badanych procesach?

4) Czy otrzymane katalizatory dzialajg bez utraty aktywnosci w przypadku ponownego
ich uzycia?

Uzyskane wyniki zaprezentowano w formie spdjnego tematycznie cyklu artykulow

opublikowanych w czasopismach naukowych (P1-P5).
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2. Materialy weglowe testowane w wybranych procesach konwersji

glicerolu

W niniejszej rozprawie doktorskiej zastosowano rézne typy materialdw weglowych
w roli katalizator6w wybranych proceséw waloryzacji glicerolu, tj. estryfikacji glicerolu
kwasem octowym, eteryfikacji glicerolu za pomocg alkoholu tert-butylowego oraz glicerolizy

mocznika. Ponizej przedstawiono ogélny opis preparatyki testowanych probek.
2.1. Termicznie redukowany tlenek grafenu o wlasciwosciach kwasowych

Badania zwigzane z termicznie redukowanym tlenkiem grafenu (TRGO)
zaprezentowano w publikacji P1. Powyzszy materiat otrzymano na drodze szoku termicznego
tlenku grafenu (otrzymanego metoda Hummersa z grafitu). Zabieg ten miat na celu zar6wno
zwigkszenie stabilno$ci probki, jak i wygenerowanie nowych defektow w strukturze
materialu, podatnych na funkcjonalizacje [70]. Probke wyjsciowa nastgpnie
funkcjonalizowano za pomoca stgzonego kwasu siarkowego(VI), generowanej in situ soli
diazonowej (BDS) lub kwasu fosforowego(V), celem nadania materiatlowi wlasciwosci

kwasowych.

2.2. Sulfonowane wlokna weglowe otrzymane z izobutanu lub etylenu w procesie

CCVD

Wiokna weglowe zostaty otrzymane z izobutanu (CFiuu) lub etylenu (CFe) w procesie
CCVD (z ang. catalytic chemical vapor deposition), z wykorzystaniem niklu jako katalizatora
wzrostu materialu  weglowego. Otrzymany material nastgpnie funkcjonalizowano
z zastosowaniem roznych S$rodkow sulfonujacych, tj. stezonego kwasu siarkowego(VI)

lub generowane;j in situ soli diazoniowej (BDS) [P2].
2.3. Funkcjonalizowane komercyjne nanorurki weglowe

W badaniach zastosowano dwa rodzaje komercyjnych nanorurek weglowych
roéznigcych si¢ czystoscig (w zwigzku z tym réwniez ceng). Uwzgledniono czyste CNTnc3100
(%C <98 %) oraz zawierajace metaliczne zanieczyszczenia CNTncrooo (%C =~90 %).
Wybrang probke (CNTncro0) poddano rowniez obrobce mechanicznej z zastosowaniem
mtyna kulowego w celu wygenerowania nowych krawedzi podatnych na funkcjonalizacje.
Probki CNT nastepnie modyfikowano z zastosowaniem roéznych czynnikéw sulfonujacych,
tj. kwasu siarkowego (stezony, dymigcy lub 5 M roztwér; stosowany samodzielnie

lub w obecnosci glukozy) lub generowanej in situ soli diazoniowej [P4 1 P5].
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2.4. Wlékna weglowe otrzymane z gazu LPG w roli no$nika tlenkow wybranych metali

Materiat weglowy (CF) otrzymano metoda CCVD z zastosowaniem gazu LPG
jako zrédta wegla oraz metalicznego niklu jako katalizatora. Otrzymang probke nastepnie
wykorzystano w roli no$nika fazy aktywnej, jaka byty tlenki wybranych metali (Ba, Cr, Mg
lub Zn), ktore zostaly naniesione technika impregnacji zwilzeniowe] z zastosowaniem
azotanow odpowiednich metali w roli prekursora fazy tlenkowej oraz odpowiedniej obrébki

termicznej [P3].
3. Charakterystyka przygotowanych katalizatorow

Jednym z istotniejszych etapow prac byly szczegdtowe analizy fizykochemiczne
przygotowanych katalizatorow pozwalajace na dokladnie okreslenie wiasciwosci probek,
a takze powigzanie parametrow fizykochemicznych uzytych katalizatorow weglowych
z ich aktywnoscig katalityczng w badanych reakcjach.

W celu ustalenia skladu pierwiastkowego (C, H, N, S, P) badanych probek
przeprowadzono analiz¢ elementarng. Zawarto$¢ popiotu okreSlono jako pozostatosé
po spaleniu materialu w 850 °C w atmosferze powietrza. Analiz¢ miareczkowg (w tym
przypadku potencjometryczne miareczkowanie odwrotne) wykorzystano w celu oznaczenia
kwasowosci catkowitej (stgzenia miejsc kwasowych Brensteda) badanych wegli. Metody
mikroskopowe, tj. transmisyjna mikroskopia elektronowa (TEM) oraz skaningowa
mikroskopia elektronowa (SEM), umozliwily zbadanie morfologii preparowanych
materiatow. Z kolei pomiary adsorpcji/desorpcji N> w temperaturze -196 °C umozliwily
analiz¢ wlasciwosci teksturalnych przygotowanych probek. Stabilno$¢ termiczna wegli
lub wprowadzonych na ich powierzchni¢ grup funkcyjnych zostala zbadana przy pomocy
analizy termograwimetrycznej (TG), przeprowadzonej w przeplywie powietrza lub azotu,
w zakresie temperatur 20—1000 °C. Badania rentgenowskiej spektroskopii fotoelektronow
(XPS) wykonano w celu okreslenia charakteru chemicznego powierzchni testowanych
katalizatorow. SzczegOlowe informacje na temat struktury chemicznej 1 krystaliczno$ci
uzyskano przy pomocy spektroskopii Ramana oraz pomiaréw dyfrakcji rentgenowskiej

(XRD).
4. Testy katalityczne

Przygotowane materialy wegglowe zastosowano w roli katalizatoréw wybranych

proceséw waloryzacji glicerolu do warto§ciowych chemikaliow.
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Procesy prowadzono stosujac odpowiedni reaktor i okreslone warunki reakcji. Probki
mieszaniny poreakcyjnej pobierano w okreslonych odstepach czasowych i1 analizowano
przy pomocy chromatografii gazowej we wczesniej zoptymalizowanych warunkach
pomiarowych. Takie podejscie umozliwito doktadne $ledzenie postepow badanych procesow
w czasie. Efektywno$¢ przeprowadzonych reakcji oceniono na podstawie nastepujacych
parametrow: konwersja glicerolu (Xg), wydajno$¢ (Y) produktow lub selektywnos¢ (S)
do konkretnych produktow reakcji. W celach porownawczych niektére procesy
przeprowadzono rowniez w obecnosci komercyjnych katalizatoréw, takich jak Amberlyst-15
(eteryfikacja glicerolu) i ZnSO4 (gliceroliza mocznika). Dla wybranych probek (najlepiej
pracujacych w danym procesie) dokonano optymalizacji warunkow reakcji (tj. temperatury,
stosunku molowego reagentow i/lub ilosci uzytego katalizatora) oraz przeprowadzono testy
ponownego uzycia, na podstawie ktorych oceniono stabilnos$¢ tych materiatdéw. Ostatecznie
okreslono zalezno$¢ pomigdzy wlasciwosciami fizykochemicznymi badanych materiatow

a ich aktywnos$cig w wybranych procesach waloryzacji glicerolu.
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5. Wlasciwosci fizykochemiczne otrzymanych materialow weglowych
5.1. Probki wyjsciowe
5.1.1. Termiczenie redukowany tlenek grafenu

W wyniku przeprowadzonej syntezy otrzymano mezoporowaty material o do$¢
wysokiej powierzchni wlasciwej (617 m%/g) i ptatkowej strukturze, typowej dla materiatow
na bazie grafenu. Morfologi¢ otrzymanej probki potwierdzily badania wykonane

skaningowym mikroskopem elektronowym, a otrzymany wynik przedstawiono na Rys. 6.

i Boid b sk . ;
5.0kV 7.6mm x25.0k SE(M) 2 1.00um

Rys. 6. Zdjecia SEM termicznie redukowanego tlenku grafenu

5.1.2. Wlokna weglowe otrzymane z izobutanu lub etylenu

W obu przypadkach potwierdzono obecno$¢ wiokien weglowych o roéznej $rednicy,
sktadajacych si¢ z warstw weglowych ulozonych rownolegle do siebie i prostopadle do osi
wlokna (uktad platelet), jak przedstawiono na Rys. 7. Prébki prezentowaly umiarkowang

powierzchnie wlasciwa (tj. 115 m?/g dla CFi.y oraz 174 m*/g dla CFe) oraz wysoka stabilno$é

Co wazne, struktura probki otrzymanej z etylenu charakteryzowala si¢ wigkszym

stopniem uporzadkowania. Zostatlo to potwierdzone wynikami analiz TEM-HR, XRD
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oraz wykonanym widmem Ramana. W otrzymanych obrazach TEM (Rys. 7) zaobserwowano

rowniez niewielka ilo$¢ nanorurek weglowych obecnych w przypadku obu materiatow.
5.1.3. Komercyjne nanorurki weglowe

Przeprowadzone analizy materialu  wyjSciowego  wykonane transmisyjnym
mikroskopem elektronowym potwierdzily obecno$¢ wielosciennych nanorurek weglowych
o zblizonej $rednicy (Rys. 8), wystepujacych w postaci splatanych wigzek. Potwierdzono,
7ze CNTnc3i00 s3 wolne od zanieczyszczen. Z kolei CNTnc7o00 zawieraja metaliczne czastki
uwig¢zione wewnatrz nanorurek, jak zaprezentowano na Rys. 8B. Ustalono, ze badane probki
posiadaja umiarkowang powierzchnie wlasciwa (406 m*/g oraz 243 m?/g, odpowiednio
dla CNTncsi00 oraz CNTnc7000) oraz wysoka stabilno$¢ termiczng (do ~500 °C), co jest

charakterystyczne dla materiatow o uporzadkowanej strukturze [71].

o |
Rys. 8. Zdjecia TEM prébek CNTncsioo (A) 0raz CNTncrooo (B)

Co wiecej, udowodniono, ze obrébka mechaniczna CNTnc7o00 z zastosowaniem miyna
kulowego skutkowala zwiekszeniem powierzchni wiasciwej probki (z 243 m?/g
dla CNTncrooo do 286 m?/g dla CNTnc7ooo-8m), najprawdopodobniej w wyniku znacznego
rozdrobnienia wigzek nanorurek weglowych na mniejsze czastki i w konsekwencji tamania
pojedynczych wiokien na mniejsze [72,73]. Wplyw mielenia probki CNTnc7o00 na morfologie
tego materialu zaprezentowano na Rys. 9. Wazne jest, ze przeprowadzona analiza TEM-HR
udowodnita, iz obrobka mechaniczna nie spowodowato znacznych zmian w strukturze CNT
(zaobserwowano jedynie niewielkie deformacje), co zostalo dodatkowo potwierdzone

w wykonanych widmach Ramana.
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5.1.4. Wloknisty material weglowy otrzymany z gazu LPG

W wyniku przeprowadzonego procesu CCVD otrzymano materiat weglowy (CF)
sktadajacy si¢ z witokien o réznych $rednicach, wystepujacych w postaci zbitych wiazek,
jak przedstawiono na Rys. 10. Probka charakteryzowata si¢ umiarkowang powierzchnig

wlasciwg (259 m*/g) oraz wysokg stabilnoécig termiczng (do ~500 °C).

e B

A

k 1

5.2. Probki modyfikowane
5.2.1. Funkcjonalizowane materialy weglowe
5.2.1.1. Modyfikacje wegli za pomoca kwasu siarkowego(VI)

Preparatyka wigkszos$ci materiatow testowanych w pracy miala na celu wprowadzenie
na powierzchni¢ wegla okreslonych grup funkcyjnych, nadajacych probkom odpowiednie
wlasciwosci chemiczne. W zwigzku w tym, ze materialy dedykowane dla procesow
estryfikacji 1 eteryfikacji glicerolu wymagaja obecnos$ci ugrupowan kwasowych,
przeprowadzone modyfikacje koncentrowaly si¢ na wprowadzaniu na powierzchni¢ probek

ugrupowan zawierajacych siarke i/lub fosfor. Na Rys. 11 zaprezentowano wyniki analizy
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elementarnej uzyskane dla surowych oraz funkcjonalizowanych st¢zonym kwasem
siarkowym(VI) probek, tj. TRGO, CFet, CFipu, CNTnc3100 0raz CNTne7000.

Jak pokazano na rysunku, wszystkie otrzymane niemodyfikowane materialty weglowe
zawieraly glownie wegiel (~83-98 %), ktorego zawarto§¢ byla silnie skorelowana
z zastosowang metoda preparatyki. Termicznie redukowany tlenek grafenu charakteryzowat
si¢ réwniez do$¢ wysoka zawartoscig tlenu, mimo ze metoda otrzymywania tego materialu
uwzgledniala szok termiczny w temperaturze 800 °C. Wysoka zawarto§¢ O mogta wynikac
z krotkiego czasu obrobki termicznej lub wysokiej stabilnosci powierzchniowych grup
funkcyjnych TRGO. Z kolei widkna oraz nanorurki weglowe zawieraly zdecydowanie nizsza
zawarto$¢ heteroatomow, co wynikalo z zastosowania weglowodorow jako zrodta wegla
w procesie CCVD. Probka TRGO zawierala rowniez 2 % siarki, ktorej obecno$¢

najprawdopodobniej wynikata z pozostatosci nieodmytych reagentow w strukturze materiatu.
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Rys. 11. ZawartoS¢ poszczegolnych pierwiastkéw oraz popiotu w probkach modyfikowanych kwasem siarkowym

Sulfonowany za pomocg kwasu siarkowego(VI) termicznie redukowany tlenek grafenu
(TRGO_H»SO4) charakteryzowatl si¢ podwyzszong zawarto$cig tlenu, wynikajaca
najprawdopodobniej z  utleniajacych  wlasciwosci  kwasu  siarkowego  [74,75]
(oraz pierwotnych wlasciwosci zastosowanego materiatu). Co wigcej, w przypadku tej probki
zaobserwowano obnizong w stosunku do materialu wyjSciowego zawartos¢ siarki.
Zaproponowano, ze Ww trakcie modyfikacji z H>SOs4 doszto najprawdopodobnie;j
do wymywania pozostatosci nieodmytych wczesniej reagentow z jednoczesnym
wprowadzaniem nowych grup funkcyjnych zawierajacych siarke. Udowodniono takze,

ze otrzymane z roéznych prekursoréw wildkna weglowe prezentuja ro6zng podatnosé
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na funkcjonalizacje, tj. modyfikacja CFe zachodzita efektywniej niz w przypadku CFipu.
W wyniku traktowania probek H»>SO4 otrzymano materialy zawierajace 0,4 % 1 0,6 % S,
odpowiednio dla CFipy H2oSOs 1 CFee. H2SO4. Ponadto uzyskane wyniki ujawnity takze dos¢
duza zawartos¢ tlenu w CFe. HoSOs4, sugerujac rowniez wigksza podatnos¢ tego materiatu
na utlenianie. Z kolei w przypadku nanorurek weglowych, przeprowadzone modyfikacje
skutkowaly wprowadzeniem 0,5 % siarki do struktury materialu (zaréwno w przypadku
czystych CNTnczi00 (probka CNTnc3100-H2SO4(conc.)-180-20h), jak 1 zanieczyszczonych
CNTnc7000 (probka CNTnc7000-H2SO4(conce.)-180-20h)).

Nalezy zaznaczy¢, ze wykonanie analizy elementarnej nie daje zadnych informacji
na temat rodzaju ugrupowan, w jakich wystepuja wprowadzane heteroatomy. Jedng z metod
umozliwiajacych identyfikacj¢ rodzaju grup na powierzchni wegli jest analiza XPS.

Na Rys. 12 przedstawiono przyktadowe widma XPS S 2p dla wybranych materiatow.

A) TRGO_H2S04 B) CNT, ,,,0-H,SO,(conc.)-180-20h

-SO;H -SO,H
O :O
.8 8
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[z 2
o g8
c £
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Rys. 12. Wysokorozdzielcze widma XPS S 2p wybranych modyfikowanych prébek weglowych

Przedstawione dane wskazuja, zZe otrzymane materialy posiadaja ugrupowania
zawierajace siarke w r6znej formie. To znaczy, w TRGO H>SO4 (Rys. 12A) zaobserwowano
dominujacy udzial ugrupowan C-S (62 %; wynikajacy z pierwotnego charakteru probki)
oraz niewielki grup -SOsH (38 %). Inaczej sytuacja wygladata w przypadku materiatu
CNTnc7000-H2SO4(conce.)-180-20h (Rys. 12B), w przypadku ktorego siarka wystgpowata
jedynie w postaci sulfonowych grup funkcyjnych. Podobnie bylo w przypadku préobki
CNTnc3100-H2SO4(conc.)-180-20h (widmo niepokazane).

W zwigzku z tym, ze skuteczno$¢ funkcjonalizacji badanych wegli kwasem siarkowym
byta stosunkowo niska, w kolejnym etapie prac skupiono si¢ na probach zwigkszenia
efektywnosci sulfonowania. Do testow wykorzystano komercyjne nanorurki weglowe

CNTnc7o00, charakteryzujace si¢ jednorodng strukture, co ulatwilo ocene uzyskanych
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wynikow. Wazne jest to, ze owe probki byly duzo tansze niz czyste CNTwnc3zioo,
a w konsekwencji bardziej dostgpne.

Z przedstawionych na Rys. 13 danych wynika, Zze zastosowanie wstepnej obrobki
mechanicznej] CNTnc7000 z wykorzystaniem mtyna kulowego prowadzito do otrzymania
probki CNTnc7o00-8M 0 praktycznie niezmienionym skladzie pierwiastkowym w stosunku
do CNTnc7000 (Rys. 11).

Blc | HIENEEsEEOo[__ |Popist
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T T T T T T T T T

T T
75 80 85 90 95 100

Skiad pierwiastkowy [%]

Rys. 13. Wyniki EA probek modyfikowanych kwasem siarkowym lub oleum z zastosowaniem dodatkowych
modyfikacji (mielenie za pomocq mtyna kulowego materiatu wyjsciowego i/lub zastosowanie glukozy w procesie
modyfikacji)

Istotny jest fakt, ze zastosowany zabieg skutkowat zwigkszeniem podatnosci nanorurek
weglowych na funkcjonalizacje za pomoca stgzonego H2SOs, a ilo§¢ wprowadzonej siarki
wyniosta 0,6 % w probce CNTnc7o000-8M-H2SO4(conce.)-180-20h (czyli o 0,1 % wigcej
niz w przypadku CNTnc7000-H2SO4(conc.)-180-20h). Co wigcej, wykorzystanie dymigcego
H>SO4 dodatkowo zwigkszylo skutecznos¢ sulfonowania, w wyniku czego otrzymano
materiat CNTnc7000-8M-H2SO4(fum.)-100-8h o 0,8 % zawartosci siarki. Wyniki te wcigz nie
byly w pelni zadowalajace, na co wplyw mogta mie¢ sztywna struktura CNT oporna
na funkcjonalizacje [68,69]. W zwiazku z powyzszym do preparatyki modyfikowanych
nanorurek wlaczono wuzycie cukrowego prekursora weglowego, ktory naniesiony
na powierzchni¢ CNT mogtby dziata¢ jak ,klej” dla grup funkcyjnych [76]. W tym celu,
CNTnc7o00-Bv funkcjonalizowano w obecno$ci glukozy oraz dymigcego lub 5 M kwasu
siarkowego w autoklawie (probka odpowiednio CNTnc7000-eM-Glu/H2SO4(fum.)-180-12h
oraz CNTnc7000-8M-Glu/H2SO4(5 M)-150-4h). Takie podej$cie umozliwito wprowadzenie
1,2% oraz 1,6 % siarki, odpowiednio dla CNTnc7o00-8M-Glu/H2SO4(fum.)-180-12h
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i CNTnc7000-BM-Glu/H2SO4(5 M)-150-4h. Ponadto otrzymane probki wykazywaly wysoka
zawarto$¢ tlenu, najprawdopodobniej pochodzacego z glukozy [56, 77].

W Tabeli 1 zaprezentowano procentowy udziat siarki zaangazowanej w tworzenie
roznych ugrupowan na powierzchni modyfikowanych nanorurek. Warto zaznaczy¢, ze probki
wykorzystujace do funkcjonalizacji jedynie kwas siarkowy (stezony lub dymiacy) zawieraty
na powierzchni tylko sulfonowe grupy funkcyjne. Nieco inaczej wygladato to w przypadku
materiatlow uwzgledniajagcych w syntezie glukoze (Glu), gdyz w tym przypadku wykryto
siarke¢ zarowno w postaci sulfonowych grup funkcyjnych, jak réwniez innych ugrupowan.
Warto zaznaczy¢, ze mimo skutecznej funkcjonalizacji probki  CNTwc7000-BMm-
Glu/H2SO4(5 M)-150-4h (zawierajacej do$¢ duza ilos¢ siarki, tj. 1,6 %), wprowadzona

na powierzchnie siarka wystepowata gtdéwnie w niepozadanej zredukowanej formie (~60 %).

Tabela 1. Udziat poszczego6lnych ugrupowan zawierajacych siarke na powierzchni CNT (wyrazony w %)

CNTnNc7000-BM- CNTnNc7000-BM- CNTNc7000-BM- CNTnNc7000-BM-
H>SO4(conc.)-180-20h | HzSOs(fum.)-100-8h | Glu/H:SO4(fum.)-180-12h | Glu/H:SO4(5 M)-150-4h
-SOsH 100,0 100,0 85,7 40,4
C-S 0,0 0,0 14,3 59,6
Wprowadzenie nowych wugrupowan na powierzchni¢ materiatow weglowych

skutkowalo rowniez generowaniem pewnej kwasowosci probek. Na Rys. 14 graficznie
zaprezentowano wklad poszczegdlnych grup funkcyjnych w generowanie kwasowosci

catkowitej (Att) materialow funkcjonalizowanych za pomoca kwasu siarkowego.

CNT, c7000.8-CIU/H,SO,(5M)-150-4h
CNT, s000.5,-CIU/H,SO, (fum)-180-12h
CNT, 000.61~H,SO,(fum)-100-8h
CNT, r000en~H,SO,(CONC.)-180-20h
CNT,,;00,-H,SO,(coNc.)-180-20h
CNT,.,,0,-H,SO,(conc.)-180-20h

CF,, H,SO,

i-bu—

CF, H,S0, Il Grupy tlenowe

I Grupy sulfonowe

r T T [ T T T
0,0 0,5 1,0 15 2,0 2,5 3,0

A, [mmol H'/g]

Rys. 14. Kwasowos¢ catkowita probek funkcjonalizowanych za pomocq kwasu siarkowego

TRGO_H,SO,

Z przedstawionych danych wynika, ze w przypadku wszystkich otrzymanych probek
wplyw na kwasowos$¢ catkowita mialy zar6wno grupy sulfonowe, jak roéwniez ugrupowania
zawierajace tlen (np. karboksylowe lub hydroksylowe typu fenolowego), co wynikalo
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z wlasciwosci zastosowanego $rodka funkcjonalizujacego (H2SO4 oprocz  zdolnosci
do sulfonowania ma rowniez charakter utleniajacy). Co wazne, w przypadku niektorych
materiatéw, tj. TRGO_H2SOs4, CNTnc7000-8M-Glu/H2SO4(fum.)-180-12h oraz CNTnc7000-BM-
Glu/H2SO4(5 M)-150-4h  udziat tlenowych grup byl dominujacy. Fakt ten wynikat
z charakteru probki wyjsciowej (jak TRGO) 1lub zastosowanego czynnika

wspotmodyfikujacego (Glu), co oméwiono wezesniej (Rys. 11 i 13 oraz dyskusja).
5.2.1.2. Modyfikacje probek kwasem fosforowym oraz sola diazoniowa

Duzo bardziej skutecznymi metodami funkcjonalizacji badanych probek weglowych
okazaty si¢ modyfikacje powierzchni probek przy pomocy kwasu fosforowego(V) lub

generowanej in situ soli diazoniowej. Uzyskane wyniki analizy elementarnej ilustruje Rys. 15.
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Rys. 15. Analiza elementarna materiatéw weglowych funkcjonalizowanych za pomocq BDS
Udowodniono, ze w wyniku zastosowania H3PO4 wprowadzono znaczng ilo$¢ fosforu

(7,2 %) do struktury probki TRGO H3POs4. Zastosowanie BDS takze prowadzito
do skutecznej funkcjonalizacji TRGO, dajac probke TRGO BDS o 4,7 % zawartosci siarki.
Wprowadzanie siarki z wykorzystaniem generowanej in situ soli diazoniowej byto rowniez
skuteczne w przypadku probek na bazie CNT, szczegolnie w przypadku czystych nanorurek
weglowych CNTncsi00, dla ktorych zawarto$¢ siarki wyniosta az 3,4 % (probka CNTncs100-
BDS-50). Niemniej jednak wykazano, Ze zastosowanie odpowiednich warunkow
funkcjonalizacji BDS zanieczyszczonych CNTwnc7000 skutkowato znacznym zwigkszeniem
skuteczno$ci wprowadzania S, tzn. podwyzszona temperatura reakcji (50 °C) dawata probke
CNTnc7000-BDS-50 o zwigkszonej o 1,5 % zawarto$ci siarki w porownaniu z materialem
modyfikowanym w temperaturze pokojowej (tj. CNTnc7000-BDS-20). Co wigcej,
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zastosowanie wstepnej obrobki mechanicznej CNTwc7o00 za pomoca miyna kulowego
dodatkowo zwigkszyto podatno$¢ probki na funkcjonalizacje, umozliwiajac wprowadzenie
3,0 % siarki do struktury wegla CNTnc7000-eM-BDS-50. Z kolei modyfikacja za pomoca
generowanej in situ soli diazoniowej w przypadku witokien weglowych otrzymanych
z izobutanu lub etylenu skutkowata wprowadzeniem odpowiednio 0,9% 1 1,4% S
na powierzchni¢ probek. Nalezy zauwazy¢, ze w tym przypadku probka CFe rowniez byta
bardziej podatna na modyfikacj¢ niz ta otrzymana z izobutanu (podobnie jak w przypadku
funkcjonalizacji za pomocg H2SOs).

W pracy wykazano, ze probka TRGO H3PO4 zostata wzbogacona w fosfor wystepujacy

w formie grup fosfonianowych badz fosforanowych, jak przedstawiono na Rys. 16.

TRGO_H,PO,
P 2p

Intensywnos$c

' | ' | ' | ' | '
138 136 134 132 130 128

Energia wigzania [eV]
Rys. 16. Wysokorozdzielcze widmo XPS P 2p prébki TRGO H;PO,

Z kolei w przypadku probek sulfonowanych za pomocg BDS zaobserwowano wytaczny
udzial sulfonowych grup funkcyjnych. Jedynie dla probki TRGO BDS potwierdzono
wystepowanie niewielkiej ilosci siarki zaangazowanej w tworzenie innego niz -SOsH typu
ugrupowan, pochodzacych najprawdopodobniej z wegla wyjsciowego TRGO. Udzialy
poszczeg6lnych ugrupowan S i1 P obecnych na powierzchni przygotowanych probek

podsumowano w Tabeli 2.

Tabela 2. Udzial poszczegdlnych rodzajow ugrupowan powierzchniowych zawierajacych S lub P wyrazony w %

TRGO_ TRGO_ CNTnc3100- CNTnc7000- CNTnc7000- CNTnc7000-BM-
H3PO4 BDS BDS-50 BDS-20 BDS-50 BDS-50
-SOz;H 0,0 88,0 100,0 100,0 100,0 100,0
C-S 0,0 12.0 0,0 0,0 0,0 0,0
P-C/P-0, P=0 100,0 0,0 0,0 0,0 0,0 0,0
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Warto zwroci¢ uwage na fakt, ze kwasowo$¢ catkowita probek modyfikowanych
generowang in situ sola diazoniowa wynikata glownie z obecno$ci sulfonowych grup
funkcyjnych, jak zaprezentowano na Rys. 17. Co wigcej, w przypadku niektérych materiatlow
(oznaczonych ,,*”), zawartos¢ grup -SOsH byla wyzsza niz warto$¢ At Zjawisko to jest
zazwyczaj obserwowane, gdy nastepuje neutralizacja miejsc kwasowych na skutek tworzenia
si¢ zwitterionow [74]. Innym wyjasnieniem moze by¢ tworzenie si¢ na powierzchni probki
poliwarstwy zbudowanej z grup -Ph-SO3H, z ograniczonym dostepem do miejsc aktywnych

[78,79].

I Grupy tlenowe [l Grupy sulfonowe [[11] Ugrupowania fosforu/tlenu
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Rys. 17. Kwasowosé catkowita probek funkcjonalizowanych za pomocg BDS lub H3POq

5.2.2. Wlékna weglowe w roli nosnika tlenkéw metali

W wyniku przeprowadzonej impregnacji nosnika weglowego (CF z gazu LPG)
azotanami odpowiednich metali oraz po obrébce termicznej probek otrzymano seri¢ uktadow
typu 10%MexOy/CF, gdzie Me = Ba, Cr, Mg lub Zn. Badania XRD potwierdzily obecnos¢
tlenkow metali MexOy w formie krystalicznej w strukturze katalizatorow, co przedstawiono
na Rys. 18. Dodatkowo analiza XPS potwierdzita obecno$¢ na powierzchni probki ZnO/CF
fazy aktywnej w formie tlenku cynku oraz tlenowych grup funkcyjnych. Warto doda¢, ze faza

aktywna osadzona na materiale CF zostala rowniez zaobserwowana na zdjeciach SEM [P3].
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Rys. 18. Wyniki XRD otrzymane dla probek CF, CF _iniox oraz tlenkow metali osadzonych na nosniku CF

6. Wplyw chemii powierzchni przygotowanych materialéw weglowych

na aktywnos¢ katalityczng w wybranych procesach waloryzacji glicerolu

Wiasciwosci  katalityczne przygotowanych materiatow weglowych przebadano
w wybranych reakcjach waloryzacji glicerolu. Najwazniejsze wyniki otrzymane podczas

prowadzonych badan zostaty podsumowane w kolejnych rozdziatach.

6.1. Estryfikacja glicerolu za pomoca kwasu octowego w obecnosci katalizatorow

na bazie TRGO

W procesie estryfikacji glicerolu (G) za pomocg kwasu octowego (AA) testowano
funkcjonalizowany réznymi czynnikami (tj. H2SO4, BDS lub H3PO4) termicznie redukowany
tlenek grafenu (TRGO). Aktywno$¢ otrzymanych probek badano uwzgledniajac nastgpujace
warunki reakcji: stosunek molowy reagentow G:AA = 1:6, temperature¢ 110 °C, udzial
katalizatora na poziomie 10 % wag. wzgledem masy glicerolu. Reakcje prowadzono
w atmosferze gazu obojetnego przez 24 h, a probki mieszaniny reakcyjnej analizowano
po 1, 2,4, 6,124 h procesu. Rezultaty przeprowadzonych badan zostaty szczegdtowo opisane
w artykule P1, uwzglednionym w wykazie publikacji bedacych podstawag rozprawy
doktorskie;j.

Wyniki konwersji glicerolu (Xg) oraz wydajnosci (Y) produktow otrzymanych
w reakcji prowadzonej bez wuzycia Kkatalizatora (Blank) oraz w obecnosci

funkcjonalizowanego TRGO przedstawiono na Rys. 19.
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Rys. 19. Wyniki reakcji estryfikacji glicerolu za pomocg kwasu octowego otrzymane bez uzycia katalizatora
(Blank) oraz w obecnosci funkcjonalizowanego TRGO

Zgodnie z tym co przedstawiono we wstepie, estryfikacja glicerolu za pomoca kwasu
octowego jest procesem autokatalitycznym, stad glicerol jest przeksztalcany w pewnym
stopniu nawet bez uzycia zewnetrznego katalizatora (w tym przypadku kwas octowy petni
role katalizatora). Nalezy jednak zaznaczyé, ze w powyzszej sytuacji satysfakcjonujace
wyniki udato si¢ uzyska¢ dopiero po 24 h. Z drugiej strony, rezultaty testow w obecnosci
modyfikowanego TRGO ujawnily, zZe =zastosowanie przygotowanych katalizatorow
skutkowato znacznym zwigkszeniem wydajnosci procesu. Aktywno$¢ materiatow réznita sie
jednak w zaleznosci od zastosowanej metody funkcjonalizacji. Najwyzsze wyniki konwersji
glicerolu oraz wydajnosci pozadanych octandéw glicerolu (tj. DAG 1 TAG) uzyskano
dla katalizatora TRGO BDS. W tym przypadku otrzymano ~95 % konwersj¢ glicerolu
oraz ~70 % wydajnos¢ DAG+TAG juz po 1 h procesu, a wydtuzenie czasu reakcji dla tej
probki nie wptywato znaczaco na uzyskiwane wyniki. W przypadku probek TRGO H>SO4
i1 TRGO H3POs, estryfikacja zachodzita duzo mniej efektywnie (rozpatrujac zaréwno
konwersj¢ glicerolu, jak 1 skutecznosci przeksztalcania MAG w wyze] podstawione
produkty). Niemniej jednak otrzymane rezultaty wcigz przewyzszaty te otrzymane w reakcji

prowadzonej bez uzycia katalizatora.
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Ustalono, ze aktywno$¢ katalityczna badanych materiatow jest Scisle zwigzana z chemia
ich powierzchni. Na Rys. 20 przedstawiono zalezno$¢ miedzy kwasowoscig catkowita
testowanych probek (Awt) a poczatkowa szybkoscig przeksztalcania  glicerolu.
Z przestawionych danych wynika, ze parametr A« nie jest kluczowy dla omawianego
procesu. Nalezy jednak zauwazy¢, ze probki sulfonowane (tj. TRGO_H>SO4 1 TRGO_BDS)
wykazywaty wigksza zdolno$¢ do przeksztatcania glicerolu niz TRGO modyfikowany
kwasem fosforowym(V) (tj. TRGO H3PO4). Najaktywniejszym katalizatorem byt
TRGO BDS, charakteryzujacy sie najwyzsza kwasowoscig catkowitg (1,43 mmol H'/g),
wynikajaca gldwnie z obecnosci grup -SOsH (Rys. 17). Probka TRGO H>SO4 byta duzo
mniej skuteczna w omawianej reakcji, mimo ze charakteryzowala si¢ do$¢ wysokim
parametrem Aot (1,09 mmol H'/g). Nalezy jednak zaznaczy¢, ze wklad grup sulfonowych
w wygenerowanie tej kwasowosci byl niewielki (Rys. 14). Z kolei probka TRGO H3POg4
charakteryzowata si¢ najmniejsza aktywnoscig, mimo znacznej kwasowos$ci calkowitej
(1,38 mmol H'/g). W tym przypadku kwasowo$¢ byla generowana glownie przez
ugrupowania powierzchniowe zawierajace fosfor o niskiej mocy kwasowej (pKia grup
fosforanowych = 2,0, z kolei pKia grup sulfonowych =0,7) [80]. Ostatecznie ustalono,
ze kluczowy wplyw na przebieg estryfikacji glicerolu kwasem octowym ma nie tylko

kwasowo$¢ catkowita probek, ale rowniez rodzaj wprowadzonych grup funkcyjnych.
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Rys. 20. Zaleznos¢ migdzy kwasowosciq catkowitq modyfikowanego TRGO a poczgtkowq szybkoscig
przeksztatcania glicerolu w procesie jego estryfikacji kwasem octowym

Dla najaktywniejszej probki (tj. TRGO _BDS) przeprowadzono testy ponownego

uzycia. Otrzymane wyniki ilustruje Rys. 21. Przedstawione dane potwierdzaja, ze katalizator
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ten moze by¢ z powodzeniem odzyskiwany i1 wykorzystywany w kolejnych cyklach

reakcyjnych bez znacznego spadku aktywnosci.
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Rys. 21. Wyniki testow ponownego uzycia przeprowadzonych dla probki TRGO_BDS

6.2. Eteryfikacja glicerolu za pomoca alkoholu tert-butylowego w obecnoSci

funkcjonalizowanych wl6knistych materialéw weglowych

Celem niniejszego zadania byla analiza wtasciwosci katalitycznych wioknistych
materiatow weglowych funkcjonalizowanych réznymi czynnikami sulfonujgcymi (H2SO4
lub BDS). W badaniach wykorzystano widékna weglowe (CF) otrzymane w warunkach
laboratoryjnych z etylenu lub izobutanu (CFet lub CFi.bu) oraz komercyjne nanorurki weglowe
(CNT). Aktywnos$¢ probek testowano w reakcji glicerolu (G) z alkoholem tert-butylowym
(TBA) prowadzonej w temperaturze 110 °C oraz z zastosowaniem 4-krotnego nadmiaru
srodka eteryfikujacego (TBA) 1 5 % wag. katalizatora (wzgledem masy glicerolu). Probki
mieszaniny reakcyjnej analizowano po 1, 2, 4, 6 1 24 h procesu. Podsumowaniem
przeprowadzonych badan sa artykuly naukowe nr P2, P4 i P5, uwzglednione w wykazie
publikacji bedacych podstawg rozprawy doktorskie;.

W Tabeli 3 oraz na Rys. 22 przedstawiono dane dotyczace konwersji glicerolu
oraz wydajnos$ci eter6w mono-, di- 1 tri-tert-butylowych glicerolu otrzymanych w badane;j
reakcji (prowadzonej z katalizatorem Iub bez — tzw. blank). Ustalono, Ze proces
bez katalizatora praktycznie nie zachodzi (konwersja glicerolu byla w tym przypadku
znikoma; ~0,13 %). Zastosowane wyjsciowe katalizatory weglowe (niemodyfikowane)

réwniez nie wykazywaly efektu katalitycznego (Tabela 3).
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Tabela 3. Wyniki otrzymane po 24 h reakcji eteryfikacji glicerolu prowadzonej bez uzycia katalizatora
lub z katalizatorami niemodyfikowanymi

Xa [%] YwmtBGE [%0] Yp1BGE+TTBGE [Y0]
Blank 0,13 0,13 0,00
CFet 0,84 0,69 0,15
CFibu 0,00 0,00 0,00
CNTnc7000 0,24 0,24 0,00

Na Rys. 22 przedstawiono wyniki katalityczne otrzymane w reakcji eteryfikacji
realizowanej w obecnosci wegli modyfikowanych za pomocg stezonego kwasu
siarkowego(VI). W celach poréwnawczych zaprezentowano réwniez wyniki otrzymane dla
reakcji z komercyjnym katalizatorem Amberlyst-15.

Z przedstawionych danych wynika, ze wszystkie otrzymane materiaty byly aktywne
w procesie eteryfikacji glicerolu za pomocg TBA, a uzyskane rezultaty znacznie przekroczyty
te otrzymane w reakcji bez uzycia katalizatora (Tabela 3). Przeprowadzone modyfikacje wegli
byly zatem skuteczne. Niemniej jednak zaobserwowano pewne réznice w aktywnos$ci probek,
wynikajace najprawdopodobniej z roznic w efektywnos$ci przeprowadzonych funkcjonalizacji
(Rys. 14). Najmniej skutecznie glicerol byt przeksztalcany w obecnosci CFin, H2SOs, czyli
probki o najnizszej zawartos$ci ugrupowan zawierajacych siarke (0,11 mmol/g) i kwasowosci
catkowitej (0,09 mmol H'/g). W tym przypadku poczatkowa konwersja glicerolu byla
niewielka (ponizej 10 % do 6 h reakcji) 1 wzrosta jedynie do 30 % po 24 h. Co wigcej,
w reakcji otrzymywano gtownie MTBGE, a zawarto$¢ wyzej podstawionych produktow byta
znikoma.

Nieco lepsze dzialanie katalityczne wykazywaty probki na bazie CNTnc3si00
oraz CNTnc7o00, ktore przeksztalcaly glicerol skuteczniej niz CFiwu H2SOs. Probki
CNTnc3100-H2SO4(cone.)-180-20h  oraz CNTwnc7000-H2SO4(conc.)-180-20h  prezentowaty
zblizony stopien funkcjonalizacji (tj. zawarto$¢ grup -SOsH wynosita 0,16 mmol/g w obu
przypadkach), dlatego aktywno$¢ tych dwoch probek byla poréwnywalna. Interesujace
wyniki uzyskano dla materialu CFe HoSO4, ktory wykazywat jedynie niewiele wyzsza
zawarto$¢ sulfonowych grup funkcyjnych niz pozostale katalizatory (0,17 mmol /g),
ale zdecydowanie wyzszg kwasowo$¢ catkowita (0,39 mmol H/g) i byt najaktywniejszy
w badanym procesie (konwersja glicerolu przekroczyta 50 %). Co wigcej, w tym przypadku
MTBGE byty efektywniej przeksztalcane do wyzej podstawionych produktow (wydajnosé
DTBGE+TTBGE wyniosta prawie 10 %). Niemniej jednak osiagnigcie tych wynikow
wymagato wydtuzenia czasu reakcji do 24 h. Warto zaznaczy¢, ze probka CFe HoSO4 byta

roOwniez bogata w tlenowe grupy funkcyjne, ktérych obecnos¢ mogta mie¢ pozytywny wptyw
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na przebieg procesu, najprawdopodobniej w wyniku zwigkszenia hydrofilowos$ci materiatu
i ulatwionej adsorpcji reagentow [61,77,81]. Podkresli¢ jednak trzeba, Zze otrzymane wyniki
byly duzo gorsze niz rezultaty uzyskane w obecnosci komercyjnego katalizatora

Amberlyst-15.
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Rys. 22. Wyniki testow katalitycznych przeprowadzonych w obecnosci CF ¢, CF by, CNTnc3100 0raz CNTnc7o00
funkcjonalizowanych stezonym kwasem siarkowym(VI) oraz w obecnosci komercyjnego katalizatora
Amberlyst-15

W zwigzku z umiarkowanie satysfakcjonujacag aktywnoscig katalityczng probek
modyfikowanych stezonym kwasem siarkowym(VI), do preparatyki katalizatorow wiaczono
dodatkowe kroki (takie jak mielenie za pomoca mtyna kulowego materialu wyjsciowego
i/lub zastosowanie glukozy w procesie modyfikacji), majace na celu zwigkszenie skutecznos$ci
przeprowadzonych funkcjonalizacji (Rys. 13) [P5]. Na Rys. 23 przedstawiono wyniki
konwersji glicerolu oraz wydajnosci eterow tert-butylowych glicerolu otrzymane w reakcji
prowadzonej w obecnosci przygotowanych katalizator6w — modyfikowanego dodatkowymi
czynnikami CNTnc7000.

Jak wynika z wykresu, mielenie lub dodatek glukozy skutkowaly znacznym
zwigkszeniem aktywnosci modyfikowanych CNTnc7o00 W omawianym  procesie
w poroéwnaniu z CNTnc7000-H2SO4(conc.)-180-20h (Rys. 22 i 23), co najprawdopodobniej
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miato zwigzek z wigkszym stopniem funkcjonalizacji tych materiatow (Rys. 14). Dalej,
porownujac aktywno$¢ probek mielonych i traktowanych kwasem (CNTwnc7000-BM-
H>SO4(conc.)-180-20h) oraz mielonych 1 traktowanych kwasem w obecnosci glukozy
(CNTnc7000-eM-Glu/H2SO4(5 M)-150-4h), zawierajacych  zblizong ilos¢ grup -SOsH,
tj. ~0,2 mmol/g, mozna zauwazy¢, ze zastosowanie drugiej z wymienionych préobek
skutkowalo efektywniejszym przeksztatcaniem glicerolu do eterow. Jednoczesnie efektywniej

byly produkowane wyzej podstawione produkty. Uznano, ze efekt ten jest

najprawdopodobniej skutkiem obecnosci tlenowych grup funkcyjnych obecnych
na powierzchni CNTnc7000-8M-Glu/H2SO4(5 M)-150-4h (Rys. 14).
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Rys. 23. Wyniki testow katalitycznych prowadzonych w obecnosci mielonych CNTncr00 funkcjonalizowanych
kwasem siarkowym (samodzielnie lub w obecnosci glukozy) w porownaniu z aktywnosciq katalizatora
Amberlyst-15

Najwyzsza aktywno§¢ w omawianej grupie materiatow prezentowata probka CNTnc7000-
BM-Glu/H2SO4(fum.)-180-12h, ktéra jednocze$nie charakteryzowata si¢ najwyzsza
zawartos$cig grup sulfonowych oraz kwasowoscig catkowita (Rys. 14). W tym przypadku juz
po 6 h reakcji osiggnieto zadowalajace wyniki (tj. ~52 % Xg oraz ~7 % YDTBGE+TTBGE).
Nalezy jednak zauwazy¢, ze rozpatrujac poczatkowe godziny reakcji, aktywnos¢ tej probki
wcigz nie doréwnywata aktywnosci katalizatora Amberlyst-15.
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Na Rys. 24 przedstawiono wyniki reakcji eteryfikacji glicerolu, otrzymane w obecnosci
probek weglowych modyfikowanych za pomoca generowanej in situ soli diazoniowe;j.
Zaznaczy¢ nalezy, ze w przypadku tej grupy materiatow stopien funkcjonalizacji byt

najwyzszy (Rys. 14 1 17), stad aktywnos$¢ tych probek w badanym procesie byta znaczna.
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Rys. 24. Wyniki testow katalitycznych prowadzonych w obecnosci probek funkcjonalizowanych BDS
w porownaniu z aktywnosciq katalizatora Amberlyst-15

Najbardziej aktywne w procesie byly materiaty CNTnc3100-BDS-50 oraz CNTwc7000-BM-
BDS-50, czyli probki o wysokiej zawartosci grup -SO3H (odpowiednio 1,05 1 0,94 mmol/g)
i jednoczesnie prezentujagce znaczng kwasowos$¢ catkowita (1,01 i 1,16 mmol H'/g,
odpowiednio dla CNTnc3100-BDS-50 oraz CNTnc7000-sM-BDS-50). W reakcji z udziatem tych
katalizatoréw osiggnieto prawie 60 % konwersje glicerolu juz po 1 h reakcji, co przewyzszyto
wynik uzyskany w procesie katalizowanym przez probke Amberlyst-15. Wartos¢ konwersji
glicerolu praktycznie nie zmieniata si¢ w czasie, co sugeruje osiagnigcie stanu réwnowagi
termodynamicznej [32]. Co ciekawe, w obu wskazanych wyzej przypadkach, wydajnos¢
MTBGE osiggneta maksimum juz po 1 h reakcji, a w kolejnych godzinach reakcji produkty
te byly jedynie przeksztalcane w wyzej podstawione etery tert-butylowe glicerolu. Warto
zauwazy¢€, ze Xg dla probki CNTnc3100-BDS-50 po 6 h reakcji delikatnie spadata, co byto

konsekwencja obecnosci wody w srodowisku reakcyjnym, powodujacej proces de-eteryfikacji
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[32]. W przypadku pozostatych probek modyfikowanych BDS efekt katalityczny byl nizszy,

a wigzalo si¢ to z mniej efektywng funkcjonalizacja tych materiatow (Rys. 17).

6.2.1. Wplyw chemii powierzchni testowanych materialéw na przebieg reakcji

eteryfikacji glicerolu

Na Rys. 25 przedstawiono zalezno$¢ pomiedzy poczatkowa szybkoscig eteryfikacji
glicerolu katalizowanej otrzymanymi probkami a st¢zeniem powierzchniowych grup -SO3H.

Jak mozna zaobserwowac, istnieje silna zalezno$¢ pomie¢dzy wskazanymi parametrami,
co wskazuje na kluczowg role silnie kwasowych grup -SO3H w przemianie glicerolu w etery
tert-butylowe glicerolu. Zaobserwowano jedynie dwa odstgpstwa od tej zalezno$ci (probki
CNTnc7000-BDS-20 oraz CNTwnc7000-BDS-50). Mozna przypuszczaé, ze istotne znaczenie
w aktywno$ci wskazanych probek mogl mie¢ rowniez stopien rozdrobnienia materialu
(mogacy wplywa¢ na dostepnos¢ miejsc aktywnych), gdyz poczatkowa szybkos¢
przeksztatcania glicerolu dla CNTnc7000-BDS-50 i CNTnc7000-BM-BDS-50 mocno si¢ roznita
mimo zblizonej ilosci sulfonowych grup funkcyjnych na powierzchni tych probek (tj. 0.83 vs.
0.94 mmol/g, odpowiednio dla CNTnc7000-BDS-50 1 CNTnc7000-8M-BDS-50, Rys. 17).
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Rys. 25. Wplyw stezenia grup sulfonowych na poczqtkowq szybkosé przeksztateania glicerolu
Stezenie grup sulfonowych w prébkach mialo tez istotny wptyw na przeksztalcanie
MTBGE w wyzej podstawione etery tert-butylowe glicerolu, jak ilustruje Rys. 26. Niemnie;j
jednak zalezno$¢ ta nie byla tak oczywista, co jest widoczne szczego6lnie w przypadku probek
modyfikowanych H>SOs. Probki te, jak omoéwiono juz wczesniej, zawieraly nie tylko grupy
sulfonowe, ale byly takze bogate w ugrupowania zawierajace tlen. Bardzo dobre rezultaty

wydajnosci wyzszych eterow (Yprece+TTBGE) Uzyskane dla tej grupy katalizatorow (wyzsze,
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mimo nizszej zawartosci -SO3H) przypisano efektowi synergicznemu pomig¢dzy grupami

sulfonowymi i ugrupowaniami zawierajacymi tlen [P2 i P5].
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Rys. 26. Wplyw stezenia grup sulfonowych na wydajnos¢ DTBGE+TTBGE po 6 h reakcji (A) oraz 24 h (B)
Dla najlepiej pracujacej probki (tj. CNTnc3100-BDS-50) przeprowadzono optymalizacje

110

lub 120 °C) oraz wykorzystanie roznej ilosci katalizatora (1,0, 2,5, lub 5,0 % wag. wzgledem

warunkéw reakcji. Uwzgledniono zastosowanie réznych temperatur reakcji (90,

masy glicerolu). Ustalono, Ze zastosowane podwyzszonej temperatury (120 °C)
oraz zredukowanej ilosci katalizatora (2,5 % wag.) umozliwilo osiggnig¢cie bardzo dobrych
wynikdw juz po 1h reakcji, tj. ~60 % konwersje glicerolu i ~10% wydajno$¢
DTBGE+TTBGE. W tym przypadku wydluzenie czasu reakcji nie miato uzasadnienia, gdyz
po 4h procesu zaobserwowano spadek konwersji glicerolu zwigzany z osiggnigciem
rownowagi termodynamicznej 1 nastepujagcym procesem de-eteryfikacji.

W kolejnych etapach prac udowodniono roéwniez, ze probki CNTnczi00-BDS-50
oraz CNTnc7000-eM-BDS-50 moga by¢ z powodzeniem odzyskiwane z mieszaniny
poreakcyjnej 1 wykorzystywane w kolejnych cyklach reakcyjnych bez znacznego spadku
aktywnos$ci. Mozliwo$¢ ponownego wykorzystania odnotowano rowniez w przypadku

materialdw CFet BDS oraz CNTnc7000-8M-Glu/H2SO4(fum.)-180-12h [P2, P4 1 P5].
6.3. Gliceroliza mocznika w obecnosci wybranych tlenk6éw metali osadzonych na CF

Badania nad reakcja glicerolu (G) z mocznikiem (U) realizowano w obecno$ci tlenkow
wybranych metali (Me =Mg, Ba, Cr, lub Zn) osadzonych na witdknach weglowych (CF)
otrzymanych w warunkach laboratoryjnych w procesie CCVD z gazu LPG (Rozdziat 2.4).
Efekty tych prac zostaly przedstawione w artykule naukowym P3, uwzglednionym w wykazie
publikacji bedacych podstawa rozprawy doktorskie;.

Proces glicerolizy mocznika prowadzono w temperaturze 140 °C pod ci$nieniem

atmosferycznym przez 6 h (probki mieszaniny reakcyjnej analizowano co godzing),
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wykorzystujac stosunek molowy reagentoéw G:U = 1:1 oraz 3 % wag. katalizatora (wzgledem
masy glicerolu). Przeprowadzone prace obejmowaly zaréwno badania aktywnosci
przygotowanych uktadéw MexOy/CF, jak 1 samego nos$nika (utleniony CF oznaczony jako
CF iniox) — celem okreslenia jego wplywu na pracg uzyskanych katalizatorow.

Na Rys. 27 poréwnano wyniki otrzymane w reakcji glicerolizy mocznika bez uzycia
katalizatora (A) oraz w procesie realizowanym w obecno$ci samego nos$nika weglowego (B).
Ustalono, ze zastosowanie CF iniox skutkowato efektywniejszym przeksztatcaniem produktu
przejsciowego (karbaminian 2,3-dihydroksypropylu, GU) w weglan glicerolu. Co wigce;,
réwniez ilo$¢ otrzymywanych produktow ubocznych (By-P) zostala znacznie zredukowana,
co w konsekwencji skutkowato zwigkszeniem selektywnosci do weglanu glicerolu (S do GC
~100 %.) w stosunku do Slepej proby. Nalezy zauwazy¢, ze w poczatkowych godzinach
reakcji wyniki konwersji glicerolu otrzymane dla CF _iniox byly nieco nizsze niz te otrzymane
w reakcji bez uzycia katalizatora, co najprawdopodobniej bylo spowodowane bardziej
ztozonym mechanizmem reakcji (sktadajacym si¢ z wielu etapow) w obecnosci katalizatora
heterogenicznego. Niemniej jednak parametr ten znacznie wzrastat w miare uptywu czasu,
przewyzszajac wielko§¢ konwers;ji glicerolu uzyskana w przypadku §lepej proby (tj. 28,5 %
vs. 33,1 % po 6 h, odpowiednio dla §lepej proby i CF _inioy).

1 2 3 4 5 6
Czas reakciji [h]

Rys. 27. Wyniki uzyskane w reakcji glicerolizy mocznika prowadzonej bez uzycia katalizatora (A)
oraz w obecnosci nosnika weglowego CF _iniox

Obecnos¢ fazy tlenkowej na no$niku weglowym skutkowata poprawag witasciwosci
katalitycznych otrzymanych uktadow (w szczegdlnosci w odniesieniu do konwersji glicerolu).

Niemniej jednak zaobserwowano pewne roéznice w aktywnos$ci przygotowanych probek.
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Wynikaly one najprawdopodobniej z réznic w dystrybucji ugrupowan kwasowo-zasadowych

w badanych materiatach [S0]. Otrzymane wyniki przedstawiono na Rys. 28.
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Rys. 28. Wyniki uzyskane w reakcji glicerolizy mocznika prowadzonej bez uzycia katalizatora (Blank)
oraz w obecnosci uktadow MexO,/CF (140 °C, G:U = 1:1, Ar przepuszczany przez reaktor)

W przypadku materiatdbw BaO/CF, Cr.03/CF oraz MgO/CF zaobserwowano silne
ukierunkowanie procesu na tworzenie produktow ubocznych. Nieco inaczej wygladato
to w przypadku probki ZnO/CF, gdyz efekt ten byt duzo mniej zauwazalny. Jednoczes$nie,
w obecnosci probki ZnO/CF zaobserwowano nieco mniej skuteczne przeksztatcanie produktu
przejsciowego w weglan glicerolu w poréwnaniu z pozostalymi katalizatorami. Generalnie,
najlepsze wyniki w badanym procesie otrzymano w obecnosci probek MgO/CF oraz ZnO/CF.
W obu przypadkach odnotowano ~40 % konwersje glicerolu oraz ~34 % wydajnos¢ GC
po 5-6 h reakcji. W zwigzku z mniejszym ukierunkowaniem probki ZnO/CF na reakcje
uboczne (po 5h), kolejne etapy prac (majace na celu poprawe skutecznosci reakcji)

przeprowadzono w obecnosci tego wlasnie materiatu.
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Aktywnos¢ wybranej probki (ZnO/CF) poréwnano z praca homogenicznego
katalizatora cynkowego (ZnSQOs). Przeprowadzone badania ujawnily, ze zastosowany siarczan
cynku dziala bardzo selektywnie (Sgc = ~100 %), jednak glicerol jest przeksztalcany znacznie
mniej efektywnie (X =~27 % po 6 h) niz w obecnosci probki ZnO/CF, ostatecznie skutkujac

osiggnigciem nizszej wydajnosci procesu (Rys. 28 1 29).
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Rys. 29. Wyniki uzyskane w reakcji glicerolizy mocznika przeprowadzonej w obecnosci ZnSO4

[%]

Dalsze prace mialy na celu poprawe efektywnosci prowadzonej reakcji. Uzyskane

wyniki przedstawiono na Rys. 30.
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Rys. 30. Wyniki uzyskane w glicerolizie mocznika prowadzonej w obecnosci ZnO/CF z uwzglednieniem roznych
warunkow reakcji, tj. 140 °Ci G:U = 1:1 (4), 140 °Ci G:U = 1:3 (B) oraz 150 °Ci G:U = 1:3 (C)

0-

Ustalono, ze zwigkszenie udzialu mocznika w uktadzie reakcyjnym (stosunek molowy
G:U=1:3; Rys. 30B) ma pozytywny wplyw na przebieg procesu. Prawdopodobnie

ma to zwigzek z przesunieciem réwnowagi reakcji w strong¢ tworzenia weglanu glicerolu,
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poprzez efektywniejsze przeksztalcanie produktu przejsciowego (zgodnie z zasada przekory).
W konsekwencji selektywnos$¢ do pozadanego produktu znacznie wzrosta, osiggajac prawie
100 % po 2 h reakcji, a efekt ten utrzymywat si¢ do 6 h. Okreslono takze, ze zastosowanie
wyzsze] temperatury procesu (150 °C) poczatkowo skutkuje efektywniejszym
przeksztatcaniem glicerolu do GC (40 % konwersja glicerolu z ~100 % selektywnoscia do GC
juz po 2 h reakcji). W kolejnych godzinach procesu zaobserwowano jednak dos¢ drastyczny
spadek selektywnosci do weglanu glicerolu, wskutek tworzenia si¢ produktow ubocznych,
najprawdopodobniej wynikajacy z mato efektywnego usuwania amoniaku ze $rodowiska
reakcyjnego i/lub niepozadanej reakcji weglanu glicerolu z mocznikiem (Rys. 5) [47].

W celu wigkszego ukierunkowania reakcji na produkcje weglanu glicerolu, w kolejnym
etapie badan uwzgledniono inng metod¢ usuwania amoniaku ze $rodowiska reakcyjnego.
W tym celu, proces glicerolizy mocznika przeprowadzono przepuszczajac gaz obojetny (Ar)
przez mieszaning reakcyjng (zamiast przez reaktor), co miato na celu ,,wymuszenie” usuwania
NH;3 [40,48]. Zastosowany zabieg skutkowatl zwigkszeniem selektywnosci do GC do 100 %,
a warto$¢ tego parametru nie zmieniata si¢ w czasie (Rys. 31). Ostatecznie, w tych warunkach
reakcji otrzymano ~40 % wydajnos¢ weglanu glicerolu po 6 h stosujac ZnO/CF w roli

katalizatora.
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Rys. 31. Wyniki uzyskane w glicerolizie mocznika przeprowadzonej w obecnosci ZnO/CF z uwzglednieniem
przepuszczenia Ar przez reaktor (4) oraz przez mieszaning reakcyjng (B)
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W ramach niniejszej rozprawy doktorskiej przeprowadzono szczegdélowe badania
dotyczace preparatyki nowych statych katalizatorow kwasowych opartych na weglach, takich
jak termicznie redukowany tlenek grafenu, wtokna i nanorurki weglowe. Uwzgledniono
rowniez preparatyke ukladow sktadajacych si¢ z tlenkow wybranych metali osadzonych
na witoknach weglowych. Prowadzone badania mialy na celu okres$lenie aktywnos$ci
katalitycznej otrzymanych materiatow w wybranych procesach waloryzacji glicerolu,
tj. estryfikacji glicerolu za pomoca kwasu octowego, eteryfikacji glicerolu alkoholem
tert-butylowym oraz glicerolizie mocznika. Ponizej przedstawiono najwazniejsze obserwacje

1 wnioski odnotowane podczas prowadzonych badan.

1) Estryfikacja glicerolu za pomocg kwasu octowego w obecnosci funkcjonalizowanego
TRGO:

e Zastosowana metoda syntezy termicznie redukowanego tlenku grafenu skutkowata
otrzymaniem mezoporowatego materialu o do$¢ duzej powierzchni wlasciwej
(617 m?/g).

e Przeprowadzone funkcjonalizacje wygenerowaly do$¢ wysoka kwasowos¢
przygotowanych probek tj. 1,09, 1,38 oraz 1,46 mmol H'/g, odpowiednio
dla TRGO H>SO4, TRGO H3PO4 oraz TRGO BDS, wynikajaca z obecnosci
ugrupowan powierzchniowych zawierajacych siarke, tlen i/lub fosfor.

e Generowana in situ so0l diazoniowa byla bardziej efektywnym czynnikiem
sulfonujacym TRGO niz kwas siarkowy.

e Modyfikacja kwasem fosforowym umozliwita skuteczne wprowadzenie ugrupowan
zawierajacych fosfor na powierzchni¢ wegla.

e Najwyzsza aktywnos$¢ katalityczng w procesie estryfikacji glicerolu za pomoca kwasu
octowego (~100 % X 1 ~70 % Spac+1ac juz po 1 h reakcji) prezentowata probka
TRGO_BDS, czyli materiat o najwyzszej kwasowosci calkowitej 1 wysokiej
zawarto$ci grup sulfonowych.

e Wydluzenie czasu reakcji dla TRGO BDS nie powodowalo znaczacych zmian
wydajnos$ci procesu ze wzgledu na osiggnigcie rOwnowagi termodynamicznej.

e Probka TRGO BDS nie tracila aktywnosci katalitycznej przez przynajmniej 4 cykle
reakcyjne.

e Zastosowanie materialu TRGO H3;POs; skutkowato najmniej efektywnym
przeksztatcaniem glicerolu mimo skutecznej funkcjonalizacji 1 wysokiej kwasowosci
catkowitej (1,38 mmol H'/g).

e Rodzaj wprowadzonych na powierzchni¢ TRGO grup funkcyjnych mial kluczowy
wplyw na aktywno$¢ katalityczng probek w procesie estryfikacji glicerolu za pomoca

kwasu octowego, tj. materialy wzbogacone w grupy sulfonowe efektywniej
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2)

(w poroéwnaniu z probka zawierajaca ugrupowania zawierajace fosfor) katalizowaly

proces estryfikacji ze wzgledu na silng moc kwasowa.

Eteryfikacja glicerolu za pomoca alkoholu tert-butylowego w obecnosci widknistych

materiatow weglowych, tj. sulfonowanych widkien weglowych otrzymanych z etylenu

lub izobutanu w procesiec CCVD oraz funkcjonalizowanych komercyjnych nanorurek

weglowych:

Zastosowanie katalizatora Ni oraz etylenu lub izobutanu jako zrodta wegla w procesie
CCVD umozliwito produkcje wtoknistych materiatow weglowych o niejednorodne;j
morfologii (obecno$¢ widkien o réznych $rednicach oraz niewielkiej ilosci nanorurek)
i umiarkowanej powierzchni wtasciwej (tj. 115 m?/g dla CFiby oraz 174 m%/g dla CFe).
Widkna weglowe otrzymane z etylenu charakteryzowaly si¢ wigkszym stopniem
uporzadkowania warstw grafenowych niz probka wyprodukowana z izobutanu.
Komercyjne nanorurki weglowe skfadaly si¢ z wieloSciennych CNT o zblizonych
srednicach 1 réznej czystosci (CNTnczi00: %C >98 % 1 CNTncro00: %C =~90 %)
prezentujacych umiarkowang powierzchnie wtasciwa (CNTncsi00: 406 m*/g
i CNTnc7000: 243 m?/g).

Modyfikacja powierzchni wegli za pomoca kwasu siarkowego skutkowata
wzbogaceniem materialtow w grupy zawierajace siarke 1 tlen, jednakze stopien
funkcjonalizacji byt dos$¢ niski (tj. 0,4—0,6 % wprowadzone;j siarki).

Modyfikacja z wykorzystaniem generowanej in situ soli diazoniowej byla
najefektywniejsza metoda funkcjonalizacji badanych materiatow, skutkujaca
wprowadzeniem znaczacej ilosci siarki (do 3.4 %) wystepujacej wytacznie w formie
silnie kwasowych grup -SOsH.

Zastosowanie wstgpnej obrobki mechanicznej CNT (za pomoca mityna kulowego)
skutkowalo zwigkszeniem podatnosci tych materialdw na funkcjonalizacjg.

Wilaczenie glukozy do modyfikacji CNT za pomocg H2SO4 skutkowato wytworzeniem
warstwy wegla na powierzchni CNT, ktora dziatata jak ,klej” dla grup funkcyjnych,
co skutkowalo wzrostem stopnia funkcjonalizacji (1,2-1,6 %S), jednakze
wprowadzona siarka wystgpowala zaréwno w formie grup -SOszH jak i innych
ugrupowan.

Wszystkie testowane probki byly aktywne w procesie eteryfikacji glicerolu za pomoca
alkoholu tert-butylowego, jednakze zaobserwowano pewne réznice w skutecznosci
przeksztalcania glicerolu do jego pochodnych tert-butylowych.

Istnieje silna zalezno$¢ miedzy zawartoscig grup -SOsH w probkach a konwersja
glicerolu 1 wydajnoscia do wyzej podstawionych eterow tert-butylowych glicerolu.
Obecnos¢ tlenowych grup funkcyjnych wplywala pozytywnie na przebieg omawianej
reakcji, najprawdopodobniej ze wzgledu na zwigkszenie hydrofilowosci probek

utatwiajacg adsorpcje reagentdow na powierzchni katalizatora 1 ich reakcjeg.
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3)

e Pozytywny wpltyw na aktywno$¢ CNT miato rowniez rozdrobnienie materialu
(wskutek mielenia kulowego), co najprawdopodobniej utatwiato kontakt katalizatora
Z reagentami.

e Obecnos¢ w probkach CFe 1 CFipe wegla w réznej formie (wldkna 1 nanorurki)
utrudniato ocen¢ wplywu materialu wyjsciowego na skutecznos$¢ funkcjonalizacji
1 aktywnos$ci w badanym procesie konwersji glicerolu.

e Optymalizacja warunkéw reakcji wykonana dla najaktywniejszej probki
(CNTnc3100-BDS-50) wykazata, ze osiggniecie satysfakcjonujacych wynikow byto
mozliwe juz po 1 h reakcji w 120 °C 1 z uzyciem niewielkiej ilosci katalizatora
(2,5 % wag. wzgledem masy glicerolu).

e Probki CNTnc7000-BM-Glu/H2SO4(fum.)-180-12h, CFe BDS, CNTnc3100-BDS-50
1 CNTnc7000-8M-BDS-50 mogly by¢ z powodzeniem odzyskiwane i wykorzystywane
w kolejnych cyklach reakcyjnych.

e Uzyskane w obecnosci CNTnc3100-BDS-50 oraz  CNTnc7000-eM-BDS-50 wyniki
katalityczne byly lepsze niz te otrzymane w obecno$ci komercyjnego katalizatora
Amberlyst-15.

Gliceroliza mocznika w obecnosci tlenkéw metali osadzonych na wtokach weglowych

e Wykorzystanie gazu LPG 1 niklu procesie CCVD umozliwito produkcje widknistych
materiatdéw weglowych (CF) o réznej Srednicy 1 umiarkowanej powierzchni wlasciwej
(tj. 259 m%/g).

e Obrobka termiczna CF w 300 °C 1 strumieniu powietrza skutkowata wprowadzeniem
tlenowych grup funkcyjnych na powierzchni¢ wegla.

e Impregnacja CF azotanami wybranych metali (Ba, Cr, Mg, Zn) i1 nastgpujaca po niej
obrobka termiczna skutkowata osadzeniem tlenkow tych metali na powierzchni CF.

e Zastosowanie utlenionego wegla wyjsciowego (CF iniox) w reakcji glicerolizy
mocznika znaczaco poprawilo selektywnos$¢ do weglanu glicerolu w poréwnaniu
z reakcja prowadzong bez uzycia katalizatora.

e W obecnosci otrzymanych ukladéw MexOy/CF uzyskano lepsze wyniki konwers;ji
glicerolu do weglanu glicerolu niz w przypadku reakcji przeprowadzonej
bez katalizatora, jednak zaobserwowano pewne réznice w aktywnosci tych probek
wynikajace najprawdopodobniej z rézni¢ w dystrybucji ugrupowan kwasowo-
zasadowych.

e Najwyzsza aktywnos$cig charakteryzowaty si¢ probki MgO/CF oraz ZnO/CF,
w obecnosci ktérych osiggnigto ~40 % konwersje glicerolu 1 ~34 % wydajnos¢
weglanu glicerolu po 6 h.

e Probka ZnO/CF dzialala efektywniej w badanym procesie niz homogeniczny
katalizator ZnSOs.
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Zastosowanie 3-krotnego nadmiaru mocznika w reakcji (w poroOwnaniu z reakcja
przeprowadzong z wykorzystaniem stosunku molowego reagentow G:U =1:1)
znaczgco poprawito produkcje weglanu glicerolu.

Wazrost temperatury procesu (ze 140 °C do 150 °C) wplynat pozytywnie na przebieg
reakcji w poczatkowych godzinach, jednakze po 2 h promowat reakcje uboczne.
Przepuszczanie gazu oboj¢tnego przez mieszaning reakcyjng (zamiast przez reaktor)
utatwitlo usuwanie amoniaku z uktadu, redukujac reakcje uboczne i zwigkszajac
selektywno$¢ do weglanu glicerolu do ~100 %.

W zoptymalizowanych warunkach (tj. wykorzystujac stosunek molowy reagentow
G:U=1:3 i temperatur¢ 150 °C) i z zastosowaniem ZnO/CF w roli katalizatora
osiggnieto ~40 % wydajnos¢ GC juz po 2 h reakc;ji.
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Thermally reduced graphene oxide (TRGO) was [unctionalized using sulfuric acid, phosphoric acid, and 4-ben-
zenediazonium sulfonate gencrated in situ to obtain solid acid graphene-based catalysts. The prepared samples
were characterized using different techniques, i.e., elemental and textural analyses, microscope investigations,
thermogravimetric analysis, XPS measurements, and acid-base titration. The obtained results revealed differ-
ences in the susceptibility of TRGO to functionalization with various modifying agents and in the chemical
properties of the final carbon products. The catalytic performance of the graphene-based samples was further
tested in the reaction of glycerol esterification performed with acetic acid at 110 “C using glycerol to acetic acid
molar ratio of 1:6. The catalysts were found to be active in the tested process, however, satisfactory results were
obtained only in the presence of TRGO modified with 4-benzenediazonium sulfonate (TRGO BDS). This sample
gave almost 100% conversion of glycerol just within 1 h of the reaction, along with a very high combined yield of
di- and triacetins, i.c., the products of interest, of about 70%. The excellent activity of TRGO_BDS was ascribed to
a high content of surface SOsH groups which were found to promote a high rate of reaction and the formation of
higher acetins. The phosphate groups present on the surface of TRGO modified with phosphoric acid were also
able to catalyze the process, however, their catalytic efficiency in the reaction was considerably lower than that

of sulfonic groups.

1. Introduction

Global biodiesel production has been growing considerably in recent
years. For instance, more than 47 billion liters of biodiesel were pro-
duced in 2020. This is about 50% more compared to 2015. In addition, it
is estimated that in the nearest future biodiesel production will continue
to increase, reaching over 50 billion liters in 2025 [1]. Importantly, the
process of biodiesel production is accompanied by the formation of
significant amounts of a by-product, which is glycerol (it constitutes at
least 10 v/v% of the resulting mixture [2]). The effective usage/valo-
rization of this glycerol could considerably improve the profitability of
biodiesel production.

One of the most important ways to valorize glycerol is its esterifi-
cation with acetic acid. The products of this reaction are mono-, di- and
triacetins (MA, DA and TA, respectively). All these glycerol derivatives
find interesting applications, e.g., in cosmetic, plastic or food industries
[3]. The acetins of the highest importance are, however, DA and TA,
which are particularly valuable for the automotive industry. In this

* Corresponding author.
Lmail address: amalaika@amu.cdu.pl (A, Malaika).
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sector, DA and TA are used as fuel enhancers improving the viscosity and
anti-knock properties of fuel as well as fuel additives reducing the
noxious gas emissions [4].

Glycerol esterification to acetins is often performed in the presence
of homogeneous acid catalysts, e.g., sulfuric or p-toluenesulfonic acid
[5]. These catalysts allowed obtaining high process efficiency, however,
their usage shows a number of disadvantages, including difficulties in
separating and purifying the products, reusing the catalyst, or protecting
equipment against corrosion [6,7]. All these limitations have caused a
significant change in the current trends in catalysis, namely replacing
the homogeneous catalysts with heterogeneous ones that are more
practical to use, more environmentally friendly, and reusable [8,9].

Among the most interesting heterogeneous catalysts that have
gained a special interest in the field of modern catalysis are carbon-
based structures. This is due to several reasons, e.g., high thermal sta-
bility of carbons, the possibility of their production from wastes, or
occurrence of carbons in various morphological forms [10,11]. The most
important factor seems to be, however, the high versatility of such
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materials, resulting from the ease of tailoring their properties [12]. For
example, our previous studies showed that modified activated carbons
obtained from pine sawdust were active in biodiesel formation and in
the synthesis of fuel additives [13-15]. Furthermore, carbon xerogels
containing various functionalities were found to catalyze the hydrolysis
of cellobiose [16], whereas oxygen-modified activated carbons were
effective in the coupled reaction of ethylbenzene dehydrogenation/
nitrobenzene hydrogenation [17]. In regard to glycerol esterification,
carbon xerogels and spheres synthesized in our laboratory were able to
effectively convert glycerol and produce acetins at 80 °C [11]. Modified
ordered mesoporous carbons obtained from sucrose via a hard template
method gave a combined selectivity to DA + TA of about 77% at 110 °C
within 6 h [18], whereas bio-carbons synthesized from glycerol or
sugars via a facile approach of partial carbonization produced di- and
triacetins with a selectivity of about 70% just within 2 h [19].

Graphene is a carbon material that has received special research
attention in recent decades. This results from its extraordinary proper-
ties, such as chemical, thermal, optical, and electrochemical stability, a
large theoretical specific surface area (up to 2630 m?/g), excellent
electron mobility, and a number of possible applications, also in catal-
ysis [20]. Graphene oxide (GO) has already been tested in glycerol
esterification. Gao et al. [21] obtained a complete glycerol conversion
with a 90.2% combined selectivity to DA and TA over unmodified GO at
120 °C within 6 h, using glycerol to acetic acid molar ratio of 1:10 and
the catalyst loading of 5 wt.%. In the this work, thermally reduced
graphene oxide (TRGO) was synthesized in order to have the carbon
sample with a number of structural defects ready for functionalization.
TRGO was further treated with different reagents, i.e., 4-benzenediazo-
nium sulfonate (BDS), sulfuric acid (SA,) and phosphoric acid (PA), to
introduce various functionalities into its structure. The functionalized
graphene samples were then investigated in glycerol esterification for
the first time. The obtained results allowed us to elucidate the effect of
different acidic groups present on the TRGO surface on the catalyst
ability to form higher acetins.

2. Experimental part
2.1. Preparation of graphene-based catalysts

Thermally reduced graphene oxide (TRGO) was obtained from
graphite powder (Merck, >99.5%), which was at first treated with
concentrated HSO4, K5S,0g and P,Os, and then oxidized by the Hum-
mers’ method using NaNOg, HoSO4 and KMnO4 [22,23]. The obtained
graphite oxide (GO) was rinsed thoroughly with distilled water, dried
and stored in a desiccator. Finally, GO was exposed to a sudden change
in temperature (800 °C, argon flow of 100 cma/min), which led to
simultaneous exfoliation and reduction of graphite oxide and the for-
mation of TRGO [24]. Details of the preparation procedure can be found
in our previous paper [20].

The TRGO sample was modified with different agents, i.e., sulfuric
acid, phosphoric acid, and 4-benzenediazonium sulfonate (BDS), to
introduce acidic functional groups on its surface.

For the modification of TRGO with concentrated sulfuric acid, 3 g of
TRGO and 140 em® of 95% HoSO4 were mixed in a three-neck round
bottom flask, equipped with a magnetic stirrer, thermocouple and a
silicon oil bath, working under reflux conditions. The mixture was
heated under Ar flow. After a 20-hour reaction at 140 °C, it was cooled
and slowly poured into a beaker with distilled water. Afterwards, the
obtained carbon product was filtered and washed thoroughly with hot
distilled water until a pH value of ~ 7 was achieved. Finally, the carbon
sample was dried at 110 °C overnight and sieved to a uniform particle
size of < 0.4 mm. The resulting material was labeled here as TRGO_SA.

The modification of TRGO with BDS was performed as follows: 2 g of
TRGO and 100 em® of distilled water were mixed in a round-bottom
flask. Sulfanilic acid (2.87 g), sodium niwmite (1.15 g), and concen-
trated hydrochloric acid (35-35%, 20 em®) were then added to the
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mixture. The reaction was carried out at room temperature for 20 h. The
resulting carbon product was washed with distilled water, methanol,
dimethylformamide (DMF), and acetone. Finally, it was dried at 110 °C
overnight and sieved (to a particle size of < 0.4 mm). The as-prepared
sample was labeled as TRGO BDS.

The modification of TRGO with phosphoric acid was started by
impregnating the TRGO sample (2.5 g) with a 7.0% H3PO, solution
(53.8 g). The impregnation process was performed upon continuous
mechanical stirring at ambient temperature for 4 h. The impregnated
TRGO sample was then dried at 190 °C overnight and finally, it was
thermally treated under argon flow (800 °C, 30 min). The resulting
material was washed with distilled water, dried at 110 °C overnight and
sieved to a uniform size range of < 0.4 mm. The received modified TRGO
was labeled here as TRGO_PA.

A schematic diagram illustrating the expected functional groups
introduced into the graphene structure via functionalizations used in
this work is presented in Fig. 1 SM (Supplementary Material).

2.2. Characterization of samples

The prepared graphene-based materials were characterized in detail
using different techniques. Quantitative CHNS (carbon, hydrogen, ni-
trogen, and sulfur) elemental analysis was made by means of a Vario EL
III Elemental Analyzer by burning the samples at high temperature
(~1200 °C) in an oxygen-rich environment. The amount of phosphorus
in TRGO_PA was determined using Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES). The sample subjected to ICP-OES
analysis was first mineralized through pressurized digestion in concen-
trated nitric acid in a MARS 5 microwave oven (CEM) at the temperature
of 210 °C for 30 min. The obtained solution was then diluted and
analyzed using a Varian ICP-OES VISTA-MPX apparatus. The total
acidities of the catalysts were determined by a potentiometric back
titration method, using a Cerko Lab microtitration unit. Briefly, carbon
samples were dried at 110 °C and then mixed with a sodium hydroxide
solution (100 mg of carbon + 50 em® of 0.01 M NaOH). Thus obtained
mixtures were shaken for 20 h at room temperature. After filtration, the
filtrates (20 em®) were titrated with a solution of HCl (0.05 M). A blank
test was also performed. The textural properties of carbons (i.e.,
apparent surface areas and porosity) were evaluated on the basis of ni-
trogen adsorption/desorption isotherms measured at —196 °C, using a
Quantachrome Autosorb IQ apparatus. Prior the analysis, the samples
were outgassed at 150 °C until the pressure stabilization (usually 12 h).
BET surface areas (i.e., Sggr) were assessed using the Brunauer-Emmett-
Teller equation, while micropore volumes (Vmiero) and external surface
areas (Sex) of the carbons were determined using the t-plot method. The
total volumes of pores (Vio) were calculated from the amount of Np
adsorbed at a relative pressure close to 1. The morphological features of
the samples were described on the basis of SEM images obtained using a
Hitachi SU-70 scanning electron microscope. A PerkinElmer Pyris 1 in-
strument was used for thermogravimetric (TG) analysis of carbons. The
experiments were performed at the temperature of 20-800 °C (heating
rate of 10 °C/min) under nitrogen atmosphere. X-ray photoelectron
spectroscopy (XPS) studies were done by means of a VG Scientific
ESCALAB MKII spectrometer (Thermo Fisher Scientific) equipped with a
non-monochromatized Mg Ko X-ray source (hv = 1253.6 eV).

2.3. Catalytic tests

The obtained graphene-based materials were tested as catalysts in
glycerol esterification with acetic acid. The reaction was carried out ina
three-neck round-bottom flask (50 em®) equipped with a magnetic
stirrer, reflux condenser and a thermocouple. In each run, acetic acid
(28.9 cm3) was first mixed with catalyst (0.7 g) and heated under argon
flow. Once the reaction temperature (110 °C) was attained, glycerol
(7.75 g; glycerol to acetic acid molar ratio of 1:6) was introduced into
the flask. To monitor the process, aliquots of the reaction mixture were
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taken from the system periodically. After centrifuging the catalyst, the
samples were diluted with ethanol and analyzed by means of a SRI
8610C gas chromatograph equipped with a flame ionization detector
(FID) and a 30 m InterCap WAX capillary column. The analyses were
performed in the column temperature range of 130-210 °C.

The catalytic performances of the tested catalysts were expressed as
the conversion of glycerol, selectivities towards acetins, and yields of
individual glycerol acetates, in accordance with the formulas presented
in literature [25]. The reusability experiments (testing the catalysts in
subsequent reaction cycles) were also performed. After each run, the
spent catalyst was recovered by filtration, washed with hot distilled
water, and acetone. Finally, it was dried at 110° overnight. The amounts
of reagents taken for subsequent runs were calculated on the basis of the
catalyst weight recovered from each reaction.

3. Results and discussion

The obtained TRGO-based samples were thoroughly analyzed by
means of various methods. The most important data on the catalyst
characterization, i.e., those necessary for the interpretation of the cat-
alytic results, are shown below. Detailed description of the physico-
chemical properties of the carbons obtained can be found in our
previous paper [20].

3.1. Elemental composition and surface acidities of the graphene-based
samples

The elemental composition of the graphene-based samples as well as
their surface acidities are shown in Fig. 1. As can be observed, the initial
carbon sample, i.e., TRGO, contained significant amounts of elemental
carbon, which were over 82.5%. This result was rather expected, taking
into account the type of a precursor used in the TRGO synthesis
(graphite) and the thermal history of the sample (see Experimental part).
Interestingly, TRGO also showed a relatively high oxygen content (of
about 11.7%) despite being prepared at high temperature (i.e., 800 °C).
Therefore, it can be supposed that TRGO contained some oxygen func-
tionalities of high thermal stability (stable at least up to 800 °C). These
groups can be carbonyl, quinone, or pyrone structures [26-28], More-
over, it can be expected that the oxygen species present in GO could also
have been transformed into edge ethers, which are the most stable form
of oxygen in graphene asreported by M. Acik etal. [ 29]. Another option,
however, can also be considered, namely some less thermally stable O-
functionalities, such as phenolic ones [ 28], could have remained in the
TRGO structure due to the short time of GO reduction (see
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Fig. 1. The contents of carbon, oxygen, sulfur, and phosphorous in the pristine
and functionalized graphene samples (in wt.%) as well as the total acidities of
these materials.
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Experimental). The presence of these groups may also explain some
acidity shown by TRGO (Fig. 1). Fig. 2SM in Supplementary Material
presents the deconvoluted XPS O 1 s spectrum of the TRGO sample,
confirming the occurrence of the abovementioned phenolic functional-
ities on the surface of TRGO (with a the relative concentration of about
57%). The obtained results are also in line with the observations of
Ganguly et al. for thermally reduced GO [30]. According to the depicted
data, the TRGO sample also contained sulfur (2.0%) in its structure.
Most likely, the presence of this element resulted from incomplete
removal of the reagents used in the synthesis of thermally reduced
graphene oxide (see Experimental).

As can be seen in Fig. 1, modifications of TRGO with concentrated
sulfuric acid and BDS altered the composition of the parent sample,
resulting in the introduction of certain amounts of sulfur and oxygen to
TRGO (in the case of modification with BDS) or only oxygen — when
using HySO4. The observed differences in the amounts of oxygen and
sulfur introduced were due to the fact that the modification of TRGO
with concentrated sulfuric acid was probably ineffective in the forma-
tion of sulfonic groups on the TRGO surface (comparable contents of S
for TRGO and TRGO _SA). On the other hand, oxidation of the sample
occurred — with the formation of oxygen functionalities, e.g., carboxylic
ones (the oxidizing properties of sulfuric acid were also signaled in other
works [13,14,31]). Much more effective was the reaction of TRGO with
BDS, where the observed increase in oxygen and sulfur was probably due
to incorporation of SO3H groups into the TRGO structure (see also XPS
results). Consequently, TRGO_BDS contained 4.7% of sulfur and 17.3%
of oxygen compared to 1.6% and 13.9% of S and O, respectively,
observed for TRGO SA. Therefore, it can be concluded that modification
of graphene-based samples with BDS is a very efficient method of
functionalization. This is also in line with our previous studies regarding
modifications of activated or ordered mesoporous carbons [13,18].
Importantly, the direct effect of TRGO modification with sulfuric acid or
BDS was an increase in the sample acidity. This can confirm the for-
mation of acidic groups in the processes of TRGO functionalization — the
sulfonic and carboxylic functionalities mentioned above.

The modification of TRGO with phosphoric acid led to effective
incorporation of P-groups into the structure of this sample, as evidenced
by an increase in the phosphorus content in TRGO_PA (up to 7.2%)
compared to the pristine TRGO. Importantly, the introduction of phos-
phorous was accompanied by a significant increase in the acidity of the
PA-modified graphene sample (i.e., up to 1.38 mmol H'/g).

3.2. Thermogravimetric analysis

TG analysis performed in this study was used to evaluate the thermal
stability of TRGO-based samples as well as the degree of their func-
tionalization with heteroatoms such as oxygen and sulfur (as the O- and
S-containing groups are decomposed at certain temperatures of TG
analysis and released as volatiles). The results of TG measurements
obtained for all the graphene-based materials are presented in Fig. 2 (as
TG and DTG curves) and in Table 1 (as the weight losses of samples at
the final temperature of TG analysis).

According to the presented data, TRGO was quite thermally stable.
The weight loss reported at the temperature of 800 °C for this sample
was about 11.5% (see Iig. 2 and Table 1). Generally, this amount of
released volatiles agreed well with the results of EA showing about
13.7% of oxygen + sulfur in the TRGO structure. As can be seen from the
DTG curve in Fig. 2, a first slight drop of TRGO weight was noted above
200 °C, whereas the second, more significant, started above 480 °C.
Probably, the first observed weight change was due to the decomposi-
tion of some S-containing groups (see also XPS results), while the second
was mainly related to the decomposition of oxygen groups such as
phenolic ones present in TRGO [12,14].

It can be observed from Iig. 2 that the modified graphene-based
samples differed from the pristine TRGO. TRGO_SA and TRGO_BDS
showed higher weight loses at specific temperatures of TG analysis than
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Fig. 2. DTG analysis of the obtained samples under N, flow.

Table 1
Results of TG analysis at Tgya).

Sample Weight loss at Tg,,; (800 °C) [%]
TRGO 11.5
TRGO SA 16.5
TRGO_BDS 26.2
TRGO_PA 7.6

the initial sample. Finally, the weight drops noted for these materials
reached the values of 16.2% and 26.6%, respectively (Iig. 2 and
Table 1). The obtained results reflect the degree of TRGO functionali-
zation, namely TRGO BDS was modified significantly more efficiently
than TRGO SA, which is also consistent with the data from EA. The DTG
curve of TRGO BDS showed only one peak (with a minimum of about
320 °C), which corresponds to the decomposition of PhSOzH groups
inroduced into TRGO during its functionalization [32]. The chemistry
of TRGO_SA was more complex (quite similar to the pristine carbon), as
the sample contained functionalities of different thermal stability
(decomposing at about 250 °C and above 500 °C). TRGO_PA was char-
acterized by the lowest weigh changes among all the prepared samples.
The higher sample stability was probably due to removal of some oxygen
groups from TRGO (compare to the DTG curve of TRGO in I'ig. 2) at the
temperature of TRGO_PA preparation (which was 800 °C, see Experi-
mental), and the formation of phosphate groups of high temperature
resistance [33] (thus the oxygen contents in TRGO and TRGO PA differ
only slightly, Fig. 1).

3.3. Textural analysis

lable 2 shows the results of textural analysis of the prepared
graphene-based samples.

As can be seen, TRGO presented quite a significant Sger, which was
617 m2/g, and quite a large total volume of pores (Vo of 3.83 cma/g).
The surface area of TRGO resulted from the presence of mesopores (and
possibly macropores), as the contribution of Sy to Sggr was 100%. The

Table 2
The results of textural analysis of the prepared samples.
Sample Sger [M%/8]  Sex/Szar [%] Ve [em®/8l  Viicro/Viee [%]
TRGO 617 100.0 3.83 0.0
TRGO SA 513 99.6 2.29 0.0
TRGO BDS 422 97.9 2.76 0.0
TRGO PA 300 68.7 0.99 0.1
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additional confirmation of the presence of mesopores in the porous
structure of TRGO is the shape of the N, adsorption-desorption isotherm
obtained for this sample, with a hysteresis loop typical for mesoporous
materials [34] (Fig. 3). The sample did not contain a measurable number
of micropores (as Vipicro/ Viot = 0%).

The modifications of TRGO caused deterioration of the textural
properties of the parent sample. This can result from introducing new
functional groups onto the TRGO surface (see EA in Fig. 1), occupying
some pore space (the functional groups are most likely located at the
entrance of pores, blocking access to them [18]). The above supposition
can be confirmed by a decrease in the total volumes of pores (Vio)
observed for modifying samples. Importantly, the smallest reduction in
the textural parameters was observed for TRGO SA, whereas signifi-
cantly higher in the case of TRGO_BDS and TRGO_PA. These results are
in line with those of EA (Fig. 1), showing that modifications of TRGO
with BDS or phosphoric acid were more effective than the treatment of
TRGO with HpSO4. All the functionalized samples contained mainly
mesopores in their structures, as indicated by the values of S¢y/Sggr and
Vmicro/Vior parameters (Table 2) as well as the shapes of Ny adsorp-
tion-desorption isotherms (Fig. 3).

3.4. SEM analysis

Iig. 4 depicts SEM images of selected samples. As can be observed in
Fig. 4a, TRGO showed a flake-like structure, typical for graphene-based
materials [35], with exfoliated, separated layers (although creased,
wrinkled, twisted, and crumbled), and holes, canals, and gaps between
these carbon planes. These morphological features are probably
responsible for the developed texture of TRGO (see Table 2). Fig. 4b
presents the structure of a representative functionalized sample, i.e.,
TRGO treated with benzenediazonium sulfonate (TRGO BDS). As can be
seen, the modification used did not cause visible changes in the sample
morphology. The same was the effect of TRGO treatment with phos-
phoric and sulfuric acids (images not shown). Consequently, all the
modified carbons retained their flake-like structures.

3.5. XPS results

The quantitative data obtained from the XPS measurements (in wt.
%) are gathered in Table 3.

In general, the performed analysis confirmed the introduction of
heteroatoms such as S and P into the structure of the pristine TRGO
(increased S or P contents in the modified samples compared to the
initial one), thus indicating the effectiveness of sample
functionalizations.

Comparing the XPS results with those obtained from the elemental

2500 -
—»— adsorption branch
1—<+— desorption branch

g & 8

Volume adsorbed (STP cm®g)

8

T T T T
Relative Pressure (P/Pg)

Fig. 3. Nitrogen adsorption/desorption isotherms of the TRGO-based samples.
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Fig. 4. SEM images of selected graphene-based samples: a) TRGO and b) TRGO_BDS.

Table 3

Amounts of carbon and heteroatoms such as: oxygen, sulfur, and phosphorous
on the surface of pristine and functionalized samples according to XPS analysis
(in wt.%).

Sample [o] o} S (P)

TRGO 82.6 14.8 2.6 (0.0)
TRGO SA 83.0 14.1 2.9 (0.0)
TRGO BDS 73.1 17.9 8.1 (0.0)
TRGO PA 79.6 12.8 0.0 (7.6)

analysis (EA, Fig. 1), it can be concluded that sulfur present in TRGO,
TRGO SA, and TRGO BDS was not homogeneously distributed between
the surface and the bulk, as EA # XPS. This is particularly well seen in
the case of SA- and BDS-modified samples presenting significantly
higher concentration of S on the surface than in the bulk (XPS > EA;
about 1.7-1.8 times higher in both cases). When considering the
composition of TRGO_PA, it is clear that phosphorus is homogeneously
distributed within the sample, as the contents of P from EA and XPS are
almost the same (7.2 wt% of P from EA vs. 7.6 wt% of P from XPS). The
same applies to oxygen (also in other samples). Importantly, XPS did not
detect sulfur on the surface of TRGO PA. Thus, all sulfur present in this
material was observed in the bulk (as S from EA > S XPS, see Fig. 1 and
Table 3).

I'ig. 5 summarizes the results of deconvolution of the high-resolution
S 2p and P 2p XPS spectra of the prepared graphene-based catalysts,
showing the type and concentration of various S and P species on the
surface of these samples (full XPS profiles are not shown here as they are
given in our previous work [20]).

TRGO_PA P-0-C, P=0
(P2p)
TRGO_BDS|C-S -S0,
{S2p)
[ 11325,13358V
m(%s“ cs |0, in phosphates and diphosphates
[ ]167.8eV
in sulfonic groups/sulfates
[ 11837V
TRGO| c¢-8 |-SO, in sulfides
(S2p)
0.0 05 10 15 20 25 30 35
Concentration (at.%)

Fig. 5. Quantitative results of the deconvolution of the S 2p and P 2p spectra of
TRGO-based samples.

As presented in Fig. 1 and Table 3, the parent TRGO sample con-
tained some sulfur, possibly due to the incomplete removal of reagents
after the oxidation step (see Experimental). It was found from the XPS
spectra analysis that the dominant state of S in TRGO was C-S in sulfides
(signal at the B.E. of about 163.5-164.5 eV); however, the sample
showed also some sulfonic or sulfate groups (as the deconvoluted peak at
168-169 eV was observed) [ 16,36]. Presumably, the C-S structures were
formed as a result of the high temperature reduction of H2SO4 and
KS,0gtreated graphite (the GO employed to prepare TRGO could
contain residual intercalated H,SO,4 and/or sulfates, which were not
completely washed out after the oxidation step; see also Experimental).
The modification of TRGO with concentrated sulfuric acid did not affect
significantly the content of S and the disuibution of the surface S
functionalities. Thus, the TRGO SA contained mainly C-S (relative
abundance above 62%), whereas S in -SO, functionalities was about
38%. As can be seen in Fig. 5, the functionalization of TRGO with BDS
increased considerably the content of S groups. The surface density of
-SO, moieties was increased from 0.4 at.% in TRGO to 3.0 at.% in
TRGO BDS. The relative abundance of C-S was only about 11.8%.
Importantly, these species were not introduced to the structure of the
sample during the modification, but were originally present in TRGO.
This outcome is also in line with our previous studies suggesting that the
treatment with BDS leads to introduction of only SOsH groups [ 13,18].
The presence of SO3H moieties in the BDS-modified sample was also
confirmed by the results of FTIR analysis presented in our previous
paper (the peaks at 1120, 1043, 804, and 612 cm 1) [20]. Overall, the
presented results indicate that quantitative and qualitative functionali-
zation of TRGO with sulfur strongly depended on the modifying agent
used. The modification with BDS was found to be significantly more
effective in introducing a high number of sulfonic species into the TRGO
than the TRGO treatment with sulfuric acid.

The high-resolution P 2p XPS spectrum of TRGO_PA showed gener-
ally only one peak (see also our previous work [20]). To simplify the
interpretation of the XPS P 2p results, this region was deconvoluted into
two main signals (without taking into account the split orbit splitting
into P 2py/» and P 2p3,») at the binding energies of about 132.5 and
133.5 eV, related to the presence of P bonded to carbon through oxygen
and P double bonded to O, respectively, in phosphate and diphosphate
groups (Fig. 5) [13,36]. These surface functionalities endow the TRGO
sample with acidic properties (see also total acidity of TRGO PA in
Fig. 1).

3.6. Catalytic results

The obtained graphene-based materials were tested in synthesis of
glycerol acetates.

The catalytic performances of samples were assessed based on the
results of glycerol conversion, selectivities towards different acetins
(MA, DA, and TA), and yields of individual products.

The obtained results (including blank test) are shown in Figs. 68,

103



A. Malaika et al Fuel 313 (2022) 122987

[ Iblank [l TRGO [—]TRGO_PA [B88 TRGO_SA [l TRGO_BDS
100

00 -

5.5 .4

Conversion of glycerol (%)
8

Combined yield of DA and TA (%)

1ih 2h 6h 24h

Fig. 6. Conversion of glycerol obtained in the process with modified graphene- 0 T T - T v T T T T T
based samples. 0 4 8 12 16 20 24

Time (h)

Fig. 6 presents the results of glycerol conversion versus time. As can
be seen, the graphene samples differed significantly in their catalytic
performances. The observed differences were the highest at the

Fig. 8. The combined yield of DA and TA obtained in glycerol acetylation using
the prepared graphene-based samples versus time.
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Fig. 7. Catalytic performance of the modified graphene-based samples versus time.
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beginning of the process, e.g., after 1 h, and TRGO_ BDS converted by
about 30% more glycerol than TRGO_PA. The conversion increased with
time in almost all cases, however, the longer the reaction time, the
smaller differences in the sample activities were reported. Thus, after 24
h, all the prepared catalysts (also the blank) showed almost comparable
conversion results, which were about 95%. The observed phenomenon is
due to approaching/reaching the reaction equilibrium.

In general, the worst catalytic results among the modified materials
were recorded for TRGO_PA. In this case, the conversion of glycerol after
1 h of the reaction was about 60% and was not so much higher than that
obtained in the blank experiment. Better catalytic performance was
shown by the TRGO SA sample, which transformed about 70% of
glycerol present in the system after 1 h of the process. The best catalytic
results were attained for TRGO_BDS. Importantly, this catalyst allowed
us to obtain a very high glycerol conversion (about 95%) just within 1 h
of the reaction.

I'ig. /7 depicts the distribution of various products formed in the
glycerol esterification for selected reaction times.

Under the conditions used, the prepared catalysts produced only
mono-, di- and triacetins. Initially, the contribution of MA to the mixture
of acetins was quite high in most cases, i.e.,, TRGO PA gave about 72.5%
selectivity to MA, and TRGO_SA showed about 68.5% selectivity to
monoacetins after 1 h. Other situation was observed in the case of
TRGO BDS, which transformed glycerol mainly to DA (selectivity to DA
after 1 h was about 60%) (I'ig. 7a). Importantly, this catalyst was also
able to produce high amounts of TA within a short period of time
(selectivity to TA about 20%, see Fig. 7b, and glycerol conversion of
about 96%, see Fig. 6, after 2 h). Furthermore, the results presented in
Fig. 7 reflect the transformations of individual products taking place
during the process. As can be seen, the selectivities to MA decreased over
time in all cases. At the same time, the selectivities to higher acetins (i.e.,
DA and TA, which are the products of special interest) were increased.
The observed changes in selectivities to individual acetins allow us to
conclude that glycerol esterification over graphene catalysts occurs in
three consecutive steps. First, MA is formed in the process. In the second
step, MA is converted to DA. Finally, DA is tansformed to TA. This
mechanism is in full accordance with previously published studies
[37,38]. In view of the above, the most active catalyst should be a
sample that allows a rapid transformation of MA to higher esters (i.e.,
DA and TA). In our case, this is TRGO BDS, which was found to work
effectively, converting high amounts of glycerol to di- and triacetins
within a short period of time.

As mentioned above, the most desirable products of glycerol esteri-
fication are di- and wiacetins, which are used as valuable fuel additives.
Fig. 8 presents the combined yield of DA and TA (Ypa+ta) obtained with
the use of prepared graphene-based catalysts over time. For the sake of
comparison, also the results of the blank test are depicted. As can be
seen, the initial Ypa,1a (assumed here as measured after 1 h) obtained
over TRGO modified with sulfuric acid or phosphoric acid (TRGO_SA
and TRGO PA, respectively) was rather low, as this combined yield was
only about 18-20% in both cases. This parameter increased significantly
over time and for the more active sample (i.e,, TRGO SA), Ypa1a Was
about 62% after 4 h. The best catalyst among tested here was TRGO
modified with BDS, for which a combined yield of DA and TA after 1 h
reached a very high value of about 70%, i.e., over three times higher
than that observed for the other modified samples and the blank. The
yield of di- and triacetins produced with the TRGO BDS sample
increased over time, however, not so significantly as with the other
catalysts, and finally, Ypa+ta Was over 80% after 24 h.

It was concluded before that the yield of higher acetins formed in
glycerol esterification over carbon materials such as bio-carbons from
sugars or glycerol [19,39,40] corresponds well with the number of SO3H
groups. Apparently, the extremely high activity presented by TRGO_BDS
also results from its chemical features, namely the presence of sulfonic
groups, the abundance of which was confirmed in the sample (see
Fig. 5). Importantly, the results obtained in this work using TRGO_BDS
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were comparable or even better than those achieved with other types of
carbon catalysts tested by us, e.g., ordered mesoporous carbons — OMCs
[18], despite using 2 times less catalyst in the process performed with
modified graphene. Therefore, it can be assumed that the role of gra-
phene as catalysts results from its unique accessible structure on both
surfaces of graphene sheets in which catalytically active sites of different
types can be freely exposed, and thus available. Because of that the time
required for reactants to diffuse to an active site can be significantly
reduced, also the internal diffusion is limited. Finally, the mass transfer
limitations are considerably lower, hence increasing the rate of het-
erogeneous catalytic processes [41].The catalytic performance of
H»SO4-modified TRGO is also due to the presence of SO3H groups
despite the fact that this sample also contains high amounts of C-S
functionalities. These structures, however, cannot catalyze the esterifi-
cation process. In the case of TRGO SA, the number of SO3H function-
alities is significantly lower than that present on the surface of
TRGO BDS, thus TRGO SA presents considerably lower catalytic per-
formance. As can be seen in Fig. 8, TRGO modified with phosphoric acid
(i.e, TRGO PA) shows a catalytic effect in the glycerol esterification
even though there are no SO3H groups on its surface (as presented in
lable 3). Thus, also other functionalities than sulfonic ones, namely
phosphate structures (these were detected on the TRGO_PA surface, see
Fig. 5) can catalyze the glycerol esterification. Importantly, the activity
of TRGO PA was significantly lower than that of SOzH-containing cat-
alysts although the HsPO4-modified sample exhibited a high content of P
(7.2%) and a significant total acidity (about 1.4 mmol H*/g), which was
comparable to that of TRGOBDS (about 1.5 mmol H+/g, Fig. 1).
Apparently, low catalytic effect shown by TRGO PA is due to much
weaker acidic character of phosphate groups than sulfonic ones (pKy, of
phosphate groups = 2, pK1, of sulfonic groups = 0.7) [14]. Thus, it can
be stated that the type of acidic functional groups is more significant for
the performed process than the total acidity shown by the catalysts. This
conclusion agrees well with our previous findings concerning the ac-
tivity of hydrothermal carbons in the glycerol esterification reaction
[42].

Fig. O depicts the results of reusability tests performed for the best
working sample, i.e., TRGO BDS, in four reaction cycles.

As can be seen, the catalyst retained its catalytic performance in
subsequent experiments, giving a very high conversion of glycerol
(about 95%) in each run just within 1 h of the process. The yields of the
desired products (i.e.,, DA and TA) did not change significantly in sub-
sequent processes, and were almost as high as in the first reaction (about
60-63%). This can indicate that leaching of active sites was negligible.

I Conversion of glycerol 777 Yieki of MA [l Yieki of DA + TA

| 1} L] v

Fig. 9. Reusability tests performed for aselected catalyst (TRGO_BDS); reaction
time 1h
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4. Conclusions

S- or P-functionalized graphene-based samples were prepared from
graphite via its thermal exfoliation and modification with sulfuric acid,
diazonium salt, and phosphoric acid. The last two functionalization
methods were very effective in introducing heteroatoms into the gra-
phene structure. These modifications enabled the incorporation of a
high number of SO3H or phosphate groups and a significant increase in
the total acidity of the parent material (to a quite similar level in both
cases). Further, the catalytic data obtained in the reaction of glycerol
with acetic acid allowed us to conclude that the presence of strong acidic
sites is of great importance to the process. The best catalytic perfor-
mance was presented by the sample modified with diazonium salt and
showing the highest content of SO3H groups (i.e.,, TRGO_BDS), which
gave a very high conversion of glycerol and a high yield of di- and tri-
acetins (the products of interest) just within 1 h. Furthermore, this
catalyst presented high catalytic stability in subsequent reaction cycles.
The highly P-functionalized sample (i.e., TRGO_PA) showed signifi-
cantly lower activity in the process than TRGO_BDS. This is a conse-
quence of much lower acid strength of phosphate groups comparing to
sulfonic ones.
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Fig. 1 SM. A schematic diagram illustrating the expected functional groups introduced into the

carbon matrix via the functionalization processes used [1,2]

108



The XPS O 1s analysis was performed to evaluate the type of functional groups presents in the
TRGO sample. The quantitative data obtained showed that TRGO contained 11.7 wt% of oxygen. On
the other hand, the deconvolution of XPS core-level spectrum of O 1s obtained for TRGO gave
complementary qualitative information about the nature of the TRGO surface. The O 1s signal
obtained for TRGO (Fig. 1) was deconvoluted into three peaks at the B.E. of about 530.0 eV, 531.6 eV
and 533.2 eV. These regions can be assigned to: oxygen double bonded to aromatic carbon atoms in
quinone groups, carbonyl oxygen atoms in esters, hydroxyls or ethers (oxygen single bonded to
aliphatic carbon), and phenolic groups (oxygen single bonded to aromatic carbon), respectively [3-5].
The relative concentrations of these species were 16.8%, 25.8% and 57.4%, suggesting a very high
content of phenolic groups. These groups are probably responsible for some acidic properties shown
by TRGO (i.e., 0.83 mmolH*/g; Fig. 1). The obtained results are also in line with the observations of

Ganguly et al. for thermally reduced GO [4].
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Fig. 2 SM. XPS O 1s spectrum of TRGO
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SO;H-functionalized carbon fibers
for the catalytic transformation
of glycerol to glycerol tert-butyl
ethers

Karolina Ptaszyriska, Anna Malaika™, Magdalena Kapska & Mieczystaw Koztowski

Carbon fibers (CFs) of high quality were produced from hydrocarbons such as isobutane or ethylene
using the catalytic chemical vapor deposition method (CCVD) and Ni catalyst. The as-prepared samples
were functionalized with acidic groups using concentrated sulfuric acid or 4-benzenediazonium
sulfonate (BDS) generated in situ from sulfanilic acid and sodium nitrite. The morphological features
of the materials were confirmed by transmission electron microscopy, whereas their physicochemical
properties were characterized by means of elemental and textural analyses, thermogravimetric (TG)
method, Raman spectroscopy, potentiometric back titration, and X-ray diffraction analysis. The
obtained CFs were used as catalysts in glycerol etherification with tert-butyl alcohol at 110 °C under
autogenous pressure. The BDS-modified CFs were particularly effective in the reaction, showing

high glycerol conversions (of about 45-55% after 6 h) and substantial yields of mono- and di-glycerol
ethers. It was found that the chemistry of the sample surface was crucial for the process. The high
concentration of -SO;H groups decorating CFs boosted the formation of di- and tri-tert-butyl glycerol
ethers. Surface oxygen functionalities also had a positive effect on the reaction, however, theirimpact
on the catalytic performances of CFs was significantly weaker compared to that shown by -SO;H
groups and it was probably due to the adsorption of reagents on the catalyst surface.

Dangerous global climate changes resulting from greenhouse gas emissions have been troubling the world for
years. Among the main anthropogenic sources of air pollutants are emissions from the fossil fuel-based industry
and the transportation sector'”. Combustion of coal, oil, and gas provides about 84% of global primary energy”.
However, these non-renewable energy sources are significant providers of hazardous CO,, NO,, SO,, or particu-
late matter (PM) released into the atmosphere”**. Therefore, the development of clean and renewable energy
resources is highly justified"5.

The use of wind, solar, and geothermal energy, or hydropower can significantly limit climate changes"”.
Unfortunately, the main limitations of renewable-energy power plants are special weather conditions needed for
operation, such as wind force or sunlight, the maintenance of which is not always possible’. Biomass is another
sustainable energy source of large versatility, e.g., it can be easily converted into liquid fuels such as biodiesel.
According to the data provided by the International Energy Agency (IEA), global biodiesel production was about
43 billion L in 2021. This value is expected to be maintained in the nearest future®.

The process of biodiesel production is accompanied by the release of large quantities of a by-product in the
form of (bio)glycerol. It is estimated that for every 1 tonne of biodiesel, 100 kg of glycerol is co-formed’. Thus,
to make biodiesel fuel more profitable and more competitive with traditional petroleum-based fuels, there
is an urgent need to valorize the co-produced glycerol, preferably by converting it into industrially valuable
chemicals™*’.

Tert-butyl glycerol ethers, TBGE, especially di- and tri-substituted products (DTBGE and TTBGE, respec-
tively), are one of the most attractive compounds obtained from glycerol. These high-substituted glycerol deriva-
tives (h-glycerol ethers) can be widely used in the fuel sector, where they can serve as valuable fuel oxygenates
reducing the emissions of harmful gases into the atmosphere during fuel combustion (diesel, biodiesel, or gaso-
line). Glycerol ethers also improve viscosity, cloud points, or pour points of biodiesel, showing a positive effect
on the performance properties of this fuel. Importantly, DTBGE and TTBGE are excellent alternatives to another
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popular fuel additive, i.c., methyl tert-butyl ether (MTBE), which is considered an environmentally troublesome
chemical substance with limited usage in some countries''=",

Typically, Lert-bulyl glycerol ethers are oblained by the catalylic etherification of glycerol with tert-butyl
alcohol (‘I'BA) or isobutene (1B). Despite the lower efficiency of the process with 'I'BA, the use of alcohol is more
practical, as IB is more expensive, non-renewable, and requires special reaction conditions to keep the gas in
the liquid phase!>'©.

Conversion of glycerol to TBGE is an acid-catalyzed reaction in which heterogeneous catalysts are preferred
over homogeneous ones. Solids have several advantages, e.g., they can be easily separated from the reaction mix-
ture, are not corrosive, and are more environmentally friendly than homogeneous catalysts' 1217, The scheme of
reaction belween glycerol and TBA (prepared according Lo a commonly accepled mechanism) is shown in Fig. 1.
As can be seen, five different glycerol tert-butyl ethers can be formed. Importantly, due to the steric effects (a
tert-butyl group is of voluminous size), the formation of primary ethers (i.e., 1-substituted and 1,3-substituted)
is favored'®.

Ion exchange resins, modified zeolites, and silicas are solid catalysts most frequently tested in glycerol etheri-
fication, which is due to their high activities'>'® ?2. For instance, Melero et al.>' demonstrated that sulfonic acid-
functionalized mesostructured silicas showed excellent catalytic behavior in the etherification of glycerol with
IB, giving glycerol conversions up to 100% and combined selectivities toward IYI'BGE and T'IBGE over 92%
within 4 h. Frusteri et al.” tested spherical silica-supported Hyflon® catalysts (SSHC) in the process between
glycerol and 1B and found that the best catalytic system led to complete conversion of glycerol and high com-
bined selectivity to the desired ethers (i.e., DTBGE and TTBGE), of about 97%, just within 6 h. The catalyst also
showed high resistance to deactivation. Xiao et al.?" investigated glycerol etherification with IB over 1Y zeolites
modified with citric acid and achieved glycerol conversion and a combined selectivity to di- and tri-tert-butyl
glycerol ethers of 91% and 64%, respeclively, within 7 h of the reaction. On the other hand, Klepacovd et al.'®
performed glycerol etherification with tert-butyl alcohol using Amberlyst-15 and large-porous zeolites such as
H-BEA. The conversions of glycerol were comparable for both samples (> 80 and 90% afler 6 h); however, H-BEA
formed nearly twice as much di-ethers as Amberlyst-15 (45% vs. 25%).

Carbon materials have been relatively rarely used in glycerol etherification. Meanwhile, these catalysts offer
several advantages over typical catalytic systems, e.g., high thermal stability, case of tuning their physicochemical
properties, and various morphological forms!*., For instance, Zhao ct al.'! obtained very good catalytic results
in glycerol etherification performed over a sullonated carbon catalyst synthesized [rom peanut shells, i.e., com-
plete conversion of glycerol and a 92.1% combined selectivity to DIBGE and T'I'BGE just within 2 h; however,
the process used isobutylene which presents several disadvantages compared to 'I'BA. Gongalves et al.?® tested

0" = _H
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H\o o’H é | H* o o H H
0O—H H * + \o/
| o
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TBA 1-MTBGE 2-MTBGE
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Figure 1. 'The scheme of reaction between glycerol and tert-butyl alcohol under acidic conditions.
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sulfonated carbon-based catalysts in the etherification of glycerol with TBA. Over 80% glycerol conversion and
about 21% selectivity to DTBGE and TTBGE were achieved after 4 h of the reaction at 120 °C. The catalytic
activity of the prepared carbon samples was ascribed mainly to the presence of strongly acidic surface sulfonic
groups; however, no detailed studies on the influence of the carbon catalyst properties on the material activity
have been performed. In turn, Estevez et al.* demonstrated that sulfonated carbon obtained from olive stones
gave a 21% yield of higher glycerol ethers just within 15 min. Additionally, the prepared catalyst exhibited high
stability, maintaining its activity after being used in several consecutive reactions. However, the process required
a microwave to achieve these promising results.

The current work presents the results on the catalytic performances of the SO;H-functionalized carbon fibers
produced from isobutane or ethylene in glycerol etherification carried out with sustainable and easy-to-handle
TBA. Importantly, the collected data enabled us to determine the relationship between the chemical structure
and the carbon fibers’ performance in the formation of di- and tri-glycerol ethers (DTBGE and TTBGE, respec-
tively), i.e., the products of interest. We believe that these findings can set the direction of future research aimed
at maximizing the production of h-glycerol ethers and at developing new effective acid carbon catalysts for the
glycerol valorization processes. Furthermore, to the best of our knowledge, modified ethylene- and isobutane-
derived CF catalysts have never been tested in TBA-assisted etherification of glycerol.

Experimental section

Preparation of the carbon samples. Carbon fibers (CFs) were prepared by catalytic chemical vapor dep-
osition (CCVD) using gaseous hydrocarbons such as isobutane or ethylene as carbon feedstocks, and nickel as a
catalyst. The process was conducted under the optimized conditions established earlier’’. Briefly, NiO (100 mg
in the case of isobutane and 30 mg in the case of ethylene) was placed in a quartz boat in a horizontal tube fur-
nace and heated under Ar flow to 550 °C. At this temperature, the reduction of Ni oxide was performed using a
20%H,/80%Ar mixture (total flow of gases of 100 cm®/min) for 2 h. Afterward, the CCVD process of hydrocar-
bons was initiated by switching the H,/Ar gases to a mixture of 75%H,/25%ethylene or 50%H,/50%isobutane.
The first reaction was performed at 550 °C, whereas the second at 600 °C, both for 4 h. In both cases, the obtained
carbon product was treated with a 21% HCI solution and heated for 2 h under reflux to remove the Ni catalyst
from the sample. Afterward, the material was washed with hot distilled water, dried at 110 °C overnight, and
finally, sieved to a particle size< 0.4 mm. The resultant samples were denoted as CF,,, and CF,; depending on
the carbon precursor used in the CCVD process (iLe., carbon fibers from isobutane or ethylene, respectively).

The prepared CF samples were functionalized with acidic sites using sulfuric acid or 4-benzenediazonium
sulfonate (BDS) generated in situ. Details of the modifications are given below.

The modification of CFs with sulfuric acid was carried out by mixing 3.5 g of the sample with 90 cm? of con-
centrated H,SO,. The mixture was heated at 140 °C for 20 h under argon flow. After the functionalization, the
carbon was filtered out, thoroughly washed with hot distilled water until a neutral pH, and dried overnight at
110 °C. Finally, it was sieved to a particle size of <0.4 mm. The resultant CF samples were labeled as CF,,,-H,SO,
and CF,-H,SO,.

The reaction of CFs with BDS was carried out according to a modified procedure proposed originally by
Toupin and Bélanger”’. The process was performed using 3.5 g of the carbon that was mixed with distilled water
(175 cm®), sulfanilic acid (5 g), and sodium nitrite (2 g). In the next step, concentrated hydrochloric acid (35
cm?) was added dropwise to the mixture. The modification was performed at 20 °C for 20 h. Afterward, the
sample was washed with distilled water, then with methanol, dimethylformamide (DMF), and acetone. Finally,
it was dried overnight at 110 °C and sieved to a particle size of < 0.4 mm. The resultant samples were denoted as
CF,,,-BDS and CF,-BDS.

Characterization of the samples. The obtained carbon samples were characterized using various tech-
niques, Le., elemental and textural analyses, electron microscopy, potentiometric back titration method, Raman
spectroscopy, thermogravimetric analysis, and XRD technique.

The elemental CHNS composition of the samples was determined using an elemental analyzer Vario EL IIL
Textural parameters of the carbons were examined by means of a Quantachrome Autosorb IQ apparatus based
on N, adsorption/desorption measurements performed at -196 °C. The samples were outgassed under vacuum
conditions at 150 °C before the analysis. Apparent surface areas of the samples (Sgpr) were calculated using the
Brunauer-Emmett-Teller (BET) model, while the micropore volumes (Vy;,,) and external surface areas (of
meso- and macropores; S,,,) were determined using the t-plot method. In turn, the total volumes of pores (V,,,)
were calculated from the amount of nitrogen adsorbed at a relative pressure close to 1. A potentiometric back
titration method was used to measure the total acidity of the prepared carbons. For this purpose, a Cerko Lab
microtitration unit was applied. The measurement procedure included mixing a sample (100 mg) witha 0.01 M
NaOH solution (50 cm?) and shaking the obtained suspension at room temperature for 20 h. Afterward, the
mixture was filtered and a clear solution was titrated with 0.05 M HCI. The morphological features of the prepared
materials were examined using a TEM JEOL 2000 transmission electron microscope operating at 80 kV. In turn,
high-resolution TEM (HR-TEM) images were obtained by means of an FEI Tecnai G2 20 X-TWIN apparatus. A
Bruker AXS D8 Advance diffractometer was applied to perform X-ray diffraction (XRD) measurements. Raman
spectra were acquired using a Renishaw InVia Reflex confocal Raman spectrometer equipped with an argon
laser as an excitation source (A=>514 nm, P=1 mW). In turn, thermogravimetric analysis (T'G) was performed
using a Setaram Setsys 1200 thermal analyzer in nitrogen or air flow in the temperature range of 20-950 °C and
with a heating rate of 10 °C/min.
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Catalytic measurements. Etherification of glycerol was carried out in a hand-made high-pressure stain-
less steel laboratory autoclave. This model consisted of a reactor body, a thermocouple inserted into the reaction
mixture to precisely control the process temperature, an inlet gas valve for purging the reactor, a pressure gauge
to monitor the current reaction pressure, a heating jacket, a magnetic stirrer, and a sampling capillary with an
outlet valve enabling in-situ collecting the samples. The reactor was charged with 10.2 g of glycerol (G) and 42
cm® of tert-butyl alcohol (TBA; TBA:G molar ratio of 4:1). Afterward, the catalyst was added to the mixture
(5 wt.% based on the glycerol weight). To remove air from the reactor, the autoclave was flushed with argon sev-
eral times. The etherification process was performed at 110 °C for 24 h under autogenous pressure. To monitor
the progress of reaction, samples of the reaction mixtures were taken after 1, 2, 4, 6, and 24 h. The used sampling
procedure did not change notably the pressure inside the reactor.

The analysis of the liquid samples was performed with the use of a gas chromatograph (SRI 8610C) equipped
with a RESTEK MXT*—WAX capillary column (30 m x 0.25 mm x 0.25 pm) and a flame ionization detector (FID)
working at the temperature of 210 °C and powered by hydrogen and air with flows of about 25 cm?*/min and 270
cm®/min, respectively. Helium was used as the carrier gas (1 cm®/min) and a split injector (temperature of 230 °C
and a split ratio of about 30) was applied for the analyses. Measurements were carried out according to the fol-
lowing temperature program: 40 °C (7 min) and 210 °C (17 min; increase rate of 30 °C/min). The identification
of the reaction components was confirmed by a GC-MS (Gas Chromatography-Mass Spectrometry) technique.

The activity of catalysts was expressed as conversions of glycerol (X;;) and yields of the corresponding glycerol
ethers (ie., Yyrpgp—vield of MTBGE, Yppap—yield of DTBGE, and Yrppgp—vield of TTBGE), or selectivity to
individual reaction products (i.e., Syrpce—selectivity to MTBGE, Spppqs—selectivity to DTBGE, and Spppgs—
selectivity to TTBGE).

Results and discussion
The calculated yields of the carbon fibers obtained from ethylene and isobutane (both used in a mixture with
hydrogen; see Experimental) were about 143 and 52 gCFs/gNi, respectively. These values were quite comparable
or even significantly higher than those achieved by other authors. For example, Toebes et al.*’ obtained a yield of
CFs of about 20 g/gMe using a C;H,/H; mixture and Nias a catalyst. Moreover, the use of ethylene as a carbon
source was found to be more advantageous than the use of other hydrocarbons. For instance, according to our
previous study”’, the use of methane in CCVD resulted ina very low yield of carbon nanofibers, i.e., about 4 gCFs/
gNi. Similarly, studies by Miniach et al.* showed that the activity of Ni/hydroxyapatite in the CFs formation via
CCVD of methane was only about 10 gCFs/gCat. Filamentous carbon was also produced from acetylene—31.6 g
of coiled CFs per 1 g of a Fe-based catalyst was obtained in this case®. In view of the above, the results of yields
obtained in this study seem to be quite promising, even those achieved for CF,,, produced with lower efficiency.
A thorough characterization of the obtained samples as well as the results of their catalytic performances
are presented below.

Characterization of the samples. The elemental composition of the prepared materials is presented in
Table 1. As can be observed, the initial CFs showed a very high content of carbon, which was about 97% in the
case of CF,, and 99% for CF,.. Only traces of heteroatoms were detected (the O contents between 0.2 and 0.9%).
These results are not surprising as the preparation of CFs involved the use of hydrocarbons as carbon feedstocks,
thus the compounds with no oxygen atoms in their structures (traces of O in CFs probably come from the oxi-
dation processes taking place during the sample storage). In the case of functionalized materials, a reduction in
the content of elemental carbon was observed, although the C contents in the modified samples were still very
high—over 90%. At the same time, an increase in the contents of heteroatoms such as sulfur and oxygen was
noticed. This indicates that the methods used here for the modifications of CFs were successful. It should be
stressed, however, that the degree of sample functionalization was not very high (the S contents between 0.4 and
1.4% were attained), which is not surprising taking into account a rigid and ordered structure of typical carbon
fibers’®*. For comparison, our previous studies showed that modifications of carbon xerogels can produce sam-
ples with a 1.4—2.3% S content, while functionalization of carbon polymeric spheres can give materials with
a sulfur content of 4.3%”* In turn, the sulfonated bio-carbons obtained in the process of simultaneous partial
carbonization and sulfonation contained 0.7—5.0% of sulfur in their structures™.

The functionalization degree of the CF samples varied depending on the modifying approach used. In the
case of CFs modified with sulfuric acid, the amount of S was 0.4% and 0.6% (for CF,;,-H,SO, and CF,-BDS,

Sumple EXC R LR XN O (3 [
CFy3 03 99.0 04 0.1 0.0 0.2 0.00 0.00
CF, ,-H.S0, 0.5 9.4 0.7 0.0 0.4 2.0 0.11 0.09
CF, 1,-BDS 08 9.6 08 0.3 0.9 2.6 0.27 0.01
CE, 11 973 07 0.0 0.0 0.9 0.00 0.03
CE,-H,SO, 0.5 922 0.7 0.1 0.6 5.9 0.17 0.39
CF,-BDS 08 91.0 11 0.5 1.4 52 042 0.07

Table 1. Results of the elemental analysis (wt.%), total acidity measurements (A,,, mmol H*/g), sulfonic
groups (-SO;H, mmol/g) and ash content determinations for the obtained samples. *Calculated by difference;
*calculated from the elemental analysis.
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respectively), while the reaction of CFs with diazonium salt introduced about twice as much sulfur into the CF
structure (see Table 1). Importantly, sulfur in the BDS-modified carbons was probably anchored to the sample
surface in the form of -PhSO,H groups, which was also suggested by literature data®”. For the BDS-modified
carbons, there was a noticeable increase in the content of nitrogen. This may indicate the presence of azo bonds
in the prepared materials, which were formed in coupling reactions between diazonium cations and the surface
of carbons®.

Generally, the modifications of CFs with H,SO, turned out to be less effective than those with BDS. This
is also in line with literature data indicating lower susceptibility of graphite-like materials to sulfonation with
concentrated sulfuric acid compared to that of amorphous ones®. As depicted in Table 1, the unmodified car-
bons practically did not show acidic properties as A,,, measured for CF,y, and CF,, was very low. Generally, the
used modifications increased A, ; however, the changes between the functionalized and parent CFs were not so
significant, especially in the case of CF,;,,-H,SO and for BDS-modified samples. Interestingly, the total acidities
measured for BDS-modified CFs were lower than those resulting from the number of surface sulfonic groups
(calculated based on the sulfur content). This may be related to the neutralization of some -SO;H structures, e.g.,
by the formation of zwitterions and finally, the creation of SO, moieties on the carbon surface®®**-**. The opposite
effect was observed for CF,-H,SO,, i.e., the total acidity measured for this sample was higher than that resulted
from the presence of -SO;H groups. This can indicate the formation of surface oxygen groups of acidic proper-
ties during the CF,, reaction with H,SO, apart from the sulfonic functionalities (see also the oxygen contents in
CF,-H,;80, and CF,; in Table 1). This is in accordance with previous literature reports suggesting oxidizing prop-
erties of concentrated sulfuric acid*'~**. The surface of CF,, seemed to be more resistant to oxidation (as -SO,H
~ Ay,) as well as the functionalization in general (CF;y, was functionalized less effectively compared to CF,,).

Table 2 presents the textural properties of the obtained samples. The unmodified CFs showed moderate
apparent surface areas (Sgpr) which differed slightly depending on the carbon precursor used during the CCVD
process. Both types of the initial samples showed a significant contribution of the external surface area to the
apparent surface area (S,,/Szz7), and only a small number of micropores was detected in both cases (as evidenced
by a low contribution of the micropore volume to the total volume of pores; Vi Vior). The modifications of CFs
with sulfuric acid caused only slight decreases in Sz, while the reactions with BDS resulted in more significant
Sper changes. This was probably due to introducing high volume -PhSO,H groups into the structure of CFs during
the reaction with BDS, blocking the smallest pores in the samples (as V ..,/ Vi, for both BDS-treated samples
decreased to 0%). A similar phenomenon was also observed elsewhere® . Interestingly, the observed decrease
in Sger was higher in the case of CF,,-BDS, suggesting more effective functionalization of this sample compared
to CF,,-BDS. This conclusion is also in line with the results of elemental analysis (see also the contents of S in
Table 1).

The morphology of selected carbon samples prepared via the CCVD method is presented in Fig. 2. As can
be observed from Fig. 2A, the process with the use of isobutane and Ni as catalyst led to a mixture of different
carbon structures, differing in their sizes and shapes. Among them, mostly carbon fibers were identified—rather
short, with a fairly large diameter (marked as CF in the TEM image). Probably, also carbon nanotubes with small
diameters were formed in the process, as long fine hollow structures are visible in Fig. 2A (marked as CNT).

Figure 2B shows a TEM image of the sample produced from ethylene. Similarly to CFs,, CF,; consisted of
carbon fibers with rather large diameters (however, slightly smaller than in the case of CFy,). Individual fila-
ments showed irregular shapes and surfaces—from smooth to presenting sharp edges. Trace amounts of CNT
are also visible.

The high-resolution TEM images of different magnifications obtained for CFs produced from isobutane and
ethylene are shown in Fig. 1SM.

The presented pictures revealed the partial graphitic structure of CF,;, and CF,,, as the ordered orientation
of the graphene sheets was visible for most of the produced fibers. In the case of CFs obtained from ethylene, the
graphene sheets were arranged parallel to each other and perpendicular to the fiber axis, forming platelet carbon
fibers (Fig. 1SM E). CFs produced from isobutane also resembled platelet-like structures, however, a slightly
lower degree of order than that observed for CF,, was noticed, as randomly oriented graphene sheets were also
found in the HR-TEM images of CF,, (Fig. 1SM B).

The XRD patterns of the unmodified carbon fibers (i.e., CF,, and CF,3,) are shown in Fig. 3. In both cases,
two signals characteristic of carbon materials and attributed to graphite-like structures are visible—a sharp dif-
fraction peak at 2-theta of 26° and a less intense one at 2-theta of 43°, which corresponds to diffraction on the
(002) and (100) planes, respectively. A weak signal at 2-theta of 55° is also noticeable, probably representing
the (004) graphite-type reflection®~*. The XRD patterns also show a diffraction line at 2-theta of 78°, possibly

CF,3y 8.93
CF,5,-H,80, 9.62
CE.,,BDS |42 100 0.00
CE, 174 62 8.63
CE, H,80, |171 67 8.76
CE,-BDS 58 100 0.00

Table 2. Textural analysis of the samples.
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Figure 2. TEM micrographs of (A) CF, and (B) CF,.
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Figure 3. The XRD patterns of the prepared initial CF samples.

belonging to the (110) plane of graphitic materials’® or metallic nickel*”". 'Lhe presence of this peak can suggest
that some traces of catalyst remained in the carbon product despite the sample boiling with a solution of IICl
(see Experimental).

Figure 4 presents the Raman spectra obtained for the CFs produced from different precursors as well as the
data achicved for a series of modified carbons. As can be observed, all the samples showed peaks typical for
carbon materials, i.c., at about 1350 and 1580 cm'. The first signal (D band) is Lypically attributed to defects
and disorders in the lallice structure of carbons, while the laller (G band) is related Lo the graphitized carbon
motifs where the C-atoms are sp? hybridized. Importantly, the relative intensity ratio of the D to G band (I/
I;) can serve as an indicator of carbon sample graphitization and simultaneously as an indicator of structural
defects of carbons™.

As shown in Fig. 4, the I/I; value calculated for CFs produced from ethylene was significantly lower than
that of CI's synthesized from isobutane (~1.11 vs. ~ 1.76), implying a higher degree of CE,, graphitization and
its less defective nature. 'Lhis conclusion is also in line with the results achieved in the HR-TEM analysis (sce
Fig. 1SM). The modified carbon fibers showed slightly higher values of I/l ratios as compared Lo the parent
sample, which indicates that some defects at the sidewalls of the fibers appeared after the functionalizations. It
might be supposed that these defects were due to the carbon sp® to sp* hybridization, being a result of the bind-
ing of new functional groups to the carbon surface (see also the results of FA in Table 1)* As sulfuric acid is a
more aggressive reagent than BDS and additionally shows oxidizing properties (as discussed eatlier), CF-H,SO;
was found to be slightly more defective than CF,-BDS, which was suggested by a slightly higher value of T,,/I
obtained for CF,-H,S80, compared to that achieved for CE-BDS.

Figure 5 shows the results of thermogravimetric (TG) analysis of CF, and CF, ;,, samples performed in an
air atmosphere. As can be seen from the TG pattern (Fig. 5A), both samples were thermally stable up to about
500 °C. Over this temperature, a sharp weight loss was detected in both cases. 'The complete combustion of the
materials was noted at 700 °C and 780 °C. The residue after combustion was 0.3% and 1.1% for CT; y,, and CT,,
respectively, and its presence was probably related to Ni remaining in the samples after the CCVD process. Under
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Figure 4. Raman spectra of selected samples.
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Figure 5. TG (A) and DTG (B) curves of the CF,,and CF,,, samples (air flow).

the measurement conditions, a slight weight gain was also observed at high temperatures as a result of the metal
oxidation®®. As shown earlier, traces of Ni in the CF samples were also confirmed by the XRD analysis (see also
Fig. 3). In general, the DTG patterns of the samples (Fig. 5B) show intense peaks with the minima at a tempera-
ture of about 640 °C. These signals can be attributed to the combustion of well-ordered filamentous carbon?”-%,
Furthermore, in the DTG curve of CF,,, an additional poorly separated signal can be distinguished (at about
750 °C). The above observations can suggest the presence of phases with a different number of defects in CF,,, i.e.,
a slightly more defective phase (with a minimum at 640 °C), and the one more stable and well-organized (with
a minimum at 750 °C)***’. The absence of lower-temperature peaks excludes contamination of the samples with
less thermally stable types of carbon, e.g., amorphous carbon (combustion temp. below 400 °C)?”5455,

Figure 6 shows the results of the TG analysis performed for the pristine and modified CF,, and CF,,, in
nitrogen flow. In the case of unmodified materials (Fig. 6A), only a slight decrease in the sample weight with
increasing temperature was observed, which proves the high thermal resistance of the samples tested. At the
final temperature of TG measurement, the weight loss was ~ 6% for CF,, and~ 3% for CF,,. The DTG profiles
of the parent carbons show two small peaks with minima at about 200 °C and 280 °C, suggesting the presence of
oxygen surface groups (such as carboxylic ones) in CFs. These groups could spontaneously form on the carbon
surface during the sample contact with air®. The existence of oxygen-type functionalities was also confirmed
by elemental analysis (see also Table 1).

Significantly higher weight losses were observed for the modified CF samples (Fig. 6B), reflecting the degree
of functionalization of these materials. Only a slight decrease in the sample weight was observed for CF;,-H,SO,
(~6%), indicating a low number of groups released as volatiles. This is also in line with the results of elemental
analysis (see Table 1). On the other hand, the most significant changes in the sample mass were observed for
CF,-BDS (~ 11%) which was considered the most functionalized material among the prepared modified CFs (see
also Table 1). Importantly, the DTG patterns of H,SO-modified samples indicate the presence of signals with
minima at 280 °C, which can be attributed to the decomposition of surface sulfonic groups*>*>*°. Moreover, the

DTG profile of CF,- H,8O ; depicts a broad peak starting from about 500 °C, which probably is due to the presence
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Figure 6. TG and DTG curves of the parent samples (A) and the modified CFs (B) for the analyses performed
in nitrogen flow.

of more stable oxygen groups, e.g., phenolic ones, formed during the sample modification with concentrated
H,S0,*45%%_ A much lower intensity of this peak in the profile of CF,;,-H,SO, indicates higher resistance of
CF, 1, to oxidation, which was also concluded based on the elemental analysis (Table 1). Different DTG curves
were observed for the samples modified with BDS as they both show an intense peak with a minimum at 350 °C.
This signal can be ascribed to the decomposition of -PhSO;H groups®’. No signals were observed at higher
temperatures, which proves that the applied functionalization method did not oxidize the sample.

Catalytic results. The obtained functionalized CFs were tested as catalysts in the process of glycerol etheri-
fication with tert-butyl alcohol. For the sake of comparison, also a blank test and a reaction with a commercial
catalyst, Amberlyst-15, were performed.

The results obtained in the reaction over unmodified CFs showed that the catalytic effect of the parent sam-
ples was negligible as glycerol conversion achieved after 24 h was below 2% in both cases. Much better results
were attained for the modified CFs. The catalytic performances of the functionalized materials are gathered in
Figs. 7and 8.

]gAs can be observed, the catalytic properties of H,SO,- and BDS-modified CF,, differed significantly. In
the case of CF,,,-H,SO, (Fig. 7A), only small amounts of glycerol were reacted at the beginning of the process,
ie., X; after 1 h was only about 2%. As the reaction progressed, this parameter increased to approximately 30%
(after 24 h). The yields of individual ethers varied considerably. The dominant products at every stage of the
process were mono-substituted ethers (i.e., MTBGE). After 1 h of the reaction, their yield was about 2%. Yyrecz
increased linearly with time—to about 28% after 24 h of the process. The yield of DTBGE was significantly lower
and after 24 h, it was less than 3%. A tri-substituted product (ie., TTBGE) was formed only in traces. Comparing
the catalytic activity of CF,,,-H,SO, to that of the unmodified sample, it was obvious that the observed catalytic
effect was a result of the acidic treatment of CF,;,, and a consequent slight increase in the -SO;H content and
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Figure 7. Conversions of glycerol (X¢) and yields (Y) of individual products obtained in the glycerol
etherification performed with tert-butyl alcohol over (A) CF,,,-H,SO,, (B) CF,,,,-BDS.
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Figure 8. Conversions of glycerol (X¢) and yields (Y) of individual products obtained in the glycerol
etherification performed with tert-butyl alcohol over (A) CF,-H,SO, and (B) CF,-BDS.

the sample acidity (see Table 1). However, as the functionalization was not very effective, the obtained catalytic
data were not so impressive.

It can be seen in Fig. 7B that CF,,,-BDS catalyzed the reaction quite effectively, as significant amounts of glyc-
erol were transformed into glycerol ethers in the first hours of the process. Over 16% of glycerol was converted
within 1 h of the reaction and after 6 h, X was about 45%. As before, the glycerol conversion increased over
time, and finally, it reached about 56%. The yields of individual ethers differed significantly. Mono-substituted
products were formed preferentially and the yield of MTBGE after 24 h was about 45%. The DTBGE yield was
much lower and it reached just over 7% after 24 h of the process. TTBGE was formed in the smallest amounts
(Yrrer after 24 h was less than 0.2%).

CFs obtained from various carbon precursors (i.e., isobutane and ethylene) worked differently (compare
Figs. 7 and 8). The modified CFs produced from ethylene were generally more active in glycerol etherification
than their counterparts produced from isobutane. This was due to the susceptibility of the obtained fibers to
functionalization, especially with sulfuric acid, and the chemistry of their surfaces (see Table 1 and discussion
in 3.1). As can be observed in Fig. 8A, CF -H,SO, transformed glycerol quite effectively. After 1 h, X; was
slightly above 8%, and finally, it reached the value of 54%. The MTBGE products were mostly formed and their
yield after 1 h of the reaction was about 8%. After 24 h, Yyrpc; increased up to 45%. Di-substituted ethers were
formed to a much lesser extent; however, their yield was higher than in the reaction performed in the presence
of CFy,-H,SO,. TTBGE was again created only in traces. Quite good catalytic results obtained for CF,-H,SO,
can be attributed to the relatively high acidity of this sample (0.39 mmol H*/g, see Table 1). On the other hand,
it should be stressed that in this case the concentration of -SO,H groups was not very high (i.e., 0.17 mmol/g,
Table 1) and, as mentioned before, the sample acidity was partially generated also by the presence of oxygen acidic
groups (such as phenolic or carboxylic ones*#~*%). Thus, it can be supposed that the role of such functionalities
in the etherification reaction might also be significant (which will be discussed later).

The CF,,-BDS sample was more active in the process than its H,SO,-modified counterpart (especially at the
beginning of the reaction), which was probably related to a high concentration of -SO;H groups on the carbon
surface (0.42 mmol/g, Table 1). As can be seen in Fig. 8B, a 25% glycerol conversion was obtained after 1 h of
the reaction. X; after 24 h increased to 57%. Mono-substituted compounds were formed in the highest amounts
(Yyreae about 25% vs. Ypreap~ 0,5% after 1 h). Interestingly, the MTBGE yield began to drop after 6 h of the
process, and finally, it reached about 47%. At the same time, quite a significant increase in Yrpcg was observed.
Probably, this phenomenon was due to the reaction mechanism and transformation of mono-substituted glycerol
ethers to di-substituted ones. The yield of TTBGE after 24 h was less than 0.3%.

Figure 9 presents a comparison of the catalytic performances of all modified CFs to that of a commercial
catalyst, Amberlyst-15 (expressed as glycerol conversions and selectivities to individual glycerol ethers after 6
and 24 h).

As can be seen, there was a group of catalysts that worked very effectively in the process, giving a high glyc-
erol conversion and selectivity to di-substituted ethers just within 6 h of the reaction. These samples were both
CFs modified with BDS and a commercial catalyst, Amberlyst 15. For these catalysts, an extension of the reac-
tion time to 24 h did not affect significantly the conversion of glycerol as X; changed rather slightly with time.
Interestingly, X, obtained after 24 h in the reaction over Amberlyst-15 was even lower than the results achieved
with the prepared CFs (apart from CF, ,-H;SO,). Considering the selectivities to different ethers, MTBGE was
the main product in each of the performed processes. However, CFs and Amberlyst-15 worked a little bit dif-
ferently, i.e., in the case of modified CFs, Syrpc5 after 6 h was over 90%, while Amberlyst-15 presented Syrpcr
of ~ 80%. On the other hand, Syrg; obtained in the reaction with the modified CFs did not exceed 10% after
6 h, while in the process with Amberlyst-15, it was almost 19%. This can indicate a faster transformation of
mono-substituted ethers to di-substituted products in the case of Amberlyst-15, probably due to the high acidity
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Figure 9. Glycerol conversions and selectivities to individual products after 6 and 24 h of the reaction using the
prepared CFs and a commercial catalyst, Amberlyst-15.

shown by this catalyst (4.7 mmol/g)"”. In most cases, the selectivities to MTBGE decreased with time in favor
of DTBGE production, which can confirm that the mechanism of glycerol etherification performed with TBA
over carbon catalysts includes a series of consecutive reactions (Fig. 1). The selectivity to TTBGE was close to
zero in all the discussed processes and did not change significantly with time. Overall, the highest selectivities
to the target ethers (Le., DTBGE and TTBGE) were obtained after 24 h for Amberlyst-15 (~20%) and CF,-BDS
(~18%). On the other hand, the process catalyzed by CF,,-H,SO, was the least effective towards the formation
of the high-substituted glycerol ethers (as Sprzce,rrace Was ~ 9% after 24 h).

A comparison of the presented catalytic data (Figs. 7, 8, 9) with the physicochemical properties of CFs clearly
indicates that the catalytic performances of the samples depended mainly on the acidic features of the prepared
carbon fibers. Figure 10 depicts the relationship between the conversion of glycerol and the content of -SO,H
groups for the obtained modified CFs.

As can be seen, there is a clear relationship between glycerol conversions obtained using modified CFs and
the content of their surface -SO;H groups. Namely, the samples with a higher number of sulfonic groups worked
significantly better in the process. This was especially well seen for the shorter reaction time (ie., 6 h). After
24 h of the process, the differences were not so important, probably due to reaching the reaction equilibrinm. It
is worth noting that for the glycerol etherification lasting 6 h, CFs showing the lowest concentration of sulfonic
groups (i.e., 0.11 mmol/g, see Table 1) gave X; of only about 7.5%, while for CFs with the highest density of
-SO;H sites (i.e., 0.42 mmol/g), X; was several times higher (over 50%).

The most desirable products of glycerol etherification are di- and tri-tert-butyl glycerol ethers (i.e., DTBGE
and TTBGE). Figure 11 presents the relationship between the yield of DTBGE + TTBGE obtained in the reaction
using the modified CFs and the content of surface -SO;H sites.
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Figure 10. Glycerol conversions versus the concentration of sulfonic groups on CFs for the glycerol
etherification with TBA.
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Figure 11. The influence of the content of sulfonic groups on the yield of DTBGE + TTBGE obtained in the
etherification of glycerol with TBA.

Generally, the higher the number of sulfonic groups, the higher the combined yield of di- and tri-substi-
tuted ethers was obtained. However, the relationship was not as obvious as in the case of X vs -SO;H content
(Fig. 10). An interesting sample was CF,-H,SO . Despite a rather moderate amount of -SO;H (i.e., 0.17 mmol/g;
see Table 1), CF,-H;SO, effectively converted MTBGE ethers to DTBGE and TTBGE (see also Fig. 8A). The
observed phenomenon was probably related to the relatively high A,,, of CF,-H,SO, (0.39 mmol H*/g, Table 1),
compared to the other samples, resulting not only from the existence of sulfonic groups but also from the pres-
ence of acidic oxygen moieties. Thus, it can be supposed that oxygen functionalities may also have a positive
effect on glycerol etherification. Similar conclusions were also drawn for glycerol acetylation performed over
functionalized carbonaceous spheres®. Generally, it was found there that -SO;H groups are active sites of the
process; however, oxygen functionalities, even though they do not catalyze the reaction themselves, can improve
the reaction by adsorbing the substrates on the catalyst surface, and thus facilitate the contact between reagents
and the active sites. The results presented above suggest that such an explanation may also be correct in the case
of glycerol etherification over carbon materials. On the other hand, the catalyst porous architecture was probably
a parameter of rather secondary importance. For example, the samples modified with BDS showed better catalytic
properties than those modified with H,SO,, even though the BDS-treated CFs presented smaller surface areas
(please compare Table 2 and Figs. 7 and 8). This can suggest that Sgzy is not the critical parameter for obtaining
carbon catalysts highly active in glycerol etherification.

Conclusions

Glycerol etherification leads to valuable glycerol derivatives which may find important applications in many
branches of industry. The current research showed that modified carbon fibers obtained from various hydrocar-
bons by a CCVD process can work as effective catalysts for the reaction between glycerol and tert-butyl alcohol.
There were, however, some differences in the susceptibility of CFs to functionalization with sulfonating agents
(Le., concentrated H,SO, or benzenediazonium salt generated in situ; BDS) and thus, the sample catalytic activity.
The CFs obtained from ethylene were functionalized with -SO;H groups more effectively than those prepared
from isobutane. Furthermore, a more efficient functionalization method was found to be the modification of
CFs with BDS—this approach resulted in introducing significantly higher numbers of -SO;H functionalities
onto the carbon surface than the reaction of CFs with sulfuric acid. The best catalytic performance in glycerol
etherification was observed for CF,-BDS which presented nearly 57% glycerol conversion and about 18% com-
bined selectivity to DTBGE and TTBGE within 24 h of the process. These results were generally better than
those obtained using Amberlyst-15 under similar conditions. Furthermore, it was found that glycerol conversion
is strongly dependent on the contents of -SO;H groups. The content of sulfonic functionalities also influenced
the observed distribution of products. The presence of oxygen-containing groups also played an important role
in the process, acting probably as adsorption sites for the reagents and improving the obtained catalytic results.

Data availability

The dataset generated and/or analyzed during the current study is too large to be retained or publicly archived
with available resources, thus is not publicly available. Documentation and methods used to support this study
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Fig. 1SM shows the high-resolution TEM images of different magnifications obtained for CFs
produced from isobutane and ethylene.

The presented pictures revealed the partial graphitic structure of CFi,y and CFe, as the ordered
orientation of the graphene sheets was visible for part of the produced fibers. In the case of CFs
obtained from ethylene, the graphene sheets were arranged parallel to each other and perpendicular
to the fiber axis, forming platelet carbon fibers (Fig. 2 E). CFs produced from isobutane also
resembled platelet-like structures, however, a slightly lower degree of order than that observed for
CFe: was noticed, as randomly oriented graphene sheets were also found in the HR-TEM images of

CFi0u (Fig. 1SM B).
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Fig. 1. HR-TEM images of the carbon fibers produced from isobutane (A-C) and ethylene (D-F)
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Abstract: The results of sustainable and selective synthesis of glycerol carbonate (GC) from urea and
glycerol under ambient pressure using carbon-fiber-supported metal oxide catalysts are reported.
Carbon fibers (CI') were prepared via a catalytic chemical vapor deposition method (CCVD) using
Ni as a catalyst and liquefied petroleum gas (LPG) as a cheap carbon source. Supported metal
oxide catalysts were obtained by an incipient wetness impregnation technique using Zn, Ba, Cr,
and Mg nitrates. Finally, the samples were pyrolyzed and oxidized in an air flow. The obtained
catalysts (10%MeyOy /CFx) were tested in the reaction of urea glycerolysis at 140 “C for 6 h under
atmospheric pressure, using an equimolar ratio of reagents and an inert gas flow for NHz removal.
Under the applied conditions, all of the prepared catalysts increased the glycerol conversion and
glycerol carbonate yield compared to the blank test, and the best catalytic performance was shown
by the Cloy-supported ZnO and MgO systems. Screening of the reaction conditions was carried out
by applying ZnO/CFox as a catalyst and considering the effect of reaction temperature, molar ratio of
reagents, and the mode of the inert gas flow through the reactor on the catalytic process. Finally, a
maximum yield of GC of about 40%, together with a selectivity to glycerol carbonate of ~100%, was
obtained within 6 h of reaction at 140 “C using a glycerol-to-urea molar ratio of 1:1 while flowing
Ar through the reaction mixture. Furthermore, a positive heterogeneous catalytic effect of the CFoyx

support on the process was noticed.

Keywords: glycerol valorization; carbon support; carbon fibers; glycerolysis; glycerol carbonate

1. Introduction

In recent years, using biomass feedstocks instead of non-renewable petrochemical
resources to sustainably produce commodities and chemicals has been gaining significant
importance. Glycerol (Gly), obtained in vast amounts as a by-product in biomass-based
biodiesel technology, can be used as a green, renewable, readily available, and versatile
feedstock for obtaining higher-value-added chemical products such as glycerol carbonate
(GC), among others [1]. Glycerol carbonate (4-hydroxymethyl-1,3-dioxolan-2-one) has
a wide range of industrial applications, including the production of high-performance
hyperbranched polymers, coatings, adhesives, and lubricants. It is also used as a solvent, de-
tergent, and curing agent for cement and concrete, in the lithium-ion battery industry, or in
gas scparation units [1-3]. Among possible GC synthesis routes, urca glycerolysis (Figure 1)
is considered an cconomically attractive and environmentally benign approach [4], and can
be an alternative to the conventional method of GC production using toxic phosgene [5].
According to literature reports, several reaction pathways of urea glycerolysis are possible,
and the process requires acidic or basic Lewis active sites, or the presence of a bifunctional
catalyst [4-7].

Molecules 2023, 28, 6534. https:/ /doi.org/10.3390 /molecules28186534 https:/ /www.mdpi.com/journal /molecules

131



Molecules 2023, 28, 6534

20f19

OH
Il cat. cat.
- s HO\)\/O NH, ©" O o0 OH

OH *+ H)5N NH =~ =
2 2 _NH, 1!/ -NH, E:)—/

Glycerol (Gly) Urea (U) 2,3-dihydroxypropylcarbamate  Glycerol carbonate (GC)

(Glycerol urethane; GU)

Possible by-products:

OH

" 0\[,0 O__NH,
GC 2 >/ G = o\)—/ \g/

Glycidol (2-oxo0-1,3-dioxolan-4-yl)methyl carbamate

o

(0] OH
GU = ?N/J—/

5-(hydroxymethyl)oxazolidin-2-one
Figure 1. Synthesis of glycerol carbonate (GC) from glycerol and urea (based on [8,9]).

Urea glycerolysis can be effectively homogeneously catalyzed by various metal-based
compounds. For example, Wang et al. [10] found that LaCl; could give a 95.4% conversion
of Gly with almost 100% selectivity to glycerol carbonate under optimized reaction condi-
tions, i.e.,, 3 h, 150 °C, and 5 kPa. Park et al. [11] reported that homogeneous ZnCl, yielded
80.2% of GC with 99.7% selectivity to this product when the reaction was conducted at
150 °C for 2 h under reduced pressure. In turn, Turney et al. [12] showed that polymeric
monoglycerolate complexes of zinc and cobalt could give such a high glycerol conversion
as 98% and a GC yield of 83% at 140 °C within 7 h.

Despite the promising results typically obtained in urea glycerolysis with homo-
geneous catalysts, these processes usually show serious drawbacks such as separation
difficulties and catalyst unrecoverability [13]. Thus, a more practical and economical option
for producing GC via urea glycerolysis is to use heterogeneous metal-based catalysts in this
reaction. For example, Wang et al. [7] tested different forms of lanthanum oxide as solid
catalysts for glycerolysis of urea performed at 140 °C, obtaining a very high GC yield and
selectivity to glycerol carbonate of ~90 and 97%, respectively, for the best-working sample
(Lay O3-600). The enhanced catalytic performance of the La,O3-600 was attributed to the
increased strength of Lewis basic sites, and the catalyst was reused without significant loss
in its activity during recycling tests. Aresta et al. [13] obtained 80% glycerol conversion
and 100% selectivity towards glycerol carbonate using y'-Zr phosphate. Furthermore, the
authors found this catalyst to be easily recoverable and reusable in subsequent reaction
cycles. An efficient reusable catalyst for urea glycerolysis was also Sn(OH),, which showed
87% conversion of glycerol and 85% selectivity to GC in the reaction that lasted 4 h [14].
Interesting results were also presented by Fernandes et al. [15] who tested MgO as a cata-
lyst for GC production under atmospheric pressure. The authors found that the sample
exhibited excellent catalytic behavior, giving glycerol conversions of up to 70% with a
100% selectivity to GC within 6 h. Solid zinc-based catalysts have also been widely investi-
gated [16,17]. For example, Zn-based mixed oxides (ZnMeO; Me = Co, Cr, and Fe) were
used in urea glycerolysis performed at 140 °C under vacuum pressure. The Zn-rich mixed
oxides showed better performance in the process than the Zn-poor ones, presenting 74-76%
conversion of Gly and about 70-74% selectivity to GC within 3 h. However, the process
occurred mainly homogeneously, which is a common problem of Zn-type catalysts [18].
On the other hand, information about the full recoverability of ZnO in properly prepared
systems, e.g., with the addition of CuO, has also been reported [17].

In recent years, carbon materials such as carbon nanotubes and fibers (CNT and CNEF,
respectively), graphene, carbon dots (CD), hydrothermal carbons (HTC), and activated
carbons (AC) have gained increasing attention in the field of catalysis. It has been found
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that adequately tailored carbons can be used as efficient heterogeneous catalysts for various
catalytic processes, including the sustainable transformation of biomass or (bio)glycerol
to value-added chemicals [19-21]. Carbons can also be applied as attractive supports for
enzymes, metals, or metal oxide catalysts [22-24]. This is due to their key advantages, which
include high surface area, resistance to acidic or basic media, tunable physicochemical
structure, and different options for active phase immobilization [25]. Importantly, the role
of carbons as supports in heterogeneous reactions is not only limited to the deposition and
dispersion of the active phase on a solid sample. Carbon supports can also increase the
catalyst efficiency by means of active phase-support interactions, reagent adsorption, or
the presence of defects [26,27].

Various supports for the active phase have been tested in urea glycerolysis. Kondawar
et al. [28] deposited Zn oxide on MCM-41, SBA-15, ZrO3, SiOy, AlyO3, and sulfated ZrO; (s-
ZrO;y) using a wet impregnation method. It was found that the nature of support influenced
the surface area, crystallinity, and acid/base properties of the respective catalysts. The
samples varied significantly in their catalytic performances. 5%Zn/SiO; was the least
active, giving only a 20% conversion of glycerol. Using s-ZrO; as support instead of ZrO,
led to a significant improvement in selectivity to GC while maintaining the conversion
of Gly (~50%). Finally, the best catalytic results (XCIy =78%, Sgc = 98%) were shown by
5%Zn/MCM-41 presenting weak acidity; however, offering maximum dispersion of ZnO
due to the high MCM-41 apparent surface area. Furthermore, the possible role of the -OH
groups of the MCM-41 support was also stressed. In turn, Hammond et al. [29] evaluated
the activity of gold supported on TiO», commercial carbon, NbyOs, ZnO, and MgO in urea
glycerolysis. A significantly increased conversion of Gly and selectivity to GC (80% and
~70%, respectively, after 4 h) compared to the blank were obtained using MgQO as support.
The other supported Au catalysts exhibited moderate activity in the reaction and a rather
low selectivity to GC.

Although several studies on urea glycerolysis have been performed to date, most of
the reported catalysts were used under reduced pressure. In the current work, carbon
fibers prepared by a facile CCVD method using a cheap carbon precursor, i.e., liquefied
petroleum gas (LPG), were applied as support for different metal oxides (ZnQO, BaO, Cr,O3,
and MgO). These samples were tested in a solvent-free reaction of urea with glycerol under
ambient pressure for the first time. Effects of the reaction parameters such as temperature,
glycerol to urea molar ratio, and Ar flowing mode were also investigated.

2. Discussion of the Results
2.1. Characterization of the Samples

Figure 2 shows SEM micrographs of the initial CF, CF_iniox, and a selected CFox-
supported metal oxide catalyst. As can be seen in Figure 2A, the applied CCVD method of
carbon production gave a sample formed by entangled fibers organized into agglomerates
of various shapes and sizes; however, single filaments could also be observed. Details of
the morphology of CF are shown in Figure 2B. According to the presented image, the fibers
formed agglomerates differing in their morphological features. A part of the produced
structures presented low-diameter fibers that were curled and twisted, and resembled
sheep’s wool. The other structures showed diameters that were several times higher and
rather smooth surfaces. The visible cross-sections of the fibers suggested that they were
solid inside. All the formed structures were densely packed, and no significant numbers of
holes or channels could be observed between the individual filaments. The morphological
features of CF_iniox were quite similar to those of CF, as can be observed by comparing
Figure 2A,B with Figure 2C,D.
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Figure 2. SEM micrographs obtained for the CF (A,B), CF_inic (C,D), and aselected CF,y-supported
catalyst (EF) at different magnifications.

The morphology of the CFox-supported metal oxide catalysts was significantly dif-
ferent from that of the CF-type samples discussed above. As presented for an exemplary
material (ZnO/CF) in Figure 2E, the original carbon agglomerates were smoother, and
the carbon fibers were barely visible, as the crust (most likely formed by deposited zinc
oxide) covering the fibers was produced (see Figure 2F). Similar observations were also
made by Arsalani et al. [30], who deposited ZnO on the surface of carbon nanotubes.

Table 1 presents the results of the textural analysis of the obtained products, i.e.,
CF-type samples and CFoy-supported metal oxides. It canbe seen that the produced CF
possessed a quite significant apparent surface area of 259 m?/g. This resulted mainly from
the presence of the external surface area, i.e., the area of meso- and macropores, which was
almost 187 m?/g. Interestingly, the total volume of pores (Vi) was also significant and
was mostly related to the presence of spaces of meso- and macropore sizes between the
agglomerates (see also Figure 2A,C), as Vinjcro was negligible. This is also in agreement with
the observations from the SEM analysis (see the discussion on Figure 2), suggesting the
tightly packed structure of the agglomerates. The textural parameters of CF_iniqy were only
slightly different from those of CE. The only exception was the Vi value of CF_iniey, which
was reduced compared to that of CF, suggesting the efficient introduction of oxygen groups
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into the CF matrix during the oxidation process (see Section 3: Materials and Methods) and
their location at the entrances of the existing pores [31].

Table 1. Textural parameters of the prepared CE, CF_inis, and CFy-supported samples.

Sample Sger [m?/g] Sext [m*/g] Viot [em®/g] Viniero [em®/g]
CF 259 187 1:22 0.04
CF_inigy 267 193 0.97 0.04
Cr,05/CPox 236 159 070 0.04
BaO/CFqox 214 214 1.02 0.00
MgO/CFox 213 163 0.86 0.03
ZnO/CFqx 238 170 0.79 0.04

In general, the MexOY /CFox systems showed slightly decreased textural parameters,
i.e., SET, Sext, and Vg, compared to CF_inigy, which confirmed the efficient loading of the
respective metal oxides into the support matrix—either on its surface or in their pores [32].
This is also in accordance with the results of the SEM measurements. The mesoporous
structure of the pristine CF_iniox was maintained after the deposition of metal oxides, which
was suggested by a high contribution of Sex to Sggr being achieved for the MexOy FCP i
systems, and also by the shape of the Ny adsorption—desorption isotherms obtained for
the CF_iniyy and an exemplary CF-supported sample presented in Figure 3 (IVa type acc.
IUPAC classification [33]), which is typical for materials containing mesopores.
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Figure 3. N, adsorption-desorption isotherms obtained for the CF_inisy and ZnO/CFgy samples.

The XRD diffraction patterns of the prepared samples are presented in Figure 4. The
diffractograms obtained for CF and CF_iniox showed an intense peak at 2-theta of 26° and
a small one at 44°. These signals are typical for graphite-like carbons and can be assigned
to the C(002) and C(100) reflections of the hexagonal structure of graphite and the atomic
structure of the graphene sheets, respectively [34-36]. No other peaks were observed in
the CF and CF_inio diffraction patterns, suggesting thorough purification of the samples
from the catalyst after the CCVD process (see Section 3: Materials and Methods). The XRD
diffractograms of MexOy /CFox samples showed additional signals besides those at 26°
and 44° obtained for CF-type materials, indicating the efficient loading of the respective
oxides [37-40] to the carbon matrix and suggesting their crystalline forms.
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Figure 4. XRD patterns of CF, CF_iniqy, and CFoc-supported metal oxide samples.

Figure 5 presents the results of the TG analysis obtained for selected samples. As
can be seen in Figure 5A, no significant changes in the mass of the initial CF support
were observed up to about 500 °C. Rapid weight loss started at 530 °C, and the sample
was completely oxidized at ~740 °C. The residue after combustion was 0%, indicating
high sample purity (i.e., efficient removal of Ni catalyst after the preparation process, see
Section 3: Materials and Methods) and is also in line with the results of XRD analysis
(Figure 4). The DTG pattern of the initial CF (Figure 5B) resembles profiles obtained
for fibrous carbons produced using the CCVD method [41]. The presence of two poorly
separated peaks with minima at ~620 °C and ~740 °C indicates the existence of phases with
various thermal stability, resulting from differences in the sample crystallinity, number of
defects, or fiber diameters [41,42], as also suggested by the SEM results (Figure 2).
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Figure 5. The results of (A) TG and (B) DTG analysis performed for selected samples (air flow).

The TG profile of an exemplary metal-oxide-type sample, i.e., ZnO/CFqy, depicted
in Figure 5A, suggested a slightly lower stability of the supported catalyst compared to
the initial CFE as the weight loss of the ZnO/CF,y started at ~480 °C. This shift in the onset
temperature was probably related to the release of some oxygen groups present on the
surface of the CFyy support [43], introduced during the sample oxidation step (see Section 3:
Materials and Methods). Interestingly, at a temperature of 760 °C, the carbon material was
totally oxidized, and the residue after combustion was 9.4%. This residue was due to the
presence of zinc oxide in the sample, and the obtained value was close to the assumed
one (10 wt.%, see Section 3: Materials and Methods). The DTG pattern of ZnO/CFq in
Figure 5B resembles that of CF, and the changes in the profile shape could be attributed to
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the formation of ZnO coating the support [44]. This also agrees well with the results of the
SEM analysis presented in Figure 2F.

The X-ray photoelectron spectroscopy (XPS) technique was used to study the surface
chemistry of the ZnO/CFy sample. The achieved results are collected in Table 2 and
Figure 6. The obtained data confirmed the presence of C, O, and Zn in the material. The
content of elemental carbon (Table 2) was dominant, which was not surprising considering
the assumed role and the amount of carbon fibers in the system. The presence of oxygen
and zinc confirmed the successful loading of ZnO to the carbon matrix. The presence of
oxygen could also result from the oxidation of the support during the preparation stage
(see Section 3: Materials and Methods). Interestingly, the estimated zinc oxide content was
9.3%, which is also in line with the value determined by the TG analysis (see Figure 5A).

Table 2. The contents of elements measured for the ZnO/CFqx sample by the XPS technique.

Zn0O in ZnO/CFy *
[wt.%]

ZnO/CFox 87.1 54 7D 9.3

* ZnO content calculated based on the amount of zinc from XPS.

Sample C [wt.%] O [wt.%] n [wt. %]

A znorcF,, ®[  zn2p,
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Figure 6. The high-resolution XPS C 1s (A) and Zn 2p (B) spectra of the ZnO/CFox sample.

Figure 6A shows the high-resolution C 1s and Zn 2p XPS spectra obtained for the
ZnO/CFo sample. As can be observed, five different carbon species were found in the
C 1s spectrum—at a B.E. of ~284.5 eV (assigned to sp®/sp? carbon), 286.0 eV (assigned to
C-O/C-0-C groups), 287.4 eV (ascribed to C=0 in carbonyls), 288.7 eV (ascribed to O-C=0
in carboxyls), and 290.0 eV (assigned to 7-* transitions) [21]. The obtained data indicate
that the CF support was successfully oxidized during the catalyst preparation stage (see
Section 3: Materials and Methods). On the other hand, the Zn 2p XPS spectrum shown in
Figure 6B presents the characteristic doublet peaks of Zn 2p, corresponding to the Zn?*
oxidation state at 1022.2 eV for Zn 2p,,3 and at 1045.3 eV for Zn 2p; /5 [45,46].

2.2. Catalytic Results

The catalytic activities of the prepared CFox-supported samples were measured in
the reaction of glycerol with urea performed under ambient pressure. For the sake of
comparison, reactions without a catalyst (blank test) and in the presence of a homogeneous
catalyst (ZnSQy) were also performed.

To determine the influence of the support on urea glycerolysis, the CF_inio sample
was tested in the process as a catalyst on its own. Figure 7 shows the results obtained
after 1 and 6 h of reaction performed over CF_iniox in comparison to the data achieved
in the blank. As can be seen, under the conditions used, the reaction occurred without a
catalyst; however, the glycerol conversion measured after 1 h for the blank test was quite
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low, i.e., about 13%. Interestingly, XG1y determined for the reaction over CF_iniox was
twice as small as for the blank (6.7% after 1 h). Importantly, the conversion of glycerol
increased over time in both cases, reaching a higher value, i.e., of about 33% after 6 h,
for the reaction applying CF_iniox. Finally, the glycerol carbonate yield (Ygc) obtained in
the process over CF_iniox was about 30%, which was almost 10% higher than the value
achieved for the blank. Interestingly, the use of CF_iniox as a catalyst resulted in significant
changes in the distribution of products, i.e., the selectivity to glycerol carbonate increased
to about 97% after 1 h when using CF_inigy, and only traces of glycerol urethane (GU; the
process intermediate) were detected in the reaction. On the other hand, in the case of the
blank test, Sgc was equal to only ~66%. Instead, a fairly high selectivity to GU, of about
31%, was achieved in the first hour of the process. Some amounts of by-products, i.e.,
5-(hydroxymethyljoxazolidin-2-one and (2-oxo-1,3-dioxolan-4-yl)methyl carbamate, were
also detected (Sp.py of about 3%). Sy achieved for the blank decreased significantly over
time, and finally, at 6 h, this parameter was about 15%. At the same time, the selectivities
to glycerol carbonate (Sgc) and by-products increased, albeit to a different extent. Finally,
Scc achieved at the 6th hour of the blank was only slightly higher than that obtained after
the first hour of the reaction, and apparently, glycerol carbonate was mainly transformed
into the by-products. In turn, in the presence of C_iniox, the process seems to be much
more focused on the production of glycerol carbonate, as the selectivity to by-products was
reduced compared to the blank.

100 - XG|y- YGC- SGC 9.7
il - YGU- YBy.p
80

60

40 -

20+

Conversion, yield, or selectivity [%]

1h 6h 1h 6h
Blank CF_ini,

Figure 7. The results of urea glycerolysis performed without a catalyst (blank test) and in the presence
of the CF_iniyy sample; temp. = 140 °C, Gly:U molar ratio = 1:1, Ar flowing through the reactor.

The differences between the results obtained for the blank and the CF_inioy catalyst
(Figure 7) most probably result from the differences in the mechanism of urea glycerolysis
under non-catalytic and catalytic conditions. According to literature data [9], the crucial
step of urea glycerolysis is urea splitting, which becomes the driving force for the blank
process. On the other hand, the reaction performed in the presence of CF_iniox most
likely occurs through a different mechanism (which is much more complex than that of
homogeneous/blank reaction) and it involves various stages, i.e., diffusion of the reactants
to the catalyst surface, adsorption of reagents on the catalyst active sites, chemical reaction,
and desorption and diffusion of the reaction products. Moreover, in this case, the catalytic
process most probably occurs due to the abundance of different oxygen groups that are
present on the surface of the CF_iniy, sample (see also Figure 6). It cannot be excluded
that some of these groups combine with the reagents, forming quite stable bonds, and thus
work as inhibition sites of the process (as the catalytic reaction is only possible when the
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formation of unstable intermediates between the solid catalyst and the reagents takes place).
As long as these types of groups are present on the catalyst surface, the catalytic reaction is
inhibited, and the so-called induction period can be obtained. This might be a reason for
the lower glycerol conversion observed for CF_iniox compared to the blank. Only after the
“inhibition” sites have been consumed, and thus after the induction time, can other oxygen
centers work unhindered, forming unstable intermediates with the reagents; therefore, the
catalytic effect can become clearly visible after a longer time.

The catalytic performances of the prepared CFy-supported metal oxide catalysts in
comparison to the blank and CF_inioy are shown in Figure 8. As can be seen in Figure 84,
the glycerol conversion obtained for most of the prepared catalysts after 1 h was in the
range of 14-16%, which was only slightly higher than Xy, achieved for the blank. The only
exception was the CryO3/CFoy sample, for which XGly measured after 1 h of reaction was
only ~7%. The conversion of glycerol increased significantly over time for all of the samples,
and finally, for the best-working catalyst, i.e., ZnO/CFoy, it was 40% after 6 h. Nevertheless,
the MgO/CF catalyst also worked effectively, which was particularly noticeable at the
beginning of the process. Considering the yield of glycerol carbonate presented in Figure 8B,
it can be seen that using the CFox-supported systems (except for CrpO3/CFo) resulted in a
quite significant increase in Ygc compared to the blank, and for the most active samples,
i.e, ZnO/CFo and MgO/CFoy, the yield of glycerol carbonate reached ~34% after 6 h
of reaction. The material containing chromium oxide worked the worst in the reaction,
presenting similar results to those obtained in the case of CF_iniox (other catalysts worked
better than CF_inioy). This suggests that the activity of the CryO3/CFox material resulted
only from the presence of the carbon support and that the Cr,O3 phase was practically
not active in the reaction. However, this conclusion assumes that CF_inigy possesses the
same properties as the CFox support in the CryO3/CFox system. In fact, the CF _iniox is a
kind of model sample; therefore, the chemical nature of these two (the oxidation of CF with
supported metals most probably occurs differently than the oxidation of the pure support,
see also Section 3: Materials and Methods) and their catalytic effect in the reaction may be
slightly different.

50
® 1—=—Blank (B) =0 +—=—Blank
41 o cF_ini, 41 o crni,,
¥ 401—=—7znorcF,, 40 4—=—7nO/CF,,
c 351—=—Cr,0/CF, — 351—=—Cr,0/CF,
S x
B 30— BaO/CF 2. 30 4—=—BaOICF ,
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Figure 8. Catalytic performances of the prepared Me,Oy/CFqy systems in the process of urea
glycerolysis versus time, expressed as glycerol conversion (A) and yield of GC (B), in comparison to
the blank and the performance of the CF_iniox; temp. = 140 °C, Gly:U molar ratio = 1:1, Ar flowing
through the reactor.

Interestingly, the distribution of individual reaction products differed significantly
between the blank and the samples tested, as presented in Figure S1 in the Supplementary
Materials. In the case of the blank test, the selectivity to GC through the whole process
was significantly lower compared to those obtained using MexOy /CFox catalysts. On
the other hand, under these conditions, the selectivity to GU was the highest. With the
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increasing conversion of glycerol over time (see also blank in Figure 8A), the selectivity
to GU decreased. At the same time, the selectivity to glycerol carbonate was practically
stable, and the by-products were formed. The use of MexOy /CFox catalysts changed the
distribution of products significantly. When using ZnO/CF,y, a fairly high selectivity to
GU (an intermediate product) was observed in the initial hours of the process. GU was
then gradually converted to glycerol carbonate, as well as some by-products. In the case
of the other samples, the Sgc was initially very high. However, this parameter decreased
slightly over time, as GC was probably further converted to by-products.

Importantly, when considering the catalytic performances of the MexOy /CFox systems,
some differences in the samples’ activities can be observed. According to literature reports,
the process of urea glycerolysis requires the presence of both acidic and basic active
sites. Furthermore, ensuring the appropriate ratio of acidic to basic centers is crucial for
this reaction [16,47,48]. For example, Kondawar et al. [32] tested different supported Zn
catalysts in urea glycerolysis and ascribed the promising performance of the most active
sample to the appropriate balance of both acidic and basic sites in the catalytic system
used. At the same time, the authors found that a decreased acidic-to-basic active site (A /B)
ratio in the catalysts negatively affected the selectivity to glycerol carbonate, promoting
the further reaction of GC towards by-products. Interestingly, Nguyen-Phu et al. [16]
proved that urea glycerolysis with the use of solid catalysts can proceed by several different
mechanisms. The authors reported that the reaction can occur both in a homogeneous
or heterogeneous way or even according to both variants simultaneously (with a partial
dissolution of the active phase) depending on the catalyst. Moreover, they proved that
the process can occur through a direct reaction of urea with glycerol or by the formation
of an intermediate metal isocyanate (Me NCO) complex. According to the authors, all
these factors affected the reaction rate and catalytic performances of the tested samples.
Therefore, it can be supposed that in our case, the differences in the catalytic activities of
the CFox-supported systems were also related to the differences in the catalyst nature (e.g.,
acidic to basic site ratio) and to the differences (dissimilarities) in the reaction mechanism
over various metal oxides used.

Figure 9 presents a comparison of the catalytic performances of ZnO/CFqx and a
typical homogeneous zinc-based catalyst, i.e., ZnSOjy. Surprisingly, the ZnO/CFyy sample
converted glycerol much more efficiently than ZnSOy, reaching a 5% higher Xy, after
just 1 h of reaction (Figure 9A). The conversion of glycerol increased over time for both
samples; however, ZnQO/CFqx was significantly more active in the process, finally showing
Xaly of about 40% after 6 h. This suggests good dispersion of ZnO on the CFox support.
On the other hand, considering the results of selectivity to GC (Figure 9B), it is clear that
using ZnO/CFo as a catalyst promoted the formation of a quite significant amount of
intermediate and side products (see Figure S2). This was seen particularly clearly in the
first hours of the process, when S was in the range of 78 and 83%. Sgc increased slightly
over time; however, it did not exceed 90% when using ZnO/CF, as a catalyst. On the other
hand, ZnSO, worked selectively to glycerol carbonate, and the Sgc parameter was almost
100% throughout the reaction. The highly selective performance of the homogeneous ZnSO,
catalyst under the conditions used was probably due to the fact that every single catalytic
entity could act as a single active site, which is a common advantage of homogeneous
systems over heterogeneous ones [49]. Surprisingly, considering the results of GC yields
presented in Figure 9C, it can be seen that using the ZnO/CF,x sample allowed us to obtain
slightly higher Ygc values than those achieved in the reaction with ZnSOj.
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Figure 9. A comparison of the catalytic performances of the heterogeneous ZnO/CF,y and homoge-
neous ZnSQy catalysts in urea glycerolysis expressed as glycerol conversion (A) selectivity to GC (B),
and yield of GC (C); catalyst loading = 3 wt.% in both cases, temp. = 140 °C, Gly:U molar ratio = 1:1,
Ar flowing through the reactor.

In order to investigate the effect of different reaction conditions (i.e., Gly:U molar ratio
and a reaction temperature) on the urea glycerolysis, additional catalytic tests were carried
out over ZnO/CFy. As can be seen in Figure 10, using a Gly:U molar ratio of 1:3 resulted
in improved glycerol conversion compared to the value obtained in the reaction performed
at an equimolar ratio of the reagents; however, this effect was observed only after 2.5 h
of processing. Finally, the achieved Xg, using a 1:3 Gly:U ratio was about 43% after 6 h.
Importantly, there were substantial changes in the selectivity to GC when the reaction was
performed at various glycerol-to-urea molar ratios, and the process was more selective
when using a Gly:U ratio of 1:3, i.e,, the use of urea excess resulted in a lower selectivity
to GU, higher selectivity to GC, and a lower selectivity to by-products compared to the
reaction using a Gly:U molar ratio of 1:1 (compare Figures 10B and S3). It can be assumed
that this could be associated with shifting the reaction equilibrium towards the formation
of glycerol carbonate due to the excess of urea. Similar results have also been reported
by Mallesham et al. [6]. Consequently, the use of Gly:U molar ratio of 1:3 resulted in an
almost 10% higher yield of GC after 6 h of processing compared to the reaction using a
Gly:U molar ratio of 1:1, as observed in Figure 10C.
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Figure 10. The influence of a Gly:U molar ratio on the process of urea glycerolysis (glycerol conversion
(A), selectivity to GC (B), and yield of GC (C)) over the ZnO/CF catalyst; temp. = 140 °C, Ar
flowing through the reactor.

The data presented in Figure 11 show that temperature also had a significant impact
on the reaction; specifically, using a temperature of 150 °C resulted in a significantly
higher conversion of glycerol compared to a temperature of 140 °C, which was observed
within 4 h of processing (Figure 11A). Interestingly, at this time, a slight decrease in the
Sgc parameter over time was observed (in contrast to the reaction at 140 °C), indicating
that the more drastic conditions (i.e., high temperature combined with excess urea in
the reaction medium) promoted the occurrence of side reactions and further reaction of
GC to by-products (see also Figure $4B). The same was observed by Mallesham et al. [6].
Surprisingly, after 4 h of reaction at 150 °C, Xg}y and Sgc decreased rapidly. This was
probably due to the ineffective removal of ammonia from the reaction medium (Ar was
flowing through the reactor, see also Figure 12), causing a reverse reaction, as presented
in Figure 1. It is also worth mentioning that the higher the glycerol conversion to GC (as
observed at 150 °C), the higher the concentration of NHz produced. This was probably the
reason for the decrease in Xy, as well as the increase in selectivity to by-products at higher
temperatures. The obtained profiles of the GC yield vs. time (Figure 11C) were similar to
those of Xy vs. time.
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Figure 11. The influence of reaction temperature on the process of urea glycerolysis (glycerol con-
version (A), selectivity to GC (B), and yield of GC (C)) over the ZnO/CFy catalyst; Gly:U molar
ratio—1:3, Ar flowing through the reactor.

In order to effectively flush out the ammonia from the reaction system and thus
minimize the undesirable reverse reactions that occurred during the process, an inert gas
(Ar) was used and passed through the reactor (i.e., above the surface of the reaction mixture)
or directly through the reaction mixture. The obtained results are collected in Figure 12.
As can be seen in Figure 12A, the method of passing Ar through the system had a rather
small impact on the glycerol conversion. Nevertheless, the value of X, obtained in the
process using the “through-mixture” mode was slightly increased compared to when using
the “through-reactor” mode, especially at the beginning of the process. Interestingly, the
method of passing Ar through the system significantly affected the selectivity to glycerol
carbonate (Figure 12B) and resulted in Sgc increasing to 100%, unchanging over time,
when using the “through-mixture” mode. This was most likely due to the efficient forced
removal of ammonia from the reaction mixture, causing a shift in the chemical equilibrium
towards glycerol carbonate and limiting the formation of by-products [4] (see also the
results of selectivity to intermediate product and by-products provided in Figure S5).
Similar conclusions were also drawn by Wang et al. [7], who in turn used high vacuum
to obtain a satisfactory GC yield. Importantly, changing the method of ammonia removal
from the reaction medium from the “through-reactor” to the “through-mixture” mode
resulted in a significant increase in the yield of the most desired product, i.e., glycerol
carbonate, as seen in Figure 12C.
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Figure 12. The results of urea glycerolysis (glycerol conversion (A), selectivity to GC (B), and
yield of GC (C)) over ZnO/CFyy performed in two variants of Ar flow; temp. = 140 °C,
Gly:U molar ratio = 1:1.

Table 3 shows the results achieved in the presence of the best-working catalyst obtained
in this study, i.e., ZnO/CFqx, and other zinc-containing systems described in the literature.

As can be observed, the Zn-based catalysts reported in the literature gave similar or
higher yields of GC compared to the sample used in our experiment. However, considering
the selectivity to the most desirable product (i.e., glycerol carbonate; GC), it is obvious that
our catalyst was one of the samples that worked most selectively to GC during the reaction.
Although the Zn/MCM-41(im) and ZnCl, samples also showed almost complete selectivity
to GC, these catalysts required aggressive conditions (i.e., higher temperature, the use
of vacuum, or a large amount of catalyst) to work well in urea glycerolysis. In turn, our
experiments were performed under relatively mild conditions, and this may be the reason
for the rather moderate catalytic performance of the produced samples. Nevertheless, the
obtained results are still quite attractive compared to those obtained in the presence of other
zinc-containing systems, especially with regard to the limited production of by-products
and a viable and affordable method of GC synthesis.

144



Molecules 2023, 28, 6534

15 of 19

Table 3. A comparison of the catalytic performances of different Zn-based systems in urea glycerolysis.

Sample Reaction Conditions Xaty [%] Yge [%] Sge [%] Reference
140 °C; Gly:Umolar ratio of 1:1; 6 h; Ar flow (20 mL/min); 5
£00/CF; Catalyst loading of 3%wt. (with respect to glycerol mass) L e g2 Thigyvork
130 °C; Gly:U molar ratio of 1:1; 3 h; reaction pressure of
ZnO 3kPa; 61.0 42.0 69.0 [18]
Catalyst loading of 5.4%wt. (with respect to glycerol mass)
150 °C; Gly:U molar ratio of 1:1.5; 4 h; N flow;
B 5 ;4 h; ; ; ¢ 3 9
2SGERERLLD Catalyst loading of ~2%wt. (with respect to glycerol mass) Bed =9 20 [
140 °C; Gly:U molar ratio of 1:1; 3 h; reaction pressure of
Zn;CrO 3kPa; 76.0 57.0 74.0 [16]
Catalyst loading of ~5%wt. (with respect to glycerol mass)
1 145 °C; Gly:U molar ratio of 1:1; 5 h; N, flow; :
anpN eVt Catalyst loading of 5%wt. (with respect to glycerol mass) 220 LR 2640 (32]
150 °C; Gly:U molar ratio of 1:1; 2 h; reaction pressure of
ZnCly 2.67 kPa; 804 80.2 99.7 [11]
Catalyst loading of 2 mol% (with respect to glycerol mass)
150 °C; Gly:U molar ratio of 1:1; 2 h; reaction pressure of
Zn(OAc),;-2H,O 2.67 kPa; Catalyst loading of 2 mol% (with respect 67.2 44.3 66.0 [11]
to glycerol)
50%- 140 °C; Gly:U molar ratio of 1:1; 5 h; reaction pressure of 69.0 58.1 84.2 [50]
ZnyAl;Oy/ ARM 3 kPa; Catalyst loading of 5%wt. (with respect to glycerol) : : : N

3. Materials and Methods
3.1. Preparation of the Catalysts

Metal oxides supported on carbon fibers were produced and applied as catalysts for
urea glycerolysis.

The synthesis of the initial carbon fibers (CF) was performed in a horizontal tube fur-
nace by a catalytic chemical vapor deposition (CCVD) method using liquefied petroleum
gas (LPG) as a carbon source and metallic nickel as a growth catalyst [51-53]. Briefly, 0.1 g
of NiO was placed in a quartz boat and heated to 550 °C under argon flow (100 cm?/min;
heating rate of 10 ©/min). Upon reaching the desired temperature, the reduction of NiO
to metallic Ni was performed by treating the sample under 20%H; /Ar flow for 2 h. Sub-
sequently, the oven temperature was increased to 600 °C, and LPG was passed through
the reactor. The CCVD process was carried out for 4 h using a 50%LPG/50%H; gaseous
mixture (total flow rate of 100 cm®/min) for carbon growth. To remove the residual metal
catalyst, the obtained carbon sample was boiled with a 21% HCI solution under reflux
conditions for 2 h. Afterward, it was filtered off and washed with hot distilled water until
the pH of the filtrate was 7. Finally, the produced material was dried overnight at 110 °C
and sieved to a particle size of <0.4 mm.

The obtained CF sample was used to support various metal oxides, i.e., MexOy,
including Zn, Ba, Cr, and Mg oxides. The deposition of the active phase on the CF
was carried out by applying an incipient wetness impregnation technique and mixing
the support with aqueous solutions of the respective metal nitrates (using the amounts
suitable for obtaining 10 wt.% MexOy loading). After a 24 h impregnation step at ambient
temperature, the samples were dried overnight at 110 °C and sieved to a particle size of
<0.4 mm. Afterward, they were thermally treated at 600 °C under Ar flow (30 cm?®/min)
for 1 h to decompose the nitrates. Finally, the samples were oxidized at 300 °C for 3 h
under air/Ar and pure air flow (total flow rate of 20 cm®/min in both cases). The obtained
materials were labeled according to the scheme Mey Oy, /CFox, where Me = Zn, Ba, Cr, or
Mg. As in the process, in addition to metals, CF was also oxidized, the symbol CFox was
used instead of CF in the above formula. In order to obtain a sample whose structure
and properties would be similar to those of the CFox support, the initial CF sample was
also oxidized (using the same reaction conditions as described above) and designated as
CF_iniox.
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3.2. Characterization of the Samples

The morphological features of the initial CF, CF_iniox support, and MexOy / CFoy cat-
alysts were studied using a scanning electron microscope ZEISS EVO 40. The textural
parameters of the samples were determined by nitrogen adsorption/desorption measure-
ments performed at -196 °C and using a Quantachrome Autosorb IQ apparatus. The BET
equation was used to calculate the apparent surface area (Sggr) of the samples, while the
t-plot method was applied to determine the micropore volumes (Vpicro) and the external
surface areas (Sext) of the materials. The total pore volumes (Vi) of the samples were cal-
culated from the amount of N» adsorbed at a relative pressure close to 1. Before the textural
analysis, the samples were degassed under vacuum at 150 °C for 12 h. Thermogravimetric
(TG) analysis was performed by applying a Setaram Setsys 1200 thermal analyzer working
in an air flow and at a temperature range of 20-1000 °C (heating rate of 10 °C/min). X-ray
diffraction (XRD) measurements were carried out using a Bruker AXS D8 Advance diffrac-
tometer equipped with a Johansson monochromator (ACu K1 = 1.5406 A) and a silicon
strip detector LynxEye. X-ray photoelectron spectroscopy (XPS) studies were performed
using a SPECS Phoibos 150 UHV-XPS spectrometer equipped with a Phoibos HSA3500
analyzer operating in a Fixed Analyzer Transmission (FAT) mode with a pass energy of
20 eV for core-level peaks. The acquired XPS spectra were processed with CasaXPS software
(version 2.3.25PR1.0) using a Shirley-type background. The C 1s peak at 284.5 eV was
applied as an internal standard and fitted with an asymmetric LF line shape. The other
peaks in the C 1s and Zn 2p regions were constrained with a mixed Gaussian-Lorentzian
(GL) function.

3.3. Catalytic Tests

The reaction of glycerol (Gly) with urea (U) was performed in a round-bottom flask
equipped with a magnetic stirrer, thermocouple, condenser, and an inert gas (Ar) supply.
The reagents, at a Gly:U molar ratio of 1:1 or 1:3, were placed in the reactor and homog-
enized. After heating the mixture to the desired temperature (140 or 150 °C), a catalyst
(3 wt.% with respect to the glycerol mass) was added to the flask. The reaction was carried
out under Ar flow, which was passed either through the reactor or directly through the reac-
tion mixture. To monitor the progress of the process, samples of the reaction mixture were
taken periodically and analyzed using a gas chromatograph (SRI 8610C) equipped with an
MXT-5 capillary column, flame ionization detector (FID), and a split injector. Helium was
used as a carrier gas, and the analyses were performed isothermally at 160 °C. The catalytic
activities of the tested samples were expressed as conversion of glycerol (Xgyy), yield of
glycerol carbonate (Ygc), and selectivity to GC (Sgc). To determine the reproducibility of
analytical data, the standard deviation values (SD) of these parameters were also calculated
for each sample. Selectivities to glycerol urethane or by-products (Sgu and Sp_py) were also
calculated. The obtained data are presented in the Supplementary Materials. For the sake
of comparison, reactions without a catalyst and in the presence of a homogeneous ZnSOy
catalyst were also performed.

4, Conclusions

A series of metal oxides supported on modified carbon fibers were developed and used
as catalysts for the conversion of glycerol to glycerol carbonate under ambient pressure.
Among the prepared systems, ZnO/CFox and MgO/CFox gave the most promising catalytic
results, which was probably due to the presence of well-balanced acid-base properties of
these samples. The reaction temperature, molar ratio of the reagents, and the applied mode
of the inert gas flow significantly affected the conversion of glycerol and/or selectivity to
glycerol carbonate. Using an increased amount of urea (3 moles instead of 1 per 1 mole of
glycerol) slightly improved the conversion of glycerol, whereas the selectivity to glycerol
carbonate increased considerably (to almost 100%) under these conditions. Interestingly,
the same effect was obtained when Ar was passed through the reaction mixture instead
of passing Ar through the reactor (above the surface of the reaction mixture). On the
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other hand, an increase in the reaction temperature resulted in an improvement in glycerol
conversion; however, at the same time, this negatively affected the selectivity to glycerol
carbonate. Under the best reaction conditions used, the high yield of glycerol carbonate
of about 40%, together with ~100% selectivity to GC, was obtained over the ZnO/CF
catalyst.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules28186534 /s1, Figure S1. The results of selec-
tivity to different products obtained in the blank test and in the reaction over CF_iniy sample
and CFox-supported catalysts (GU — glycerol urethane; GC — glycerol carbonate); Figure S2. The
results of selectivity to A) glycerol urethane (GU) and B) by-products obtained for the homogeneous
and CFoy-supported ZnO catalysts vs. time; Figure S3. The results of selectivity to (A) glycerol
urethane (GU) and (B) by-products obtained over the CFoc-supported ZnO catalyst using different
glycerol to urea (Gly:U) molar ratios; Figure S4. The results of selectivity to (A) glycerol urethane
(GU) and (B) by-products obtained over the CFox-supported ZnO catalyst at different temperatures;
Figure S5. The results of selectivity to (A) glycerol urethane (GU) and (B) by-products obtained over
the CFox-supported ZnO catalyst using different reaction set-ups.
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Figure S1. The results of selectivity to different products obtained in the blank test and in the reaction over
CF_inio sample and CFo-supported catalysts (GU —glycerol urethane; GC —glycerol carbonate)
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Figure S2. The results of selectivity to A) glycerol urethane (GU) and B) by-products obtained for the
homogeneous and CF,.-supported ZnO catalysts vs. time
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Figure S5. The results of selectivity to A) glycerol urethane (GU) and B) by-products obtained over the CF,,-
supported ZnO catalyst using different reaction set-ups
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Abstract: A facile and eco-friendly approach using in situ-generated 4-benzenediazonium sulfonate
(BDS) was applied to prepare highly functionalized carbon nanotubes (CNTs). The effectiveness
of this functionalization was additionally enhanced by a green and short-time ball milling process
applied beforchand. The obtained BIDS-modified CNTs presented significant activity in glycerol
etherification, producing tert-butyl glycerol ethers, which are considered promising fuel additives.
Excellent results of ~56% glycerol conversion and ~10% yield of higher-substituted tert-butyl glycerol
ethers were obtained within just 1 h of reaction at 120 “C using a low catalyst loading of only 2.5 wt.%.
Furthermore, the sulfonated CNTs were reusable over several reaction cycles, with only a minor
decrease in activity. Additionally, the sample activity could be restored by a simple regeneration
approach. Finally, a clear correlation was found between the content of -505H groups on the surface of
CNTs and the catalytic performances of these materials in glycerol etherification. Improved interaction
between functionalized ball-milled CN'Ts and the reactants was also suggested to positively affect the
activity of these catalysts in the tested process.

Keywords: carbon nanotubes; surface functionalization; ball milling; glycerol etherification; fuel
additives

1. Introduction

Due to their unusual properties, such as large surface area, low toxicity, high ther-
mal and electrical conductivity, excellent mechanical strength, and the possibility of sur-
face modifications, carbon nanotubes (CN'Ts) have gained significant attention in various
branches of industry, being used as promising materials for flexible electronics, biomedical
applications, adsorption processes, energy storage devices, water purification systems, or
catalysis, among others [1-4]. Additionally, due to the continuous development of carbon
nanotube synthesis methods and the possibility of their efficient production, the prices of
these materials are constantly decreasing, making them more and more competitive with
other materials used in industry [5].

Typically, CN'Ts in their raw form are scarcely used, and their functionalization is
required to boost their applications. For example, Chen et al. [6] found raw multi-walled
CNTs ineffective in adsorbing TIg(IT) from water. At the same time, the sample perfor-
mance was significantly enhanced by functionalization with the -COOH or -OH groups.
Pantarotto et al. [7] showed that ammonium-functionalized CNTs form supramolecular
complexes with plasmid DNA that can penetrate the cell membranes, working as advanced
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delivery systems for therapeutics. In turn, Eblagon et al. [8] applied CNTs as supports for
Au and obtained an efficient bifunctional catalyst for the direct conversion of cellobiose
to gluconic acid, which outperformed Au supported on carbon xerogel or on ordered
mesoporous carbon.

It should be taken into account that the functionalization of CNTs is challenging due
to their rigid and inert structure [9,10]. For example, Wei et al. [11] introduced only 1.2%
sulfur into the structure of multi-walled carbon nanotubes by sulfonation. Yu etal. [12]
performed a two-step functionalization of CNTs by treating the sample with a mixture
of 1:1 concentrated HNO;3 and HCI, followed by a reaction with HpSOy at elevated tem-
peratures up to 300 °C, and obtained a final acid density of only 0.67 mmol/g. In turn,
Nowicki etal. [9] reported that the susceptibility of carbon nanotubes to oxidation with
nitric acid was three times lower than that of activated carbon.

Cutting or crushing CNTs is an interesting method of changing their structural and
morphological properties and, consequently, their chemical features. This approach breaks
and opens the closed ends of CNTs, making the interior accessible for various atoms and
molecules [13,14]. Furthermore, the mechanical pretreatment of CNTs can increase the
number of exposed active graphene edges, thus activating the sample toward functional-
ization [15].

Several approaches for mechanical modification of CNT structure and morphology
have been described in the literature [13,16]. Among them, the most useful option seems
to be ball milling (BM), which proved to be a simple, reagent-free, effective, versatile,
controllable, and reproducible method. Furthermore, BM can be applied under wet and
dry conditions to a wide range of materials [16-19]. For example, Pierard et al. [18] showed
that vibratory ball milling was effective in decreasing the single-walled carbon nanotube
length, and adjusting the processing time enabled to vary the structural disorders and
defects in the CN'Ts (showed by different intensity ratios between the D- and G-bands in
Raman spectra). On the other hand, Soares et al. [19] found that the particle sizes and
Sger of CNTs could be controlled by changing the ball-milling vibration frequency. The
obtained ball-milled samples showed an increased activity in the ozonation of oxalic acid
due to changes in their textural properties. Gharegozloo et al. [20] found that a BM strategy
can prepare effective Ni-CNT composite catalysts. In turn, Soares et al. [21] proposed a
simple two-step mechanochemical method for functionalizing CNTs with heteroatoms,
involving ball-milling of CNTs in the presence of adequate precursor and subsequent
thermal treatment under an inert atmosphere. The ball milling allowed the creation of
active sites for functionalization and homogenization of the mixture. In the following
thermal step, the precursor was thermally decomposed, and the heteroatoms were attached
to the previously created defects on the surface of CNTs. A ball milling strategy was also
used to obtain CNT-polymer composites, enhancing the adhesion between CN'Ts and a
polymer matrix and yielding samples with enhanced thermal, mechanical, or chemical
properties [22].

Sulfonic groups (i.e., SO3H)-functionalized carbons (so-called solid acids) are of special
interest for acid-catalyzed reactions [23,24]. These catalysts are typically obtained via
the sulfonation of samples with concentrated sulfuric acid, chlorosulfonic acid, or their
mixtures [24-26]. However, to achieve a satisfactory SO3H-functionalization degree of
CNTs, harsh reaction conditions and /or aggressive reagents are generally required [27,28].
In the current work, a benign approach applying diazonium salt generated in situ was
employed to produce green solid acids by anchoring Ph-SO3H groups onto the surface of
CNTs. Additionally, the effect of ball milling on the susceptibility of CNTs to sulfonation
via arylation was studied for the first time. The obtained SOsH-functionalized CNTs were
applied as catalysts in glycerol etherification with TBA (tert-butyl alcohol) to produce tert-
butyl glycerol ethers (TBGEs) via a green synthesis route. Active catalysts for this reaction
are of great industrial interest because TBGEs are valuable oxygenated fuel additives that
can limit particulate matter and NOyx emissions [29]. The relationship between the chemical
nature of CNTs-SO3H and their catalytic performances toward the formation of TBGEs was
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established in this work. Recyclability tests were also carried out, and a simple method
was proposed to recover the catalytic activity of the spent catalysts.

We believe the findings presented in the paper shed new light on the possible applica-
tions of CNTs as solid acid catalysts and lay the groundwork for developing other effective
catalysts for the synthesis of sustainable fuel additives.

2. Results and Their Discussion
2.1. Characterization of the Samples

The results of elemental analysis and the amount of ash obtained for the tested nan-
otubes are presented in Figure 1. As observed, the raw carbon nanotubes, i.e., NC3100
and NC7000, differed quite significantly in their compositions. Elemental carbon was
dominant for both materials; however, the NC7000 sample contained ~10% less C than
NC3100. Instead, NC7000 indicated about 10% of ash, which was probably related to the
presence of the metal catalysts used during the production process (i.e., catalytic chemical
vapor deposition (CCVD)) that were not removed in the purification step [30]. On the
contrary, NC3100 was free from inorganic residues (0% ash), suggesting thorough material
purification after the CCVD. In both raw CNT samples, the oxygen and hydrogen contents
were negligible.
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Figure 1. The results of elemental and ash analyses obtained for the raw, ball-milled, and modified
carbon nanotubes.

As observed in Figure 1, the modifications of CNTs with diazonium salt introduced
significant amounts of sulfur and oxygen to the structure of the raw materials. The con-
tent of S in the modified samples was between 1.2 and 3.4%, which is quite impressive
considering the efficiency of sulfonation of CNTs reported in the literature. For example,
Koskin et al. [31] used concentrated HpSOy to treat CNTs at 200 °C and obtained only
0.15% sulfur content in the sample. The modification of CNTs with fuming sulfuric acid
(oleum) was more effective as it introduced 0.89% of S to the material; however, this process
also required a high temperature (175 °C). Furthermore, our previous studies showed
that only about 0.5-0.6% of S could be introduced into CNTs when using concentrated
HSQ4 at 180 °C [32]. Given the above, the S content results obtained here may suggest that
modification with 4-benzenediazonium sulfonate is a particularly suitable option for the
efficient functionalization of CNTs. Moreover, the method has additional advantages due to

157



Molecules 2024, 29, 1623

40f 19

mild reaction conditions applied during the treatment (see Experimental). The conclusions
drawn here align with those of other authors [10].

Interestingly, NC3100 (i.e., high-purity CNTs) modified with BDS at 50 °C contained
more sulfur than its technical grade counterpart, i.e., NC7000 (3.4 vs. 2.7% of S, respectively).
Apparently, the metallic impurities present in NC7000 hampered the functionalization. It
was also observed that the lower temperature used for the reaction with BDS, i.e., 20 °C,
was not favorable for modification of CNTs (compare the S content in NC7000-BDS-20
and NC7000-BDS-50 in Figure 1), even though it was very efficient in functionalization of
activated carbon, as shown in our previous work [33]. Interestingly, in the case of NC7000-
BDS-20, a certain amount of nitrogen was also detected, indicating the presence of a small
number of azo bonds formed in coupling reactions between diazonium cations and the
surface of CNTs [24,33].

As stated above, CNTs are quite resistant to typical functionalizations. Thus, simple,
reagents-free mechanical pretreatment of CNTs by BM was suggested to enhance their
activity towards chemical modification. Indeed, comparing the results of S contents for
NC7000-BDS-50 and NC7000-BM-BDS-50 in Figure 1, 11% higher S content was obtained
for the latter sample, which clearly demonstrates that BM improved the susceptibility of
NC7000 to functionalization, despite the short ball milling time applied (see Experimental).
Importantly, the modifications of CN'Ts with diazonium sulfonate resulted not only in an
increase in the S contents but also in the oxygen amounts (up to ~13%). This observation
suggests that sulfur was introduced onto the sample surface as -SO3H groups.

Table 1 presents the acidic properties of the tested CNTs. As can be observed, the
raw and ball-milled samples showed only negligible total acidities (Atot), probably related
to a small number of acidic oxygen groups on the carbon surfaces (see also the oxygen
content in Figure 1). A significant increase in the number of the -SOzH group and Aot
was noted for all the modified samples, indicating that the functionalization was effective.
Interestingly, in most cases, the values of At and calculated contents of -SOzH groups
were not closely correlated. In the case of raw CNTs modified with BDS at 50 °C, the
total acidity of the functionalized sample was lower than the calculated acidity induced
by the -SO3H groups. We also obtained similar results when modifying activated car-
bons or carbon fibers with BDS [24,33]. Such a phenomenon can occur when zwitterions
(i.e., internal salts) are formed, resulting in the neutralization of -SO3H sites [34]. The other
possibility is the formation of a thick and tight layer of sulfonic species with restricted
accessibility [35]. The possible surface structures formed during the modification of CNTs
with BDS [36,37] are shown in Figure S1 in Supplementary Materials. The opposite effect
(i.e., Aot > content of -SOzH sites) was observed for the ball-milled NC7000 reacted with
BDS at 50 °C (i.e., NC7000-BM-BDS-50 sample), indicating the presence of not only sulfonic
groups on the sample surface but also small amounts of other types of acidic sites, most
likely oxygen functionalities [24].

Table 1. The results of the total acidities determinations (A) and content of -SO3H groups obtained
for the tested materials.

Parameter NC3100  NC7000  NC7000BM _ NC3100-BDS-50  NC7000-BDS20  NC7000-BDS-30  NC7000-BM-BDS-50
Act [mmol H' /5] 002 003 0.05 101 038 0.6 1.16
contefitof SO,H 0.00 0.00 0.00 105 037 0.83 0.94

groups * [mmol/g]

* Calculated based on EA results.

Figure 2A, B depict the textural properties of the studied materials. As shown in
Figure 2A, the raw carbon nanotubes, i.e., NC3100 and NC7000, differed significantly.
Namely, the former presented a considerably higher Sggr than NC7000 (460 m?/ g Vs.
250 m?/g), which can be linked to the extensive post-synthesis washing of NC3100, result-
ing in the more accessible pores in this sample. A similar phenomenon was also observed
elsewhere [38]. Interestingly, as shown by the data gathered in Figure 2B, for both raw
CNTs, the Sgpr parameters resulted mainly from the external surface areas (Sext), i.e., meso-

158



Molecules 2024, 29, 1623

50f 19

and macropores, and the samples” porosity was probably related mostly to certain spaces
between nanotubes [8,39].

s, BV, ls (B)

1= Sample Sext/ SpET Vu/Viot

NC3100 0.95 0.005

1 5 NC7000 1.00 0.000

13 ”% NC7000-BM 1.00 0.000

1,58 NC3100-BDS-50 1.00 0.000

] NC7000-BDS-50 1.00 0.000

11 NC7000-BDS-20 1.00 0.000

NC7000-BM-BDS-50 1.00 0.000

Figure 2. Results of the textural analysis performed for the raw and modified CNTs: (A) apparent
surface areas of samples and total volume of pores; (B) contributions of external surface areas to the
apparent surface areas and micropore volumes to the total volumes of pores.

Interestingly, ball milling increased the Sggr of NC7000, most likely due to agglom-
erates’ fragmentation, shortening of the tubes, and caps opening during the mechanical
treatment [19,39]. On the contrary, a drastic drop in the Vo of NC7000 was observed after
BM, which was probably the result of the CNTs colliding with the balls and the container
walls, reducing the distance between the nanotubes in bundles [39]. A significant drop in all
the textural parameters was observed in modified samples compared with the as-received
CNTs, which suggested the successful introduction of the functional groups blocking the
surfaces of the samples [34].

Figure 3 depicts high-resolution TEM images obtained for the raw and ball-milled
CNTs. As observed in Figure 3A, research-grade NC3100 consisted of randomly organized
and long nanotubes that showed small diameters with varied sizes. The presence of closed
caps and open ends is visible in these micrographs. The images also suggest that the NC3100
sample was free of metallic impurities or amorphous carbon. Figure 3B, presenting the
NC3100 material at higher magnification, revealed that a single carbon nanotube consisted
of several perfectly arranged graphene sheets parallel to each other, thus representing the
structure typical for multi-walled carbon nanotubes (MWCNTs). The morphology of a
technical grade NC7000 (Figure 3C) was similar to that of the research-grade NC3100. The
most important difference between these two types of CNTs was the presence of impurities
(the CCVD catalyst mentioned before) trapped inside the NC7000 structure, observed as
dark spots in Figure 3C. This finding also aligns with the increased ash in this sample
(see Figure 1). Residues of the CCVD catalyst trapped in the CNT structure were also
observed in TEM images presented elsewhere [40,41].

Similarly to NC3100, NC7000 also indicated a multi-walled CNT-type structure; how-
ever, the average number of walls seemed higher in the latter than in the former (Figure 3D).
Figure 3E shows the TEM micrographs obtained for the ball-milled sample, i.e., NC7000-
BM. Significant changes in the morphology are visible before and after the ball milling
process (compare Figure 3C,E). Namely, carbon nanotubes were still visible after BM; how-
ever, they formed tight bundles, probably resulting from the collisions of tubes with balls
during milling. This observation also agrees well with the decreased Vo obtained for
the ball-milled sample (shown in Figure 2A). Moreover, only small deformations of the
arrangement of graphene layers of the tubes were observed after ball-milling (shown in
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Figure 3F), which confirms the high mechanical stability of CNTs [42] and relatively mild
BM conditions applied here (see Experimental).

Metal
residue

Figure 3. The high-resolution transmission electron microscopy (HRTEM) images of: (A-D) the
as-received, (E,F) ball-milled CN'Ts.
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SEM images of the raw and ball-milled CNTs are presented in Figure 52 in the Supple-
mentary Materials. As observed, the raw sample showed a rather compact structure formed
by long, tightly entangled fibers clumped into large agglomerates (Figure S2A). In turn,
ball milling resulted in significant fragmentation of the CNT agglomerates, leading to more
exposed particle edges (Figure S2B). This was probably the reason for the enhanced Sggr of
NC7000-BM and a higher degree of its functionalization compared with NC7000 (compare
results for NC7000-BM-BDS-50 and NC7000-BDS-50 in Figures 1 and 2 and Table 1).

Raman spectroscopy is a useful method to investigate the effect of ball milling on the
structural integrity of CN'Ts, as demonstrated by Pierard et al. [18]. The Raman spectra
obtained for the raw and ball-milled samples tested in this study are collected in Figure 4,
together with the Ip/Ig ratios for the selected samples. As can be seen in this figure, all
of the samples showed intense signals at 1350 cm™, i.e., a D band typically assigned to
disordered forms or structural defects, and at ~1580 cm™!, i.e., a G band corresponding to
in-plane vibrations of C sp2 atoms and attributed to the ordered graphite structure [43,44].
Interestingly, research-grade NC3100 showed a lower degree of ordering and a higher
number of defects than the NC7000 sample. Presumably, this could be related to the post-
treatment purification process applied to NC3100 (to remove the CCVD catalyst), which
led to the appearance of structural defects in this sample. Similar findings were reported
by other authors [45,46]. As observed, the mechanical pretreatment of NC7000 did not
result in significant changes in the structural ordering of the raw material, as the Ip/Ig
ratio obtained for NC7000-BM was only slightly higher than that observed for NC7000.
This is in line with the TEM and SEM results, suggesting that ball milling resulted in the
fragmentation of the agglomerates and did not affect the arrangement of the graphene
layers; thus, the crystallinity of the CNTs was maintained. Li et al. [47] also did not notice an
increase in Ip/Ig achieved for ball-milled MWCNTs despite some structural deformations
of the modified sample observed in the TEM images. In turn, Chebattina et al. [48] obtained
an increased Ip /I ratio for the mechanically treated CNTs only after an extended period
of ball-milling (i.e., 20 h).

/1.

——NC3100  1.43 } D Band

—NC7000  1.27

—— NC7000-BM 1.28 2D Band

Intensity [a.u.]

500 1000 1500 2000 2500 3000

Raman shift [cm™]
Figure 4. The Raman spectra obtained for the raw and ball-milled samples.

The TG analysis of raw CNTs was performed under airflow, and the DTG results are
presented in Figure 53 in Supplementary Materials. As observed, the DTG patterns of
both samples showed an intense peak with a minimum at ~680 °C, typically observed in
multi-walled CNTs [49]. Furthermore, the DTG profile of NC7000 had a poorly separated
low-intensity peak at the temperature of ~600 °C. It cannot be excluded that, in this case,
the combustion of the sample was facilitated by the contaminants present in NC7000
(see also the ash amount in NC7000 in Figure 1). Kumar et al. [50] also observed that
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oxidation of carbon in Co304/CNTs nanocomposites occurred at lower temperatures than
in the case of pristine CNTs.

TG analysis performed under an inert gas flow (nitrogen) can reflect the effectiveness
of sample functionalization [24]. Figure 5 presents the TG results obtained for the raw
and modified NC3100 and NC7000 samples (as DTG patterns). In the case of the pristine
and ball-milled materials, no significant signals were observed, suggesting a very low
number of surface functionalities in these samples. These results also align with data
from EA (see Figure 1). As shown, the DTG profiles of the BDS-modified CNTs were
significantly different from those of the parent materials, suggesting remarkable changes
in the surface properties of CNTs after their functionalizations. In general, all the curves
showed a peak with a minimum in the temperature range of 50-100 °C, typically attributed
to moisture. Another signal at 180-260 °C was most likely related to the interlayered water
evaporation [50]. However, the decomposition of -SO3H groups can also occur at similar
temperatures [33]. In turn, the signals appearing at 300-350 °C and 500-550 °C can be
associated with the gradual decomposition of the -PhSO3H functionalities, proceeding in
two stages and related to de-sulfonation process and possibly to slight fragmentation of
the benzene ring [51,52]. The peak with a minimum at 350 °C or a broad signal starting at
500 °C can also indicate the presence of oxygen species with different thermal stabilities,
e.g., carboxylic anhydrides or phenolic groups [53].
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Figure 5. The DTG patterns of the raw and modified samples (N, atmosphere).
The XPS technique was applied to define the chemical composition of the sam-

ples” surfaces, and the results obtained for selected modified CNTs are presented in
Tables 2 and 3 and Figure 6.

Table 2. The contents of carbon, sulfur, and oxygen determined for the selected samples.

Sample C[wt.%] O [wt.%] S [wt.%]
NC7000-BDS-20 89.86 6.20 3.90
NC7000-BDS-50 87.02 8.40 4.60

NC7000-BM-BDS-50 81.88 11.30 6.80

The achieved results confirmed the presence of carbon, oxygen, and sulfur in the
functionalized samples, and the relative concentrations of these elements on the samples’
surfaces are presented in Table 2. All the samples contained quite a high amount of sulfur
(3.9-6.8%). These quantities were higher than those obtained by EA, which suggests
that S-containing moieties are more concentrated on the surface of these samples than
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in the bulk. Interestingly, the functionalization of CNTs with BDS was strongly affected
by the temperature of the treatment. The increase in the temperature from 20 to 50 °C
resulted in a 0.7% increment in the S content. Moreover, the pretreatment of CNTs via
ball-milling before the functionalization allowed the incorporation of 2.2% more sulfur into
the material structure. Importantly, an increase in the S content in the modified CNTs was
also accompanied by an increase in the amount of oxygen, which is also in line with the EA
results (Figure 1), suggesting that S was introduced in the oxidized form onto the surface
of CNTs.

Table 3. The relative contributions of various S- and O-species calculated from XPS S 2p and O 1s profiles.

S2p Ols
Sample S o o o
P in SO;H [at.%] inC=0, 5=0 [at.%] inC-0O, SO [at.%] in COOH [at.%]
100.00 69.70 220 430
NC7000-BDS-20 (3.90 wt%) (432 wt%) (138 wt%) (026 wt%)
100.00 68.90 24.60 420
NC7000-F5"50 (4.60 wt.%) (5.78 wt%) .06 wt.%) (036 wt%)
100.00 9.10 2.70 110
NEA00--EMBIRS50 (6.80 wt%) (7.80 wt%) (.67 Wt%) (0.46 wt%)
(A) S2p (B) O1s
140 {NC7000-8DS-20 900 {NC7000-BDS20
12046 50 — 3010 1s
1001 —s2p,, 3 700 {—— C=0;8=0
80 4 = 600 ]—C0; S0
—S 2p3: £
& 5001 ~—— COOH
60 £ 5001 __ho
40 £ 400
20 i Pl 300
T T T T T T T T T T T
140 {NC7000-BDS-50 900 {NC7000-BDS-50
120{s 2 = 0 101s
100{—sS2p,, 3 700 {— C=0; S=0
—S82p,, . 600 {——C-0; S-0
£ £00]— COOH
c ]—H0
£ 400
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900 -|NC7000-BM-BDS-50
- 80010 1s
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-
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Figure 6. The high-resolution XPS S 2p (A) and O 1s (B) spectra of selected samples.

The chemical and electronic states of O and S were investigated by analyzing the
high-resolution XPS O 1s and S 2p spectra.

Figure 6A presents the deconvoluted XPS S 2p spectra obtained for the modified
samples. As observed, raw data was fitted with a doublet at B.E. ~168.7 eV and ~169.9 eV
with an intensity ratio of 1:2 and a peak separation of 1.2 eV for all the samples, which
was assigned to sulfur in -SO3H moieties [54]. Importantly, no signals attributed to other S
species were present in these materials, showing that the applied functionalization method
selectively introduces S as sulfonic groups into the CNTs.
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The deconvoluted high-resolution XPS O 1s spectra shown in Figure 6B revealed
the presence of four signals belonging to different oxygen species. Two intense signals
at B.E. of ~531 eV and ~532.6 eV were observed in each case, which can be ascribed to
C=0 and C-O bonds, respectively. The signals from sulfur in 5=0 and S-O can also be
present in this region. Additional two small peaks were present in O 1s spectra at a BE
~534.2 eV and ~535.8 eV, which are typically attributed to -COOH groups and adsorbed
H,O, respectively [33,55,56].

The relative contributions of different sulfur or oxygen species detected in the BDS-
modified CNTs are gathered in Table 3. The presented results show that the studied samples
contained only oxidized forms of S in the form of -SOsH functionalities. This observation is
also in line with our previous findings [34]. Interestingly, similar relative contributions of in-
dividual O-species were observed for each sample, i.e., adominant contribution of C=0 and
S5=0 species (68.1-69.7%), significant of C-O and 5-O (22.2-24.6%), and negligible of COOH
(<1%). There were, however, some differences in the concentrations of the abovementioned
species expressed in wt.%, resulting from the effectiveness of functionalizations.

2.2. Catalytic Results

The catalytic performances of BDS-modified CNTs were investigated in the reaction
of glycerol with tert-butyl alcohol (TBA). This process leads to mono-, di-, and tri-tert-
butyl glycerol ethers (designated here MTBGEs, DTBGEs, and TTBGE, respectively); see
Figure S4 in Supplementary Materials. For comparison, a blank test (reaction without a
catalyst) and a reaction in the presence of a commercial catalyst, Amberlyst-15, were also
performed. The obtained results are presented in Figure 7.
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Figure 7. Results of the catalytic performance, i.e., glycerol conversion (A), yield of MTBGEs (B), and
yield of DTBGEs+TTBGE (C), of the BDS-modified CNTs compared with the blank test and a reaction
over Amberlyst-15 (temp. = 110 °C, G:TBA = 1:4, catalyst loading = 5 wt.%).
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As presented, a reaction without a catalyst did not occur, as the final glycerol con-
version (i.e., measured after 24 h) was negligible (~0.2%). The same was observed in the
case of unmodified CNTs (results not shown for clarity) due to a lack of active sites for the
etherification process, as confirmed by the characterization of the samples in Figure 1 and
Table 1. A significant increase in glycerol conversion and the yield of TBGEs was observed
with functionalized samples. Two different activity patterns were shown by the modified
catalysts, as described below.

Glycerol conversions (Xg) obtained in glycerol etherification over the produced sam-
ples are gathered in Figure 7A. As seen from this figure, the lowest glycerol conversion
was displayed by the samples based on technical grade NC7000 (i.e., NC7000-BDS-20 and
NC7000-BDS-50), which initially obtained rather low X¢ (~8% within h of the process).
However, a gradual increase in Xg was observed with time for both these catalysts, which
finally presented Xg of 44% and 48% in the extended reaction time of 24 h. On the other
hand, the remaining catalysts, i.e.,, BDS-modified research grade NC3100 (i.e., NC3100-
BDS-50) and functionalized ball-milled NC7000 (i.e., NC7000-BM-BDS-50), were much
more active in the reaction, showing a very high ~60% conversion of glycerol just within
1 h, which remained stable until the end of the testing time (due to reaching the reaction
equilibrium). Only in the case of NC3100-BDS-50 was a slight decrease in Xg with reaction
time observed, which was probably related to the subsequent de-etherification process [57].
A similar pattern of Xg versus time was also observed for Amberlyst-15. It should be noted
that the reference catalyst showed worse catalytic performance in glycerol etherification
than BDS-functionalized CNTs developed in the present work.

The excellent catalytic performances shown by NC3100-BDS-50 and NC7000-BM-BDS-
50 were due to the effective functionalization, resulting in the high total acidities (Atot)
induced mostly by -SO3H moieties (see results in Tables 1-3 and Figure 6). The role of At in
the activity of samples is clear when analyzing the catalytic performance of NC7000-BDS-20
and NC7000-BDS-50, which showed the lowest At among the prepared materials (see also
the discussion about the results presented in Table 1). Furthermore, it should be underlined
that the catalytic performance of the modified ball-milled CNTs (i.e., NC7000-BM-BDS-50)
was better than that of the functionalized raw sample (i.e., NC7000-BDS-50), which can be
attributed to the higher degree of functionalization of NC7000-BM (see also Figure 1 and
Table 1). It is also suggested that the mechanical pretreatment of the sample, resulting in
the fragmentation of CNT particles (see SEM images in Figure 1 SM), could improve the
interaction between the catalyst and the reactants in the etherification of glycerol [13].

As shown in Figure 7B,C, mono-, di-, and tri-tert-butyl glycerol ethers were detected
in the reaction mixture; however, their yields (Y) varied significantly between catalysts.
In each case, mono tert-butyl glycerol ethers (MTBGEs) were the dominant products.
Nevertheless, significant yields of higher substituted ethers (i.e., DTBGEs + TTBGE) were
also formed. The lowest yields of products (i.e., MTBGEs + DTBGEs +TTBGE) were
achieved over the NC7000-BDS-20 and NC7000-BDS-50 catalysts, especially in the first
hours of the process. Interestingly, similar yields of MTBGEs were obtained over time
using both of these catalysts, whereas the obtained Ypregrs+TTBGE Varied between the
samples (i.e., NC7000-BDS-50 gave higher Yprpcgs+TTBGE)- The highest production of
ethers was achieved over the NC3100-BDS-50 and NC7000-BM-BDS-50 catalysts, probably
due to the significant surface acidities of these catalysts (see At in Table 1). Concerning
the YyvreGEs, the maximum value of over 50% was observed after 1 h. In the extended
reaction time, YmrpgEs slightly decreased, which was accompanied by a simultaneous
increase in the yield of higher-substituted ethers (Yprecrs+TTBGE Up to ~11%). Thus, it can
be concluded that the DTBGEs and TTBGE were obtained in consecutive reactions from
MTBGESs intermediate products, which is consistent with the reaction mechanism proposed
by other authors [29,58]. It is worth noting that after 6 h of the process, the yields of the
products stabilized due to reaching the reaction equilibrium [57].

As shown above, the catalytic performances of CNTs tested in glycerol etherification
were due to the chemical properties of their surfaces, affecting X and yields of ethers. The
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relationship between the initial rates of glycerol consumption or yields of DTBGEs+TTBGE
and the content of -SO3H groups present in CNTs is depicted in Figure 8. Due to the
probability of zwitterions” formation and other effects limiting the availability of sulfonic
groups (as mentioned before), for the samples showing Aot < content of -SO3H, the values
of Aot were considered to correspond to the amount of available active sites in the form of
-SO;H species.

3
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Figure 8. The dependence between the initial glycerol consumption rates (A) or yields of DT-
BGEs+TTBGE (B) and the content of -SO3H groups on the CNT surface.

As observed in Figure 8, there was a correlation between the initial rate of glycerol
consumption and the concentration of -SO3H sites (Figure 8A), indicating a crucial role
of strongly acidic sulfonic sites in the transformation of glycerol into glycerol ethers. The
density of -SO3H groups also had an important influence on the formation of higher substi-
tuted glycerol ethers (Figure 8B); however, both dependencies were not straightforward. In
our previous studies, we found a synergistic effect of sulfonic and O-containing functional
groups in carbon fibers on the formation of tert-butyl glycerol ethers [24]. Apparently, in the
case of CNTs, other physicochemical or structural features of the catalysts, e.g., limited or
improved availability of active sites in the case of large raw CNT aggregates or ball-milled
samples, respectively (see Figure 52), could play a significant role in the process, making
the active sites on the catalyst’s surface more or less accessible to the reagents [13].

For the best-performing catalyst, i.e., NC3100-BDS-50, the influence of selected reaction
conditions (catalyst loading and reaction temperature) on the course of the process was
studied. The obtained results are presented in Figures 9 and 10.

As shown in Figure 9, there were differences in the process efficiency when using
various loadings of the catalyst (i.e, 5, 2.5, or 1 wt.%); however, the changes were not
very significant, especially when 5 wt.% or 2.5 wt.% of catalyst were applied. The initial
glycerol conversions observed for these two cases were comparable and very high and
did not change significantly with time (only a slight de-etherification effect was observed
after 4 h). Moreover, promising yields of ethers were achieved within just 1 h for both
catalyst concentrations. Further lowering the catalyst loading to 1 wt.% strongly affected
the initial rate of the DTBGEs and TTBGE formation. After 1 h, the glycerol conversion
was still quite high (~45%); however, the yield of the most desired DTBGEs and TTBGE
was negligible (~3%). These results improved with extended reaction time; however, the
satisfactory results were only achieved after 4 h. Thus, these data suggest that lowering
the CNT catalyst loading to 2.5 wt.% could make the process more economically viable.
It should also be highlighted that the results obtained in the present work are superior
to the ones presented in the literature, especially taking into consideration the minimum
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catalysts loadings > 5 wt.% used by other laboratories to obtain satisfactory Xg and ether
yields [57,59].

- Xe - Y ursces - Y oraces-Trsce

(A) 5.0 wt.%
514

(C) 1.0 wt.%
53.6

0]
XG or YMTBGEs or YDTBGEs+TTBGE [A)]

2h 4h 6h 24 h

Figure 9. The effect of NC3100-BDS-50 catalyst loading, i.e., 5.0 wt.% (A), 2.5 wt.% (B), or 1.0 wt.% (C),
on the glycerol etherification (temp. = 110 °C, G:TBA molar ratio = 1:4).

| Xa L1 Yireces [ Yorecesirrece (A)90°C

65.0

q
54"49.7

0,
XG or YMTBGEs or YDTBGE5+TTBGE (%]

1h 2h 4h 6h 24 h

Figure 10. The effect of the reaction temperature, i.e., 90 °C (A), 110 °C (B), or 120 °C (C), on the

activity of NC3100-BDS-50 in the glycerol etherification (catalyst loading = 2.5 wt.%, G:TBA molar
ratio = 1:4).
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Figure 10 compares the X and ethers” yields in the glycerol etherification performed
at different temperatures, i.e., 90 °C, 110 °C, and 120 °C.

As can be observed, the temperature used significantly impacted the catalyst perfor-
mance. At a temperature of 90 °C, the catalyst worked the least effectively, giving only a
30% conversion of glycerol within 1 h and virtually producing only MTBGEs. In this case,
satisfactory yields of higher-substituted products (i.e., DTBGEs+TTBGE) were achieved
only after 24 h of the reaction. On the other hand, higher temperatures positively affected
the process, increasing the initial Xg parameters and facilitating the production of DTBGEs
and TTBGE. This effect was particularly visible at 120 °C when the glycerol conversion as
high as ~56% was obtained and the DTBGEs+TTBGE yield reached ~10% within 1 or 2 h.
Interestingly, under the above conditions, the de-etherification effect was strongly favored
at longer reaction times, resulting in a drastic drop in glycerol conversion and, consequently,
yields of the reaction products. The promoting effect of high temperature on the hydrolysis
of glycerol ethers was also reported by Klepatova et al. [60] and Gongalves et al. [57]. On
the other hand, performing the reaction at 120 °C allowed us to achieve excellent catalytic
results in a short time, thus enabling the reduction of TBGE production costs. Moreover,
the achieved results were quite impressive compared with those presented by others. For
example, Carvalho et al. [61] found that the sulfonated carbons prepared from rice husk
could give only ~20% glycerol conversion within 1 h, while Miranda et al. [59] achieved a
glycerol conversion of only 31-35% using sulfonated activated carbons, despite applying
the extended reaction time (10 h) and quite a high catalyst loading (7.5 wt.%).

The reusability of heterogeneous catalysts is one of the most important advantages of
these systems. Thus, selected modified CNT samples (i.e., the best working NC3100-BDS-50
and NC7000-BM-BDS-50 catalysts) were re-used in subsequent glycerol etherification reac-
tions. The obtained results are depicted in Figures S5 and S6 in Supplementary Materials.

As shown in Figure S5, the NC7000-BM-BDS-50 sample showed comparable catalytic
performance over three consecutive reaction cycles, with only a minor drop in glycerol
conversions and yields of ethers in subsequent runs. However, after the third cycle, a
significant decrease in the sample activity was observed. A regeneration process of the de-
activated catalyst was performed according to our previously applied method (i.e., treating
the sample with a 5% HCl solution for 20 h) [33]. Interestingly, the catalytic performance of
the sample was partially restored, suggesting that the deterioration of the catalytic activity
was probably related to a strong interaction between the surface active sites and reagents
rather than the active site leaching [33,62]. The reusability of the NC3100-BDS-50 sample is
depicted in Figure S6 in the Supplementary Materials. In this case, the catalyst was stable
over four reaction cycles.

3. Materials and Methods
3.1. Materials

Research-and industrial-grade multi-walled carbon nanotubes (NC3100 and NC7000,
respectively) were purchased from Nanocyl SA, Sambreville, Belgium. The products varied
in their purity, i.e.,, NC3100 represented a high purity material with above 95% C content,
whereas NC7000 contained > 90% of C. Sulfanilic acid (ACS, Reag. Ph. Eur.) was purchased
from Merck, Germany, sodium nitrite (p.a.) and anhydrous glycerol (p.a., 99.5%) were
obtained from Avantor Performance Materials, Poland, hydrochloric acid (35-38%, p.a.)
was received from StanLab, Poland, whereas tert-butyl alcohol (p.a.) was purchased from
Aktyn, Suchy Las, Poland.

3.2. Functionalization of the Samples

NC3100 and NC7000 were functionalized with 4-benzenediazonium sulfonate (BDS)
generated in situ to anchor sulfonic groups to the CNT surface and induce the sample
acidity. The applied procedure was as follows: 95 mL of distilled water, 1.5 g of CNTs, and
2.1 g of sulfanilic acid were mixed for 1.5 h using an ultrasonic bath. Afterward, 0.9 g of
sodium nitrite and 15 mL of concentrated hydrochloric acid (added dropwise) were put
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into the flask while mixing with a magnetic stirrer. The modification was performed at
20 °C or 50 °C for 20 h. The resulting samples were filtered and washed with hot distilled
water, small portions of methanol, DMEF, and acetone. Finally, the materials were dried at
110 °C overnight and sieved to a particle size of <0.4 mm.

A selected sample (i.e., NC7000) was also subjected to mechanical pretreatment before
functionalization. This was performed using a Retsch MM200 ball mill equipped with
zirconium oxide milling balls for 20 min with a vibrational frequency of 25 vibrations/s.
The as-prepared material (denoted as NC7000-BM) was then modified with BDS according
to the procedure described above.

The functionalized samples were labeled according to the scheme: sample type-type
of modifying agent-temperature of modification. For example, NC7000-BM-BDS-50 means
the ball-milled NC7000 sample was modified with 4-benzenediazonium sulfonate at 50 °C.

3.3. Characterization of the Samples

Quantitative C, H, N, and S elemental analysis (EA) of the samples was performed
using a Flash 2000 analyzer. Ash was established as the residue after thermogravimetric
(TG) analysis was performed in an air atmosphere. A potentiometric back titration method
was used to determine the total acidity of the materials (i.e., the total number of Brensted
acid sites; Ay). For this purpose, ~0.1 g of the sample was mixed with 50 mL of a 0.01 M
NaOH solution for 20 h at ambient temperature. Afterward, the carbon was filtered, and
20 mL of the filtrate was titrated with 0.05 M HCl using a CerkoLab microtitrator. High-
resolution transmission electron microscopy (HRTEM) using an FEI Tecnai G2 20 X-TWIN
apparatus was applied to study the morphology of the samples. Selected CNT samples
were also investigated with a ZEISS EVO 40 scanning electron microscope (SEM). The
textural properties of the prepared materials were analyzed by performing Nj adsorp-
tion/desorption measurements at —196 °C with Quantachrome Autosorb IQ equipment.
The specific surface areas (Sggr) of samples were calculated using the BET equation, while
the t-plot method was applied to establish the micropore volumes (V) and external surface
areas of carbons (Sext). The total pore volumes (Vi) of CNTs were measured from the
amount of N adsorbed at a relative pressure close to 1. Thermogravimetric (TG) analysis
was performed using a Setaram Setsys 1200 thermal analyzer. The measurements were
carried out in air or nitrogen flow and the temperature range of 20 °C-1000 °C (heating
rate of 10 °C/min). X-ray photoelectron spectroscopy (XPS) studies were performed using
a SPECS UHV multichamber analytical system. In turn, Raman spectra were obtained by
applying a Renishaw InVia Reflex confocal Raman spectrometer equipped with an argon
laser as an excitation source (A = 514 nm, P =1 mW).

3.4. Catalytic Measurements

The functionalized CN'Ts were tested as catalysts in the etherification of glycerol
(G) with tert-butyl alcohol (TBA) under autogenous pressure. In each run, 10.2 g of
glycerol and 42 mL of TBA (G:TBA molar ratio of 1:4) were transferred into a stainless-steel
autoclave and stirred for complete homogenization. Afterward, catalyst (5, 2.5, or 1 wt.%
based on the glycerol weight) was added to the mixture, and the reactor was sealed and
flushed with Ar. The catalytic testing was performed at 90, 110, or 120 °C for 24 h. To
monitor the progress of the reaction, aliquots of the reaction mixture were periodically
taken out (after 1, 2, 4, 6, and 24 h), diluted with isopropanol, and analyzed using a
SRI 8610C gas chromatograph equipped with a RESTEK MXT® —WAX capillary column
(30 m x 0.25 mm x 0.25 um), a split injector, and FID detector. The catalytic activity of
the samples was expressed as the conversion of glycerol (Xg) and yields of individual
reaction products (i.e,, mono-, di-, and tri-tertbutyl glycerol ethers; MTBGEs, DTBGEs, and
TTBGE, respectively). Reusability tests were also performed on selected samples. For this
purpose, the spent catalyst was recovered from the reaction mixture by filtration, washed
with hot distilled water, then acetone, and dried. After sieving, the catalyst was re-used
under standard reaction conditions. The catalyst regeneration was performed by mixing
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the sample with a 5% HCl solution for 20 h, then washing it with hot distilled water and
drying at 110 °C overnight. The reproducibility of all catalytic tests was very high, and
the standard deviations calculated for glycerol conversions and ether yields were lower
than 1.5%.

4. Conclusions

A facile method of obtaining highly active solid acid CNTs was proposed using
4-benzenediazonium sulfonate generated in situ. This strategy introduced significant
amounts of -SO3H species onto the surface of CNTs, leading to a significant increase in the
total acidity (A) of these catalysts. It was demonstrated for the first time that the func-
tionalization of chemically stable CNTs can be facilitated by a simple pretreatment of the
sample using ball-milling, which fragmented the aglomerates and resulted in a generation
of new “active” edges susceptible to functionalization. Moreover, the functionalization
of CNTs with BDS was favored at higher temperatures, resulting in the introduction of
higher quantities of sulfur into the materials’ structure. The proposed functionalization
method selectively introduced sulfur in the form of sulfonic groups, known to be very
active Brensted acid sites.

The resulting sulfur-doped CNTs were tested in glycerol valorization to substituted
ethers. All the prepared samples showed high activity in etherification due to their highly
functionalized surface chemistry. The catalytic performances of the most active catalysts
(i.e., NC3100-BDS-50 and NC7000-BM-BDS-50) exceed those of the commercial Amberlyst-
15 catalyst. Under optimized reaction conditions, a remarkable ~56% glycerol conversion
and ~10% yield of DTBGEs+TTBGE was obtained within just 1 h of the reaction. The
catalyst acidity induced by the -SO3H groups was found to be a key factor for the efficient
transformation of glycerol to glycerol ethers. Furthermore, the developed BDS-modified
CNTs solid acid catalysts showed excellent recyclability, opening up new possibilities for
the application of these materials in other acid-catalyzed industrial processes in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules29071623/s1; Figure S1. General scheme of CNTs modifi-
cation with 4-benzenediazonium sulfonate, indicating some possible surface structures formed [36,37];
Figure S2: SEM images of (A) raw and (B) ball-milled NC7000 sample at different magnifications;
Figure S3: The DTG patterns obtained for the raw NC7000 and NC3100 samples under an air gas flow;
Figure S4: Reaction scheme of glycerol etherification with tert-butyl alcohol under acidic conditions;
Figure S5: The results of the reusability tests performed for NC7000-BM-BDS-50 (temp. = 110 °C,
catalyst loading = 5 wt.%, G:TBA molar ratio = 1:4); Figure S6: The results of the reusability tests
performed the NC3100-BDS-50 (temp. = 110 °C, catalyst loading = 5 wt.%, G:TBA molar ratio = 1:4).
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Figure 51. General scheme of CNTs modification with 4-benzenediazonium sulfonate, indicating some

possible surface structures formed (based on [36,37]).
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Figure S2. SEM images of (A) as-received and (B) ball-milled NC7000 samples at
different magnifications.
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High-purity and technical-grade carbon nanotubes (CNTs) were functionalized and compared, for the first
time applying various mechanochemical methods to endow their surfaces with strongly acidic features.
The as-prepared samples were used as catalysts in glycerol etherification performed with tert-butyl alcohol
at 110 °C under autogenous pressure, converting glycerol to glycerol tert-butyl ethers, i.e., important fuel
additives, in a green way. The hest-performing catalyst was the CNT sample ball-milled with glucose and
hydrothermally treated with fuming H,SO,, which showed a 52.4% glycerol conversion just after 6 h. The
catalytic performance of the sample was ascribed to its improved functionalization when using glucose
which worked as a “binding agent” for the active functional groups, facilitating the grafting of the -SOsH
sites on the CNT surface in a relatively short time and at a low temperature of modification. Furthermore, it
was found that acidic oxygen functionalities, co-introduced with sulfonic groups during the modification,
cooperated with -SOsH sites and jointly worked to enhance the CNT activity in glycerol etherification.
Finally, it was shown that adequately tailored technical-grade CNTs could act as promising and much
cheaper solid acids than functionalized expensive high-purity CNTs typically used for industrial
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rsclifcatalysis applications.

1. Introduction

The co-production of huge amounts of glycerol (G} by the
continuously developing biodiesel industry underlines the
urge to develop suitable valorization methods for this side
product.’” Furthermore, glycerol has tremendous potential to
be transformed into valuable derivatives with a wide spectrum
of practical applications.?

One of the most important glycerol derivatives are
tert-butyl glycerol ethers (TBGEs}, available in mono-, di- and
tri-substituted forms (MTBGEs, DTBGEs, and TTBGE,
respectively), of particular significance to the fuel sector. It
was found that DTBGEs and TTBGE can be directly mixed
with gasoline, diesel, or biodiesel and used as
environmentally friendly fuel oxygenates or performance
enhancers.*® MTBGEs were also confirmed to be useful as
gasoline boosters; however, due to their poor miscibility with
hydrocarbons, they often need to be converted into the
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appropriate derivatives or mixed with higher-substituted
tert-butyl glycerol ethers.®” It is also worth noting that TBGEs
are considered sustainable substitutes for methyl tert-butyl
ether (MTBE)}, which has been restricted in some countries
for ecological and economic reasons.**

Typically, tert-butyl glycerol ethers are obtained in the
reaction between glycerol and tert-butyl alcohol (TBA) or
isobutene (IB} using strong Bronsted acid catalysts, preferably
heterogeneous ones.”® TBA as an etherifying agent is
recommended as IB requires a costly approach, enabling
mixing the gas with glycerol. In addition, IB can undergo
troublesome oligomerization.® Detailed comparison of the
mechanisms of glycerol etherification with various solvents,
including alcohols and olefins, and under solvent-free
conditions can be found elsewhere.” Moreover, an interesting
summary of the different catalytic systems developed in
recent years for glycerol etherification has been recently
published.*

Strongly acidic ion exchange resins have been the most
extensively studied catalysts for glycerol etherification.***?
For example, Roze et al.'' performed glycerol etherification
with TBA at 83 °C using Amberlyst-15 and obtained a total
vield of ethers of 21% within 2 h. Frusteri et al.'> reported a
high glycerol conversion of over 90% and a combined yield
of DTBGEs and TTBGE of about 28% after 6 h of the reaction
at 70 °C. In turn, Gongalves et al'® showed that using

This journal is © The Royal Society of Chemistry 2024
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Amberlyst-15 at 120 °C for 4 h could result in only a 12%
combined yield of DTBGEs + TTBGE. This reduced activity of
the Amberlyst-15 catalyst under the used conditions was
probably due to its low thermal stability (maximum operating
temperature of 120 °C, according to the manufacturer's
data)."® Importantly, the application of Amberlyst-15 in
glycerol etherification is strongly restricted not only by its low
thermal stability but also by high moisture sensitivity, as
water is co-produced in this reaction.™*

On the other hand, appropriately functionalized carbon
catalysts can be promising alternative solids, especially for
glycerol etherification."*™” For example, Gongalves et al.'®
showed that sulfonated black carbons from coffee ground
wastes yielded 20% DTBGEs + TTBGE within 5 h of the
reaction between glycerol and TBA. Furthermore, the catalyst
exhibited high stability of active sites, which enabled its
reuse. Galhardo et al’ used sulfonated carbons from rice
husk to convert glycerol with TBA and achieved a 53%
glycerol conversion and selectivity to di- and tri-substituted
products of 25% within 4 h. In turn, our previous studies
showed that glucose-derived hydrothermal carbon could give
a 54% conversion of glycerol and ~10% yield of DTBGEs +
TTBGE within 1 h.*®

Carbon nanotubes (CNTs} are one of the most important
classes of carbon materials, showing such features as low
toxicity, enhanced conductivity, ultimate tensile strength,
thermal and chemical stability, and the possibility of
functionalization. These unique properties make them
perfect candidates for application in different branches, e.g,
in medicine, electronics, producing sports goods, energy
storage, etc.'®' Interestingly, particularly promising
applications of CNTs relate to heterogeneous catalysis, where
CNTs can be used as super-efficient catalysts or as support
for active phases.”>?* It is noted that apart from our recently
published pioneering work, focussing on carbon nanotubes
functionalized with 4-benzene diazonium sulfonate (BDS),**
there are no reports in the literature dealing with the
application of sulfonated CNTs in the etherification of
glycerol with tert-butyl alcohol (TBA). Our results showed that
the BDS-functionalized CNTs were very active in glycerol
etherification at 120 °C, reaching ~56% glycerol conversion
and ~10% yield of higher-substituted ethers, using a low
catalyst loading of only 2.5 wt%. These promising catalytic
results were attributed to the high concentration of sulfonic
groups present in the catalyst, and improved substrate access
to the active sites due to fragmentation of CNT aggregates. In
addition, sulfonated CNTs showed great performance in
many other acid-catalyzed reactions. For example, Yee et al
reported outstanding catalytic results of sulfonated CNTs in
etherification of TBA with ethanol, reaching 64% conversion
and 68% selectivity to ethyl tert-butyl ether (ETBE). The
results obtained were comparable to or even better than the
ones reported using other heterogeneous catalysts. In
addition, the authors reported excellent recyclability, of the
sulfonated CNT catalysts.®® On the other hand, Yu et al
applied sulfonated single-wall carbon nanotubes (SWCNTs)

This journal is © The Royal Society of Chemistry 2024
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in the esterification of acetic acid to ethyl acetate. They
obtained twofold higher activity than sulfonated activated
carbons.”® In turn, Guan et al.>® obtained 97% biodiesel yield
in the transesterification of trilaurin with ethanol using
sulfonated CNTs. Importantly, the best catalysts showed
comparable performance to that of a typically used and
efficient homogeneous catalyst, ie., H,SO,. In contrast, Liu
et al. showed that composite materials (CNT-P-SO;H)
obtained by covalent grafting of CNTs with sulfonic acid-
functionalized polymers (P-SO;H} presented outstanding
catalytic activity in the production of fatty acid methyl ester.>’
Importantly, due to the constant development of the carbon
nanotube market, manufacturing costs of CNTs have been
declining over the years,® providing an opportunity for the
practical use of such materials in industry.

Various modification approaches have been studied to
endow CNTs with strongly acidic features required for acid-
catalyzed reactions such as glycerol etherification among
others. The covalent functionalization of CNTs via forming a
strong linkage between the nanotube surface and a
modifying molecule was found to be one of the most
commonly applied strategies. This method typically uses
concentrated sulfuric acid that reacts with CNTs at high
temperatures to produce CNT-SO;H with a significant
density of sulfonic groups.”*' However, despite these harsh
reaction conditions, the degree of CNT functionalization
obtained in this technique is typically much lower than that
observed for other types of carbons treated with H,SO,. This
is due to the rather inert and rigid structure of carbon
nanotubes resistant to modifications.***? Diverse options
have been tested to “activate” CNTs for functionalization. For
example, Rocha et al®® demonstrated a convenient solvent-
free approach for the pretreatment of CNTs via ball milling
(BM} as the method enabling the shortening and opening of
the CNT caps and thus making CNTs more prone to
functionalization. The authors showed that using the BM
approach for a CNT/melamine mixture before its heating
resulted in the introduction of significantly higher amounts
of N into the CNTs compared to the modification excluding
the BM step. The easy BM method also allowed the
introduction of large concentrations of heteroatoms such as
N, S, B, or P into CNTs as found by Soares et al®* A very
interesting method for CNT functionalization could also be a
non-covalent approach involving the formation of CNT-
polymer composites.®® For example, Ji et al®® pyrolyzed
glucose and taurine in the presence of CNTs to successfully
deposit functional groups on the used nanotubes.

The current study investigates various methods of CNT
functionalization with -SO;H groups, for the first time
considering the effect of different mechanochemical
approaches on the physico-chemical features of the modified
carbon nanotubes. The results shed new light on the facile
possibilities of obtaining CNTs with an enhanced degree of
functionalization. Furthermore, this work is important from
a practical point of view, as it uses the obtained CNT samples
for producing glycerol tert-butyl ethers, ie., important fuel
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enhancers, via a green synthesis route. The influence of the
surface chemistry of CNTs on their catalytic performances as
solid acids in glycerol etherification was established. Finally,
it was demonstrated that technical-grade CNTs could be a
promising alternative to expensive high-purity carbon
nanotubes in the tested reaction.

2. Experimental part
2.1. Preparation of the samples

Two types of commercial multi-walled CNTs differing in
their purity, and thus their price, were used in this work,
namely Nanocyl NC3100 (purity of over 95%, labeled here
as CNTycsi00) and Nanocyl NC7000 (purity of over 90%,
labeled here as CNTycyono). These raw materials were used
as purchased. Additionally, in order to “open” the sample
structure, CNTncy000 Wwas subjected to mechanical
treatment through ball-milling using a Retsch MM200 ball
mill equipped with zirconium oxide milling balls (t = 20
min, frequency = 25 vibrations per s}. The as-prepared
material was labeled as CNTycro00pv- The raw and ball-
milled CNTs were further modified wusing different
functionalization protocols. Details of these procedures
can be found below.

2.1.1. Modification with concentrated sulfuric acid.
Modification of the CNTs with concentrated sulfuric acid (H,-
SO(conc.}} was performed in a three-neck round-bottom
flask equipped with a magnetic stirrer and a condenser. In
each case, 1 g of CNTs and 100 em® of concentrated H,S0,
were mixed and heated to 180 °C under an argon flow for 20
h. After the functionalization, the mixture was cooled, diluted
with distilled water, and filtered. The obtained functionalized
CNTs were then washed thoroughly with hot distilled water
until a neutral pH of the filtrate was obtained. Finally, the
material was dried at 110 °C overnight and sieved to a
uniform particle size of <0.4 mm.

2.1.2. Functionalization with fuming sulfuric acid. 1 g of
CNTxcro00-em Was mixed under ultrasonic conditions with 20
em® of fuming H,SO, (H,SO,(fum.)} for 0.5 h. The mixture
was then transferred into a Teflon-lined autoclave and heated
at 100 °C under self-generating pressure for 8 h. After
finishing the process, the reactor was cooled to room
temperature, and the mixture was diluted with distilled
water. Subsequently, the material was recovered by filtration
and washed thoroughly with hot distilled water, followed by
ethanol. Finally, the sample was dried in a laboratory oven at
110 °C overnight and sieved to a particle size of <0.4 mm.

2.1.3. Glucose-aided functionalization with sulfuric acid.
CNTs were modified with H,SO, and glucose using different
variants. In the first option, 1 g of CNTxcr000 was ball-milled
with 4 g of glucose (Glu} using a Retsch MM200 ball mill (¢ =
20 min, frequency = 25 vibrations per s) to ensure complete
homogenization. Next, the obtained sample was mixed with
20 em® of fuming sulfuric acid (H,SO,(fum.}) and heated in a
Teflon-lined stainless steel autoclave at 180 °C under self-
generated pressure for 12 h.
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In the second method, 1.5 g of glucose was mixed in a
glass vial with 5 cm® of 5 M H,S0, (H,SO,5 M)) under
ultrasonic conditions. When the mixture was homogenized,
0.5 g of ball-milled CNTs was slowly added. Finally, the vial
was heated in an Anton Paar Monowave 200 microwave oven
at 150 °C under self-generated pressure for 4 h.

In both functionalization approaches, the final mixtures
were diluted with water, and the prepared samples were
recovered by filtration and repeatedly washed with hot
distilled water and ethanol. Afterward, the samples were
dried at 110 °C overnight and sieved to a particle size of <0.4
mm.

All the functionalized CNTs were labeled according to the
scheme: CNT type - modifying agent type - modification
temperature - treatment time, e.g, CNTncrooosm-Glu/Hs-
SO,(fum.}180-12h refers to ball-milled CNTy¢000 modified
with fuming sulfuric acid in the presence of glucose at 180
°C for 12 h.

2.2. Characterization of the samples

Quantitative elemental analysis (EA)} of the samples was
performed using a Flash 2000 analyzer, and the ash content
was determined by weighing the residue after combustion.
Nitrogen  adsorption/desorption  measurements  were
performed at -196 °C with a Quantachrome Autosorb IQ
apparatus and used to determine the textural properties of
the samples. The specific surface areas (Sggr) of CNTs were
calculated from the BET equation, whereas the micropore
volumes (V,} and the external surface areas (Se.) were
determined by the ¢-plot method. In turn, the total volumes
of pores (V,,) were measured from the amount of N,
adsorbed at a relative pressure close to unity. The
morphology of the samples was studied with a ZEISS EVO 40
scanning electron microscope. The total acidity of the
materials was determined by means of a potentiometric back
titration method with a CerkoLab microtitrator. Briefly, ~100
mg of the sample was mixed with 50 cm® of a 0.01 M NaOH
solution and shaken for 20 h at room temperature. Finally,
the carbon was filtered out, and the filtrate (20 ¢cm®) was
titrated using a 0.05 M HCI solution. A blank test was also
performed. Thermogravimetric (TG) analysis was carried out
with a Setaram Setsys 1200 thermal analyzer under a nitrogen
or air flow (heating rate of 10 °C min™). X-ray diffraction
(XRD} measurements were performed using a Bruker AXS D8
Advance diffractometer. In turn, X-ray photoelectron
spectroscopy (XPS) studies were done using a Specs UHV
multichamber analytical system. All the spectra were
calibrated by the C 1s peak centered at 284.5 eV, and
CasaXPS (version 2.3.19PR1.0) was used for the spectra
deconvolution.

2.3. Catalytic measurements

Glycerol etherification was performed in a stainless-steel
autoclave equipped with a magnetic stirrer, a thermocouple,
and a sampling system. In each case, 10.2 g of glycerol (G)
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and 42 ecm?® of tert-butyl alcohol (TBA; TBA:G molar ratio of
4:1} were introduced into the reactor and stirred to ensure
complete homogenization. Afterward, 0.5 g of a catalyst (~5
wt% based on the glycerol weight} was added to the system.
After sealing the autoclave, the reactor was flushed with
argon several times and heated to 110 °C. During the process,
aliquots of the reaction mixture were taken at various time
intervals (ie., 1, 2, 4, 6, and 24 h) and analyzed using a gas
chromatograph (SRI 8610C} equipped with a RESTEK MXT®
—WAX capillary column (30 m x 0.25 mm x 0.25 um), split
injector, and a FID detector. The catalytic performances of
the samples were expressed as conversions of glycerol (X},
yields of products (ie, Yyrecess Yoreceserrece)y OF
selectivities to glycerol tert-butyl ethers (ie., Syrpces
Soreces+rrece). Samples of the reaction mixture were diluted
in isopropanol and analyzed using a gas chromatograph {SRI
8610C) equipped with a RESTEK MXT®-WAX capillary
column (30 m x 0.25 mm X 0.25 um} and a flame ionization
detector (FID) working at a temperature of 210 °C, powered
by hydrogen (25 cm® min™} and air (270 cm® min™'). Helium
was used as the carrier gas (1 em® min™), and the sample
was injected using a split injector with a split ratio of 30, at T
= 230 °C. The details of the GC analysis can be found in our
previous work.?”

The stability of a selected CNT sample was tested in
subsequent catalytic runs. For this purpose, carbon was
recovered from the reaction mixture by filtration, washed
with hot distilled water, and then with acetone. Afterward, it
was dried at 110 °C overnight, sieved, and reused. A catalyst
regeneration procedure was also applied. It was performed by
mixing the spent catalyst with a 5% HCI solution at ambient
temperature for 20 h, washing it with hot distilled water, and

drying.

3. Results and discussion

3.1. Characterization of the samples

Table 1 presents the results of elemental analysis, total
acidity measurements, and the determination of the -SO;H
group contents obtained for the CNT-based samples. As can
be seen, both types of raw carbon nanotubes, i.e., CNTyc3100
and CNTycro00, COnsisted mainly of carbon; however, the
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content of this element was different (~98% vs. 88%)
depending on the CNTs purity. The amounts of heteroatoms,
such as oxygen, were negligible, and the samples did not
contain sulfur. On the other hand, the ash content observed
for CNTncro00 Was quite high (about 10.2%). It was most
probably related to the presence of a metal catalyst applied
in the production process of CNTs, ie., the CCVD reaction
(catalytic chemical vapor deposition, according to the
producer’s declaration).’® No ash was detected for CNTycs100,
suggesting thorough sample purification after the
synthesis.” The obtained values of the ash contents obtained
for CNTyncsi00 and CNTnezo00 are in accordance with the
manufacturer's data.’53?

It was reported in the literature that ball-milling can
introduce large amounts of oxygen functionalities to the
surface of carbon xerogels.*® However, in our case, the results
from EA for the ball-milled carbon nanotubes (ie.,
CNTneroooem carbon} were comparable to those achieved for
the untreated sample (i.e., CNTyez000), SUggesting that this
mechanical treatment did not affect the elemental
composition of CNTs. Importantly, the raw and ball-milled
CNTs practically did not show acidic features (4, close to 0
mmol H™ per g}.

The CNTs were modified to endow the samples with acidic
properties. As shown in Table 1, the applied modifications
enriched CNTs with heteroatoms, mainly sulfur, and oxygen;
however, the effectiveness of the used methods varied
significantly. The reaction of CNTs with concentrated or
fuming sulfuric acid introduced about 0.5-0.8% S into the
carbon structure. These values were not very high,
considering the susceptibility of other types of carbons to
sulfonation with H,SO,. For example, Rechnia et al*'
functionalized activated carbons prepared from sawdust with
concentrated sulfuric acid and obtained a S content of 1.8
2.2%, while the use of fuming sulfuric acid resulted in the
incorporation of 1.4-1.7% S into the carbon matrix. In turn,
Malaika et al.** introduced 4.3% sulfur into the structure of
carbon spheres using concentrated H,SO,, while Zhou et al.*?
prepared an acidic carbon catalyst with a 6% sulfur content
through partial carbonization of bamboo followed by
subsequent sulfonation of the sample with concentrated
H,S0,. Thus, the less effective functionalization of the raw

Table 1 The results of EA and the acidity measurements obtained for the raw and modified CNTs

Ash c H s o° -SO;H” Oxygen groups  Awe
Sample [wtoe]  [wt%]  [wt%]  [wt%]  [wt%] [mmolg™]  [mmol g™ [mmol H" per g]
CNTnes100 0.0 98.3 0.1 0.0 1,5 0.00 0.02 0.02
CNTycz000 10.2 87.6 0.3 0.0 1.9 0.00 0.03 0.03
CNTwcro00-8M 9.1 88.8 0.29 0.0 1.8 0.00 0.05 0.05
CNTyes100-HaSO4(conC.)-180-20h 0.8 96.4 0.2 0.5 2.1 0.19 0.06 0.25
CNTycro00-HoSO4(cone.)-180-20h 3.9 93.0 0.2 0.5 2.4 0.19 0.04 0.23
CNTycro00-em-HzS0,(conc.)-180-20h 0.0 94.9 0.3 0.6 4.2 0.22 0.08 0.30
CNTwcro00 em-HaSO,{fum.)-100-8h 0.0 97.0 0.3 0.8 1.9 0.31 0.11 0.42
CNTncrooo em-Glu/HaSO4(fum.)-180-12h 0.7 73.0 1.0 1.2 24.1 0.66 1.95 2.61
CNTycro00-smGlU/H,SO,4(5 M)-150-dh 2.7 78.4 2:1 1.6 15.2 0.22 1.66 1.88

@ Galculated by the difference. “ Based on the sulfur content from XPS.
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CNTs observed here confirms that the structure of carbon
nanotubes is highly resistant to almost all modifications,
including those using aggressive reagents.’>** Interestingly,
the S contents measured for the raw CNTs modified with
concentrated H,SO, were similar for both materials
(independently of their purity} and, importantly, lower than
that obtained for the ball-milled carbon nanotubes (by
~17%). This may suggest that even the short-time
mechanical treatment of CNTs (see Experimental part} can
result in the formation of some active points in their
structure {by CNT breaking or structure opening}, i.e., “extra”
graphene edges exposed to reagents and susceptible to
functionalization. Breaking and opening of the caps of
carbon nanotubes during ball-milling was also observed by Li
et al®® Importantly, the modification with concentrated
H,SO, also reduced the ash content in the CNTycr000s
indicating the removal of impurities from the raw material
and suggesting a partial purification of CNTs.

The same was also observed by Mortazavi et a
concluded that sulfuric acid can remove a metal catalyst
trapped inside the CNTs.

After the functionalization of CNTs with concentrated or
fuming sulfuric acid, a slightly increased oxygen content was
noted compared to the parent materials. This observation
may confirm the formation of -SO;H groups in the modified
samples and/or resulted from the CNT's oxidation.*" At the
same time, some increase in the total acidities of the samples
was noted; however, A, of CNTs modified with H,SO,
(concentrated or fuming) was not very high, i.e., between 0.23
and 0.42 mmol H' per g. These values could be justified
considering the poor functionalization of CNTs with sulfuric
acid mentioned above. It should also be noted that for CNTs
modified with H,SO, (concentrated or fuming), the
calculated content of —-SO;H moieties was lower than A,
which can suggest introducing not only sulfonic groups into
the carbon structure but also some oxygen functionalities.
According to the data presented in Table 1, the oxidation
effect of H,SO, was particularly noticeable for the ball-milled
CNTs modified with concentrated or fuming sulfuric acid, ie.
’ CNTNC7000_BM‘H2804[COnC.)‘l80'201’! and CNTyncro000-enHa-
S0,(fum.}-100-8h, respectively, for which the oxygen groups
accounted for ~26-27%. The oxidation properties of H,SO,
have also been reported elsewhere for activated carbons,
carbon xerogels, or carbon spheres treated with concentrated
or fuming sulfuric acid.**?

In order to obtain CNT-carbon composites with acidic
features, CNTs were also modified with sulfuric acid (fuming
or a 5 M solution} in the presence of glucose (Glu). This
process used glucose to form a layer of amorphous carbon,
which could act as a “glue” allowing the easier attachment of
functional groups to the surface of CNTs.*® As can be
observed in Table 1, the adopted approach produced
materials with significantly higher contents of sulfur
compared to the functionalization of CNTs with sulfuric acid
only and no added glucose (ie., 1.2 and 1.6% vs. 0.5-0.8%,
respectively). Interestingly, the CNTs modified with the aid of

1,%® who
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glucose and 5 M sulfuric acid, ie., the CNTycr000.8mGlU/
H,S0,(5 M)}-150-4h sample, showed a higher S content than
the material obtained with glucose and fuming H,SO, (i.e.,
CNTner000-5m-Clu/H,80,(fum.}180-12h) despite the milder
reaction conditions used in the first case (see Experimental
part). The observed result was probably due to the promoting
effect of microwave radiation applied to produce
CNTycr0008m-GlW/H,80,(5 M)-150-4h.*” Interestingly, a high
increase in the content of oxygen was observed in both cases
(even up to 24%), which may suggest the carbonization of
glucose to carbonaceous matter rich in oxygen functionalities
under the conditions applied. Forming the oxygen-abundant
biochar is typical for simple carbohydrates treated at high
temperatures and was reported earlier.***? According to the
literature, a complex set of chemical reactions occurs during
the hydrothermal carbonization of glucose, leading primarily
to glucose dehydration to S5-hydroxymethylfurfural. The
anions formed react with each other via polymerization,
resulting in condensed furan rings bridged by aliphatic
regions. These reactions proceed until the polymerized
intermediates achieve a critical concentration, producing the
particles’ nucleation and growth, forming a spherical-shaped
structure with hydroxyl and carboxylic groups attached to
their surface.’®®' On the other hand, if hydrothermal
carbonization is carried out in the presence of CNTs, a thin
layer of amorphous carbonaceous matter is formed, coating
their surface, as was previously observed on the graphite
felts.>® In our case, hydrothermal carbonization was carried
out in the presence of H,S0,. In this case, the
5-hydroxymethylfurfural obtained from glucose dehydration
reacted with acid to ‘embed’ sulfonic acid groups into the
carbonaceous material. The amorphous coating on CNT plays
the role of so-called glue because it binds the sulfonic groups
to the surface of CNT. Thus, significantly higher amounts of
sulfur were observed in samples prepared in the presence of
glucose (ie, CNTnero00em GIWH,S0,(5 M)-150-4h  and
CNTnero00-8m-GlU/HoS0,(fum.}180-12h. In accordance with
these findings, higher contents of O were also observed in
these samples, ie.,, 24.1% for the sample modified with
glucose and H,SO,(fum.) and 15.2% for CNTs treated with
glucose and 5 M sulfuric acid. The difference in O content
between these samples was probably related to the
differences in the oxidative power between fuming and
diluted sulfuric acid. Both CNT-carbon composites were
characterized by high total acidities (up to 2.61 mmol H" per
¢); however, the sample's acidic properties were mainly
induced by the oxygen functionalities. The high A values of
carbohydrate-derived carbons, resulting from various oxygen
groups, were also reported previously.*®4?

The results of the textural analysis of the CNT-based
samples are collected in Table 2. As can be observed, there
were significant differences in the textural parameters of
both commercial raw CNTs (i.e., CNTncs100 ad CNTncro00)-
First, CNTs of higher purity (i.e., CNTycs100) had a much
larger (almost twice} apparent surface area (Sggy) compared
to CNTncrooo- Secondly, it exhibited almost 30% higher Vi

This journal is © The Royal Society of Chemistry 2024

185



Published on 23 April 2024. Downloaded by Uniwersytet im Adama Mickiewicza on 7/5/2024 10:26:26 AM.

View Article Online

Catalysis Science & Technology Paper
Table 2 The textural properties of the raw and modified CNTs

Sample Sper [m* g7'] Sext [m* g7 Vior [em?® g7] V, [em® g7
CNTncat00 406 384 3.84 0.02
CNTséss66 243 243 2.81 0.00
CNTnezo00-BM 286 286 0.96 0.00
CNTxcs10011:804(conc.)-180-20h 353 353 2.68 0.00

CNTxe 000 H2SO04(conc.)-180-20h 226 226 2.93 0.00
CNTxcr0008v-12504(conc.}-180-20h 316 316 1,77 0.00

CNTrc 0001 1:80,4(fum. )-100-8h 244 240 1.09 0.00
CNTrez000-mv-GIUH,SO4(fum.}-180-12h 94 87 0.42 0.00
CNTNC?OM.W—G]LI/'H,_S(h(S M)-150-4h 251 248 0.81 0.00

55,56

The deteriorated textural properties of CNTncroo0 WELe most
likely partly due to the high amounts of metallic impurities
clogging the sample pores (see also the ash content in
CNTncrooo in Table 1). A similar phenomenon was also
reported elsewhere.” Importantly, the Sggr of both samples
resulted only or almost only from the external surface areas,
ie., meso- and macropores, as indicated by a high
contribution of Sey to Sper The contribution of V), to Vi, was
practically 0 in both cases, and the porosity of samples was
probably related to the free spaces of meso- and macropore
sizes in the CNT bundles.”"**

The ball milling of carbon nanotubes changed its textural
properties, namely a slightly increased Sppr was noted for
CNTncrooosm compared to that of the parent material. The
same effect was also observed by other authors who
concluded that this was due to the CNT breaking and caps

opening. Interestingly, after the ball-milling process, the
total volume of pores in CNTncrooo Significantly decreased,
which was most probably related to the reduction of spaces
between nanotubes and, thus, a more compact structure of
CNTs after the mechanical treatment.>

The modified CNTs showed decreased textural parameters
compared to the starting samples, suggesting the efficient
introduction of various functional groups during the used
functionalizations. The smallest changes were observed for
the CNTs modified with concentrated or fuming sulfuric
acid, which agrees well with the moderate effectiveness of the
functionalization of CNTs with these modifying agents (see
also the results of EA in Table 1). The CNTs treated with
glucose and H,SO, (fuming or a 5 M solution) differed from
those modified only with acid, showing a reduced Sprr and/
or Vio. This was especially well seen for the sample modified

Fig. 1 SEM images of the commercial raw CNT samples: CNTyc3100 (A and B); CNTyc7000 (C and D).
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with fuming sulfuric acid and glucose for a longer time and
at a higher temperature, i.e., CNTnero00-m-GlUu/H,SO,(fum.)-
180-12h. The significant decrease in textural properties of
this material was probably due to the formation of the thin
carbonaceous layer from glucose on the outer surface of
CNTs or in the free spaces in the CNT bundles, as described
above.*>*?

SEM micrographs of the commercial raw CNTs are
presented in Fig. 1. As can be seen in the lower magnification
images (Fig. 1A and C), both types of samples formed
agglomerates of carbon filaments, differing in shapes and
sizes (even up to ~140 pum in the case of CNTyczo00). The
particles of CNTncs100, L6, CNTs of higher purity, had a
rather irregular and rough surface, while the agglomerates of
CNTnero00 Were more oval and smoother.

View Article Online
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Details of the structure of raw CNTs can be observed in
the higher-magnification  micrographs presented in
Fig. 1B and D. According to these images, the surface of
CNTncsi00 particles was uneven and formed by tightly
entangled filaments; however, many cavities and holes could
also be observed. This was probably the reason for the
enhanced textural properties of CNTycz100 (0f higher purity)
compared to those of lower-purity CNTncroeo (See also
Table 2). On the other hand, CNTycroee Showed a rather
compact structure formed by long, tightly entangled fibers
with a limited number of spaces and pores (Fig. 1D).

The morphological features of the ball-milled raw CNTs
(i.e., CNTncrooo-wm carbon) and the samples functionalized
with sulfuric acid with the aid of glucose are presented in
Fig. 2. As can be seen in Fig. 2A and B, ball milling caused

CNTyc70008m-GlU/H,SO4(fum.)-180-12h 1o e

T o

Fig. 2 SEM images of the ball-milled CNTs (A and B) and the samples obtained using CNTs, glucose, and H,50,4 under varied conditions (C-F).
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considerable changes in the sample structure, namely a
significant fragmentation of the CNT agglomerates took
place, resulting in a decrease in the particle sizes. The
surface of the agglomerates was still uneven, and sharp edges
and some cavities between the individual fragments of
particles were formed. Furthermore, a tangle of fibers could
also be seen. The treatment of CNTs with glucose and fuming
sulfuric acid at 180 °C resulted in large particles with a rough
surface and rather poor porosity (Fig. 2C and D). The
formation of the previously described carbonaceous layer
(from hydrothermal carbonization of glucose) on the surface
of CNT is visible when comparing SEM images of ball-milled
CNTs before (see CNTncro00, Fig. 2B in the manuscript) and
after hydrothermal treatment in the presence of glucose (see
CNTnezo00-m-Glu/H,SO,(fum.)-180-12h, in Fig. 2D). From
these images, the significant increase in the particle size after
functionalization is evident, which aligns with the formation
of a carbonaceous shell covering the filaments. This
observation is further supported by the changes in textural
parameters listed in Table 2.

Fig. 2E and F show the morphological properties of
carbon nanotubes treated with glucose and 5 M H,80, using
microwave irradiation (i.e., the CNTxcro00-m-GlU/H,S0,(5 M)-
150-4h sample). In this case, no significant differences
between the morphological features of the modified and the
initial CNTxcro00-mm (Fig. 2A and B) were visible. However, at
a higher magnification micrograph in Fig. 2F, single small
spheres formed on the surface of particles could also be seen
in the modified sample. These spheres were probably
produced from glucose through hydrothermal treatment
under the conditions used.**** A similar effect was also
obtained by Morais et al.*

Based on the textural analyses, EA and SEM results, it can
be concluded that two types of mechanisms were employed
in the present work to facilitate the functionalization of CNTs
with sulfur. The first one was the creation of the new active
graphene edges during ball-milling of CNTs, as evidenced by
the breaking of large CNT aggregates (compare SEM
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Fig. 3 The XRD results obtained for the raw and the ball-milled CNTs.
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micrographs in Fig. 1C with 2A). In the second mechanism,
the increase of sulfur content is associated with the
functionalization of the carbonaceous layer formed during
hydrothermal carbonization of glucose in the presence of
CNTs. This newly formed carbon layer rich in -SOsH groups
acted as the so-called glue binding the functionalities to the
otherwise highly resistant surface of CNTSs.

Fig. 3 compares the XRD patterns of the raw and the ball-
milled CNTs. As can be seen, both pristine CNTs showed two
main diffraction peaks at 26 of about 26° and 44°. The
former one can be assigned to the C(002) reflection of the
hexagonal structure of graphite,”” and the latter is typically
ascribed to the diffraction on the (100) and (101) planes
related to the atomic structure of graphene sheets.”? The
C(002) diffraction peak of CNTxc7000 Showed a lower intensity
than that of CNTncz100, which was most likely related to the
presence of impurities in the CNTncrooo Structure (see also
the ash content in Table 1).*” As can be observed, the XRD
patterns of the investigated CNTs also showed weak reflexes
at 26 of 54° and 78°, most likely belonging to the (004) and
(110) planes of graphite-like materials.* On the other hand,
an additional low diffraction peak at 26 of ~67° observed in
the diffractograms of CNTncrooo and CNTncrooo-sm €an be
attributed to the crystalline impurities of the metal catalyst
used for the CNTs production (see also the discussion on
Table 1). Generally, the ball milling did not significantly
affect the crystalline structure of the pristine CNTs, as the
results obtained for CNTxcrgoo and CNTncrooo-sm Were quite
similar. Nevertheless, CNTncro00-em Showed a slightly lower
C(002) diffraction peak intensity than the untreated sample.
Furthermore, a new broad reflection peak of moderate
intensity appeared at 26 of 14°. This signal can be ascribed to
the €(002) diffraction peak shifted towards lower 26 angles,
resulting from the increased spacing between the graphene
layers.””

The results of the TG analysis of the commercial raw CNTs
differing in their purity performed under air flow are

100 4~

80 —CNT, .00
| PR

7000

Weight loss [%]
'
o
1

Residue: ~10%
04 ~0%

20 100 200 300 400 500 600 700 800 900 980
Temperature [°C]

Fig. 4 The results of TG analysis performed for the raw CNTs under
the flow of air.
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presented in Fig. 4. As can be seen, in both cases, no
significant weight losses were observed up to ~550 °C. Above
this temperature, a rapid decrease in the sample mass due to
the material combustion was observed. The residue after
combustion was ~0% in the case of CNTxcz100 (the purified
sample) and approximately 10% in the case of CNTnczo00 (the
commercial sample without purification). These values agree
well with the contents of ash given in Table 1 and the XRD
results discussed above.

Thermogravimetric analysis under N, flow can be used
to estimate the effectiveness of carbon functionalization,
and the amount of released volatiles can be correlated with
the presence of S and O moieties introduced during
modifications.”” The TG profiles of the CNTs analyzed
under nitrogen flow are depicted in Fig. 5, whereas the DTG
curves of these samples are shown in Fig. 6. As presented
in Fig. 5, unmodified CNT's were thermally stable up to 980
°C, as only insignificant mass changes were observed for
these materials (between ~2% and ~4% at the final
temperature of the TG measurements). The chemically
modified CNTs were characterized by higher weight losses
than the initial samples, indicating an effective introduction
of functional groups into the CNT structure. The observed
effects varied depending on the functionalization used, ie.,
CNTs treated with glucose and acid (i.e., CNTxcro00-sm-GlU/
H,S0,(fum.)-180-12h and CNTnerooo-mm-GIu/H,S04(5 M)-150-
4h) released the highest amounts of volatiles and lost finally
as much as ~41% and ~47% of their initial mass,
respectively. On the other hand, CNTs modified with
concentrated or fuming sulfuric acid without glucose
showed significantly lower weight losses, indicating the
lower efficiency of this approach. The obtained results are
in line with the data of EA (see Table 1), showing that the
addition of glucose during the functionalization of CNTs
with the acid significantly affects the surface chemistry of
these samples, eg., by introducing large quantities of
oxygen functionalities."®

100 e
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Fig. 5 The results of TG analysis of the prepared samples performed
under a N, flow.
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Fig. 6 The DTG patterns of the raw {(A) and modified (B and C) CNTs.

The DTG patterns of the samples are presented in Fig. 6.
The raw CNTs treated with concentrated H,S0, showed
relatively flat DTG profiles, resembling those of the
unmodified samples (compare Fig. 6A and B), indicating that
the nanotubes were modified to a very limited extent, which
in turn agrees well with the results of EA in Table 1. The
profiles of the sulfuric acid-modified ball-milled CNTs (i.e.,
CNTncrooo-em-H2S04(cone.)-180-20h  and  CNTnczo00-em-Ha-
S0,4(fum.)-100-8h samples) were slightly different from those
of their unmodified counterparts and revealed higher weight
losses at higher temperatures (Fig. 6B). In general, the DTG
curves of the raw and ball-milled CNTs modified with
concentrated or fuming sulfuric acid showed a small peak at
about 250 °C, which can be ascribed to the presence of a
small number of ~-SO;H groups.®® In turn, weak peaks with a
minimum at 350 °C (observed for CNTyca100-H2SO4(cone.)-
180-20h and CNTnc7000-H2SO4(cone.)-180-20h) and a broad
signal starting at 500 °C (observed for CNTncroo0-sm-Ha-
S04(cone.)-180-20h  and  CNTncrooo-enm-H2SO4(fum.)-100-8h)
were probably related to the presence of small amounts of
oxygen moieties, e.g., carboxylic anhydrides or phenolic ones,
respectively.”  This hypothesis will be subsequently
confirmed hy XPS analysis.

The DTG patterns of the CNTs treated with glucose and
acid were rather complex (Fig. 6C). Two intensive signals
were observed: at about 100 °C, corresponding to the release
of water, and a very broad peak starting at about 200 °C with
the minima at about 375, 525, and 575 °C. This broad signal
was probably partly related to the presence of oxygen groups
of different thermal stability, which richly decorated the
material surface (see also the O content in Table 1) and
originated from the carbonized glucose (see Experimental
part and the results of the SEM analysis). No signals typical
for -SO;H groups were observed, probably because of the
complexity of the obtained profiles and the peak overlap.
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Fig. 7 High-resolution XPS C 1s spectra of selected samples.
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X-ray photoelectron spectroscopy (XPS) was applied to
define the surface chemistry of the samples. The results
obtained for the prepared carbons are presented in Fig. 7
and 8 and Tables 3 and 4. The XPS results confirmed the
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SOH
—S2p,

neroo-H2S0,(conc.)-180-20h

Intensity [a.u.]
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Table 3 The contents of carbon, sulfur, and oxygen measured for the
selected CNTs by XPS

Sample C [wt%] S [wt%] O [wt%]
CNTyes100-H280,(cone.)-180-20h 96.9 0.6 2.5
CNTye 000 H2SO4(cone.)-180-20h 96.4 0.6 3.0
CNTycr000-8m-H280,(cone.)-180-20h 95.2 0.7 41
CNTyes000-mv-11,580,(fum.)-100-8h 93.2 1.0 5.8
CNTye 0008 GlUH80,4(fum.)-180-12h  79.5 2.5 18.0
CNTrcro00-mv-GlU/H2804(5 M)-150-4h 79.1 1.7 19.2

presence of carbon, oxygen, and sulfur in the analyzed
samples. According to the data in Table 3, the CNTs
functionalized with the aid of glucose and H,S0, (ie.,
CNTNc7uou,BM'G].uI’HzSO4(5 M)‘150'4h and CNTN(';7ouu.BM‘Glu/
H,80,(fum.)-180-12h) showed higher amounts of S than the
samples treated with only the acid. Moreover, the former
treatment introduced significant amounts of oxygen, which
also agrees well with the results of EA (see Table 1).
Comparing the data from XPS and EA, it is seen that the
sulfur contents measured by these methods were almost the
same in most cases. The only exception was CNTycro00-BM-
Glu/H,S80,(fum.)-180-12h, for which the S content measured
by XPS was twice as high as that shown by EA (i.e., 2.5% vs.
1.2%, respectively), suggesting that the amount of sulfur on
the surface was higher than that in bulk. In other cases, S
was homogeneously distributed in the functionalized
materials.

Fig. 7 shows the high-resolution C 1s XPS spectra obtained
for selected modified materials. As can be observed, five
different carbon species were found in the samples, at BEs of
~284.5 eV, 286.0 eV, 287.4 eV, 288.7 eV, and 290.0 eV. These
peaks can be ascribed to graphitic carbon (C-C/C=C), C-0O/f
C-0-C/C-S groups, C=0 in carbonyls, O-C=0 in carboxyls,
and m-n* transitions, respectively.”’ Furthermore, the results
showed that the distribution of different carbon species was
distinct for various samples, e.g., CNTs treated with glucose

B) CNT, 13 e-GIUH,SO, (fum )-180-12h

Intensity [a.u.]

T T T T T T

r T T T T 4 T T T ¥
176 174 172 170 168 166 164 162 160
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Fig. 8 High-resolution XPS S 2p spectra of selected samples.
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Table 4 The relative contributions of various S and C species in S 2p and C 1s profiles (in wt% in brackets)

S2p C1s

S in sulfonic S in other § € in graphitic Cin Cin C in ethers, phenols,
Sample groups species carbon carboxyls carbonyls C-S species
CNTyes10011,S04(cone.)-180-20h 100.0 (0.6) 0.0 (0.0) 91.3 (88.5) 0.8 (0.8) 0.6 (0.6) 1.2 (1.1)
CNTxc 000 H2S04(cone.}-180-20h 100.0 (0.6) 0.0 (0.0) 89.7 (86.4) 0.7 (0.7) 0.9 (0.9) 1.8 (1.7)
CNTxero00-8v-H2S04(conce.}-180-20h 100.0 (0.7) 0.0 {0.0) 89.4 (85.2) 1.3 (1.2) 0.6 (0.6) 2.8 (2.6)
CNTxer000-mi- 11250, (fum.)-100-8h 100.0 (1.0) 0.0 (0.0) 87.2 (81.3) 0.9 (0.9) 1.2 (1.1) 4.5 (4.2)
CNTrec000-mm-GlU/H,S04(fum.)-180-12h 85.7 (2.1) 14.3 (0.4) 71.8 (57.1) 5.8 (4.6) 5.4 (4.3) 9.0 (7.2)
CNTrer000-mi-GlU/T1L,S0,(5 M)-150-4h 40.4 (0.7) 59.6 (1.0) 76.8 (60.7) 4.5 (3.6) 1.3 (1.0) 15.8 (12.5)

and acid (Fig. 7B) contained an abundance of carboxylic and
phenolic groups. In contrast, for the CNTs treated with only
the acid (Fig. 74), the content of these species was rather low.

Fig. 8 presents the high-resolution S 2p spectra obtained
for selected samples (CNTncrooo-H2SO4(cone.}-180-20h and
CNTnero00-8m-GlU/HaSO4(fum.)-180-12h). A well-defined
doublet at ~168 eV was observed in both cases, suggesting
the presence of -SO;H functionalities on the sample
surface.®® Interestingly, the spectrum of CNTs moditied with
fuming H,S0,; and glucose presented in Fig. 8B also showed
an additional doublet at about ~164 eV, which suggests that
sulfur was introduced to the material structure not only as
sulfonic groups but also as other sulfur species, e.g,
thiophenes.®® The same was also observed in the case of
CNTs modified with 5 M H,SO, and glucose, ie.,
CN’I‘NC?U(}Q.BM'GIU/HzSO4(5 M)'150'4h.

The relative contributions of different sulfur or carbon
species present in the modified CNTs are gathered in
Table 4. These results revealed that CNTs modified with
sulfuric acid (raw and ball-milled) contained only -SO;H
functionalities. On the other hand, CNTs treated with glucose
and acid also showed other types of S-containing groups. The
contribution of C-§ species was different for these materials;
namely, the CNTncro00-rm-Glu/H,S0,4(5 M)-150-4h sample

showed about 60% of C-S type groups, whereas
A) 100 S CNT ;o0 00~ GlU/H, SO, (fum.)-180-12h
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CNTneroo0-sm-Glu/H,S0,(fum.)-180-12h contained about 14%
of these moieties. Moreover, CNTs modified with glucose and
acid were characterized by a lower amount of graphitic
carbon than H,SO,modified CNTs, while a higher
contribution of various oxygen species was observed in this
case.

As shown in Table 4, the raw CNTs (both high purity and
technical grade) modified with concentrated sulfuric acid
were rather poor in oxygen functionalities, which was also in
line with EA and TG analysis. In contrast, the ball-milled
CNTs modified with H,S80, (concentrated or fuming) had a
fairly high contribution of C-O species as phenolic groups.
On the other hand, CNTs treated with glucose and 5 M acid
were characterized by a significant contribution of carboxylic
and phenolic functionalities. At the same time, the
modification with glucose and fuming sulfuric acid also
introduced an appreciable amount of carbonyls.

3.2. Catalytic results

The obtained CNT-based samples were tested in glycerol
etherification with TBA. For the sake of comparison, a
reaction with a commercial acid catalyst (Amberlyst-15) and a
blank test were also performed.

B) 100 - CNT, 0 50-H,SO,(CONC. -180-200
80 -
- s:mr{-mm:
—a—S

MTBGE
60 —w—Xx,

40 -

20 4

T T
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Fig. 9 The results of catalytic performances of (A) the CNTnc7o00-8m-Glu/H2S04(fum.)-180-12h sample and (B) the CNTncro00-sm-H2504(conc.)-

180-20h sample in glycerol etherification vs. time.
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Fig. 9 shows the catalytic performances of two selected
CNT samples versus the reaction time. As can be observed,
the catalysts differed in their activities. The use of
CNTneroo0sm-GlU/HpSO,(fum.)-180-12h  in  the  process
resulted in a quite significant initial conversion of glycerol
(Xg), i.e., about 21% after 1 h. X; increased gradually over
time, achieving ~52% within 6 h. The further rise in X was
insignificant as the conversion of glycerol measured after 24
h was 57%. This effect was probably due to reaching the
thermodynamic equilibrium."® The other prepared catalysts
worked quite similarly to CNTn¢zo00-8m-H280,(conc.)-180-20h
presented in Fig. 9B. These samples showed significantly
lower initial conversions of glycerol compared to
CNTnezo00-sm-Glu/H,SO,(fum.)-180-12h.  In this case, the
thermodynamic equilibrium was not reached within the
studied reaction time.

As shown in Fig. 9, the reaction over the functionalized
CNTs produced all three types of substituted ethers, i.e.,
mono-, di-, and tri-tert-butyl glycerol ethers; however, the
amounts of TTBGE were negligible. MTBGEs were formed
most efficiently during the whole process in both cases.
Nevertheless, when comparing the results obtained for
CNTnero00-8M-GlU/HpSO,(fum.)-180-12h and CNTxcro00-8M-Ha-
SO,(conc.)-180-20h, some differences are visible in the
distribution of products over time. In the case of the
CNTnezo00-sm-Glu/H,SO,(fum.)-180-12h sample, the selectivity
to MTBGEs measured after 1 h was ~95%. This parameter
decreased quite considerably with time. Simultaneously, a
gradual increase in the selectivity to higher-substituted
glycerol ethers (ie., DIBGEs and TTBGE) was observed
(Fig. 9A). The obtained results suggest that DTBGEs and
TTBGE in the reaction over the applied catalysts are not
formed directly from glycerol but are produced from
MTBGEs. The conclusion above also aligns with the

etherification mechanism presented in the literature.’”
A
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Finally, after 24 h, Syrrars achieved using CNTyeso00-mm-Glu/
H,S80,(fum.)-180-12h was ~80% and Syrearsettice Was equal
to about 20%. However, it should be underlined that in this
case satisfactory catalytic results could be obtained just
within 6 h. The very promising catalytic performances of the
CNTncro00-em-GlUu/H,S80,(fum.)-180-12h were associated with
the acidic features of the used material (see also Table 1),
which will be discussed later. On the other hand, the use of
CNTnero00-em-H2804(cone.)-180-20h (Fig. 9B) favored mainly
the formation of MTBGEs, and a significant extension of the
reaction time was necessary to achieve satisfactory results of
selectivity to higher glycerol ethers.

Fig. 10 shows a comparison of the results obtained in the
glycerol etherification over the prepared CNTs and a
commercial catalyst (Amberlyst-15) after 6 and 24 h. For the
sake of comparison, the results of the blank test were also
depicted. As can be seen, the reaction performed without a
catalyst practically did not occur, as the glycerol conversion
measured after 6 and 24 h was ~0%. A selected unmodified
sample (CNTyczi00, poor in surface functional groups, see
Table 1) also presented negligible activity (not shown in the
figure). On the other hand, the modified CNTs converted
glycerol to glycerol ethers effectively; however, there were
quite significant differences in the catalytic performances of
the samples in terms of glycerol conversions and product
distributions. Some catalysts worked less efficiently than
others, giving moderate X values (<28%) and very low yields
of DTBGEs and TTBGE after 6 h. Better results were noted
after 24 h; however, they were still unsatisfactory. Those
catalysts were the raw CNTs modified with concentrated
sulfuric acid, ie,, CNTnezio0-H2S04(cone.)-180-20h  and
CNTycro00-H2S04(cone.)-180-20h, which presented a rather
low degree of functionalization (see also the A, and -SO;H
contents of these samples in Table 1). The ball-milled CNTs
treated with concentrated or fuming sulfuric acid worked
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Fig. 10 The results of the catalytic performances of the modified CNTs in comparison to Amberlyst-15 and the blank after 6 h (A) and 24 h (B).
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more efficiently, especially during a 24-h process. Yurnars
obtained after that time was about 40%, and a combined
yield of DTBGEs and TTBGE achieved about 6%. As stated
before, the ball-milled CNTs were more susceptible to
functionalization than the pristine ones, showing a higher
number of S- and O-containing surface groups and higher
total acidities compared to the as-purchased samples (see
also the results of EA in Table 1). This was probably a key
factor determining the enhanced catalytic activity of these
materials compared to the raw CNTs. The best catalytic
results were obtained in the glycerol etherification over the
CNTs treated with glucose and acid. These catalysts allowed
achieving over 50% conversion of glycerol after 24 h;
however, the results obtained after 6 h were also satisfactory,
especially in the case of CNTs modified with glucose and
fuming H,SO, (i.e., CNTncrooo-em-Glu/H,SO4(fum.)-180-12h
sample). For this catalyst, X after 6 h reached over 52%,
which was only ~5% lower than the value obtained after 24
h. Importantly, in this case, MTBGEs were more effectively
converted to higher-substituted glycerol ethers than in the
case of other catalysts, resulting in a combined yield of
DTBGEs + TTBGE of over 7% and almost 12% after 6 and 24
h, respectively. The CNTs treated with glucose and 5 M
H,S0, (i.e., CNTxcrooorm-Glu/H,S0,(5 M)-150-4h carbon)
worked slightly worse, but the final results of Xa, Yvrnars
and Ypreare-rtooe were still satisfactory. Generally, both
samples gave comparable or even slightly better results in the
reaction than the commercial catalyst, Amberlyst-15. The
high catalytic activities shown by the CNTs modified with
glucose and sulfuric acid were probably related to the surface
properties of these catalysts, i.e., a high content of acidic
surface groups, and thus their high total acidities (see also
the results presented in Tables 1 and 4).

Some interesting conclusions can be drawn by comparing
the catalytic performances of the modified CNTs presented

m
R*=0.92

0O#——F——
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in Fig. 10 with the XPS data in Table 4. First, the activities of
the modified CNTs (high-purity and technical grade), ie.,
CNTnes100-H2SO4(conc. )-180-20h and CNTncrooo-Ha-
SO4(conc.)-180-20h, were related to the presence of sulfonic
groups, as the samples contained only -SO;H functionalities
and only small amounts of acidic oxygen moieties were
detected (see the data for an exemplary sample in Table 4).
Secondly, it was found that the ball-milled CNTs modified
with 5 M sulfuric acid in the presence of glucose (ie.,
CNTnero00-8M-GlU/H,80,4(5 M)-150-4h) showed a very high
contribution of sulfur in the form of non-sulfonic moieties
(Table 4). Nevertheless, the calculated content of sulfonic
functionalities was still significant, about 0.7%, and was
comparable to the value shown by CNTncrooo-svHo-
SO,(conc.)-180-20h. Importantly, despite the comparable
values of -SO;H groups, these samples differed significantly
in their activities, ie., CNTxcro00-em-GIUu/H,S04(5 M)-150-4h
worked considerably more effectively. Interestingly, this
catalyst worked even better than CNTxcrooo-pm-H2S0,(fum.)-
100-8h, presenting an even higher content of sulfonic groups.
Thus, it seems that the catalytic activity of the CNT-based
samples in glycerol etherification was not only induced by
-SO;H functionalities, but apparently, other factors also
played a vital role in this process. As CNTncrooo-rm-Glu/
H,80,(5 M)-150-4h contained an abundance of various
oxygen groups (see also the discussion on TG and the results
in Table 4), it might be suggested that these functionalities
were important for the process, enhancing the catalyst
activity, e.g., by facilitating adsorption of the reagents on the
sample surface. This synergistic effect of -SO;H- and
O-containing groups was also suggested elsewhere when
using carbon catalysts in glycerol etherification or glycerol
esterification.?7+18:%

As stated above, the catalytic performances of the
modified CNTs in glycerol etherification were correlated to
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Fig. 11 Initial rate of glycerol consumption (A) or yield of DTBGEs + TTBGE obtained in the glycerol etherification after 24 h (B) vs. the amount of

-SOzH moieties in the samples.
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their surface chemistry, mainly to the content of strongly
acidic sulfonic groups. Fig. 11 presents the dependence of
the catalytic activity of the samples (expressed as the initial
reaction rates of glycerol consumption or yield of DTBGEs +
TIBGE) on the concentration of -SOz;H groups (calculated
based on the XPS analysis). As can be observed in Fig. 11A, a
clear correlation was obtained between the rate of glycerol
consumption (measured after 1 h) and the concentration of
surface sulfonic functionalities, indicating that the presence
of these moieties was of key importance for the
transformation of glycerol in the studied process. The
calculated TOF value (expressed as the amount of glycerol
consumed per active site and per unit time; h™) was equal to
about 26.13 h™". The formation of higher glycerol ethers was
also affected by the presence of -SO;H groups, as can be
observed in Fig. 11B, and generally, the higher the
concentration of -SO;H functionalities, the higher the yields
of DI'BGEs + TTBGE obtained. Nevertheless, this correlation
is not directly proportional, indicating that not only sulfonic
groups were critical for the reaction. It is suggested here that
surface oxygen functionalities may play an important role in
the tested process. The XPS analysis showed the presence of
oxygen in the functionalized samples in the form of
carboxylic, phenolic, ether, and carbonyl functionalities (see
Table 4). Of these functionalities, only carboxylic and
phenolic groups display acidic character and could act as
active sites for the etherification reaction. It was previously
shown that carbons rich in acidic oxygen functionalities
displayed only limited activity in etherification due to the
relatively low acid strength of -COOH and -OH moieties.'®*
Nevertheless, carbon catalysts containing -SO;H and -COOH
/~OH functionalities showed enhanced catalytic performance
in etherification compared to their counterparts having lower
concentrations of acidic oxygen groups.’” The reaction is
mostly catalyzed by sulfonic groups, but oxygen
functionalities could act as additional active sites. However,
it is believed that the main role of -COOH and -OH
functionalities is to increase the hydrophilicity of the
catalyst's surface, which could favor the adsorption of
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Fig. 12 The results of the reuse tests performed for CNTnc7000-8M-
Glu/H,S0,4(fum.)-180-12h (t = 24 h).
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glycerol and tert-butyl alcohol and promote the consecutive
reaction of MTBGEs to DTBGEs and TTBGE. This conclusion
aligns with the reports by Miranda et al., who observed
higher selectivity to poly-substituted ethers obtained by
sulfonated  graphene  catalysts  containing  higher
concentrations of -COOH and -OH functionalities in
proximity to SO;H active sites.®® The positive effect of the
oxygen functionalities was reported by us in the acetylation
of glycerol.”® Moreover, Yang et al. reported synergistic effects
between -COOH and -SO;H in in the alcoholysis of furfuryl
alcohol and n-butanol.®®

The stability of samples in subsequent runs is important
when considering the industrial applications of the catalyst.
Thus, Fig. 12 presents the catalytic performance of a selected
sample, ie, CNTIncrooo-em-GIU/H,S0,(fum.)-180-12h, in
subsequent glycerol etherification reactions.

As can be seen from the presented results, a significant
decrease in the catalytic performance of the tested sample
was observed in a second reaction run, as the glycerol
conversion decreased by almost 40%, and only trace amounts
of the higher-substituted ethers were formed. The obtained
results, however, were still better than those achieved in the
blank. Interestingly, the treatment of the used catalyst with
5% hydrochloric acid resulted in the restoration of the
sample activity, and the catalytic results after the sample
regeneration were comparable to those obtained in the
presence of a fresh catalyst. These observations suggested
that CNTs deactivation was caused by blocking the catalyst's
active sites by adsorbed reactants and/or reaction products
rather than the active site leaching.®””" To verify this
speculation, we characterized the spent catalyst after
regeneration. The EA demonstrated the presence of 0.92%
sulfur, which compared to 1.2% present in the fresh catalyst
(see sample CNTxcro00-BM-Glu/H,S0,(fum.)-180-12h  in
Table 3), confirmed that most of the active sites were stable
under the reaction conditions. These results aligned with a
slight drop in A from 2.61 mmol H” per g to 2.35 mmol H™
per g after regeneration. Thus, it was confirmed that the
primary deactivation mechanism of CNTxcrooo-sm-Glu/Hy,-
SO,(fum.)-180-12h was the blocking of the active sites by the
reactants.

Table 5 compares the catalytic results achieved in glycerol
etherification using CNTxcrooo-em-Glu/H,SO,(fum.)-180-12h
to those obtained by other laboratories using various
catalysts and reaction conditions. As can be observed,
catalytic materials described in the literature converted
glycerol with low to significant efficiency (X of about 12% to
80%), giving in most cases a mixture of mono-, di- and tri-
tert-butyl glycerol ethers. The contribution of the most
valuable higher-substituted ethers (i.e., DTBGEs and TTBGE)
was between 0% and 27% depending on the catalyst and
reaction conditions. Nevertheless, in some cases, despite
satisfactory results obtained, by-products (such as isobutylene
or diisobutylene) were detected in the reaction mixture or
more aggressive conditions had to be used. Furthermore,
some catalysts (e.g., sulfonated reduced graphene oxide (GO)
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Table 5 A comparison of catalytic performances of various carbon-based catalysts in the reaction of glycerol with tert-butyl alcohol, using an autoclave

reactor and a G: TBA molar ratio of 1: 4

Temperature Catalyst

Time Xg  Swmreaes SDTBGES+TTEGE

Catalyst (9] loading (wt%) (h)/ (%) (Ymreaes) (%) (Y orecessrrece) (%) Reference
Sulfonated carbon prepared from rice husk TC-L 120 5 4 53.0 — 25.0 (13.2) 17
Sulfonated carbon prepared from rice husk TGC-V 120 5 10 12.0 100.0 (12.0) 0.0 (0.0) 17
Sulfonated carbon prepared from sugar cane bagasse 120 5 4 80.9 — 21.3 (17.2) 13
SCC-S
Sulfonated carbon fibers prepared from ethylene 110 5 6 312 91.9(28.7) 8.1 (2.5) 37
CFH,S0,
Sulfonated activated carbon (AC)-S 90 75 10 35.0 80.0 (28.0) 20.0 (7.0) 66
Sulfonated reduced activated carbon (AC)Ry-S 90 7.5 10 31.0 86.0(26.7)  14.0(4.3) 66
Sulfonated graphene oxide (GO)-S 90 7.5 10 50.0 78.0 (39.0)  22.0(11.0) 66
Sulfonated reduced graphene oxide (GO)R,-S 90 7.5 10 77.0 73.0 (56.2) 27.0 (20.8) 66
H-beta zeolite® 160 10 4 55.0 98 (53.9) 2.0 (1.1) 72
H-Y zeolite 95 S 6 59.0 72.0 (42.5) 28.0 (16.5) 73
Sulfonic acid functionalized mesoporous polymer 95 5 6 82.0 66.0 (54.1) 34.0 (27.8) 73
MP-SO;H-8
CNTycr000 ev-GlU/H,S0,(fum.)-180-12h 110 5 6 524 86.3(452) 13.7(7.2) This
work
Amberlyst 15 110 s 6  44.4 83.4(36.6) 17.6(7.8) This
work

®G:TBA=1:9.

R,-S} were obtained using a time-consuming and complex
preparation method. In view of the above, our catalyst
gave quite satisfactory catalytic results, showing high
glycerol conversion (of 52.4%) and about 86% and 14%
selectivity to MTBGEs and DTBGEs + TTBGE, respectively,
within a relatively short time and under mild reaction
conditions. Furthermore, our catalyst was prepared using
a facile method and can be reused without significant
activity loss in subsequent runs. Interestingly, the results
achieved here significantly exceed those obtained in our
previous work using the same conditions for sulfonated
carbon fibers.?’

4. Conclusions

Commercially available CNTs of different purity were
modified with sulfuric acid (concentrated, fuming, or 5 M
solution} with or without the aid of glucose, applying
different modification protocols, and tested in glycerol
etherification with tert-butyl alcohol. The functionalized
samples were active in the reaction, transforming glycerol to
tert-butyl glycerol ethers; however, the catalytic performances
of the CNTs varied considerably depending on the
functionalization — method and thus the sample
functionalization degree. The ball-milled CNTs treated with
glucose and fuming sulfuric acid (CNTwcro00-8m-Glu/Hy-
S0,(fum.}-180-12h} worked the most effectively in the
reaction, giving a 57% glycerol conversion and significant
yields of higher-substituted ethers (i.e., DTBGEs and TTBGE}
of ~12% after 24 h; however, satisfactory catalytic results
could also be obtained with this sample just within 6 h.
Furthermore, the used CNT catalyst was even more active
than the commercial ion-exchange resin Amberlyst-15. It was
also found that CNTycro00sm-Glu/H,S0,(fum.}-180-12h can

3198 | Catal Sci Technol, 2024, 14, 3184-3200

be used in subsequent reaction cycles without a significant
decrease in its activity after proper regeneration. The
characterization of the regenerated catalyst confirmed the
high stability of sulfonic groups introduced to CNTs with the
aid of glucose. At the same time, it seems that commercially
available CNTs of lower purity, and thus of lower prices,
when adequately modified, can be used as efficient catalysts
for various acid-type reactions. Finally, it was concluded that
the catalytic activity of the CNT-based samples in glycerol
etherification strictly depended on the presence of -SO3;H
functionalities decorating the catalysts. Nevertheless, the
oxygen-containing moieties were also shown to improve the
performances of the samples, probably by adsorbing
reactants and making the active sites more accessible to the
reagents.
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Zaktad Technologii Chemicznej

Wydziat Chemii UAM

ul. Uniwersytetu Poznarskiego 8

61-614 Poznan

tel. 61-829-1664

OSWIADCZENIE PROMOTORA

W zwigzku z przediozong przez Panig mgr Karoline Ptaszyriska rozprawa doktorskg oswiadczam,
ze w publikacjach wymienionych ponizej:

P1) A. Malaika, K. Ptaszyriska, J. Gaidukevi¢, M. Koztowski, The impact of surface groups of functionalized
graphene on glycerol acetylation, Fuel, 2022, 313(73), 122987

P2) K. Ptaszynska, A. Malaika, M. Kapska, M. Koztowski, SO;H-functionalized carbon fibers for the catalytic
transformation of glycerol to glycerol tert-butyl ethers, Scientific Reports, 2023, 13(1), 565

moj udziat obejmowat (w przypadku obu prac - P1 i P2) pozyskanie finansowania badarn, nadzér

merytoryczny oraz wspotudziat w przygotowaniu ostatecznej wersji manuskryptu;

P3) K. Ptaszynriska, A. Malaika, K. Kozigrodzka, M. Koztowski, A Green Approach to Obtaining Glycerol
Carbonate by Urea Glycerolysis Using Carbon-Supported Metal Oxide Catalysts, Molecules, 2023,
28(18), 6534

mdj udziat obejmowat pozyskanie finansowania badan, walidacje, nadzér merytoryczny, wspétudziat

w przygotowaniu ostatecznej wersji manuskryptu oraz korespondencje z edytorem i recenzentami;

P4) K. Ptaszyriska, A. Malaika, K. Morawa Eblagon J. L. Figueiredo, M. Koztowski, Promoting Effect of Ball
Milling on the Functionalization and Catalytic Performance of Carbon Nanotubes in Glycerol
Etherification, Molecules, 2024, 29(7), 1623

méj udziat obejmowat opracowanie metodologii, nadzér merytoryczny, wspétudziat w przygotowaniu

ostatecznej wersji manuskryptu oraz korespondencje z edytorem i recenzentami;

P5) K. Ptaszyniska, K. Morawa Eblagon, A. Malaika, J. L. Figueiredo, M. Koztowski, The role of mechano-
chemical treatment of carbon nanotubes in promoting glycerol etherification, Catalysis Science &
Technology, 2024, 14(11), 3184-3200

moj udziat obejmowat opracowanie metodologii, nadzér merytoryczny oraz wspétudziat w przygotowaniu

ostatecznej wersji manuskryptu.

Z powazaniem,

Kierownik
chyfologii Chemiczne]

Koztowski
= Collegium Chemicum, ulP0%y ;?tyl‘jeﬁgzsl%\ﬁsk?ego 8, 61-614 Poznan
clj l @ f-? NIP 777 00 06 350, REGON 000001293
‘. tel.: +48 61 829 16 64, e-mail: mkozlow@amu.edu.pl
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cm () ALICE:

13 September 2024
Dr Katarzyna Morawa Eblagon
University of Porto, Faculty of Engineering
Laboratory of Separation and Reaction Engineering-Laboratory of Catalysis and Materials (LSRE-
LCM)
Associate Laboratory in Chemical Engineering (AliCE)
Rua Dr. Roberto Frias, 4200-465 Porto, Portugal

DECLARATION OF CO-AUTHORSHIP

To Whom it may concern,

In reference to the doctoral dissertation submitted by MSc. Karolina Ptaszynska, I would like to
confirm that in the publications listed below:

P4) K. Ptaszynska, A. Malaika, K. Morawa Eblagon, J. L. Figueiredo, M. Koztowski, Promoting effect
of ball milling on the functionalization and catalytic performance of carbon nanotubes in glycerol
etherification, Molecules, 2024, 29(7), 1623

my contribution included conceptualization, methodology, providing commercial carbon nanotubes
(Nanocyl NC3100 and Nanocyl NC7000), preparation of ball-milled carbon nanotubes (CNTxcr000-8m).
visualization, critical revision of the initial draft, and finalization of the manuscript;

P3) K. Ptaszynska, K. Morawa Eblagon, A. Malaika, J. L. Figuciredo, M. Kozlowski, The role of
mechano-chemical treatment of carbon nanotubes in promoting glycerol etherification, Catalysis
Science & Technology, 2024, 14(11), 3184-3200

my contribution included conceptualization, methodology, providing commercial carbon nanotubes
(Nanocyl NC3100 and Nanocyl NC7000), preparation of ball-milled carbon nanotubes (CNTxcro00-8m)
and  functionalized carbon materials  (CNTxcro00-8m-H2SOu(fum.)-100-8h,  CNTxcroo0-8m-
Glu/H:SO4(fum.)-180-12h, CNTxcroo-m-Glu/H2SO4(5M)-150-4h), conducting textural analyses,
critical revision of the initial draft, finalization of the manuscript and submission, pre -publication
revision of the manuscript and article proof, and acquisition of the financial support.

Sincerely,
Dr Katarzyna Morawa Eblagon

Assinado por: Katarzyna Anna Morawa Eblagon
Num. de Identificagdo: 32674820
Data: 2024.09.13 11:42:06+01'00'
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[@PORTO

FEUP FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

Porto, 16! September 2024

DECLARATION OF CO-AUTHORSHIP

In reference to the doctoral dissertation submitted by MSc. Karolina Ptaszyiska, I would like to

confirm that in the publications listed below:

P4) K. Ptaszynska, A. Malaika, K. Morawa Eblagon, J. L. Figueiredo, M. Koztowski, Promoting effect
of ball milling on the functionalization and catalytic performance of carbon nanotubes in glycerol
etherification, Molecules, 2024, 29(7), 1623

i

P5) K. Ptaszynska, K. Morawa Eblagon, A. Malaika, J. L. Figueiredo, M. Kozlowski, The role of
mechano-chemical treatment of carbon nanotubes in promoting glycerol etherification, Catalysis
Science & Technology, 2024, 14(11), 3184-3200

my contribution included formal analysis, financial support and writing (review and editing).

(José Luis Figueiredo)
Professor Emeritus

Phone: +(351) 22-508 1663 Email: jlfig@fe.up.pt

RUA DR. ROBERTQ FRIAS, 4200-465 PORTO - PORTUGAL | NIF 501 413 197 | TELEFONE +351 22 508 1400 | FAX +351 22 508 1440 | feup@fe.up.pt | www.fe.up.pt
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Assoc. prof. dr. Justina Gaidukevi¢ Vilnius, 16-09-2024
Vilnius University

Faculty of Chemistry and Geosciences

Naugarduko 24, LT-03225. Vilnius, Lithuvania

DECLARATION OF CO-AUTHORSHIP

In reference to the doctoral dissertation submitted by MSc. Karolina Ptaszyfiska, I would like to confirm
(hat in the publication listed below:

P1) A. Malaika, K. Ptaszyniska, J. Gaidukevi¢. M. Kozlowski, The impact of surface groups of functionalized
graphene on glycerol acetylation, Fucl, 2022, 313(73), 122987

my contribution included preparation of functionalized carbon materials, physicochemical analysis, validation,
formal analysis, taking part in writing and revision of the manuscript.

Yours Sincerely, /N~

Dr. Justina Gaidukevi& /(‘ J
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
Wzdzial Chemii

Mgr Magdalena Kapska Poznan, 16.09.2024

Uniwersytet im. Adam Mickiewicza w Poznaniu
Wydziat Chemii
Zaktad Technologii Chemiczne;j

ul. Uniwersytetu Poznanskiego 8, 61-614 Poznan

OSWIADCZENIE O WSPOLAUTORSTWIE

W zwigzku z przedlozona przez Pania mgr Karoling Ptaszynska rozprawa doktorska os$wiadczam,

ze w publikacji wymienionej ponizej:

P2) K. Ptaszynska, A. Malaika, M. Kapska, M. Kozlowski, SO:;H-functionalized carbon fibers for the catalytic
transformation of glycerol to glycerol tert-butyl ethers, Scientific Reports, 2023, 13(1), 565

moj udzial polegat na preparatyce funkcjonalizowanych katalizatoréw weglowych, analizie wybranych wiasciwosci
fizykochemicznych otrzymanych prébek, zbadaniu aktywnosci katalitycznej probek w procesie eteryfikacji glicerolu za

pomocg alkoholu tert-butylowego oraz analizie formalnej.

Z powazaniem

Lo

g Collegium Chemicum, ul. Uniwersytetu Poznanskiego 8, 61-614 Poznan
ct) @ CFY  NIP77700 06 350, REGON 000001293
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04 103ur.
Mer Klaudia Kozigrodzka poznati, /& 0F 2044

Uniwersytet im, Adam Mickiewicza w Poznaniu
Wydzial Chemii
Zaklad Technologii Chemicznej

ul. Uniwersytetu Poznaiskiego 8, 61-614 Poznan

OSWIADCZENIE O WSPOLAUTORSTWIE

W zwiazku z przedlozona przez Pania mgr Karoling Praszyfiska rozprawa doktorskg oswiadczam,
2e w publikacji wymienionej ponizej:

P3) K. Ptaszyniska, A. Malaika, K. Kozigrodzka, M. Koztowski, A Green Approach to Obtaining Glycerol Carbonate
by Urea Glycerolysis Using Carbon-Supported Metal Oxide Catalysts, Molecules, 2023, 28(18), 6534

méj udzial polegat na preparatyce modyfikowanych katalizatoréw weglowych (tlenki wybranych metali osadzone na
wibknach weglowych), analizie wybranych wiasciwosci fizykochemicznych otrzymanych probek, zbadaniu aktywnosci

katalityczne]j prébek w procesie glicerolizy mocznika oraz analizie formalnej.

Z powazaniem

Kavdia, L(» IN789

Collegium Chemicum, ul. Uniwersytetu Poznanskiego 8, 61-614 Poznan
% NIP 777 00 06 350, REGON 000001293 .
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