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2. Streszczenie w jezyku polskim

Niniejsza rozprawa doktorska Badania procesow adsorpcyjnych
| przemian fazowych zachodzgcych w porach materiatow zroznicowanych
strukturalnie i chemicznie stanowi cykl pieciu artykutdéw [D1-D5] i zostata
przedstawiona w postaci autoreferatu. Celem rozprawy doktorskiej bylto
zaprojektowanie, otrzymanie oraz analiza materialdow pod wzgledem
charakterystyk teksturalnych, morfologicznych i powierzchniowych
oraz przebadanie wpltywu ich wlasciwosci na procesy adsorpcyjne
I przemiany fazowe zachodzace w ograniczonych przestrzeniach porow.

Ze wzgledu na bardzo szerokie wykorzystanie materiatow
porowatych w technologii, nauce, ochronie srodowiska, zyciu codziennym
prowadzi si¢ badania nad otrzymywaniem nowych typoéw materiatow
0 wilasciwosciach dopasowanych do konkretnych zastosowan. Z drugiej
strony konkretne aplikacje wymagaja szerszych badan nad procesami
zachodzacymi w ograniczonych przestrzeniach poréw, ktéore moga
przebiega¢ odmiennie od proceséw na powierzchniach plaskich i w fazach
objetosciowych. Z tego wzgledu w literaturze naukowej tematyka
dotyczaca adsorbentéw oraz proceséw adsorpcyjnych jest szeroko
reprezentowana. Stosunkowo nowy nurt badan dotyczy przemian
fazowych zachodzacych w mikro- 1 mezoporach, w tym procesow
topnienia/krzepnigcia, co zwigzane jest z wykorzystaniem materiatow
porowatych w szerokich zakresach temperatury.

Problem zanieczyszczenia S$ciekow przemystowych przez
trudnorozpuszczalne w wodzie substancje organiczne (pochodne benzenu
oraz syntetyczne barwniki, substancje niebezpieczne dla $rodowiska
oraz zdrowia ludzi i zwierzat) poglebia si¢, dlatego istotnie jest
poszukiwanie nowych rozwiagzah w uzdatnianiu wéd z tych trudnych do
usunig¢cia substancji z uktadow wodnych. Aspekt ten jest tym bardziej
istotny, ze zasoby wodne na $wiecie wyczerpuja si¢. Jednym z najczesciej
stosowanych sposobow oczyszczania wod 1i$ciekow jest adsorpcja
roznych substancji ze wzgledu na prostote jej zastosowania w pordéwnaniu
z innymi bardziej] wymagajacymi technikami oraz mozliwo$¢ wyboru
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réznorodnych adsorbentow. Nalezy jednak podkresli¢, ze mimo iz na
rynku dostgpne s3a rozne adsorbenty (zeolity, wegle, materiaty
krzemionkowe), nowe materiaty o unikatowych wiasciwosciach sg stale
poszukiwane i projektowane ze wzglgdu na ich zapotrzebowanie
do specyficznych zastosowan (poszukiwane sg adsorbenty efektywne,
selektywne, odporne na dzialanie czynnikéw chemicznych, fizycznych,
czy biologicznych).

Kolejnym waznym etapem pracy bylo badanie procesow
topnienia/krzepnigcia w porach mezoporowatych wegli o zré6znicowanej
chemii powierzchni. Ogolnie wiedza dotyczaca procesOw topnienia
i krzepnigcia w porach jest istotna ze wzglgdu na mozliwos¢ jej
wykorzystania do  projektowania materialtow z  praktycznym
wykorzystaniem (adsorbenty, katalizatory, czy nanomateriaty).

Szczegdlng uwage zwréocono na mozliwos$¢ uzycia surowcow
naturalnych lub odpadéw przemystowych do syntezy materialow
ze wzgledu na dbatos$¢ o srodowisko naturalne.

W niniejszej rozprawie doktorskiej rozwazono rozne typy
adsorbentow, ktére roznily sie¢ pod wzgledem strukturalnym
i chemicznym: organiczno-nicorganiczne materiaty polimerowe na bazie
dywinylobenzenu i trietoksywinylosilanu (adsorbenty M1),
modyfikowane chemicznie i termicznie wegle aktywne (adsorbenty M2),
organiczno-nieorganiczne materiaty weglowe na bazie taniny i bentonitu
(adsorbenty M3), organiczno-nicorganiczne materiaty weglowe na bazie
induliny i pylu zelazowego (adsorbenty M4), oraz mezoporowate
modyfikowane chemicznie i termicznie wegle (materiaty M5).

W przypadku adsorbentow M1, M3, M4 rozwazono wptyw sktadu
mieszaniny reakcyjnej natomiast dla adsorbentow M2 wplyw
zastosowanych modyfikacji na wlasciwosci fizykochemiczne (teksturalne,
morfologiczne, chemiczne) oraz adsorpcyjne. Otrzymane adsorbenty
scharakteryzowano z wykorzystaniem szeregu metod badawczych:
niskotemperaturowej adsorpcji-desorpcji azotu, mikroskopii
elektronowej, dyfrakcji rentgenowskiej, niskokatowego rozpraszania

promieni rentgenowskich, spektroskopii FT-IR/ATR, spektroskopii



Ramana, rentgenowskiej spektroskopii fotoelektronow, analizy termiczne;j
sprzgzonej ze spektrometrig mas. Wiasciwosci adsorpcyjne otrzymanych
materialow wzgledem pochodnych benzenu — fenolu, 4-nitrofenolu
oraz nitrobenznenu lub barwnika (blekitu metylenowego), adsorbatow
réznigcych sie¢  wiasciwosciami  (rozpuszczalnoscia/hydrofobowoscia,
zdolno$cia do dysocjacji, wielko$cig czasteczki, grupami funkcyjnymi),
przebadano pod katem analizy rownowagi lub kinetyki adsorpcji.

Badane materiaty wykazywaly zrdéznicowane fizykochemiczne
wlasciwos$ci (teksturalne, morfologiczne, chemiczne), ktore wplywatly
na efektywno$¢ adsorpcji. Otrzymano adsorbenty dzialajace efektywnie
i selektywnie w roztworach wodnych.

W pracy D1 wykazano, ze trietoksywinylosilan (TEVS) silnie
rozwijal struktur¢ porowata organiczno-nieorganicznych materiatow
na bazie dywinylobenzenu (DVB). Ponadto, wykazano zréznicowang
efektywnos¢ adsorpcji, ktora zalezala od hydrofobowos$ci adsorbatu
(nitrobenzen>4-nitrofenol>fenol) dla wszystkich badanych uktadow
(DVB:TEVS = 1:2, 1:1, 2:1). Badania kinetyki adsorpcji ujawnity wpltyw
takich czynnikow jak: wlasciwosci hydrofobowe adsorbentu i1 adsorbatu,
strukturalne wlasciwos$ci adsorbentu, pgcznienie polimeru, oddziatywanie
adsorbent-adsorbat.

W pracy D2 udowodniono, ze materialy w zaleznosci
od zastosowanej modyfikacji chemicznej oraz termicznej rdznig sie
wlasciwosciami fizykochemicznymi (tekstura, morfologia,
wlasciwosciami  kwasowo-zasadowymi,  stabilno$ciag  termiczng).
Wykazano, ze efektywnos$¢ adsorpcji zalezala od hydrofobowych
wiasciwoscei adsorbatu (nitrobenzen>4-nitrofenol>fenol)
oraz hydrofobowosci wegli. Zaobserwowano wydluzony czas dyfuzji
dla probek o najwyzszej zawartosci tlenowych grup funkcyjnych bedacy
wynikiem odziatywan czasteczek adsorbatu z grupami tlenowymi na
powierzchni wegli. Jednakze oddzialywania dyspersyjne pomiedzy
elektronami m pier§cienia aromatycznego adsorbatu a elektronami =

warstw grafenowych adsorbentu przewazaty.



W pracach D3-D4 zbadano wptyw sktadu wyjsciowej mieszaniny
na  wilasciwosci  fizykochemiczne  pirolizowanych  organiczno-
nieorganicznych materialow na bazie taniny i bentonitu badz ligniny
I magnetycznego pyltu zelazowego. Otrzymane organiczno-nieorganiczne
materialy weglowe charakteryzowaly si¢ zréznicowang charakterystyka
teksturalng, morfologiczng oraz adsorpcyjng. Wykazano wzrost
zawarto$ci mezoporow w catkowitej objetosci porow wraz ze wzrostem
udziatu gliny lub magnetycznego komponentu. Wigkszy udzial
mezoporéw sprzyjat adsorpcji duzej czasteczki barwnika — biekitu
metylenowego. W pracy przedstawiono mozliwosci uzycia naturalnych
sktadnikbw oraz odpaddéw przemystowych (ochrona Srodowiska)
do produkcji nowych typéw adsorbentow.

W artykule D5 potwierdzono skuteczno$¢ chemicznych
oraz termicznych ~ modyfikacji, ktore  wptywaly na  procesy
topnienia/krzepnigcia wody skondensowanej w porach. Zaobserwowano
wprost proporcjonalng zalezno$¢ pomigdzy wiasciwosciami kwasowo-
zasadowymi (stezeniem tlenowych grup funkcyjnych na powierzchni
wegli) a przesunigciem w temperaturach topnienia wody zamknigtej
w porach. Ponadto przeprowadzono analiz¢ struktur lodu (odnotowano
istnienie lodu o heksagonalnej, kubicznej i nieuporzgdkowanej
strukturze).

Wyniki otrzymane w ramach realizacji rozprawy doktorskiej
stanowig istotny wkiad w rozwdj] badan nad otrzymywaniem
i charakterystyka materialow do zastosowan adsorpcyjnych oraz badan
nad wplywem wlasciwosci teksturalnych, a przede wszystkim
powierzchniowych, na procesy topnienia/krzepnigcia w porach. Analiza
tekstury, morfologii, chemii powierzchni, adsorpcji 1 stabilno$ci
termicznej jest istotna z fizykochemicznego punktu widzenia, jak
i mozliwych zastosowan materialow w procesach, na przyklad:
oczyszczania, separacji, katalizy, magazynowania cieczy lub gazow,
produkcji nanourzadzen, w nowoczesnych dziedzinach przemystu. Dalsze

plany badawcze zostang rozszerzone o nowe adsorbenty o zlozonej



budowie i specyficznej selektywnosci oraz beda skupione na procesach

zachodzacych w porach tych materiatow.
Stowa kluczowe: adsorbenty weglowe, adsorbenty nieorganiczno-

organiczne, modyfikacje powierzchniowe, adsorpcja,

topnienie/krzepniecie wody w porach
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3. Streszczenie w jezyku angielskim

The doctoral dissertation Investigation of adsorption processes and
phase transitions occurring in the pores of structurally and chemically
diverse materials consists of a series of five articles [D1-D5] and a self-
report. The aim of the doctoral dissertation was to design, obtain
and analyze materials in terms of textural, morphological and surface
characteristics and to study the impact of their properties on adsorption
processes and phase transformations taking place in limited pore spaces.

With regard to very wide use of porous materials in technology,
science, environmental protection, and everyday life, research is being
carried out to obtain new types of materials with properties tailored to
specific applications. On the other hand, specific applications require more
extensive research on processes occurring in limited pore spaces, which
may be different from processes on flat surfaces and in bulk phases.
Therefore, the subject of adsorbents and adsorption processes is widely
represented in the scientific literature. A relatively new research trend
concerns phase transformations taking place in micro- and mesopores,
including melting/solidification processes, which is related to the use
of porous materials in wide temperature ranges.

The problem of industrial wastewater pollution by organic
substances that are difficult to dissolve in water (benzene derivatives and
synthetic dyes, which are also dangerous to the environment and human
and animal health) is getting worse, therefore it is important to look
for new solutions in water treatment from these difficult-to-remove
substances from water systems. This aspect is all the more important as the
world's water resources are running out.

One of the most commonly used methods of water and wastewater
treatment is the adsorption of various substances due to the simplicity of its
use compared to other more demanding techniques and the possibility
of choosing a variety of adsorbents. However, it should be emphasized that
although there are various adsorbents available on the market (zeolites,

carbons, silica materials), new materials with unique properties are
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constantly sought and designed due to their demand for specific
applications (effective, selective, resistant to chemical, physical
or biological factors).

An important aspect of the work was the study of melting/freezing
processes in the pores of mesoporous carbons with different surface
chemistry. In general, the knowledge about the processes of melting and
freezing in pores is important due to the possibility of its usage
in designing materials with practical application (adsorbents, lubricants
or nanomaterials).

Particular attention was also given to the possibility of using
natural resources or industrial waste for the synthesis of materials due to
care for the natural environment.

In this doctoral thesis, various materials were considered,
which differed in terms of structure and chemistry: organic-inorganic
polymeric materials based on divinylbenzene and triethoxyvinylsilane
(M1 adsorbents), chemically and thermally modified active carbons (M2
adsorbents), organic-inorganic carbonaceous materials based on tannin
and bentonite (M3 adsorbents), organic-inorganic carbonaceous materials
based on indulin and iron dust (M4 adsorbents), and mesoporous
chemically and thermally modified carbons (M5 materials).

For adsorbents M1, M3, M4, the influence of the composition
of the reaction mixture, while for adsorbents M2, the influence of the
applied modifications on the physicochemical (textural, morphological,
chemical) and adsorption properties was considered. The obtained
adsorbents were characterized using several research methods: low-
temperature nitrogen adsorption-desorption, electron microscopy, X-ray
diffraction, low-angle X-ray scattering, FT-IR/ATR spectroscopy, Raman
spectroscopy, X-ray photoelectron spectroscopy, thermal analysis coupled
with mass spectrometry. The adsorption properties of the obtained
materials towards benzene derivatives - phenol, 4-nitrophenol
and nitrobenzene or the dye - methylene blue, differing in properties

(solubility/hydrophobicity, dissociation capacity, molecular size,
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functional groups) were tested by the analysis of equilibrium or adsorption
Kinetics.

In paper D1, it was shown that triethoxyvinylsilane (TEVS)
strongly developed the porous structure of organic-inorganic materials
based on divinylbenzene (DVB). In addition, different adsorption
efficiency was shown, which depended on the hydrophobicity
of the adsorbate (nitrobenzene>4-nitrophenol>phenol) for all the tested
systems (DVB:TEVS = 1:2, 1:1, 2:1). Studies of adsorption Kinetics
revealed the effect of certain factors: hydrophobic properties
of the adsorbent and adsorbate, structural properties of the adsorbent,
swelling of the polymer, adsorbent-adsorbate interactions.

In the work D2 it was proved that the materials, depending on the
applied chemical and thermal modifications, differ in physicochemical
properties (texture, morphology, acid-base properties, thermal stability).
It was shown that the adsorption efficiency depended on the hydrophobic
properties of the adsorbate (nitrobenzene>4-nitrophenol>phenol) and the
carbon hydrophobicity. An extended diffusion time was observed
for samples with the highest amount of oxygen functional groups,
revealing interactions of adsorbate molecules with oxygen groups
on the carbon surface. However, the dispersion interactions between
the = electrons of the aromatic ring of the adsorbate and the x electrons
of the graphene layers of the adsorbent were prevailing.

In works D3-D4, the influence of the composition of the initial
mixture on the physicochemical properties of pyrolized organic-inorganic
materials based on tannin and bentonite or lignin and magnetic iron dust
was investigated. The obtained organic-inorganic carbon materials were
characterized by diversified textural, morphological and adsorption
characteristics. An increase in the share of mesopores in the total volume
of pores was shown with an increase in the content of clay or a magnetic
component, the participation of which promoted the adsorption of a large
dye molecule - methylene blue. The work focuses on the aspect
of the possibility of using natural ingredients and industrial waste

(environmental protection) for novel adsorbent production.
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In article D5, the effectiveness of chemical and thermal
modifications that affected the processes of melting/freezing of condensed
water in the pores was confirmed. A directly proportional relationship was
observed between the acid-base properties (concentration of oxygen
functional groups on the surface of carbons) and the shift in the melting
temperatures of the water trapped in the pores. In addition, an analysis
of ice structures was carried out (existence of ice with a hexagonal, cubic
and disordered structure was noted).

The results obtained as part of the doctoral dissertation are
asignificant  contribution to the development of research
on the preparation and characterization of materials for adsorption
applications and research on the influence of textural and, above all,
surface properties, on melting/solidification processes in pores.
The analysis of texture, morphology, surface chemistry, adsorption
and thermal stability is important from the physicochemical point of view,
as well as possible applications of materials in processes such as
purification, separation, catalysis, storage of liquids or gases, production
of nanodevices, in modern industries.

Further research plans will be extended to new adsorbents
with a complex structure and specific selectivity, and will focus on the

processes occurring in the pores of these materials.

Keywords: carbonaceous adsorbents, inorganic-organic adsorbents,

surface modifications, adsorption, water melting/freezing in pores
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4. Tres¢ rozprawy doktorskiej

Przedstawiona rozprawa doktorska zatytulowana Badania
procesow adsorpcyjnych 1 przemian fazowych zachodzqcych w porach
materiatow zroznicowanych strukturalnie i chemicznie stanowi zbior
pieciu oryginalnych prac badawczych. Prezentowana praca stanowi
jedynie zwiezly opis metod badawczych i interpretacji wynikow badan.
Publikacje [D1-D5] oraz materiaty uzupetniajace [S1, S2, S5] znajduja si¢
na stronach 67-204 autoreferatu.

4.1. Wprowadzenie

Materialy porowate sg bardzo szeroko stosowane w rdéznych
dziedzinach techniki, nauki, zycia codziennego, ochronie $rodowiska.
Ze wzgledu na mozliwe potrzeby ich wykorzystania badania prowadzone
w wielu laboratoriach koncentrujg si¢ z jednej strony na projektowaniu
I otrzymywaniu nowych materialéw o wlasciwosciach dopasowanych do
konkretnych zastosowan. Z drugiej strony konkretne aplikacje wymagaja
szerszych badan nad procesami zachodzagcymi w ograniczonych
przestrzeniach porow, ktore moga przebiega¢ odmiennie od procesow na
powierzchniach ptaskich i w fazach objetosciowych. Dlatego w literaturze
naukowej tematyka dotyczaca adsorbentow oraz proceséw adsorpcyjnych
jest szeroko reprezentowana. Stosunkowo nowy nurt badan dotyczy
przemian fazowych zachodzacych w mikro- i mezoporach, w tym
procesOw topnienia/krzepnigcia, co zwigzane jest z wykorzystaniem
materialow porowatych w szerokich zakresach temperatury.

Zanieczyszczenia S$ciekoOw przemystowych przez substancje
organiczne takie jak pochodne benzenu oraz syntetyczne barwniki
stanowig powazny problem, gdyz substancje te sg stabo rozpuszczalne
w wodzie i jednocze$nie trudne do usuni¢cia z roztworéw wodnych.
Ponadto, substancje te sg niebezpieczne dla srodowiska oraz zdrowia ludzi

i zwierzat [1,2,3]. Do oczyszczania wod z zanieczyszczen stosowane sa
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r6zne metody fizyczne, chemiczne lub fizykochemiczne, sposrod ktdrych
adsorpcja jest powszechnie stosowana ze wzgledu na prostote uzycia,
wysoka efektywno$¢ usuwania substancji, dostgpnos¢ wielu adsorbentow
o zréznicowanej fizykochemicznej charakterystyce, oraz mozliwos¢
fatwego projektowania nowych, efektywnych i selektywnych adsorbentow
[4,5].

Proces adsorpcji zalezy od wielu czynnikow, w tym od natury
adsorbatu, adsorbentu, roztworu oraz warunkow prowadzenia procesu.
W przypadku adsorbatu, proces adsorpcji zalezy od jego struktury
i wielkosci czasteczki oraz obecnosci roznych grup funkcyjnych, a takze
jego rozpuszczalno$ci oraz zdolnosci do dysocjacji. Biorgc pod uwage
cechy adsorbentu, istotne sg jego wilasciwosci teksturalne, strukturalne
oraz chemiczne (obecno$¢ grup funkcyjnych, zawarto$¢ popiotu). Poza
wlasciwosciami adsorbatu 1 adsorbentu nalezy réwniez rozwazyc
wlasciwosci roztworu (rodzaj rozpuszczalnika, pH, sita jonowa), a takze
sposOb prowadzenia procesu, na przyktad: temperaturg, czas. Nalezy
podkresli¢, ze grupy funkcyjne obecne na powierzchni adsorbentu moga
odgrywa¢ kluczowg rolg w interakcjach adsorbent-adsorbat. Wymienic¢
mozna rézne mechanizmy oddzialywan adsorbent-adsorbat, z ktérych
gldwne mechanizmy rozwazane w niniejszej rozprawie obejmowaty
odzialywania elektrostatyczne, hydrofobowe lub wigzanie wodorowe.
Ztozonos¢ czynnikow, ktore moga wptywaé proces adsorpcji substancji
sprawiajg, ze analiza i interpretacja danych jest skomplikowana [6, 7,
8,9].

Stale poszukiwane s3a nowe materialy o ulepszonych
wlasciwos$ciach, charakteryzujace si¢ wysoka efektywnoscia adsorpciji,
stabilnoscig  termiczng, dlugim czasem pracy, selektywnoscia,
odpornoscig na dziatanie drobnoustrojow [10].

Opisane w literaturze badania  obejmujace  zjawiska
topnienia/krzepniecia wody skondensowanej w porach dotyczg charakteru
przemian fazowych, przesuni¢¢ temperatury topnienia czy wplywu
przemian teksturalnych/morfologicznych na procesy zachodzace

w ograniczonych przestrzeniach porow. Procesy topnienia i Krzepnigcia
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wody znajdujacej si¢ w porach jest istotne w wielu dziedzinach
zwigzanych z adhezja, adsorpcja, nanotechnologia. W literaturze opisano
wpltyw wielko$ci porow na przemiany fazowe w materialach mikro-
I mezoporowatych [11, 12, 13, 14]. Brak natomiast doniesienn na temat
mozliwego wpltywu chemii powierzchni materiatéw (grupy funkcyjne
obecne na powierzchni) na procesy topnienia/krzepnigcia przebiegajace
w matych porach dodatkowo zréznicowanych powierzchniowo. Bylo to
powodem podjecia tego typu badan w niniejszej pracy, w ktorej
przeanalizowano  wplyw  wlasciwosci  chemicznych  materialow
weglowych na procesy topnienia/krzepniecia wody w porach.

Niniejsza  rozprawa  doktorska  obejmuje  zagadnienia
projektowania, otrzymywania oraz badania unikatowych materiatow
pod katem okreslenia wptywu ich wlasciwosci na charakter procesow
adsorpcyjnych oraz przemian fazowych zachodzagcych w porach
wypetnionych ciecza. Badania te sg istotne z punktu widzenia zastosowan
materiatow porowatych.

W ramach rozprawy doktorskiej Badania proceséw adsorpcyjnych
i przemian fazowych zachodzgcych w porach materiatow zrozZnicowanych
strukturalnie i chemicznie skladajacej sie z cyklu pieciu publikacji
rozwazono rézne typy materiatdbw o zrdznicowanej charakterystyce:
organiczno-nieorganiczne materialy polimerowe w ksztalcie mikrosfer
(M1), funkcjonalizowane wegle 0 granularnym ksztalcie ziaren (M2)
oraz pirolizowane materialy organiczno-nieorganiczne  (taninowo-
bentonitowe oraz indulinowo-zelazowe), ktore otrzymano z surowcow
naturalnych lub odpadow przemystowych (M3, M4), oraz modyfikowane
powierzchniowo  uporzadkowane mezoporowate wegle  (MD).
Do otrzymania materialdw zastosowano rdzne procedury (polimeryzacje
suspensji,  wytrawianie ~ w kwasie i termiczne  wygrzewanie
lub mechanochemiczng aktywacje ciat staltych w miynie kulowym
i piroliz¢ w wysokiej temperaturze, synteze materiatu weglowego CMK-3
na bazie krzemionkowego templatu SBA-15) oraz chemiczne i termiczne

modyfikacje.
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W obregbie kazdej serii materialow sprawdzono wptyw sktadu
mieszaniny reakcyjnej (organiczno-nieorganiczne materiaty polimerowe
oraz we¢glowe) oraz ilosci tlenowych grup powierzchniowych (wegle
aktywne oraz mezoporowate wegle) na wlasciwosci fizykochemiczne, do
przebadania ktorych zastosowano wiele komplementarnych technik:
niskotemperaturowa adsorpcja-desorpcje azotu, mikroskopig elektronowsa,
dyfrakcje  rentgenowska, niskokgtowe  rozpraszanie  promieni
rentgenowskich, spektroskopi¢ FT-IR/ATR, spektroskopi¢ Ramana,
rentgenowska spektroskopie fotoelektronow, analize termiczng sprz¢zona
ze spektrometrig mas. Wilasciwosci adsorpcyjne otrzymanych materiatow
wzgledem prostych substancji organicznych — fenolu, 4-nitrofenolu
oraz nitrobenznenu lub barwnika — bigkitu metylenowego przebadano pod
katem analizy réwnowagi lub kinetyki adsorpcji. Ponadto, procesy
topnienia i krzepnigcia wody skondensowanej w porach modyfikowanych
mezoporowatych wegli zbadano stosujac dwie komplementarne techniki —
skaningowa kalorymetri¢ rdéznicowag (DSC) oraz spektroskopie
dielektryczng (ang. Dielectric Spectroscopy, DS).

Waznym aspektem poruszanym w niniejszej rozprawie doktorskiej
jest mozliwos¢ wykorzystania naturalnych sktadnikow takich jak tanina
(organiczny zwigzek z grupy garbnikow, pochodna fenoli), indulina
(kraftowa lignina, polimer) lub odpadow przemystowych (pyt zelazowy

0 wiasciwos$ciach magnetycznych) [15, 16].
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4.2. Cel rozprawy doktorskiej

Glownym celem rozprawy doktorskiej opartej na cyklu publikacji
[D1-D5] byto zaprojektowanie, otrzymanie oraz kompleksowa analiza
pieciu grup materialdw pod katem okreslenia ich charakterystyk
strukturalnych, teksturalnych, morfologicznych i powierzchniowych
oraz przebadanie wplywu ich wlasciwosci na procesy adsorpcyjne
I przemiany fazowe zachodzace w ograniczonych przestrzeniach porow.

Przeprowadzona charakterystyka strukturalna, morfologiczna,
teksturalna, chemiczna nowo otrzymanych materialdow umozliwita analize
wplywu r6znych czynnikéw na procesy adsorpcji substancji organicznych
z roztworow wodnych badz zmian w procesach topnienia/krzepnigcia
wody skondensowanej w porach. Giéwne zalozenia badawcze
obejmowaty:

e Zaprojektowanie oraz otrzymanie adsorbentow dzialajacych
efektywnie,  selektywnie = wzgledem  wybranych  substancji
organicznych w roztworach wodnych

e Zbadanie wplywu sktadu mieszanin reakcyjnych lub modyfikacji
powierzchniowych na wiasciwosci fizykochemiczne adsorbentow
(wlasciwosci teksturalne, morfologiczne, strukturalne, chemiczne)
oraz efektywnos¢ adsorpcji wskazanych substancji organicznych
Z roztworo6w wodnych

e Opis procesu adsorpcji substancji organicznych (pochodnych benzenu
— fenolu, 4-nitrofenolu oraz nitrobenzenu) oraz barwnika — biekitu
metylenowego z roztworé6w wodnych pod wzgledem kinetyki lub
roOwnowagi adsorpcyjnej

e Mozliwos¢ wykorzystania naturalnych sktadnikéw, takich jak:
indulina, tanina) oraz odpaddéw przemystowych, na przykiad: pyt
zelazowy) do produkcji adsorbentow

e Zbadanie wptywu modyfikacji powierzchniowej mezoporowatych
wegli  na  wlasciwosci  fizykochemiczne  oraz  procesy
topnienia/krzepnigcia ~ wody  skondensowanej ~w  porach

modyfikowanych chemicznie i termicznie mezoporowatych wegli
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Glowne zadania wykonane w ramach realizacji rozprawy

doktorskiej:

e Zaprojektowanie oraz otrzymanie materialdw o zrdznicowane]
strukturze i chemii powierzchni (materialy organiczno-nieorganiczne
i weglowe) poprzez zastosowanie roznych sktadnikow oraz procedur
otrzymywania lub chemiczne i termiczne modyfikacje (majace na celu
zroznicowanie struktury i ilosci grup funkcyjnych na powierzchni).

e Analiza strukturalna, teksturalna oraz morfologiczna materialow
(niskotemperaturowa  adsorpcja-desorpcja  azotu, dyfrakcja
rentgenowska, mikroskopia elektronowa, spektroskopia Ramana).

e Okreslenie charakteru chemicznego (identyfikacja powierzchniowych
grup funkcyjnych) (spektroskopia w poczerwieni, rentgenowska
spektrometria  fotoelektrondw) oraz  wlasciwosci  kwasowo-
zasadowych (miareczkowanie potencjometryczne) materiatow.

e Badania kinetyki i rownowagi adsorpcji  (wykorzystanie
spektrofotometrii  UV-Vis)  obejmujace  okreslenic  wplywu
wilasciwos$ci adsorbentow i adsorbatow na efektywnos¢ oraz szybkos¢
procesu adsorpcji substancji organicznych (pochodnych benzenu
oraz barwnika) z roztworo6w wodnych.

e Zastosowanie analizy termicznej do okre$lenia stabilno$ci termicznej
adsorbentow oraz mechanizmu interakcji —adsorbent-adsorbat
(analizator termiczny sprzezony ze spektrometrem mas).

e Analiza procesow topnienia/krzepni¢cia oraz przemian fazowych
wody znajdujacej si¢ w porach modyfikowanych chemicznie

i termicznie mezoporowatych wegli wsparta technikami DSC oraz DS.
4.3. Charakterystyka adsorbentow

Zestawienie adsorbentow badanych w niniejszej rozprawie
doktorskiej znajduje si¢ w Tabeli 2. Serie adsorbentéw 0znaczono jako
M1-M5.
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Tabela 2. Opis adsorbentow badanych w pracy doktorskiej.

Seria

adsorbentow

M1

M2

M3

M4

M5

Nazwa serii
materialéw stosowana
w publikacji
DVB-co-TEVS

AC-OX

TBC

STind

OMC-OX

Typ materialéw

Organiczno-
nieorganiczne

materiaty polimerowe

Funkcjonalizowane
grupami tlenowymi

wegle mikroporowate

Organiczno-
nieorganiczne
materiaty
weglowe
Organiczno-
nieorganiczne

materiaty weglowe

Funkcjonalizowane
grupami tlenowymi

wegle mezoporowate

Krotka charakterystyka

materialow

Kopolimery otrzymane na
bazie diwinylobenzenu

oraz trietoksywinylosilanu
[D1]

Wegle aktywne
modyfikowane kwasem
azotowym (V) i wygrzewane
w temperaturach 180-800 °C
[b2]

Materialy weglowe
otrzymane na bazie taniny

i bentonitu [D3]

Materiaty weglowe
otrzymane na bazie induliny

oraz pytu zelazowego [D4]

Wegle mezoporowate
modyfikowane kwasem
azotowym (V) i wygrzewane
w temperaturach 150-800 °C
(D3]

Serie materiatow M1-M5 otrzymano wedtug ponizej opisanych procedur:

e Materiaty M1 otrzymano na bazie 1,4-dywinylobenzenu (DVB)

i trietoksywinlosilanu

(TEVS).

Polimeryzacje DVB

z TEVS

przeprowadzono w $rodowisku wodnym metodg polimeryzacji

suspensji oraz stosujac inicjator reakcji azobis(izobutyronitryl)

(AIBN) oraz mieszaning rozpuszczalnikow formujacych strukture

porowatg — toluen oraz dekan-1-ol (viv

1/1). Polimeryzacje

prowadzono przez 12 godzin w 85 °C w systemie ztozonym z kolby

okraglodennej, chlodnicy zwrotnej, mieszadta oraz termometru.

Wspoélczynniki molowe monomerow W mieszaninie reakcyjnej
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zaprezentowano w Tabeli 2. Schemat budowy chemicznej
trietoksywinlyosilanu  (TEVS), 1,4-diwynylobenzenu (DVB)
oraz kopolimeru (DVB-co-TEVS) zaprezentowano na Rysunku 1
[D1].

Tabela 2. Sklad mieszaniny reakcyjnej uwzgledniajacy ilos¢ monomerow
(organiczno-nieorganiczne mikrosfery polimerowe).
Wspolezynniki molowe
Nazwa probki monomerow
DVB TEVS
DVB:TEVS =1:2 1 2
DVB:TEVS=1:1 1 1
DVB:TEVS=2:1 1 0.5
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Rysunek 1. Budowa chemiczna trietoksywinylosilanu (TEVS) (a) i 1,4-
diwinylobenzenu (DVB) (b) oraz schematyczna struktura kopolimeru
(DVB-co-TEVS) (c).

e Materialy M2 przygotowano wykorzystujac dostepny komercyjnie
wegiel aktywny GAC1240W Norit (USA) o ziarnistej budowie.

Materiat  weglowy modyfikowano 65% kwasem azotowym
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w temperaturze 80 °C przez 3 godziny w ukladzie wyposazonym
w kolbe okraglodenna, chlodnicg zwrotng i termometr zgodnie
z procedurg opisang W pracy [6]. Modyfikowany kwasem wegiel
przeplukano duza iloscia wody destylowanej i wysuszono
w temperaturze pokojowej. Wysuszony wegiel podzielono na porcje
I wygrzewano w temperaturach 180, 280, 380, 480, 640 i 800 °C
W piecu rurowym z podiaczonym zrodlem gazu obojetnego w celu

zabezpieczenia materiatu przed spaleniem [D2].

Materiaty M3 i M4 otrzymano stosujagc dwuetapowa procedure:
mechanochemiczng aktywacje w mlynie kulowym oraz pirolizg.
Mechanochemiczna aktywacja w milynie pozwala na uzyskanie
materialow dwu- lub wigcej sktadnikowych o wysokiej dyspersji faz
bez uzycia organicznych rozpuszczalnikow wykorzystujac energie
wytwarzang podczas mielenia sktadnikow (praca mtyna). Okreslone
ilosci wyjsciowych sktadnikow: taniny i bentonitu (Tabela 3)
lub induliny i pytu zelazowego (Tabela 4) umieszczono w reaktorze ze
stali nierdzewnej miyna kulowego ($rednica kul wynosita 5 mm).
Proces mielenia prowadzono przez 6 godzin. Piroliza w piecu
prowadzona byla w atmosferze gazu obojetnego przez 2 godziny
w temperaturze 800 °C. Schematy syntezy adsorbentow M3 i M4
pokazano na Rysunku 2 i 3 [D3, D4].

Tabela 3. Proporcje skfadnikow (g) wykorzystane do otrzymania
organiczno-nieorganicznych materiatow weglowych na bazie taniny
i bentonitu [D3].

Proporcje skladnikéw (g)

Nazwa prébki Tanina Bentonit
TC 10 °
TBC-1 4y 10
TBC-2 20 10
TBC-3 30 10
TB-0,5 6 10
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Mechano-
chemiczne
faczenie faz

1L

~ Piroliza |
(gaz obojetny, 800 °C))

Taninowo-
bentonitowe
materialv wealowe

Rysunek 2. Schemat syntezy taninowo-bentonitowego materiatu

weglowego [D3].

Tabela 4. Stosunek komponentow (g) uzytych do uzyskania organiczno-

nieorganicznych materialdw weglowych na bazie induliny i pyhu

zelazowego [D4].
Nazwa probki

STInd-1
STInd-2
STInd-3
STInd-4
Indulina/Wegiel

Indulina

12,5
12,5
12,5
12,5
12,5

Stosunek komponentow (Q)

Pyt zelazowy

50
4,0
3,0
13
0,0
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Rysunek 3. Schemat syntezy indulinowo-zelazowego materiatu

weglowego [D4].

Modyfikowane grupami tlenowymi mezoporowate wegle
0 uporzadkowanej heksagonalnej strukturze (CMK-3) (materialty M5)
otrzymano na bazie templatu krzemionkowego SBA-15 [D5]. W syntezie
materialu  SBA-15, przeprowadzonej wedlug procedury opisanej
w pracach [17,18], wykorzystano tetraetoksysilan (ang. tetraethoxysilane,
TEOS) oraz trojblokowy kopolimer o nazwie Pluronic P123. Materiat
weglowy otrzymano stosujgc dwustopniowg impregnacje w odpowiednich
roztworach kwasu siarkowego i glukozy oraz przeprowadzajac proces
karbonizacji w temperaturze 700 °C. Otrzymany zweglony materiat
poddano wytrawianiu w etanolowo-wodnym roztworze (v/iv% = 1/1)
wodorotlenku potasu (~ 1 mol/l) w celu usuniecia matrycy
krzemionkowej. Przeptukany duza iloScia wody destylowanej
oraz wysuszony w temperaturze pokojowej materiat podzielono na porcje
i poddano modyfikacji chemicznej oraz termicznej w 150, 400, 600

i 800 °C analogicznie jak w przypadku materiatow M2 [D5]
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4.4. Metody badawcze

Parametry teksturalne adsorbentow (M1-M5) zostaly wyznaczone
stosujagc  niskotemperaturowag analiz¢  adsorpcji-desorpcji  azotu
w temperaturze —196 °C z wykorzystaniem porozymetru ASAP2020
lub ASAP2405N  (Micromeritics, USA). Z izoterm adsorpcji
oraz desorpcji azotu uzyskano warto$ci nastepujacych parametrow:
powierzchni¢ wlasciwg (Sget) z liniowej zalezno$ci rOwnania Brunauera,
Emmetta i Tellera (BET), catkowitg obj¢tos¢ porow (Vi) (dla ci$nienia
p/po~ 0,99) [ 19 ], powierzchnie zewngtrzng (Sexr) Oraz objetosc
mikroporéw (Vmic) metoda t-plot, i rozktad wielkosci porow (ang. Pore
Size Distribution, PSD) obliczony stosujac niclokalng teori¢ funkcjonatu
gestosci (ang. Non Local Density Functional Theory, NLDFT) [20]
lub procedure Barretta, Joynera i Halendy (BJH) [?']. Sredni hydrauliczny
rozmiar porow (Dn) obliczono z zaleznosci: Dn = 4Vy/Sger. Przed
pomiarami probki odgazowano w celu usunigcia zaadsorbowanych
zanieczyszczen w okre$lonych temperaturach [D1-D5].

Wiasciwosci teksturalne modyfikowanych powierzchniowo wegli
oraz materialdow polimerowych (M1, M2, M5) wyznaczono takze stosujac
analiz¢  niskokgtowego  rozpraszania  promieni  rentgenowskich
(ang. Small-Angle  X-Ray Scattering, SAXS). Analize¢ SAXS
przeprowadzono za pomoca dyfraktometru Empyrean (PANalytical)
z promieniowaniem CuKa. Rozklad promieni SAXS obejmowat zakres
kata 20: 0,13-4 stopni [D1, D2, 22, 23].

Wiasciwosci  morfologiczne i strukturalne prébek zbadano
wykorzystujac skaningowy mikroskop elektronowy (ang. Scanning
Electron Microscop, SEM) Quanta 250 FEG (FEI, USA) lub transmisyjny
mikroskop elektronowy (ang. Transsmition Electron Microscop, TEM)
Titan G2 60-300 (USA) [D1-D3, D5, 24].

W celu wyznaczenia wiasciwosci  kwasowo-zasadowych
materialdow zastosowano miareczkowanie potencjometryczne suspens;ji.
Analize przeprowadzono wykorzystujac uktad wyposazony w biurete
automatyczng 765 Dosimat Metrohm (Herisau, Szwajcaria), pH-metr
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PHM240 Radiometer (Kopenhaga, Dania), termostat Ecoline RE207
(Lauda, Niemcy) oraz naczynie kwarcowe o pojemnosci 50 ml. Celem
wykonania pomiaréw do naczynia kwarcowego odmierzono 30 ml
elektrolitu (chlorku sodu) o stezeniu 0,1 mol/l, 0,3 ml kwasu solnego
0 stezeniu 0,2 lub 0,5 mol/l oraz dodano odpowiednig ilo$¢ adsorbentu
(0,05 lub 0.1 g). Po osiagnigciu statej temperatury (25 °C ) oraz wartosci
pH, dodawany byt roztwor wodorotlenku sodu o stezeniu 0,1 mol/l lub 0,2
mol/l. Analogiczny pomiar wykonano bez dodatku ciata statego. Uzyskane
wyniki przedstawiono w postaci zaleznosci pH w funkcji ilosci dodanego
roztworu NaOH. Na podstawie zebranych danych wyznaczono punkt
zerowego tadunku powierzchniowego pHpzc [D1-D5, 25].

Charakter chemiczny adsorbentow zbadano stosujgc spektroskopie
w podczerwieni wykorzystujaca zjawisko ostabionego catkowitego
wewnetrznego odbicia z transformatg Fouriera (ang. Fourier Transform
Infrared Spectroscopy/Attenuated Total Reflection, FT-IR/ATR). Widma
FT-IR/ATR rejestrowane byly w zakresie 400-4000 cm! za pomoca
spektroskopu Tensor 27 (Bruker, Niemcy) z przystawkag ATR
z wbudowanym diamentowym krysztatem [D1, D3, 26].

Skfad chemiczny powierzchni adsorbentow weglowych po
modyfikacji w kwasie 1 wygrzewaniu w réznych temperaturach okreslono
metoda rentgenowskiej spektroskopii fotoelektronow (ang. Photoelectron
X-Ray Spectroscopy, XPS) wykorzystujac wielokomorowy system
wysokoprozniowy z analizatorem VG Scienta R4000 (ang. Ultra-High
Vaccum, UHV). Uzyskano przegladowe i szczegotowe widma XPS
atomoéw wegla oraz tlenu (Cls 1 Ols) na podstawie ktérych stwierdzono
skuteczno$¢ przeprowadzonych modyfikacji powierzchni [D2, D5, 27].

Identyfikacja faz materiatow weglowych otrzymanych z surowcow
naturalnych (taniny i induliny) (M3, M4) przeprowadzono wykorzystujac
dyfrakcje  rentgenowska  (ang.  X-Ray  Diffraction, = XRD)
oraz spektroskopi¢ Ramana. Dyfraktogramy rejestrowano przy kacie 20 =
5-80° za pomoca dyfraktometru DRON-4-07 wykorzystujaca wigzke

promieniowania CuKa w geometrii Bragga-Brentano. Widma Ramana
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zarejestrowano w zakresie 3200-150 cm™! z wykorzystaniem spektroskopu
Via Reflex DMLM Leica Research Grade (Wielka Brytania) [D3, D4, 28].

Analize termiczng obejmujaca termograwimetri¢
(ang. Thermogravimetry, TG) polegajaca na pomiarze ubytkow masy
podczas ogrzewania lub chtodzenia materiatu, analiz¢ pochodnej krzywej
termograwimetrycznej (ang. Derivative Thermogravimetry, DTG)
pomagajacej w interpretacji wynikow TG (wyznaczenie krzywej DTG
umozliwia dokladniejsze wyodrebnienie nakladajacych si¢ na siebie
etapow, ktore sg stabo widoczne na krzywej TG), analize termiczng
réznicowg (ang. Differential Thermal Analysis, DTA) polegajaca na
rejestracji roznicy temperatury mi¢dzy probka badang 1 referencyjng
(wykonanie pomiaru DTA umozliwia badanie efektow cieplnych
towarzyszacym procesom zachodzacym podczas ogrzewania materiatu),
skaningowa kalorymetri¢ rdznicowa (ang. Differential Scanning
Calorimetry, DSC) polegajacg na pomiarze zmiany rdéznicy strumienia
cieplnego powstajgcego miedzy probka badang i odniesienia w trakcie
ogrzewania materiatu (analiza DSC pozwala wyszczegdlni¢ przemiany
fazowe i strukturalne zachodzace w probee) przeprowadzono na aparacie
STA 449 Jupiter F1 Netzsch (Niemcy) (Materiaty M1-M3) lub Q 1500D
Paulik (Wegry) w atmosferze gazu obojetnego (Materialty M4). Probki
0 kreslonych masach umieszczono w tyglach i ogrzewano w szerokim
zakresie temperaturowym stosujgc narost temperaturowy 10 °C /min.
Produkty gazowe ulatniajgce si¢ podczas rozkladu materialow
analizowano stosujac kwadrupolowsg spektrometri¢ mas (ang. Quadrupole
Mas Spectrometry, QMS). Pomiary wykonano na spektrometrze mas QMS
403C Aedlos (Niemcy) w zakresie od 10 do 300 amu. Analiza produktow
gazowych materialow z zaadsorbowang substancja umozliwita petniejsza
interpretacje mechanizmu oddziatywan adsorbent-adsorbat [D1-D4, 29,
30].

Badania rownowagi  adsorpcji  substancji  organicznych
z roztworow wodnych (pH~7) na adsorbentach przeprowadzono metoda
statyczng wykorzystujac spektrofotometr UV-Vis Carry 4000 Varian

(Australia) do okreslania stezen rownowagowych adsorbatu. Adsorbenty
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o okreslonych masach (~0,05 g) umieszczono w kolbach stozkowych 50
lub 100 ml. Odwazone ciata stale skontaktowano z odpowiednimi
roztworami substancji organicznych o okres$lonych stezeniach
i objetosciach. Proces adsorpcji prowadzono w wytrzasarce New
Brunswick Scientific Shaker (USA) zapewniajacej stala predkosée
mieszania oraz temperaturg (25 °C). Po ustaleniu rownowagi (2-7 dni
w zaleznoS$ci od badanego uktadu) mierzono absorbancj¢. Na podstawie
uzyskanych danych wyznaczono stezenie substancji rozpuszczonej, ktore
obliczono z maksymalnej absorbancji przy okreslonej dilugosci fali
A =1(M). Zaadsorbowang ilo§¢ substancji organicznych obliczono
Z rdbwnania bilansu masy (1). Procent usunig¢cia substancji organicznej
wyznaczono z rownania (2). Do analizy teoretycznej roéwnowagi
adsorpcyjnej w przypadku adsorbentow M2 wykorzystano uogoélniong
posta¢ izotermy Langmuira (ang. Generalized Lagmuir, GL) (3).
Roéwnanie GL mozna uprosci¢ do izotermy Langmuira, gdy m = n =1,
uogodlnionej izotermy Freundlicha, gdy n = 1 oraz do izotermy Totha, gdy
m = 1. W pracach dotyczacych adsorpcji substancji organicznych na
adsorbentach M3 oraz M4 zastosowano izoterme adsorpcji Langmuira (4)
lub modyfikowang posta¢ izotermy Langmuira (5) oraz izotermg
Freundlicha (6). W przypadku materialtow M3 oraz M4 zbadano roéwniez
wplyw pH oraz czas kontaktu [D2-D5].

a0V @
R @
e
R @

a a, K, ap

Ky Ceq
a=a,,
(CS - Ceq) + Ky, - Ceq

®)

| =

a=Kg-Cpqn (6)

29



gdzie: a to ilos¢ zaadsorbowana (mg/g), Co to poczatkowe stezenie
substancji organicznej (mg/l), V to objetos¢ roztworu, w to masa
adsorbentu, %us jest to procent usunigcia substancji organicznej, am
to maksymalna ilos¢ zaadsorbowana (mg/g), m i n to parametry
heterogenicznosci, K jest stal3 rownowagi adsorpcji zwigzang
z charakterystyczng energiag funkcji rozkladu, K. stala réwnowagi
Langmuira, KuL to modyfikowana stala rownowagi Langmuira, Cs
to warto$¢ nasyconego stezenia substancji rozpuszczonej (mg/l), Kr to
stata Freundlicha [31, 32, 33, 34, 35].

Charakterystyke fizykochemiczng substancji  organicznych
wykorzystanych jako adsorbaty w uktadach wodnych przedstawiono
w Tabeli 3. Substancje organiczne ro6znig si¢ budowg czasteczki, masa
molowg, rozpuszczalno$cig, sStalg jonizacji, temperaturg topnienia,

temperaturg wrzenia [D1-D4].

Tabela 3. Charakterystyka fizykochemiczna adsorbatow [D1-DA4].

Blekit
Nazwa adsorbatu Fenol 4-Nitrofenol Nitrobenzen €
metylenowy
Chemiczna formula CsHsOH CsHsNOs CeHsNOz C16H18C|N35
Budowa czasteczki © Q @ “;N/Q«SAJ\,;LN‘I/H
Masa molowa (g/mol) 94,11 139,11 123,11 319,90
Rozpuszczalno$é w wodzie
8,30 1,16 0,19 4,36
w 20 °C (g/100 ml)
Stala jonizacji, pKa 9,99 7,15 - 3,80
Temperatura topnienia
40,5 114,0 5,7 190
(°C)
Temperatura wrzenia (°C) 181,7 279,0 210,9 -

Badania kinetyki adsorpcji przeprowadzono na serii materialow
M1, M2. Pomiary kinetyczne przeprowadzono za pomoca
spektrofotometru UV-Vis Cary 100 Varian (Australia) z celg przeptywowa
zapewniajaca mozliwos¢ ciaglej rejestracji widma. Adsorbent o masie

0,1 g umieszczono w naczyniu kwarcowym oraz dodano 100 ml wodnego
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roztworu substancji organicznej o okreslonym stezeniu poczatkowym (Co).
System wyposazony byt w mieszadlo oraz termostat zapewniajacy stalg
temperature (25 °C). W okreslonych odstepach czasowych rejestrowano
widma absorpcyjne, a roztwér zawracano do naczynia reakcyjnego.
Widmo absorbancji rejestrowano przy dtugosci fali w zakresie od 200
do 450 nm. Stezenie substancji zaadsorbowanej dla ukladow
eksperymentalnych obliczono z zarejestrowanych widm.

Krzywe Kkinetyczne zanalizowano za pomoca kilku rownan:
réwnania pierwszego i1 drugiego rzedu (ang. First Order Equation, FOE
i Second Order Equation, SOE) oraz rownania pseudo pierwszego
i drugiego rzedu (ang. Pseudo First Order Equation, PFOE i Pseudo
Second Order Equation, PSOE), mieszane rdéwnanie pierwszego
i drugiego rzedu (ang. Mixed Order Equation, MOE), oraz réwnania
fraktalne (f-MOE, f-FOE, f-SOE), réwnanie multieksponencjalne
(ang. Multiexponential Equation, m-exp), model dyfuzji
wewnatrzczastkowej w  porach znany jako model Cranka
(ang. Intraparticle Diffusion Model, IDM), oraz model dyfuzji w porach
(ang. Pore Diffusion Model, PDM) [D1, D2, 31, 32, 33, 34, 35].

Réznicowa kalorymetria skaningowa (DSC) 1 spektroskopia
dielektryczna (DS) zostaly =zastosowane do badan procesow
topnienia/krzepniecia wody znajdujacej si¢ w porach mezoporowatych
wegli. Pomiary DS przeprowadzono przy uzyciu kondensatora ze stali
nierdzewne] wyposazonego w analizator impedancji Solartron 1260
(Wielka Brytania) do pomiaru pojemnosci (C) w funkcji temperatury (T)
i czestotliwos$ci (w). Zastosowano cykliczne pole elektryczne w zakresie
czestotliwosci od 1 do 106 Hz w r6znych temperaturach (od 140 K do 304
K) i stosujac narost temperaturowy odpowiednio 0,8 K/min lub 0,6 K/min
podczas proceséw chlodzenia lub grzania. Probki umieszczono miedzy
plytami kondensatora w postaci zawiesiny wegla z wods. Zespolona
przenikalno$¢ elektryczna jest zdefiniowana jako: ¢* = ¢ + ig”
Temperaturg topnienia Tm Wwyznaczono jako zmian¢ wartosci
przenikalnosci elektrycznej &' (lub pojemnosci elektrycznej C)

temperatury topnienia ¢' = C/Co, gdzie Co jest pojemnoscig pustego
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kondensatora, ¢ jest urojong czescig przenikalnos$ci elektrycznej i wyraza
si¢ zaleznoS$cig " = tgd-¢', gdzie tgo to straty dielektryczne. Czas relaksacji
dielektrycznej oszacowano, dopasowujac model relaksacji orientacyjnej
Debye'a do widma dyspersji ztozone] przenikalnosci elektrycznej
W poblizu rezonansu. Pomiary DSC przeprowadzono za pomoca aparatu
TG/DTA/DSC STA 449 Jupiter F1 Netzsch (Niemcy). W tym celu 20 mg
przesaczonej zawiesiny umieszczono w aluminiowym tyglu przykrytym
aluminiowa pokrywa i zakapsutkowano. Pusty tygiel uzyto jako probka
odniesienia. Pomiary prowadzono w obecnos$ci powietrza syntetycznego
0 natgzeniu przeplywu 50 ml/min w zakresie temperatur od -100
do +60 °C i szybko$ci ogrzewania 5 °C/min. Przed pomiarami probki

suszono przez 12 godzin w temperaturze 60 °C [D5, 11, 13, 14].

4.5. Omowienie wynikow

4.5.1. Charakterystyka fizykochemiczna i adsorpcyjna

materialow M1

Koopolimery na bazie dywinylobenzenu i trietoksywinylosilanu
(DVB-co-TEVS) o sferycznym ksztalcie zsyntezowano stosujac rdzne
stosunki molowe monomeréw (1:2, 1:112:1). Zdjecia z obrazowania SEM
przedstawiono na Rysunku 4. Otrzymane mikrosfery charakteryzowaty sie
zréznicowang morfologia oraz $rednica ziaren w zakresie 50-200 pum.
Mikrosfery o stosunku molowym 1:2 charakteryzowaty si¢ nicidealnym
kulistym ksztaltem oraz charakteryzowaly si¢ najwigckszg chropowatoscia
powierzchni, podczas gdy materiaty o proporcji sktadnikow 2:1
charakteryzowaty si¢ najbardziej regularnym ksztattem
oraz homogeniczng i gtadka powierzchnig. Probka o stosunku molowym
1:1 wykazala wlasciwosci posrednie. Wykazano wyrazny efekt
porotworczy TEVS [36, 37].
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Rysunek 4. Obrazy mikroskopowe SEM dla materialtu DVB-co-TEVS
o0 stosunkach molowych sktadnikéw mieszaniny reakcyjnej 1:2 (a, b, c),

1:1(d, e, f), 2:1 (g, h, i) przedstawione w r6znych przyblizeniach [D1].

Dane z niskotemperaturowej  adsorpcji-desorpcji  azotu
zaprezentowano w Tabeli 5. Ksztalty izoterm wykazaly, Ze materialy na
bazie dywinylobenzenu 1 trietoksywinylosilanu zawieraja znaczng ilo$¢
mezoporow i niewielkg ilo§¢ mikroporow. Potwierdzono, ze zmiany
W parametrach strukturalnych zwigzane sa z ilo$ciag nieorganicznego
skfadnika (TEVS), ktory rozwija struktur¢ porowata. Natomiast
zwigkszenie ilosci DVB powoduje zwigkszenie wielko$ci porow. Zmiany
we wilasciwosciach teksturalnych potwierdzono poprzez analize¢ SAXS

[36, 37].
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Tabela 5. Parametry teksturalne organiczno-nieorganicznych mikrosfer

polimerowych otrzymane z niskotemperaturowej adsorpcji-desorpcji

azotu [D1].
DVB-co- SeET Vi Vmic BJHabs Dn Ssaxs
TEVS (m?g) (cm®/g) (cm®/g) (nm) (nm)  (mg)
1:2 521 0,84 - 4,8 6,4 610
11 402 0,74 - 51 7,4 480
2:1 316 0,54 0,01 5,8 6,8 390

Skutecznos¢ pofaczenia faz sprawdzono stosujac technike FT-
IR/ATR. Charakterystyczne drgania pochodzace od faz diwinylobenzenu
1 trietoksywinylosilanu zaobserwowano w przypadku kazdej z probek.
Pasmo polozone przy liczbie falowej 1000-1110 cm™ zwigzane jest
z wystepowaniem symetrycznych drgan rozciggajacych grup Si-O-C,
ktorych obecnos$¢ potwierdza wbudowanie TEVS w strukture polimeru.
Pasmo to nie jest widoczne na widmie DVB (S1). Pik o najwieksze;j
intensywnosci zaobserwowany zostal w probce o najwyzszej zawartosci
trietoksywinylosilanu [38, 39, 40, 41].

Kinetyke adsorpcji  fenolu, 4-nitrofenolu i nitrobenzenu
przebadano dla serii otrzymanych materiatlow. Najwyzszy spadek ste¢zenia
adsorbatu zanotowano w przypadku uktadow z nitrobenzenem, najnizszy
dla fenolu. Ubytki w stezeniach adsorbatow zwigzane byly z ich
wlasciwosciami  (gltdéwnie hydrofobowoscia — rozpuszczalnosciag
w wodzie). W przypadku adsorpcji nitrobenzenu najwicksze ubytki
adsorbatu z roztworu wodnego zaobserwowano w przypadku najbardziej
hydrofobowego materiatu DVB:TEVS = 2:1. Dla 4-nitrofenolu i fenolu
najwicksze ubytki adsorbatu stwierdzono dla DVB:TEVS = 1:1.
Efektywnos¢ adsorpcyjna materiatow DVB:TEVS = 2:1 i DVB:TEVS =
1:2 w stosunku do r6znych adsorbatow byta podobna, natomiast adsorbent
DVB:TEVS = 1:1 wykazywat odmienne witasciwosci. Profile kinetyczne
ujawnity ogdélny wptyw kilku czynnikow: wiasciwosci hydrofobowych
adsorbatu, strukturalnych wiasciwosci adsorbentu, pecznienia polimeru,
oddzialywania adsorbent-adsorbat. Badania potwierdzity efektywnos¢
procesu adsorpcji [42].
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Analiza termiczna organiczno-nieorganicznych materialow na
bazie DVB i TEVS wykazala, ze sa stabilne termicznie do co najmniej
330 °C, dzigki czemu moga by¢ stosowane w stosunkowo szerokim
zakresie temperatur. Ubytki masy dla wszystkich materialow
z zaadsorbowanymi  organicznymi  substancjami  byly = wigksze
W pordwnaniu z czystymi materialami DVB-TEVS sugerujace
stosunkowo slabe oddzialywania adsorbent-adsorbat o charakterze
fizycznym [D1].

4.5.2. Charakterystyka fizykochemiczna i adsorpcyjna

materialow M2

Materialy weglowe ze zro6znicowang koncentracja grup tlenowych
na powierzchni zostaly otrzymane metoda mokrej impregnacji w kwasie
azotowym (V) oraz modyfikacji temperaturowej [6]. Parametry otrzymane
z izoterm adsorpcji-desorpcji azotu pokazane sg w Tabeli 6. Whasciwosci
teksturalne  zbadano kompleksowo z  zastosowaniem analizy
mikroskopowej,  porozymetrycznej oraz ~ SAXS.  Otrzymano
komplementarne wyniki badan.

Wykazano, ze zastosowane modyfikacje nie zmieniajg znaczaco
rozkladu poréw (rozktad poréw otrzymany metodg NLDFT), wartosci
promienia hydraulicznego (Dn) sg takze porOwnywalne i wynosza ~2 nm,
natomiast widoczne sa roznice w wielkoSciach powierzchni (Sger)
i catkowitych objetosciach porow (Vi) (Tabela 6). Utlenienie w kwasie
powoduje znaczng redukcje tych wartosci, natomiast wygrzewanie
W coraz wyzszych temperaturach, ich stopniowy wzrost. Zmniejszenie
wielko$ci powierzchni i1 porowatos$ci probki potraktowanej kwasem
azotowym (V) moga by¢ zwiazane z zapadaniem si¢ niektorych $cianek
porow. Ponadto, spadki te mogg by¢ skorelowane z obecnoscig tlenowych
grup powierzchniowych mogacych blokowac wejscie porow ograniczajac
dostepng przestrzen materialu weglowego. Na skutek termicznego
wygrzewania i usuwania grup funkcyjnych przestrzen ta zostaje ponownie

otwarta. Niezaleznie od temperatury wygrzewania udzial mikroporow
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W ogolnej liczbie porow maleje. To moze sugerowaé Iaczenie si¢
mikroporéw w wigksze struktury porow w przypadku materialow
modyfikowanych w wyzszych temperaturach. Analiza ksztaltu izoterm
adsorpcji-desorpcji potwierdzita mikroporowaty charakter analizowanych
materiatlow typu I z petla histerezy H4 zgodnie z klasyfikacja IUPAC.

Obrazy ze skaningowego mikroskopu elektronowego wegli
aktywnych ujawnily réznice w morfologii. Obrazowanie SEM probki
niemodyfikowanej wykazalo relatywnie wysoki stopien gladkosci
powierzchni  ziaren.  Modyfikacje kwasem azotowym, poza
wprowadzeniem grup tlenowych, spowodowaly zmiany w morfologii
probek. Powierzchnia wytrawiona kwasem byla pelna nieregularnosci
(powstanie defektow powierzchniowych). Zmiany mikrostrukturalne
nasility si¢ w wyniku zastosowania modyfikacji temperaturowych, ktore
udostepnity wolng przestrzen porow na skutek usuniecia grup tlenowych
[D2, 6, 43].

Tabela 6. Parametry teksturalne wegli aktywnych modyfikowanych
chemicznie i termicznie otrzymane z izoterm adsorpcji-desorpcji azotu
[D2].

Nazwa prébki SeeT Vi Vmic VoidVh Dn Ssaxs

(m*g)  (em’g)  (cm®lg) (nm) (m?/g)
AC 900 0,52 0,20 0,38 2,30 945
AC-OX 631 0,32 0,13 0,41 2,05 700
AC-0OX-180 661 0,34 0,10 0,29 2,08 706
AC-0X-280 689 0,36 0,11 0,31 2,11 713
AC-0OX-380 694 0,36 0,10 0,28 2,09 736
AC-0X-480 715 0,37 0,10 0,27 2,08 741
AC-0X-600 714 0,38 0,10 0,26 2,12 747
AC-0X-800 759 0,40 0,10 0,24 2,12 755
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Rysunek 5. Obrazy SEM wegli aktywnych: niemodyfikowanego (a-c),
modyfikowanego kwasem (d-f), wygrzewanego w 180 °C po modyfikacji
w kwasie (g-i), oraz wygrzewanego w 800 °C po modyfikacji w kwasie (j-
) [D2].

Analiza XPS potwierdzita skuteczno$§¢ wprowadzenia grup
tlenowych oraz ich stopniowego usuwania w wyniku zastosowania
modyfikacji temperaturowych. Uzyskano materialty o zrdéznicowanej
koncentracji powierzchniowych grup tlenowych. Miareczkowanie
potencjometryczne wykazalo zrdéznicowane wlasciwosci kwasowo-

zasadowe adsorbentéw (wartosci pHpzc 0d 3,6 do 11,5).
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Badania kinetyki i rownowagi adsorpcji z wodnych roztworow
(pH~7) substancji organicznych (fenolu, 4-nitrofenolu i nitrobenzenu)
przeprowadzono dla catej serii materialow weglowych. Na podstawie
badan réwnowagowych adsorpcji  odnotowano  wzrost  iloSci
zaadsorbowanej wraz ze wzrostem temperatury modyfikacji materiatow
weglowych (zwigzany ze wzrostem hydrofobowych wilasciwosci wegla)

(Rysunek 6).

6
BAC-OX 5.59
B AC-0X-180
5 DAC-0X-280 503
B AC -0X-380 454 454
uAC-OX-480 447
N AC-0X-540
4| oac-oxso0 3.50 ok
-_E' 323 3.20 3.26
£ 257 2817 —
£ 3 272 2,77
=N 243 252
= 2.29
o 240215 202
2 | 185
1
0
Fenol 4-Nitrofenol Nitrobenzen

Rysunek 6. Maksymalne ilosci zaadsorbowane na badanych weglach
aktywnych [D2].

Przeprowadzone pomiary kinetyczne ujawnity wptyw witasciwosci
powierzchni na proces adsorpcji. Wartosci czasu potdowkowego adsorpcji
(tue) potwierdzily najwigksza szybkos¢ adsorpcji w przypadku
nitrobenzenu (adsorbat charakteryzujacy si¢ najwicksza hydrofobowoscia,
a zatem najsilniejszymi oddziatywaniami z ptaszczyznami grafenowymi
wegla). W badanych ukladach doswiadczalnych przewazaly
oddzialywania dyspersyjne pomiedzy elektronami = pierScienia
aromatycznego adsorbatu a elektronami w warstw grafenowych
adsorbentu. W przypadku 4-nitrofenolu i fenolu (adsorbaty
charakteryzujace si¢ mniejsza hydrofobowoscig) proces adsorpcji
przebiegat wolniej w wyniku interakcji z tlenowymi grupami

funkcyjnymi. W przypadku tych adsorbatéw odnotowano zwigkszenie ti/
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spowodowane oddzialywaniami z grupami funkcyjnymi adsorbentu, co
wydhuzato proces dyfuzji. Stwierdzono rowniez zmniejszenie wartosci ti
wraz ze wzrostem temperatury modyfikacji wegli [44, 45].

Analiza termiczna wykazata, ze materiaty sg stabilne termicznie
w szerokim zakresie temperatur (glowny rozktad matrycy nastepuje
w temperaturze powyzej 500 °C). Calkowity ubytek masy adsorbentow
zmniejszat si¢ wraz z temperaturg modyfikacji  termicznej,
a powierzchniowe grupy funkcyjne byly systematycznie usuwane
w trakcie procesu. Badania przeprowadzone na probkach wegli
Z zaadsorbowanymi substancjami organicznymi wykazaty, ze nitrobenzen

byt najsilniej zwigzany z weglem [D2].

4.5.3. Charakterystyka fizykochemiczna i adsorpcyjna

materialow M3

Materialy weglowe na bazie taniny i bentonitu zbadano pod katem
wilasciwosci teksturalnych, morfologicznych, strukturalnych, termicznych
oraz adsorpcyjnych wzgledem barwika — biekitu metylenowego.

Parametry obliczone z izoterm niskotemperaturowej adsorpcji-
desorpcji azotu przedstawiono w Tabeli 7. Wegle na bazie taniny
I bentonitu charakteryzowatly sie¢ wickszg powierzchnig wlasciwg (Sget)
oraz wigkszym udzialem mikroporow W catkowitej porowatosci
W poréwnaniu do czystego bentonitu. Izotermy wedtug klasyfikacji
IUPAC mozna opisa¢ jako typ mieszany I i IV wynikajacy z obecnosci

zarowno mikro- jak rowniez mezoporoéw (petla histerezy H4).
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Tabela 7. Parametry materialdbw  organiczno-nieorganicznych
otrzymanych na bazie taniny i bentonitu, okreslone z izoterm adsorpcji-

desorpcji azotu [D3].

SBET Vt Vmic Vmeso Vmic/Vt Vmeso/Vt
Nazwa probki
(m?g)  (cm%g)  (cm’lg)  (cm’lg)
TBC-1 128 0,09 0,06 0,02 0,72 0,20
TBC-2 194 0,13 0,10 0,02 0,80 0,13
TBC-3 230 0,14 0,11 0,02 0,81 0,12
TC 380 0,23 0,20 0,02 0,86 0,10
TBC-0,5 86 0,08 0,05 0,03 0,61 0,39
Bentonit
o 3 0,01 - 0,01 0,59 0,39
pirolizowany
Bentonit 86 0,12 0,01 0,08 0,08 0,70

Analiza SEM zostala wykorzystana do oceny morfologii
karbonizowanych materialow. Obrazowanie SEM wykazalo, ze wegiel
wystepuje w formie czastek o nieregularnym ksztaltcie 0 rozmiarach 1-1,5
um i sktada si¢ z amorficznych struktur wegla potozonych w warstwowej
strukturze bentonitu. W wyniku wprowadzania wegla w przestrzenie
miedzyplaszczyznowe materiatu bentonitowego podczas proceséw
modyfikacji i pirolizy zaobserwowano strukturalng degradacje.
Warstwowa struktura bentonitu ulegla zniszczeniu podczas pirolizy
Z powodu usuni¢cia wody znajdujacej si¢ migdzy warstwami bentonitu
oraz dihydroksylaciji.

Wiasciwosci kwasowo-zasadowe materialow zbadano stosujac
miareczkowanie potencjometryczne. Obojetny charakter pirolizowane;j
taniny moze by¢ spowodowany usunigciem grup tlenowych (gldwnie
fenolowych) (pH~7). Materialy TBC-1, TBC-2, TBC-3 wskazuja na
obecno$¢ grup o charakterze kwasowym (pHpzc = 5,84, 6,39, 6,41).
Materiat TBC-0,5 oraz bentonit pirolizowany i bentonit ujawnily obecno$¢
grup funkcyjnych o charakterze zasadowym (pHpzc = 8,55, 7,90 i 8,42).

Dane dyfrakcyjne (XRD) potwierdzily, ze glowna faza
krystaliczna bentonitu odpowiadata montmorylonitowi, jednakze wykryto
tez $§ladowe ilosci kwarcu i1 muskowitu. Wzrost zawartosci taniny

w mieszaninie reakcyjnej prowadzit do wzrostu zawartosci wegla
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w materiatach po karbonizacji. Analiza XRD potwierdzita, ze piroliza
niszczy strukture krystaliczng montmorylonitu (zanik piku podstawowego
(001, 26 = 6°). Wzrost intensywnos$ci piku przy 20 = 25° oraz spadek
intensywnosci pikow kwarcu i muskowitu wskazujg na wzrost zawartosci
wegla amorficznego w materiale. Bioragc pod uwage karbonizowang
taning, widoczne byly dwa charakterystyczne piki przy 26 = 25° i 50°
potwierdzajace przewazajacy udziat wegla amorficznego. Ogolnie
syntetyzowane materiaty sg polaczeniem bentonitu o zdegradowanej
strukturze 1 wegla amortficznego, ktory czesciowo powstaje w przestrzeni
migdzyplaszczyznowej warstw bentonitu [46].

Spektroskopi¢ Ramana wykorzystano do uzyskania dodatkowych
informacji o strukturze weglowej. Widma zarejestrowano w zakresie 200—
3200 cm ™, na ktorych widoczne sa dwa charakterystyczne pasma D i G
(~1350 i 1600 cm™). Pasmo D reprezentuje czesciowe defekty sieci
weglowej, ktore mogg by¢ glownie spowodowane znieksztalceniem
strukturalnym (odpychanie pierscieni aromatycznych), natomiast pasmo G
odpowiada ptaskim drgania atoméw wegla w hybrydyzacji sp? struktury
grafitowej. Szerokie pasma D i G 0 duzej intensywno$ci wskazujg na
wysoki stopien nieuporzadkowania wegla. Stosunek intensywnosci pasma
In/lc okresla stopien grafityzacji materialu. Warto$¢ Ip/lg nie wykazata
istotnej zmiany dla serii materialdw, mozna zatem stwierdzi¢, ze bentonit
nie wplywa na cechy strukturalne fazy weglowej. Stosunek D/G wynosi
~0,8 potwierdzajac, ze warstwy weglowe sg glownie amorficzne
(z licznymi defektami i nieuporzadkowanymi) [47].

Na widmach FT-IR analizowanych materialtow taninowo-
bentonitowych widoczne sg piki pochodzace od charakterystycznych
drgan fazy montmorylonitowej jednak zarejestrowano tez oslabienie
intensywnosci pikow wzgledem bentonitu [48, 49, 50].

Analiza termiczna materialow weglowych na bazie taniny
i bentonitu wykazata, ze materialy sa stabilnie termiczne w szerokim
zakresie temperatur a ich gldéwny rozklad nastgpuje w zakresie temperatur

500-600 °C. Maksimum piku na krzywej DTG przesuwa si¢ nieznacznie
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w kierunku wyzszych temperatur dla materiatdéw z dodatkiem bentonitu
(TBC) w porownaniu do probki kontrolnej (TC).

Badania adsorpcyjne bigkitu metylenowego wykazaly znaczny
wzrost pojemnosci adsorpceyjnej materialow przygotowanych z dodatkiem
glinokrzemianu w mieszaninach reakcyjnych w poréwnaniu z probka
kontrolng (TC). Moze to by¢ skorelowane z najwigkszym udziatem
mikroporéw w catkowitej porowatosci, utrudniajacych dyfuzje duzych
czasteczek barwnika. Najlepsze wlasciwos$ci adsorpcyjne stwierdzono dla
materiatu TBC-0,5 z najwickszym udzialem bentonitu (am = 5,78 mg/q)
ktory charakteryzowatl si¢ najwyzszym udziatem mezoporéw w catkowite;j
objetosci poréw. W przypadku trzech pozostaltych probek TBC-1, TBC-2
i TBC-3 (am = 3,90; 4,74; 5,26 mg/g) udziat mikro- i mezoporéw byt
poréwnywalny, natomiast wigksze roznice wystepowaty w wielkoSciach
powierzchni wilasciwej (Sger). Dane eksperymentalne zostaly opisane
Zz wykorzystaniem izotermy Lagmuira. Sprawdzono, ze model
Freundlicha, rowniez dobrze opisuje uktady eksperymentalne.

Rozwazajac mozliwy mechanizm adsorpcji na taninowo-
bentonitowych  materiatach weglowych  wyrdzniono najbardziej
prawdopodobne: odziatywania  hydrofobowe, elektrostatyczne
oraz odziatywania wodorowe (Rysunek 7). Czasteczka Dblekitu
metylenowego jest natadowana dodatnio i moze oddziatywac
elektrostatycznie z ujemnie naladowanymi lub bogatymi w elektrony
ugrupowaniami. Tworzenie wigzania wodorowego jest mozliwe pomigdzy
grupami zawierajagcymi wodor (Si-O-H, C-O-H, Me-O-H) oraz atomami
azotu. Jednakze przewazaja Interakcje m-m migdzy pierScieniami
aromatycznymi czasteczek barwnika i1 strukturami grafenowymi wegla

[51].
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Rysunek 7. Przewidywany mechanizm adsorpcji biekitu na taninowo-

bentonitowych materiatach we¢glowych [D3].

45.4. Charakterystyka fizykochemiczna i adsorpcyjna

materialow M4

Zsyntezowane indulinowo-zelazowe materialy weglowe zostaty
scharakteryzowane pod wzgledem  wlasciwosci  teksturalnych,
strukturalnych, termicznych i adsorpcyjnych.

Parametry otrzymane z niskotemperaturowych izoterm adsorpcji-
desorpcji azotu przedstawiono w Tabeli 8. Powierzchnie wiasciwe (Sger)
oraz catkowite objetosci porow (Vi) pirolizowanych indulinowo-
zelazowych materialow (Sger = 290-330 m?/g, Vi = 0,132-0,142 cm®/g) sa
znacznie wieksze niz pirolizowanej induliny (Sger = 7 m?/g, Vi = 0,007
cm®/g). Ponadto, odnotowano znaczacy udzial mikroporow
(Vmic/Vt = 0,894-0,942) oraz pewien wkiad mezoporéw (Vmeso/Vi = 0,058-
0,106) w catkowitej objgtosci poréw otrzymanych materiatow. Zmiany
w warto$ciach Sget, Vmic, Vmeso Zwigzane byly ze skladem mieszaniny
reakcyjnej. Zwigkszenie ilo$ci Zelazowego wypetniacza w materiatach
spowodowato nieznaczne zmniejszenie powierzchni wlasciwej oraz ilosci
mikroporéw oraz wzrost liczby mezoporow. Izotermy adsorpcji-desorpcji
azotu dla probek na bazie induliny mozna opisa¢ jako typ mieszany | i IV
(petle histerezy H1 i H4) wedlug klasyfikacji IUPAC, co wigze sig

z wystgpowaniem struktur mikro- i mezoporowatych. Rozktady wielkosci
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poréw (IPSD) potwierdzity, ze rozmiary poréw mieszcza si¢ gtownie
w zakresie mikroporowatym, jednakze odnotowano istnienie takze poréw

z zakresu mezoporéow [52, 53].

Tabela 8. Parametry materialow organiczno-nieorganicznych na bazie
induliny i pytu Zelazowego, otrzymane z izoterm adsorpcji-desorpcji azotu
[D4].

SBET Vi Vmic Vmeso
Nazwa probki Viic/Vt | Vimesof Vi
(m%g)  (cm’lg)  (cm%g) = (cm/g)
STind-1 290 0,132 0,118 0,014 0,894 0,106
STiInd-2 315 0,142 0,128 0,014 0,901 0,099
STiInd-3 313 0,140 0,129 0,011 0,921 0,079
STiInd-4 330 0,139 0,131 0,008 0,942 0,058
Indulin/Carbon 7 0,007 - 0,007 - -

Na podstawie danych XRD wykazano, ze gtdwnymi sktadnikami
pylu magnetycznego sa fazy FesOs, a-Fe2Os, SiO2 i CaCOs. Podczas
karbonizacji tlenki zelaza wulegaja redukcji do o-Fe. Ponadto
W pirolizowanych materiatach wykryto fazy FeO i Fe3sO0s4. Zwigkszajacy
si¢ udzial wegla amorficznego (obecnos$¢ pikow przy 26 = 26 1 50°
na dyfraktogramie) zaobserwowano wraz ze wzrostem ilosci taniny
w materiale. Poza obecnoscig wegla amorficznego, zarejestrowano
obecnos¢ grafitu (20 = 31°). Spektroskopia Ramana ujawnita istnienie
dwdch charakterystycznych pasm G i D (~1600, 1310 oraz 2600 cm™1).
Szerokie i intensywne pasma D i G analizowanych probek ujawnity
wysoki stopien nieuporzadkowania wegla. Wysokie wartosci stosunku
intensywnosci pasma D do G uzyskano w zakresie 0,9-1,3 co potwierdzito
obecno$¢ faz amorficznych w  strukturze badanych materialow
weglowych. Widoczny pik bedacy nadtonem przy ~2600 cm ™ odpowiada
grafitowi pirolitycznemu o wysoce uporzadkowanej strukturze.
Najwigksza intensywno$¢ piku odnotowano w przypadku probki
z najwicksza zawartoscig fazy zelazowej. Wzrost ilosci zelazowego
wypetniacza prowadzit do zwigkszenia krystalicznosci  frakcji

grafitopodobnej [54, 55].
44



Analiza termiczna przeprowadzona w szerokim zakresie
temperaturowym wykazata wysoka stabilno$¢ termiczng adsorbentdéw.
Analiza krzywych DTA ujawnita istnienie szeregu nakladajacych si¢
na siebie proceséw zwigzanych z adsorpcja tlenu, spalaniem wegla,
utlenianiem czastek metali w powietrzu czy usuwaniem grup funkcyjnych.
Wykazano zwigkszenie stabilno$ci termicznej pirolizowanych materiatow
z dodatkiem pyhu zelazowego w porownaniu do pirolizowanej taniny [56].

Miareczkowanie potencjometryczne ujawnito zasadowy charakter
analizowanych materialow (pHpzc = 7,38-9,41) i wykazalo spadek
w warto$ci punktu zerowego ladunku powierzchniowego wraz ze
zwigkszeniem ilosci fazy zelazowej w karbonizowanych materiatach.

Adsorpcje  blekitu metylenowego =z roztworéw wodnych
przeprowadzono cafej serii otrzymanych materialow. Wykazano, ze
materiaty z dodatkiem magnetycznego wypetniacza (am = 4,53-9,71 mg/g)
wykazuja wickszg efektywnos¢ adsorpcji niz karbonizowana lignina (am
= 0,44 mg/g). Roznice w maksymalnej ilo$ci zaadsorbowanej mozna
wigzaé z charakterystyka teksturalng materiatlow oraz innymi
wlasciwos$ciami  powierzchni (glownie wiasciwosciami  kwasowo-
zasadowymi). Materialy z wigkszg iloscig wypelniacza charakteryzuja si¢
wiekszg iloscig mezoporow w calkowitej objetosci pordéw, ktore moga
ulatwia¢ penetracje duzej czasteczki barwnika do wne¢trza porow.
Parametry obliczono stosujgc zmodyfikowang izoterme Langmuira
oraz rowanie Freundlicha. Wspdtczynniki korelacji o wartosci powyze;j
0,9 wykazaly, ze obie izotermy mogg by¢ zastosowane do
scharakteryzowania procesu adsorpcji [57, 58, 59].

Uproszczony mechanizm adsorpcji bigkitu metylenowego na serii
adsorbentow M4 pokazano na Rysunku 8. Bioragc pod uwage mozliwe
interakcje mozna  Wyroznic: oddzialywania hydrofobowe,
elektrostatyczne, ale takze wigzanie wodorowe analogicznie jak

w przypadku serii adsorbentow M3 [D4].
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Rysunek 8. Przewidywany mechanizm adsorpcji na indulinowo-

zelazowych materialach weglowych [D4].

4.5.5. Charakterystyka fizykochemiczna materialow MS

oraz badania przemian fazowych wody

Modyfikowane w kwasie azotowym (V) 1 wygrzane w rdéznych
temperaturach mezoporowate wegle zbadano pod wzglgdem wlasciwosci
fizykochemicznych oraz proceséw topnienia/krzepnigcia wody w porach.

Parametry teksturalne otrzymane z niskotemperaturowej adsorpcji-

desorpcji azotu pokazane sg w Tabeli 9.

Tabela 9.  Parametry  teksturalne = modyfikowanych  wegli

mezoporowatych [D5].

Sample name Seet (M?/g) Vi (cm®/g) Vimic (cm®/g)
MC 375 0,40 0,06
MC-OX 174 0,19 0,04
MC-0OX-150 178 0,20 0,04
MC-0OX-400 214 0,24 0,04
MC-0OX-600 317 0,27 0,08
MC-0OX-800 325 0,32 0,08

Analiza izoterm adsorpcji-desorpcji azotu w przypadku materiatu MC
wsparta technika TEM oraz SAXS wykazala uporzadkowana
heksagonalng strukture o symetrii P6mm. Zaobserwowano czg¢sciowa

destrukcje uporzadkowanej struktury na skutek zastosowanych
46



modyfikacji: utleniania w kwasie oraz termicznego wygrzewania
wczesniej utlenionego materialu weglowego. Modyfikacja w kwasie
materialu weglowego powoduje zmniejszenie jego powierzchni wlasciwe;j
(Sget) oraz catkowitej objetosci porow (Vi), ale ma niewielki wplyw na
zmiang stopnia uporzadkowania (dane SAXS), natomiast wygrzewanie
W coraz wyzszych temperaturach powoduje stopniowy wzrost wartosci
tych parametrOw oraz znaczacg utrat¢ uporzadkowania (dane SAXS).
Zjawisko to mozna wyjasni¢ blokowaniem wejscia porOw przez grupy
tlenowe oraz ich odblokowywanie w procesie termicznego usuwania. Poza
udziatem mezoporow w calkowitej objetosci porow, odnotowany istotny
udziat mikroporow. Ponadto, podczas wygrzewania materialow
W wysokich temperaturach, cze$¢ $cianek ulega zniszczeniu, mniejsze
pory moga faczy¢ si¢ w wigksze.

Technika ~ XPS  wykazala  zr6znicowang  koncentracje
powierzchniowych grup tlenowych, natomiast miareczkowanie
potencjometryczne odmienny charakter kwasowo-zasadowy badanych
materiatlow (pHpzc = 4,4-7,0).

Procesy  topnienia/krzepnigcia  otrzymanych  materiatlow
analizowano technikami DSC oraz DS. Wyznaczono wartos$ci temperatury
topnienia wody objetosciowej niezwigzanej w porach (Tmp) Oraz wody
znajdujacej sie w mezoporach (Tmp1) oraz mikroporach (Tmp2).
Na podstawie roznic pomiedzy Tmpb 0raz Tmp1 lub Tmp2 obliczono wartosci
przesuni¢¢ temperatur A7 (Tabela 10). Nalezy podkresli¢, ze obie techniki
wykazaty bardzo podobne zmiany w temperaturach topnienia/krzepnigcia
wody skondensowanej w porach oraz réznice w wartoSciach AT.
Utlenienie w kwasie spowodowalo obnizenie temperatury topnienia wody
zwigzanej w porach, natomiast termiczne modyfikacje stopniowy wzrost
tych warto$ci. Zalezno$¢ pomigdzy temperaturami topnienia wody,
ailoscig grup tlenowych na powierzchni materialdow weglowych
(kwasowoscig) potwierdza korelacja pomiedzy pHpzc a AT (R?>0,95).
Obserwowane zmiany procesoOw topnienia/krzepnigcia w porach mozna
wyjasni¢ zroznicowaniem oddziatywan adsorbat-adsorbent i adsorbat-

adsorbat. Adsorbat o charakterze hydrofobowym silnie oddziatuje
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z weglowymi plaszczyznami grafenowymi wegla, natomiast adsorbat
hydrofilowy wykazuje duze powinowactwo do tlenowych warstw
powierzchniowych. W przypadku badanych modyfikowanych materiatow
o réznych wlasciwosciach kwasowo-zasadowych skutkuje to ostabieniem
oddziatywan bocznych miedzy czasteczkami wody w przypadku
utlenionych wegli ze wzgledu na ich zaangazowanie w interakcje
z grupami powierzchniowymi. Natomiast w przypadku materialow
0 matlej liczbie grup tlenowych przewazaja oddziatywania boczne miedzy
czasteczkami wody, a ich oddziatywania z warstwami grafenowymi wegla
sg stabsze. Obserwowany spadek temperatur topnienia wody w porach
materialow utlenionych mozna wigc wigza¢ ze zmniejszeniem
oddziatywan bocznych niezbednych do powstania fazy statej. Natomiast
wzrost  interakcji  migdzy  czasteczkami

wody a  grupami

powierzchniowymi wegla powoduje wzrost temperatury topnienia.

Tabela 10. Temperatury topnienia wody objetosciowej i wody w porach
wegli MC, MC-OX, MC-0X-150, MC-OX-600 i MC-OX-800; dane
otrzymane z pomiarow DSC/DS [D5].

Nazwa probki Tm, b [K] Tm, p1 [K] Tm, p2 [K] AT [K] AT, [K]
MC 274psc/273ps | 226psc [226ps ~ 254psc /253ps | —48psc /—47ps  —20bsc /—20pbs
MC-OX 274psc [274ps | 217psc [217ps  239psc /239ps | —57psc /—57ps | —35psc /—35ps
MC-OX-150 = 274psc /274ps = 217psc [217ps  239psc /239ps = —57psc /—57ps ~ —35psc /—35ps
MC-OX-400 | 274psc /274ps = 221psc/221ps ~ 242psc/242ps | —53psc /—53ps | —32psc /—32ps
MC-OX-600 = 274psc /274ps = 223psc [224ps  243psc /243ps ~ —51psc /—50ps = —31lpsc /—31bs
MC-OX-800 | 274psc/274ps = 225psc [225ps ~ 246psc [247ps | —49psc /—48ps |~ —28psc /—29ps

Poza badaniami przesuni¢¢ temperatur topnienia w porach analizie

poddano formy struktur lodu zwigzanego w porach materiatow
weglowych. Stwierdzono istnienie trzech charakterystycznych czasow
relaskacji zwigzanych z istnieniem réznych struktur lodu: glownie
heksangonalnego, kubicznego, a takze odnotowano istnienie lodu

0 nieuporzadkowanej strukturze. Nalezy podkresli¢ koniecznos¢ dalszych
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badan, aby zbada¢ mozliwe formy krystaliczne w ukladzie poroéw
0 zr6znicowanej chemii powierzchni. Biorac pod uwage zastosowania
materialdow porowatych w technice, badania przemian fazowych

W szerokim zakresie temperatur majg duze znaczenie [D5].

5. Podsumowanie

W pracy doktorskiej Badania procesow adsorpcyjnych i przemian
fazowych  zachodzqcych w  porach  materiatow  zroznicowanych
strukturalnie i chemicznie zbadano pie¢ serii materiatow (materiaty M1-
Mb5). Materialy analizowano ro6znymi technikami badawczymi:
niskotemperaturowa adsorpcja-desorpcja azotu, mikroskopia elektronowa,
dyfrakcja  rentgenowska, niskokgtowe  rozpraszanie  promieni
rentgenowskich, spektroskopia FT-IR/ATR, spektroskopia Ramana,
rentgenowska spektroskopia fotoelektronow, analiza termiczna sprzezona
ze spektrometrig mas, skaningowa kalorymetria r6znicowa, spektroskopia
dielektryczna.

W  przypadku materiatbow M1 wykazano, ze dodatek
trietoskywinylosilanu (TEVS) do 1,4-dywinylobenzenu (DVB) wptywat
na rozwini¢cie struktury materiatdw. Dla wszystkich badanych materiatow
najwyzszy ubytek stezenia adsorbatu stwierdzono dla nitrobenzenu,
a najnizszy dla fenolu, co bylo zwigzane z wlasciwosciami adsorbatow
(ré6znice w ich rozpuszczalno$ci/hydrofobowosci). Wykazano takze
zréznicowang selektywno$¢ materialow wzgledem rozwazanych uktadow
adsorpcyjnych. Badania kinetyki adsorpcji ujawnity ogolny wptyw kilku
czynnikéw: wiasciwosci hydrofobowych/hydrofilowych, strukturalnych
wlasciwos$ci adsorbentu, pgcznienia polimeru, oddziatywan adsorbent-
adsorbat.

W  przypadku materiatow M2 udowodniono skuteczno$¢
modyfikacji chemicznej oraz modyfikacji termicznych. Otrzymane
modyfikowane wegle aktywne byly zroznicowane pod wzgledem
wiasciwos$ci teksturalnych, morfologicznych oraz chemii powierzchni.
Modyfikacja materialdow w kwasie spowodowata redukcje w wielkosciach
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powierzchni wilasciwej (Sget) oraz calkowitej objgtosci porow (Vi),
natomiast dalsze modyfikacje termiczne w coraz wyzszych temperaturach
spowodowaty wzrost tych wielko$ci zwigzanych z usuwaniem tlenowych
grup powierzchniowych mogacych blokowaé¢ dostepng przestrzen porow.
Stopniowy  wzrost  maksymalnych  ilosci  zaadsorbowanych
zaobserwowano dla wszystkich badanych uktadow wraz ze spadkiem
ilosci tlenowych grup funkcyjnych (wzrost zasadowych wiasciwosci
materialow). Najwyzsze wartosci adsorpcji uzyskano w przypadku
nitrobenzenu charakteryzujacego si¢ najwicksza hydrofobowoscia,
a najnizsze dla fenolu o najmniejszej hydrofobowosci, posrednie dla 4-
nitrofenolu o posredniej hydrofobowosci.

Badania kinetyki adsorpcji ujawnity wydluzony czas dyfuzji
w przypadku probek o najwyzszej koncentracji grup tlenowych
ujawniajacy odzialywania czgsteczek adsorbatu z grupami tlenowymi
na powierzchni wegli. Jednakze oddziatywania dyspersyjne pomiedzy
elektronami 7 pierScienia aromatycznego adsorbatu a elektronami =
warstw grafenowych adsorbentu sg takze zauwazalne.

W przypadku adsorbentéw M3-M4 wykazano wyrazny efekt
sktadu mieszanin na wlasciwosci teksturalne, morfologiczne, strukturalne,
termiczne i adsorpcyjne taninowo-bentonitowych lub indulinowo-
zelazowych materiatow weglowych. Wykazano, ze zwigckszenie ilosci
bentonitu lub magnetycznego pytu zelazowego wplywalo na zwigkszenie
udzialu mezoporow w catkowitej porowatosci materiatdow, ktérych
istnienie wspomagalo dyfuzje duzej czasteczki barwnika. Najwyzsza
maksymalng adsorpcje odnotowano dla materiatu z najwigkszg iloscia
gliny lub zZelazowego wypehiacza (najwigkszy udzial mezoporoéw).
Ponadto pirolizowane materialy dwufazowe charakteryzowaly si¢
znacznie lepszymi wiasciwosciami teksturalnymi oraz adsorpcyjnymi
W poréwnaniu do materialow otrzymanych na bazie jedynie pirolizowane;j
taniny lub induliny. Przewidywany mechanizm adsorpcji obejmowat
istnienie  odziatywan: hydrofobowych (odzialywania pomig¢dzy
pierScieniem barwnika a plaszczyznami grafenowymi wegla),

elektrostatycznych (pomiedzy dodatnio natadowang czasteczka barwnika
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a ujemnie natadowanymi grupami funkcyjnymi) oraz mozliwe
wystepowanie wigzania wodorowego. Waznym aspektem prac D3 i D4
byla mozliwo$¢ wykorzystania odpadéow przemystowych lub surowcow
naturalnych, ktorych ilo$¢ na $wiecie drastycznie rosnie. Powoduje to
wzrost intensywnosci badan zwigzanych z ich ponownym
wykorzystaniem/przetwarzaniem.

W  przypadku materiatbow M5 wykazano zrdéznicowang
charakterystyke fizykochemiczng ~ mezoporowatych  sorbentow
zsyntezowanych na bazie matrycy krzemionkowej (SBA-15). Analiza
teksturalna wykazata, ze otrzymano materiat o uporzadkowanej
heksagonalnej strukturze, ktora ulegta czgsciowemu zniszczeniu na skutek
zastosowanych modyfikacji. Zroznicowana chemia powierzchni (r6zna
ilos¢ tlenowych grup powierzchniowych, zrdéznicowany charakter
kwasowo-zasadowy) znaczaco wplynela na przesunigcia temperatur
topnienia wody w porach mezoporowatych materialdw, co powigzano ze
zroéznicowaniem oddzialtywan adsorbat-adorbent i adsorbat-adsorbat. Poza
badaniami przesuni¢¢ temperatur topnienia wody zwigzanej w porach
spowodowanymi ich modyfikacjami, zidentyfikowano takze mozliwe
struktury lodu (heksagonalny, kubiczny oraz nicuporzadkowany). Wiedza
na temat procesOw topnienia/krzepnigcia w porach jest wazna ze wzgledu
na mozliwo$¢ zastosowania jej w praktyce (adsorbenty, materiaty
techniczne, zastosowania nanotechnologiczne).

Wszystkie analizowane adsorbenty charakteryzowaty si¢ wysoka
stabilnoscig termiczng (rozklad w temperaturach powyzej 350 °C) jednak
zwigkszanie ilosci niektorych skfadnikéw mieszaniny reakcyjnej
powodowalo wzrost wytrzymatos$ci termicznej materialdw. Materiaty
weglowe charakteryzowaly si¢ nieco wyzsza wytrzymatoscig termiczng
niz materialy polimerowe. Analiza MS produktow gazowych pozwolila na
pehiejsza interpretacje mechanizmu odziatywan adsorbent-adsorbat.

Wyniki otrzymane w ramach realizacji rozprawy doktorskiej
stanowig istotny wklad w rozwd6j badan nad otrzymywaniem
i charakterystyka materiatow do roznego typu zastosowan. Kompleksowa

charakterystyka tekstury, morfologii, chemii powierzchni, adsorpcji
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I stabilnosci termicznej wsparta réznymi technikami, jest potrzebna
zarowno z fizykochemicznego punktu widzenia, jak 1 mozliwych
zastosowan materiatow.

Przyszte zadania badawcze zostang rozszerzone o opracowywanie
oraz badania nowych materiatow o zlozonej strukturze ispecyficznej
selektywnosci jako potencjalnych materiatow do oczyszczania wod

I Sciekow lub materiatdéw do $cisle sprecyzowanych zastosowan.
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6. Stosowane skroty i symbole

Stosowany w pracy doktorskiej wykaz skrotow i symboli znajduje si¢

w Tabeli 9 oraz 10.

Tabela 9. Wykaz waznych skrotow stosowanych w rozprawie doktorskiej.

Skrot

AIBN
ATR

BET

BJH

DS

DSC

DTA

DTG

DVB
FT-IR

Wyjasnienie skrotu

Azobis(izobutyronitryl)
Ostabione catkowite
wewnetrzne odbicie
Teoria Brunauera,
Emetta i Tallera
Rozktad wielkos$ci
porow Baretta, Joynera
i Halendy

Rozprawa doktorska
Spektroskopia
dielektryczna
Skaningowa
kalorymetria
roznicowa
Roznicowa analiza
termiczna

Pochodna krzywej
termograwimetrycznej
Dywinylobenzen
Spektroskopia w
podczerwieni z

transformacja Fouriera

Objasnienie z jezyka
angielskiego
Azobisisobutyronitrile
Attenuated Total
Reflectance
Brunauer, Emmett
and Teller

Barrett- Joyner-

Halenda

Dissertation
Dielectric
spectroscopy
Differential Scanning

Calorimetry

Differential Thermal
Analysis

Derivative Thermal
Analysis
Divinylobenzene
Fourier Transform

Infrared Spectroscopy
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GAC

GL

FOE

IF

MOE

MEIN

MS
NLDFT

SAXS

SEM

TG
PSD

TEM

TEOS
TEVS
UHV

Granulowany wegiel
aktywny
Uogolniona postac
izotermy Langmuira
Roéwnanie kinetyki
adsorpcji I rzedu
Wskaznik cytowan
Izoterma Langmuira
Rownanie mieszane
kinetyki I 11l rzedu
Ministerstwo Edukacji
i Nauki
Spektrometria mas
Nielokalna teoria
funkcjonatu gestosci
Niskokatowe
rozpraszanie promieni
rentgenowskich
Skaningowa
mikroskopia
elektronowa
Termograwimetria
Rozktad wielkosci
porow

Izoterma Totha
Transmisyjna
spektroskopia
elektronowa
Tetraetoksysilan
Trietoskywinylosilan
Skrajnie wysoka

proznia

Granulated Activated
Carbon

Generalized
Langmuir

First Order Equation

Impact Factor
Langmuir Isotherm
Mixed Order

Equarion

Mass Spectrometry
Non-Local Denisty
Fuctional Theory

Small-Angle X-Ray

Scaterring

Scanning Electron

Microscopy

Thermogravimetry
Pore Size
Distribution

Toth Isotherm
Transmission

Electron Microscopy
Tetraethoxysilane

Triethoxyvinylosilane

Ultra High Vaccum
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UV-Vis

XPS

XRD

Materiat uzupehiajacy
do artykutu

Nadfiolet - Swiatto
widzialne
Rentgenowska
spektroskopia
fotoelektronow
Dyfrakcja

rentgenowska

Supplementary
Material

Ultraviolet-Visible

X-Ray Photoelectron

Spectroscopy

X-Ray Diffraction

Tabela 10. Wykaz najwazniejszych uzywanych symboli.

Symbol
A

aeq

dm
Ceq
Co

Dn

m, n

P/po
pHpzc

t1

Viic
Vimeso
Vi
Tm
Tmp

Tm,pl

Objasnienie symbolu

Absorbancja

Ilo$¢ substancji zaadsorbowanej

W rownowadze

Maksymalna ilo$¢ zaadsorbowana

Stezenie adsorbatu w stanie rOwnowagi

Poczatkowe st¢zenie roztworu adsorbatu

Hydrauliczny promien porow

Parametry heterogenicznos$ci

Stata rownowagi

Cisnienie wzgledne

Punkt zerowego fadunku

Czas potowkowy
Objetos¢ roztworu
Objetos¢ mikroporow

Objetos¢ mezoporow

Catkowita objeto$¢ porow

Temperatura topnienia

Temperatura topnienia wody objgtosciowe;j

Temperatura topnienia wody skondensowanej

W mezoporach
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Tm,p2

SeeT

AT

Temperatura topnienia wody skondensowanej
w mikroporach

Powierzchnia BET

Masa adsorbentu

Roznica pomigdzy Tmpb i Tm, p1 lUD Tmp2
Dhugos¢ fali
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7. Zyciorys naukowy

Praca:

10/2022-obecnie — zatrudnienie na stanowisku asystenta badawczo-
dydaktycznego w Katedrze Podstaw Techniki Wydziatu Inzynierii
Produkcji Uniwersytetu Przyrodniczego w Lublinie

Edukacja:

2018-2023 — Studia stacjonarne Ill stopnia na kierunku chemia
realizowane w ramach projektu Miedzynarodowe Studia Doktoranckie
z Chemii na Uniwersytecie Marii Curie-Sktodowskiej w Lublinie
2016-2017 — Studia podyplomowe przygotowujace do nauczania
chemii w szkole na Ill i IV etapie edukacyjnym prowadzone przez
Wydziat Chemii UMCS

2013-2018 — Studia stacjonarne | oraz Il stopnia na kierunku chemia
0 specjalnosci analityka chemiczna na Uniwersytecie Marii Curie-
Sktodowskiej w Lublinie

2010-2013 — V Liceum Ogo6lnoksztalcace im. Marii Sktodowskiej-

Curie w Lublinie, klasa o profilu biologiczno-chemicznym

Publikacje i monografie (Numer ORCID: 0000-0002-3437-8509):

Publikacje:

1. Alicja Bosacka, Malgorzata Zienkiewicz-Strzatka, Malgorzata

Sliwinska Bartkowiak, Angelina Sterczynska, Dariusz Sternik, Konrad
Rotnicki, Microporous and Mesoporous Materials 2023, 351, 112477,
https://doi.org/10.1016/j.micromes0.2023.112477

Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Olena Oranska,
Mykola Borysenko Volodymyr Gun’ko, Anna Derylo-Marczewska,
Physicochemical and Sorption Characteristics of Carbon Biochars
Based on Lignin and Industrial Waste Magnetic Iron Dust, Water
2023, 15(1), 189, https://doi.org/10.3390/w15010189
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3. Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Viktor Bogatyrov,
Olena Oranska, Volodymyr Gun’ko, Anna Derylo-Marczewska,
Development, Synthesis and Characterization of Tannin/Bentonite-
Derived Biochar for Water and Wastewater Treatment from Methylene
Blue, Water 2022, 14(15), 2407, https://doi.org/10.3390/w14152407

4. Alicja Bosacka, Malgorzata Zienkiewicz-Strzalka, Anna Derylo-
Marczewska, Agnieszka Chrzanowska, Malgorzata Wasilewska,
Dariusz ~ Sternik, Physicochemical, structural, and adsorption
properties of chemically and thermally modified activated carbons,
Colloids and Surfaces A: Physicochemical and Engineering Aspects
2022, 647, 129130, https://doi.org/10.1016/j.colsurfa.2022.129130

5. Alicja Bosacka, Malgorzata Zienkiewicz-Strzatka, Anna Derylo-
Marczewska. Malgorzata Wasilewska, Beata Podkoscielna,
Physicochemical and Adsorption Characteristics of Divinylbenzene-
co-Triethoxyvinylsilane Microspheres as Materials for the Removal
of Organic  Compounds, Molecules 2021, 26(8), 2396,
https://doi.org/10.3390/molecules26082396

6. Alicja Bosacka, Malgorzata Zienkiewicz-Strzatka, Actual challenges,
opportunities, and perspectives of composite materials, Annales
Universitatis Mariae Curie-Sktodowska Lublin-Polonia Sectio AA,
2019, 74(1), DOI: 10.17951/aa.2019.74.1.41-54

Il. Monografie:
1. Agnieszka Chrzanowska, Anna Wiejak, Anna Derylo-Marczewska,

Alicja Bosacka, Rozdziat w tomie Nauka i przemyst — metody
spektroskopowe w praktyce, nowe wyzwania i mozliwosci, Synteza
i wlasciwosci  mezokomorkowych — pianek  krzemionkowych,
Wydawnictwo UMCS, 2022, s.428-431, ISBN: 978-83-227-9602-3

2. Alicja Bosacka, Victoriia Paientko, Olena Oranska, Yurii Lytvynenko,

Natalia Stolyarchuk, Roman Kozakevych, Stanislaw Sevstynow,
Natalia Hurieva, Ivan Shersheniuk, Aleksander Matkovsky,
Volodymyr Gun’ko, Matgorzata Zienkiewicz-Strzatka, Anna Derylo-

Marczewska, Agnieszka Chrzanowska, Rozdziat w tomie Nauka

58


https://doi.org/10.3390/w14152407

i przemyst — lubelskie spotkania studenckie, Composites based on
kaolin, activated carbon, and lavender as cosmetic ingrediesnts,
Wydawnictwo UMCS, 2022, s.306-309, ISBN: 978-83-227-9603-0

Alicja Bosacka, Anna Derylo-Marczewska, Beata Podkoscielna,

Rozdzial w monografii Proceedings of the 17th International Students
Conference in Modern Analytical Chemistry, Faculty of Science
of Charles University, FTIR/ATR technique in the analysis
of divinylbenzene silica composite, Praga 2021, s. 115-120, ISBN:
978-80-7444-089-2

Alicja Bosacka, Anna Derylo-Marczewska, Matgorzata Zienkiewicz-
Strzatka, Rozdziat w materiale pokonferencyjnym Nauka i przemyst —
lubelskie spotkania studenckie, Synteza i badania nieorganiczno-
organicznych materialow kompozytowych, Wydawnictwo UMCS,
2019, s5.20-23, ISBN: 978-83-227-9220-9

Alicja Bosacka, Malgorzata Zienkiewicz-Strzatka, Rozdzial w

monografii Kwadrans dla Chemii. Zjazd Wiosenny Sekcji Studenckiej
Polskiego Towarzystwa Chemicznego, Oficyna Edukacyjna Krzysztof
Pazdro, Obecne trendy w syntezie materiatdw kompozytowych,

Ustron 2019, s. 33-40 ISBN: 978-83-7594-191-3

Konferencje miedzynarodowe:

Komunikaty:

11-16.09.2022 — International  Conference  Nanomaterials:
Applications and Properties IEEE-NAP 2022 (Krakow, Lublin),
Autorzy: Alicja Bosacka, Viktoriia Paientko, Aleksander Matkovsky,

Volodymyr Gun'ko, Anna Derylo-Marczewska, Tytul prezentacji:
Preparation of kaolin-carbon-orange peel powder composites by
knife- or planetary ball milling

24-25.11.2021 — Conference of Young Scientists 1GIC-2021 V.I.
Vernadsky IGIC of NAS of Ukraine, Autorzy: Alicja Bosacka,
Viktoriia Paientko, Olena Oranska, Roman Kozakevych, Natalia

Stolyarchuk, Yurii Lytvynenko, Aleksander Matkovsky, Volodymyr
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Gun'ko, Anna Derylo-Marczewska, Tytut prezentacji: Kaolin/carbon
composites mechanochemical synthesis and structural characteristics
20-23.09.2021 — 12th International Conference on “Instrumental
Methods of Analysis”, IMA 2021 (Thessaloniki, Grecja), Autorzy:
Alicja Bosacka, Anna Derylo-Marczewska, Beata Podkoscielna,

Tytut prezentacji: Chemically and thermally modified activated
carbons for the removal of aromatic compounds

16-17.09.2021 — 17th International Students Conference on "Modern
Analytical Chemistry”, 17th ISC (Praga, Czechy), Autorzy: Alicja
Bosacka, Anna Derylo-Marczewska, Beata PodkoScielna,
Tytut prezentacji: FTIR/ATR technique in the analysis of
divinylbenzene-silica composite

17-18.09.2020 — 16th International Students Conference on "Modern
Analytical Chemistry”, 16th ISC (Praga, Czechy), Autorzy: Alicja
Bosacka, Anna  Derylo-Marczewska, Beata PodkoScielna,
Tytut prezentacji: FTIR analysis of organic-inorganic nanocomposite

systems

Postery:

19-20.10.2022 — Conference of Institute of Surface Chemistry NASU,
ISC 2022 (Kijow, Ukraina), Autorzy: Alicja Bosacka, Malgorzata

Zienkiewicz-Strzatka, Anna Derylo-Marczewska, Tytul posteru:

Chemical and thermal modifications of carbons
04-09.09.2022 — European Colloid and Interface Society, ECIS 2022

(Chania, Grecja), Autorzy: Alicja Bosacka, Malgorzata Zienkiewicz-

Strzalka, Anna Derylo-Marczewska, Agnieszka Chrzanowska,
Matgorzata Wasilewska, and Beata Podkoscielna, Tytut posteru:
Physicochemical and adsorption properties of polymer microspheres
as materials for the removal of organic compounds

03-04.03.2022 — Ecological and Environmental Chemistry 2022, EEC-
2022 (Kiszyniow, Moldawia), Autorzy: Mariia Galaburda, Viktor
Bogatyrov, Alicja Bosacka, Olena Oranska, Volodymyr Gun’ko, Anna
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Derylo-Marczewska, Tytut posteru: Physicochemical And Sorption
Characteristics of Lignin-Based Materials

29-30.11.2021 - 2nd International Scientific Conference on
Contemporary Problems of Geology and Geoecology of Mining
(Kijow, Ukraina), Autorzy: Alicja Bosacka, Viktoriia Paientko, Olena
Oranska, Roman Kozakevych, Natalia Stolyarchuk, Yurii Lytvynenko,
Aleksander Matkovsky, Volodymyr Gun'ko, Anna Derylo-
Marczewska, Tytut posteru: Physicochemical and adsorption
characteristics of thiomethacrylate-co-divinylbenzene microspheres
20-23.09.2021 — 12th International Conference on Instrumental
Methods of Analysis, IMA 2021 (Thessaloniki, Grecja), Autorzy:
Alicja Bosacka, Anna Derylo-Marczewska, Agnieszka Chrzanowaska,

Malgorzata Wasilewska, Dariusz Sternik, Beata Podkoscielna Tytut
posteru:  Physicochemical —and  adsorption  characteristics
of thiomethacrylate-co-divinylbenzene microspheres

5-10.09.2021 — European Colloid and Interface Society, ECIS 2021
(Ateny, Grecja), Autorzy: Alicja Bosacka, Anna Derylo-Marczewska,

Agnieszka  Chrzanowska, = Malgorzata ~ Wasilewska,  Beata
Podkos$cielna, Tytul posteru: Physicochemical and adsorption
characteristics of S,S'-thiodi-4,1-phenylenebis(thiomethacrylate)-co-
divinylbenzene microspheres as materials for the removal of aromatic
compounds

3-5.12.2019 — X-Ray Investigations of Polymer Structure, XIPS 2019
(Ustron, Polska), Autorzy: Alicja Bosacka, Malgorzata Zienkiewicz-

Strzatka, Beata Podkos$cielna, Tytut posteru: X-ray investigations
of hybrid composite systems based on the polymer module
18-22.06.2019 — 17th European Student Colloids Conference (Warna,

Bulgaria), Autorzy: Alicja Bosacka, Anna Derylo-Marczewska,

Matgorzata Zienkiewicz-Strzatka, Tytut posteru: Synthesis and study

of ordered mesoporous materials
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Zgloszony referat:

18.02.2022 — Planta Plus 2022 (Kijéw, Ukraina), Autorzy: Alicja
Bosacka, Victoriia Paientko, Olena Oranska, Roman Kozakevych,
Aleksander Matkovsky, Volodymyr Gun’ko, Anna Derylo-
Marczewska, Tytul referatu: Kinetic release of anthocyanins
and chlorophylls by kaolin-carbon-plant composites

18-19.11.2021 — Conference of Chemistry, Bio- and Nanotchnologies,
Ecology and Economy in the Cosmetics Industry (Charkéw, Ukraina),
Autorzy: Victoriia Paientko, Alicja Bosacka, Olena Oranska, Ludmila
Golovkova, Aleksander Matkovsky, Volodymyr Gun’ko, Anna
Derylo-Marczewska, Tytut referatu: Composite fillers of dessert-stuffs

for controling delivery of bioactive substances

Konferencje krajowe:

Komunikaty:

23.01.2021 — National Scientific Conference "Knowledge - Key to

Success”, Fundacja Promovendi (on-line), Autorzy: Alicja Bosacka,

Tytut prezentacji: Kinetic studies of hybrid polymer materials
24.11.2020 — Konferencja ,,OMNIBUS” cz. VI Marta Rachwat
Konferencje Naukowe (Krakow, Polska, on-line), Autorzy: Alicja
Bosacka, Tytut prezentacji: Otrzymywanie i badania modyfikowanych
mezoporowatych materiatow weglowych

14.11.2020 — National Scientific e-Conference "e-Factory of Science,

Fundcja Promovendi (on-line), Autorzy: Alicja Bosacka,

Tytut prezentacji:  Suspension potentiometric titration of the
functionalized ordered mesoporous carbon
26.09.2020 — National Scientific Conference "Understand the

Science". Fundacja Promovendi (on-line), Autorzy: Alicja Bosacka,

Tytut prezentacji: Morphology studies of the functionalized porous
samples
08.08.2022 — 1st on-line Summer School. Fundcja Promovendi (on-

line), Autorzy: Alicja Bosacka, Tytut prezentacji: FTIR/ATR technique

in the analysis of inorganic-organic composites
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06.06.2020 — National Scientific Conference. Science and Young
Researchers. Fundacja Promovendi (on-line), Autorzy: Alicja
Bosacka, Tytut prezentacji: Study of functionalized materials by XPS
technique

02.03.2019 — National Scientific Conference for PhD Students,

Fundacja Promovendi (Krakéw, Polska), Autorzy: Alicja Bosacka,

Tytut prezentacji: Nanocomposites and their applications

Postery:

11-16.09.2022 — Konferencja Polskiego Towarzystwa Chemicznego
(Lublin, Polska), Autorzy: Anna Derylo-Marczewska, Malgorzata
Wasilewska, Alicja Bosacka, Cezary Zasada, Beata Podkoscielna,

Tytul posteru: Badanie wilasciwosci fizykochemicznych mikrosfer
polimerowych otrzymywanych na bazie diwinylobenzenu

28-29.06.2022 — Ogolnopolskie Sympozjum Nauka i Przemyst —
metody spektroskopowe w praktyce, nowe wyzwania i mozliwosci
(Lublin, Polska), Autorzy: Agnieszka Chrzanowska, Anna Wiejak,

Anna Derylo-Marczewska, Alicja Bosacka Tytut posteru: Synteza i

wlasciwosci mezokomorkowych pianek krzemionkowych
27.06.2022 — XI Ogodlnopolskie Sympozjum Nauka i przemyst —
lubelskie spotkania studenckie, NPLSS 2022 (Lublin, Polska),

Autorzy: Alicja Bosacka, Victoriia Paientko, Olena Oranska, Yurii

Lytvynenko, Natalia Stolyarchuk, Roman Kozakevych, Stanistaw
Sevastynov, Natalia Hurieva, Ivan Shersheniuk, Aleksander
Matkovsky, Volodymyr Gun’ko, Malgorzata Zienkiewicz-Strzalka,
Anna Derylo-Marczewska, Agnieszka Chrzanowska, Tytut posteru:
Composites based on kaolin, activated carbon, and lavender as
cosmetic ingredients

03.04.2020 — XI Ogodlnopolska Konferencja Naukowa Miodzi
Naukowcy w Polsce - Badania i Rozwdj (Lublin, Polska), Autorzy:

Alicja Bosacka, Tytut posteru: Technika XPS w badaniach

modyfikowanych  powierzchniowo mezoporowatych materiatow

weglowych
63



22.11.2019 — X Ogoblnopolska Konferencja Naukowa Miodzi
Naukowcy w Polsce - Badania i Rozwo6j (Lublin, Polska), Autorzy:
Alicja Bosacka, Tytut posteru: Charakterystyka, otrzymywanie
| badania hybrydowych materiatow kompozytowych

24.06.2019 — IX Ogolnopolskie Sympozjum Nauka i przemyst —
lubelskie spotkania studenckie, NPLSS-2019, Autorzy: Alicja
Bosacka, Malgorzata  Zienkiewicz-Strzatlka, ~Anna  Derylo-
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Abstract: In this work, organic-inorganic materials with spherical shape consisting of divinylbenzene
(DVB) and triethoxyvinylsilane (TEVS) were synthesized and investigated by different complemen-
tary techniques. The obtained microspheres may be applied as sorbent systems for the purification of
organic compounds from water. The hybrid microspheres combine the properties of the constituents
depending on the morphologies and interfacial bonding. In this work, the influence of the molar
ratio composition of crosslinked monomer (DVB) and silane coupling agent (TEVS) (DVB:TEVS
molar ratios: 1:2, 1:1 and 2:1) on the morphology and quality of organic-inorganic materials have
been examined. The materials were analysed using small angle X-ray scattering (SAXS) analysis,
low-temperature nitrogen sorption, scanning electron microscopy (SEM) and Fourier transform
infrared spectroscopy (FTIR) to provide information on their structural and surface properties. More-
over, thermal analysis was performed to characterize the thermal stability of the studied materials
and the adsorbent-adsorbate interactions, while adsorption kinetic studies proved the utility of the
synthesized adsorbents for water and wastewater treatment.

Keywords: polymer-inorganic materials; nanostructures; microspheres; adsorption kinetics

1. Introduction

The development of industry and technology has contributed to the increase in de-
mand for materials with well-defined characteristics and combining several features of
different solids in one type of structure [1-3]. Hybrid organic-inorganic materials are the
answer to the growing needs of the material market [4,5]. One of the most important actual
challenges in designing these combined systems is how to keep or increase the best proper-
ties of each component while rejecting or decreasing their limitations [6]. Organic-inorganic
materials based on a polymer matrix are some of the most frequently obtained types of
hybrid systems because of their ease of synthesis and further modification [7,8].

Generally, polymers have many desirable physical properties including tensile strength,
modulus, toughness, or viscoelasticity. Nevertheless, because of their worse mechanical
and thermal properties in comparison to metals or ceramics, numerous polymers have
restricted use in engineering applications [9,10]. The mechanical and thermal proper-
ties of polymers can be improved by combining them in organic-inorganic systems. The
connection between the polymer and the inorganic phase improves its strength and tough-
ness. Moreover, the inorganic component provides the mechanical and thermal stability
and usually leads to many other desired chemical and physical properties of the hybrid
materials [11-15].

Hybrid organic-inorganic materials with spherical shapes (microspheres) can be pre-
pared by different methods (polymerization, extraction, dispersion, solvent evaporation or
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emulsion techniques). In this work the suspension polymerization method was used to
obtain polymer-silane microspheres. Generally, suspension polymerization is a reaction in
which a monomers mixture with an initiator is dispersed in a continuous aqueous phase
with the addition of a small amount of a suspension agent (stabilizer) [16-18]. The method
as well as conditions of synthesis reaction have an influence on the properties of polymer-
inorganic microspheres. The adsorption properties of hybrid microspheres result from
their porous structures which develop during the polymerization reaction. The amounts,
shapes and sizes of pores depend on pore-forming diluents applied to expand the polymer
matrix, however, the major factor in developing the surface area is the crosslinking agent
(the higher amount of crosslinker, the higher the surface area) [19-22].

Water is an essential compound used for many purposes, from drinking to industrial
processes. Both drinking and industrial water must in many cases be treated before
use due to the presence of various harmful contaminants [23-25]. Among the different
wastewater treatment methods, adsorption is widely used because of its simplicity, good
treatment efficiency, the availability of a wide variety of adsorbents, and relatively low costs.
Aliphatic or aromatic organic substances including aldehydes, amines, nitrides, pesticides,
pharmaceuticals and dyes are generally compounds that are difficult to decompose in
water [26-32]. Therefore, the development of effective, inexpensive and selective sorbents
is a crucial issue. Traditional sorbents may have many limitations: they can be susceptible
to contamination and microbial growth, they may have poor mechanical and thermal
stability, not enough efficiency and short life-time. The solution is to combine several solids
in one in order to obtain materials with improved properties [25,29].

Adsorption processes of different aromatic compounds from solutions have been
widely studied to find the dependencies between the sorption effectiveness and the prop-
erties of the adsorbate and adsorbent. Generally, the adsorption effectiveness should be
treated as a result of the combined properties of the adsorbent, adsorbate and solvent as
well as the parameters of the adsorption process. The affinity of various substances for
solid materials depends on many factors: the structure and size of the adsorbate molecules,
type of functional groups, solubility, interactions (mainly intra- or inter- molecular hydro-
gen bonds), as well as the properties of the solvent, and the surface and structure of the
adsorbents. Therefore, data interpretation is a complex matter [33,34].

In this work, divinylbenzene-co-triethoxyvinysilane (DVB-TEVS) microspheres were
synthesized by a copolymerization reaction at three different molar ratios 1:2, 1:1 and 2:1,
in which the DVB is the organic phase and TEVS, an inorganic one. The divinylbenzene
molecule has an aromatic ring linked with two vinyl groups structure (Figure 18b) while the
TEVS used as a crosslinking agent is an inorganic compound with formula (Si(OCH3);CHz)
(Figure 18a). Organic-inorganic materials similar to DVB-TEVS are described in the litera-
ture, however, there is still an ongoing search for new materials showing high efficiency
and selectivity towards various groups of pollutants. The proposed organic-inorganic
microspheres show promising properties, especially as adsorbents for the removal of heavy
ions and organic compounds from aqueous solutions and selective materials for solid-
phase extraction techniques, because of their well-developed porous structures. Also, these
materials are characterized by good thermal resistance [35—42].

The obtained samples were analyzed by various techniques. Small angle X-ray diffrac-
tion analysis (SAXS) provided detailed information about the structure of these micro-
spherical complex systems. To strengthen and confirm the correctness of the SAXS analysis,
these results were correlated and completed with low-temperature nitrogen sorption
analysis, scanning electron microscopy (SEM) and also Fourier transform infrared spec-
troscopy/attenuated total reflection (FTIR/ATR) spectroscopy. In addition, a thermal
analysis was conducted to assess the thermal properties of the obtained materials. More-
over, regarding the application in water remediation systems the adsorption properties of
the hybrid materials were investigated by kinetic studices.
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2. Results and Discussion
2.1. Materials Characteristics
2.1.1. SEM Studies

The effect of the proportions of reacting TEVS and DVB components on the properties
of the newly synthesized materials was investigated via scanning electron microscopy
(SEM) and further correlated and developed by SAXS and nitrogen adsorption/desorption
analysis. It was found that the copolymerization of divinylbenzene with triethoxyvinylsi-
lane by the suspension polymerization method led to obtaining well-defined polymeric-
inorganic microspheres. The SEM results presented in Figure 1 show low and high magni-
fication images of the final microspheres.

Figure 1. SEM images of DVB:TEVS = 1:2 (a—c), DVB.TEVS = 1:1 microspheres (d-f) and DVB:TEVS
= 2:1 microspheres (g-i) in different magnification.

The particles of the studied inorganic-organic materials have spherical shapes with
gradually changing surface smoothness and diameters ranging from 50 um to 200 pm.
Moreover, the applied polymerization conditions yielded about 80% microspheres in the
range of 100-150 pm. Depending on the molar ratio of components in the reaction mix-
ture, differences in the morphology and porosity of the final microspheres were observed.
When the ratio of organic to inorganic phases was 1:2, the spherical morphology of the
material is disturbed with many deviations from the ideal spherical form, the material is
heterogeneous, and several defects are observed (Figure 1a—c). The most regular shape,
the highest homogeneity, and the lowest porosity were observed for the DVB:TEVS = 2:1
sample (Figure 1g—i). In this case, the surface of the spheres is the most uniform and
smooth. The DVB:TEVS = 1:1 sample, shows intermediate morphological and pore prop-
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erties in comparison to the materials synthesized at proportions DVB:TEVS = 2:1 and
DVB:TEVS = 1:2 (Figure 1d—f).

The DVB:TEVS = 1.2 spheres are characterized by the most developed surface with the
highest degree of roughness. The observed differences in the surface layers of the polymer
spheres depending on the fraction of individual components indicate a clear pore-forming
nature of the inorganic TEVS component and its role in the formation of an extensive
surface on the created materials. The use of a silane coupling agent with a branched
crosslinking nature may be responsible for the assembly of an increased porous network.
The TEVS contains three ethoxy groups that occupy an area close to the Si atoms, thus
limiting the formation of a polymer network in their vicinity and creating a porous system.
In this case, the TEVS monomer is responsible for the observed hierarchical roughness
and surface vinyl terminations [43,44]. The DVB monomer and crosslinker with its simple
unidirectional structure guide the materials into a more monolithic form [45,46].

Depending on the need to create materials for various applications (catalyst supports,
adsorbents), strict control of the number of ingredients of different natures has a significant
impact on the ultimate morphology and allows obtaining more or less heterogeneous and
porous materialstructures.

2.1.2. FTIR/ATR Analysis

FTIR/ATR spectroscopy was applied to assess the advancement in the phase bonding
of the organic-inorganic microspheres. The building of dual systems is associated with the
content of both polymeric as well as silane phases. Therefore, the characteristic vibrations
from divinylbenzene and triethoxyvinylsilane have been observed (Figure 2). The spectra
show bands at 1000-1110 em ™! associated with the asymmetrical stretching vibrations of
5i-O-C groups, which confirm the incorporation of TEVS into the polymeric structure
of the synthesized material. This peak is not observed for divinylbenzene (Figure 51,
Supplementary Material). The TEVS introduction into the polymeric phase has been found
for all studied materials. However, the peak with the highest intensity is observed for the
sample with the highest amount of triethoxyvinylsilane [33]. The existence of stretching
bonds C-H of methyl (-CHj), ethyl (-CH;-CHj3} ~2900 em~!and vinyl groups (-CH=CHj;)
~3080 cm ™! and ~2998 cm ™! and aromatic ring of divinylbenzene ~3020 cm™! are observed.
The peak intensity of aromatic ring for DVB:TEVS materials is associated with the sample
composition. For DVB:TEVS = 1:2 this peak intensity is the lowest. The stretching vibrations
of C=C from vinyl groups are found at 1650 cm . The ring stretches of aromatic ring are
visible at 1600, 1500 and 1450 cm L, respectively. The deformation vibrations of methyl
and ethyl groups are observed in the range of 1470-1350 cm L. Moreover, in the range
of 900-650 cm ! is possible to see deformation bands of C-H groups at benzene ring,
therefore, the presence out of plane ring and I bending vibrations at 695 and 750 emlis
detected. Besides, the out of plane bending and twisted vibrations of vinyl groups at 908
and 991 cm ™1 are observed [36—42].
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Figure 2. FTIR/ATR spectra for DVB:TEVS materials with phase ratios: 2:1, 1:1 and 1:2.
2.1.3. SAXS Investigation

Investigation of new materials requires the detailed analysis of structural aspects
due to their importance in adsorption/desorption or immobilization processes. In this
part, the microstructure of organic-inorganic materials was investigated by small-angle
X-ray scattering. Table 1 includes the investigated materials and selected microstructure
parameters determined from SAXS analysis.
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Table 1. Structural parameters of the investigated organic-inorganic systems.

' Porod Specific Surface
d P
. PDDE® Dimax RglAl (Sphere) Approximation Area
Sample R[A] e (PDEF) ¢ oh SV S ; s
(Al * inierf 8 & i SAXS BET
PDDF Guinier K [A-1) Cp? [A ] [m¥/g] Imzfg]
110(Spherical)
DVB:TEVS = 1:2 45 45(Rod-type 399 125 115 0.798 347 12.1 0.061 610 521
cross-section)
DVB:TEVS = 1:1 35 140 420 112 101 0.649 278 11.8 0.048 480 402
DVB:TEVS = 2:1 30 179 504 110 95 0.511 29.6 133 0.039 390 316

3 The volume-weighted particle size distribution Dv(R) as the maximum value of the function. ® Pair distance distribution function PDDF
as the maximum value of the function. € Maximum dimension Dy,x means also R-value (distance) at which PDDF goes to 0. This parameter
is defined as diameter across the longest dimension of the particles and is zero for r >Dimax. ¢ Radius of gyration as the mean square
distance from the center of their distribution. Ry provides a measure of the overall size of the scattering objects. © R; determined from p(r)

function is proportional to the normalized second moment of p(r) (Equation.(4)) from the whole scattering curve. f The Guinier plot, as
In(I(g)) vs. q2 was used to determine the Ry from the slope of the Guinier plot. # Porod constant is proportional to the surface area and the

square of the electron density contrast. " Scattering invariant Q is proportional to the mean-square density fluctuation of scattering volume.
Q =272 Ap®-V where volume V and scattering contrast Ap. For calculation Q invariant the scattering intensities to q = 0 and also towards
large q should be extrapolated. ' Bacground constant which illustrates asymptotic decay of the SAXS curve at the high q values. § Surface
area by SAXS calculated by Equation (2).

Figure 3a shows logarithmic plots of the experimental scattering intensity I(q) as a
function of the modulus of the scattering vector, q, corresponding to organic-inerganic
samples with different component fractions. The scattering curve is continuous and
contains no pronounced extremes or peaks. The lack of a sharp interference peak on the
SAXS profile suggests the absence of the regular superstructural forms of domains [47].
The experimental scattering curve includes the sum of the scattering of various phases
and their interactions [48,49]. The nature of the scattering curve is similar for all studied
samples. However, some differences in the level of scattering were observed. It was found
that the introduction of the greater amount of TEVS into the polymeric body raises the
intensity of scattering at low-angles.
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Figure 3. Cont.
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Figure 3. Experimental SAXS profiles corresponding to hybrid microspheres with various amounts of organic and inorganic
components (a) Porod plots, and Porod constants determined from experimental patterns (b). The black arrows show the
range of scattering vector suitable for the Porod linear range. The log-log plots of SAXS intensity in the power-law range (c).

The highest level of scattering was observed for DVB:TEVS = 1:2 sample, whereas the
lowest was noticed for DVB:TEVS = 2:1. Due to the presence of scattering objects (polymer
domains) in the materials” body, their size and relative quantity may be responsible for
the scattering capacity and observed differences. Although all tested materials have a
similar type of morphology, polymer domains in the DVB:TEVS = 1:2 sample should be
marked as more visible. The phenomenon can be associated with the enhanced porosity of
material as a result of greater amount of TEVS. In the case of this sample (DVB:TEVS = 1:2),
increased porosity is associated with a higher amount of crosslinking agent and may
cause the presence of additional nanometer forms (pores) able to generate the scattering
effect [50,51]. In this way, a comparison of the level of scattering by hybrid samples can
provide information about the degree of surface homogeneity [52,53].

The scattering properties of organic-inorganic materials can be discussed by Porod
law. In this case, the scattering effect at large q values is applied. According to Porod law,
the scattering curves of particle systems and porous materials with smooth surfaces decay
proportionally to g~ at large angles (I(q) = k3/q° for smeared data). When Porod’s law is
observed for experimental data (like in Figure 3b), it is a good indication of well-defined
interfaces between regions of different electron density. Here, the scattered intensity
is proportional to the reciprocal of suitable power of scattering vector (I(q)~k* for non-
smeared SAXS data and 1(q)~k® for smeared SAXS data). Figure 3b shows the calculated
Porod plots for investigated samples. Porod curves display a plateau and the SAXS data
asymptotically approaches a constant value. The procedure allows evaluating the Porod
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constant k based on the asymptotic decay of the scattering curve at the higher angles. The
amplitude of the asymptote is proportional to the particle’s surface-area-to-volume ratio
and concentration. The most important feature of the Porod law suggests that the Porod
constant is proportional to the surface area and the square of the electron density contrast.
In this case, a simple comparison of the Porod constant allows illustrating the differences in
the specific surface of materials in a way that is much simpler and faster than conventional
methods of testing porosity. Comparing the absolute 5/V values calculated from the Porod
approximation, a clear decrease in the value for the sample containing the majority of
the organic phase is visible. The S/V values equal 0.061 A~1, 0.048 A~1 and 0.039 A~!
for DVB:TEVS = 1:2, DVB:TEVS = 1.1, and DVB:TEVS = 2:1 samples, respectively. This
suggests creating an extended three-dimensional surface of material containing mostly an
inorganic blowing agent and a significant reduction of this surface by increasing the degree
of smoothness using larger amounts of the organic phase. The estimated values of the
interface surface from SAXS data (Sgaxs) are given in Table 1 and are equal to 521, 402 and
311 m?/¢g, respectively. Comparison of the specific surface area determined by using two
different methods (low-temperature nitrogen sorption method: Brunauer-Emmett-Teller
(BET) and SAXS indicates a correlation between both techniques for evaluating structural
characteristics generated by polymer-domains and pores. Slight differences indicate a low
amount of closed porosity of the microspheres.

Small-angle X-ray scattering allows conducting statistical analysis of scatters nanos-
tructures. Figure 4a shows the volume-weighted particle (or pore) size distribution Dv(R)
from the scattering curve of an ensemble of spherical particles (or pores) with homogeneous
inner electron density distribution. Here, the size of the scattering objects can be deter-
mined. In this case, all nanometer objects are very similar (they have similar sizes). The
difference concerns the relative number of these objects, which is reflected in the intensity
of the maxima of Dv(R) curves. For the DVB.TEVS = 1.2 sample (Figure 4a) the size of most
inhomogeneities is estimated to 40 nm, however, a significant amount of these objects is
in the range from 20 nm to 100 nm. The size of scattering objects was significantly lower
for DVB:TEVS = 1:1 and DVB:TEVS = 2:1 samples. Here the Dv(R) function peints to the
significant number of objects with dimensions of 35 nm and 20-30 nm for DVB:TEVS = 1:1
and DVB:TEVS = 21, respectively. Moreover the radius of gyration as the mean square
distance from the center of their distribution provides a measure of the overall size of the
scattering objects. Here, the DVB:TEVS = 1:2 sample exhibit some cylinder geometry as
cross-sectional dimension of the objects in comparison to typical spherical scatters. For
DVB:.TEVS = 1.1 and DVB:TEVS = 2:1 samples the fit of the PDDF function (pair distance
distribution function) was satisfactory only for spherical systems (additional calculations
were performed but not presented here). The roughness of the surface was evaluated by
investigation of the Porod exponent (Figure 4c). The slope of a log-log plot of intensity
vs., q vector shows the fractal dimension of the scattering object. At high q values, the
q~? function illustrates the smooth interfaces. The log-log plots of investigated samples
shows the linear range of Porod range. The Porod exponent for scattering from materials
is between 2 and 3 for a surface fractal in three-dimensional space. The obtained results
suggest the smooth surface for DVB:TEVS = 2:1 microspheres.
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Figure 4. Particle Size Distribution by volume analysis Dv(R) for investigation systems: DVB.TEVS = 1:2 (a), DVB:TEVS =
1:1 (¢} and DVB:TEVS = 2:1 (e). The insets of plots correspond to fit curves extrapolated for experimental SAXS data (b,d,f).

2.1.4. Nitrogen Low-Temperature Sorption Analysis

The porosity characteristics of polymeric-inorganic microspheres were determined
on the basis of low-temperature nitrogen adsorption-desorption measurements. In
Figures 5 and 6 the isotherms and pore size distributions are presented for all studied
DVB-TEVS materials. The structure parameters are presented in Table 2. The differences
in the isotherm course and nitrogen uptake reflect an essential variation of the porous
structure. The shape of adsorption isotherms indicates a small content of micropores and
significant content of mesopores. The difference between the adsorption and desorption is
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observed for all samples as elongated hysteresis loop of H1 type. The decrease of nitrogen
adsorption, specific surface area and pore total volume is well correlated with DVB:TEVS
ratio, more TEVS content the higher structure parameters. The highest specific surface
areas (Sggr) are for DVB:TEVS = 1:2, the medium for DVB:TEVS = 1:1 and the lowest for
DVB:TEVS = 2:1 with values: 521, 402, 316 m2/ g, respectively. It is evident that the addi-
tion of crosslinking agent TEVS develops porous structure of organic-inorganic materials.
The increase of pore size as the average value with increase of DVB content is observed,
however, the differences are not significant. The pore size distribution functions for all
studied materials show similar tendencies as those obtained from SAXS data. Generally,
the determined values are in good agreement with data from SEM microscopy and SAXS

analysis.
Table 2. The values of parameters characterizing the porous structure of DVB-TEVS.
Surface Area (Sgg1) Pore Volume Pore Size
Sample [m3/g] [em3/g] [nm]
SpETTotal Smc ® Votal © Vi ¢ Dy © BJHaps f
DVBTEVS5 =1:2 521 - 0.84 - 6.4 48
DVBTEVS5=1:1 402 25 0.74 - 74 5.1
DVB:TEVS = 2:1 316 27 0.34 0.01 6.8 5.8

2 Sger, the BET specific surface area; b Swmic, the micropore surface area; © Vy, the total pore volume; d Ve, the micropore volume; € Dy,
the average hydraulic pore diameter (4V/A); { BJHapg, average BJH adsorption pore diameter.
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Figure 5. The nitrogen adsorption-desorption isotherms for DVB-TEVS materials (a), pore size distributions by the Barrett—
Joyner-Halenda (BJH) with Halsey-Faas correction for desorption (b) and adsorption data (c).
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2.2. Adsorption Studies

In order to investigate the adsorption effectiveness of the synthesized microspheres
the kinetic profiles for nitrobenzene (NB), 4-nitrophenol (4-NP) and phenol (P) adsorption
from aqueous solutions were measured. In Figure 7, Figure 8 and Figure 52 (Supplementary
Material) the concentration and adsorption profiles on DVB:TEVS = 2:1, DVB.TEVS = 1:2
and DVB:TEVS = 1:1 materials are compared.
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Figure 7. Adsorption kinetics for NB, P and 4-NP on DVB:TEVS = 2:1 (a,b), DVB:TEVS = 1:2 (c,d) and DVB:TEVS:1:1 (e,f)
microspheres presented as changes in concentration over time and changes in adsorption over time.
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Figure 8. Adsorption kinetics for NB (a), P (b) and 4-NP (¢} on DVB:.TEVS = 2:1, DVB:TEVS = 1:2 and DVB:TEVS = 1:1
materials presented as changes in adsorption over time.

Let us first discuss the differentiation of adsorbate affinity to a given material. Based
on the analysis of kinetic data presented in Figure 7, one can find that for all tested materials
the strongest decrease of adsorbate concentration is observed for nitrobenzene, and the
lowest for phenol. This effect can be explained based on the differences in solute solubility,
whereby compounds with a lower solubility in water generally have a greater affinity to
the hydrophebic surface of the adsorbent [33]. Next one can discuss the differentiation
of the adsorption properties of all DVB-TEVS materials towards various solutes. Basing
on the analysis of data presented in Figure 8 and Figure 52, we can find the differences
in the amount and rate of concentration loss from the solution of nitrobenzene, phenol
and 4-nitrophenol. In the case of nitrobenzene adsorption (Figure 8a and Figure 52a),
the greatest adsorbate losses from the solution are noted for the experimental system
with the most hydrophobic DVB:TEVS = 2:1, slightly smaller for the least hydrophobic
DVB:TEVS = 1.2, and the smallest for DVB:TEVS = 1:1 with intermediate properties. In
the case of 4-nitrophenol and phenol adsorption the greatest adsorbate losses are observed
for DVB:TEVS = 1:1. Comparing the adsorption effectiveness of the obtained materials
towards different adsorbates one can find a relatively large degree of similarity between
the DVB:TEVS = 2:1 and DVB:TEVS = 1:2, however, DVB:TEVS = 1:1 shows quite different
properties. Such a differentiated behaviour may be explained taking into account not only
the hydrophobic/hydrophilic properties, but also the structural adsorbent characteristics
and polymer swelling which can be responsible for penetration of adsorbate molecules
into the material structure. As it will be discussed later basedon the thermal analysis data,
the interactions of solute molecules with DVB-TEVS microspheres have physical character.
Thus, the measured kinetic profiles reveal the global effect of all these factors.
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The obtained experimental data were analysed using many equations and adsorption
kinetics models. The relative standard deviations obtained in fitting procedure are listed
in Table 3. It was observed that the best quality of fitting to the kinetic data was obtained
for a multi-exponential equation, which parameters are summarized in Table 6. As can
be seen, adsorption in the investigated experimental systems is a complex process, which
kinetics can be described by two or three terms of the m-exp equation. The fitting quality is
very good, which is confirmed by low values of relative standard deviations SD(c)/c; in the
range from 0.205% to 0.805% and low values of determination factors 1-R? in the range from
42 x 10~* to 5.4 x 1072, Additionally, the ligg parameter values confirm the differences
in the adsorption values. Moreover, for all tested systemns, the half time t7,» values are
determined, which are defined as the time needed to obtain a half of the concentration
change. The obtained half-time values confirm the differences in the adsorption rates of NB,
P and 4-NP. Additionally, based on the analysis of the data presented in Figure 7, Figure 8
and Figure 52, and in Table 4 it may be found that the highest adsorption kinetics for all
tested adsorbates was recorded in the system with the DVB:TEVS = 1:1.

Summing up the discussion on DVB-TEVS adsorption effectiveness one can find
that the synthesized materials show remarkable selectivity towards various adsorbates.
Depending on the synthesis procedure it is possible to obtain the materials which are
characterized by divergent uptakes and kinetic characteristics.

Table 3. Relative standard deviations SD(¢)/co (%) for m-exp, FOE, SOE, MOE, {-FOE, {-SOE, F-MOE, McKay pore diffusion
(PDM) and IDM model (Crank).

System m-exp FOE SOE MOE f-FOE f-SOE £-MOE IDM PDM

(%) (%) (%) (%) (%) (%) (%) (%o) (%)
NB/DVB.TEVS = 2:1 0.544 3.200 0,703 0.935 1.281 0.635 0.651 5.81 24.78
NB/DVBE:TEVS = 1:2 0.469 2.480 0.695 0.699 1.310 0.498 0.501 7.21 25.92
NB/DVB:TEVS = 1:1 0.205 1.227 0.995 0.999 0473 0.581 0.395 15.36 24.75
P/DVB:TEVS =21 0.805 0.802 0.818 0.794 0.685 0.680 0.684 10.36 23.89
P/DVB.TEVS =1:2 0.704 0.776 0.782 0.772 0.763 0.750 0.711 9.06 22.56
P/DVB:TEVS = 1:1 0.506 1.455 1.450 1.459 1.330 1.351 1.351 6.87 18.96
4NP/DVB.TEVS = 2:1 0.397 1.277 0.791 0.796 0.407 0.427 0.408 8.78 29.56
4-NP/ DVB:TEVS = 1:2 0.572 0.801 0.704 0.708 0.750 0.704 0.709 9.64 28.25

+NP/DVB:TEVS = 1:1

0.669 3.519 4.949 1.889 1.737 0.999 9.694 13.53 21.64

Table 4. Optimized parameters of m-exp equation.

System fi.log kg fa log ks falogks Ueq (;];“:'1 ) (%) 1-R?
NB/DVB:TEVS = 2:1 0.095,0.116 0.627,—1.90 0.278,—2.81 0.805 73.1 0.544 52.107*
NB/DVB:TEVS = 1:2 0.080,—0967  0.715,—1.968 0.205,—2.851 0.788 75.9 0.469 9.6.10*
NB/DVB:TEVS = 1:1 0.056,0.187 0.686,—1.809 0.258,—2.451 0.553 55.9 0.205 42.10-*

P/DVB:TEVS = 2:1 0.005,—0.788 0.995,—4.881 - 0.148 52334.6 0.805 541072
P/DVB:TEVS=1:2 0.018,—-0.889 0.952,—4.939 - 0.134 52334.6 0.704 511072
P/DVB:TEVS=1:1 0.056,—1.452 0.006,—0.816 0.938,—4.570 0,168 465638.7 0.506 1.6-1072
4-NP/DVB:TEVS =2:1 0.124,-1.332  0.368,—-2.518 0.508,—3.380 0.256 483.9 0.397 2.3.1073
4-NP/DVB:TEVS =1:2 0.130,1.063 0.450,—2.839 0.370,—4.040 0.180 803.6 0.572 1.4.1072
4-NP/DVB.TEVS = 1:1 0.049,—-0,071 0.598,—1.607 0.353,—2.972 0499 51.8 0.669 241073

2.3. Thermal Analysis

Thermal analysis is a very useful technique for the characterization of materials, which
may be also helpful in investigations of adsorbate-adsorbent interactions. The thermal
properties of pure polymer-silane hybrids and the materials loaded with organic adsorbates
were investigated using TG, DTG and DSC techniques. In Figure 9, the TG, DTG and DSC
curves measured for the synthesized DVB-TEVS materials are presented. One can state that
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(a)

they show similar thermal behaviour with several stages of the thermal degradation. The
data obtained from TG/DTG/DSC curves are summarized in Table 5. The thermal analysis
proved that up to 170 °C the materials are highly thermally stable. The exothermic peaks
visible on DSC curve starting at 170 °C may be associated with the additional crosslinking
Pprocesses related to the presence of tetrafunctional DVB monomer. The main step related
to thermal destruction of crosslinked microspheres follows at temperatures 330-550 °C
with the maximum at about 450 °C. In this stage an 84-85% decrease in the weight of
studied materials is observed. In the 550-950 °C temperature range the weight loss is
below 3%. The total mass loss is similar for all DVB-TEVS materials and it is about 87%.
These results confirm that the materials are thermally stable up to at least 330 °C and the
main destruction process occurs at about 450 °C, therefore, the synthesized materials may
be applied in relatively wide temperature ranges. These observations were confirmed
with the data of identification of thermal destruction products by mass spectrometry
(MS) analysis. The MS profiles for DVB:TEVS = 1:1 are shown in Figures 10 and 11. The
MS analysis confirms that the initial decomposition of these materials happens below
200 °C, and the major material destruction process is above 330 °C. Moreover, the MS
data indicate that the thermal behaviour of DVB-TEVS materials is strictly connected
with the presence of the 1,4-divinylbenzene matrix. The course of TG, DTG and DSC
curves as well as MS spectra for the DVB:TEVS materials (Figures 9 and 10) and pure
DVB (presented in Figures 53-55, (Supplementary Material)) are similar. Many signals
from the defragmentation of the aromatic structure of divinylbenzene are visible: water
(m/z = 18), vinyl group (m/z = 27), ethyl group (m/z = 29), benzene (m/z = 78), phenyl
group (m/z = 77), benzyl group (m/z = 91). In addition, the gaseous MS profiles of thermal
degradation of the studied materials confirm the presence of triethoxyvinylsilane coupling
agent (Figure 86 for DVB:TEVS = 1:1, Supplementary Material) (/z = 189) and absence of
TEVS in pure polymer.
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Figure 9. TG, DTG (a) and DSC (b) curves for DVB-TEVS materials measured in helium conditions.
Table 5. TG, DTG and DSC data obtained in helium atmosphere for DVB-TEVS materials.
TG [%] DTG DSC
Sample mDT m m m
055 loss loss o o
(170-330°C)  330-550°C  550-950°C TOTAL Tal'cl  Talcl AHq [J/g]
DVB.TEVS =12 1.39 83.99 1.47 86.85 453 453 150.8
DVB.TEVS = 1:1 0.92 83.87 1.89 86.68 450 453 145.7
DVBTEVS =21 0.36 85.06 213 87.55 453 453 147.4
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Figure 11. MS spectra of DVB:TEVS = 1:1 decomposition at 450 °C.

Taking into consideration the TG, DTG and DSC curves obtained for the materials
loaded with organic solutes (Figure 12, Figure 13, Figure 14 and Table 6} one can find
small differences for various adsorbates. In the range of 170-330 °C the weight losses
for all materials with adsorbed organic solutes are higher than in the case of pure DVB-
TEVS materials (0.4-1.4%) suggesting relatively weak adsorbent-adsorbate interactions of
physical nature. However, for 4-NT and P the weight loss is higher (2.6—4%) in comparison
to the NB (0.7-1.3%)-containing sample.
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Figure 12. TG, DTG (a) and DSC (b) curves for DVB-TEVS materials measured in helium conditions after adsorption of P.
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Figure 13. TG, DTG (a) and DSC (b) curves for DVB-TEVS materials measured in helium conditions after adsorption of
4-NP.
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Figure 14. TG, DTG (a) and DSC (b) curves for DVB-TEVS materials measured in helium conditions after adsorption of NB.

Table 6. TG, DTG and DSC data obtained in helium atmosphere for DVB-TEVS materials with loaded P, 4-NP and NB.

TG [%] DTG DSC
Sample mipTt Mygss Mygss Mpss o o
(170-330°C)  330-550°C  550-950°C  TOTAL  1a['¢l  Tal'cl  AHa[)/gl
P_DVB.TEVS = 1.2 261 75.69 311 8141 450 452 164.8
P_DVB:TEVS = 1:1 341 75.86 3.60 82.87 450 152 167.1
P_DVB:TEVS = 2:1 3.98 76.76 273 83.47 450 452 1982
NP_DVB:TEVS = 122 3.70 72.62 8.50 84.82 440 1449 191.1
NP_DVB:TEVS = 1:1 319 7251 6.02 8172 449 449 1345
NP_DVB:TEVS = 2:1 3.25 7253 596 81.74 449 449 135.8
NB_DVB:TEVS = 12 1.24 80.20 297 8441 450 450 170.2
NB_DVB:TEVS = 1:1 0.67 §3.25 267 86.59 449 450 1995
NB_DVB:TEVS = 2:1 129 81.61 2.90 85.80 448 450 186.9

The TG, DTG and DSC results were completed by mass spectrometry analysis. The
3D MS profiles and MS spectra for DVB:TEVS = 1:1 with adsorbed organic substances
are presented in Figures 15 and 16. The gaseous MS profiles of DVB-TEVS materials af-

84



Muolecules 2021, 26, 239

18 of 26

ter adsorption (Figure 17) revealed that in the case of 4-NF certain amounts of nitrogen
compounds released above 170 °C are found: nitrogen exide (n/z = 30), nitrogen dioxide
(m/z = 46) and also small amounts of nitrophenol (m/z = 139) and nitrobenzene (m/z = 123).
These products of thermal decomposition confirm the adsorption 4-NP and explain the
higher mass losses in the range of 170-330 °C. In the case of NB adsorption larger amounts
of nitrogen compounds evaporate up to 100 °C (the MS signals recorded at low tempera-
tures), thus, it explains lower mass losses in the range 170-330 °C in comparison to 4-NP.
The main step of the destruction of microspherical structures with residues of adsorbates
occurs runs at a maximum of 450 °C.
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Figure 16. MS profiles registered during decomposition of DVB:TEVS = 1:1 after adsorption of P (a), 4-NP (b) and NB (c).
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Figure 17. MS gaseous profiles registered during decomposition of DVB:TEVS = 1:1 after adsorption of 4-NP im/z = 30 and
46 (a) and m/z = 139 and 123 (b) and of NB m/z = 30, 46 and 123 (c).

3. Experimental and Calculation Procedures
3.1. Chemicals

Triethoxyvinylsilane (TEVS), decan-1-ol and poly(vinyl alcohol) (PVA) were purchased
in Fluka AG (Buchs, Switzerland). «,a’-Azoiso-bis-butyronitrile (AIBN) and DVB (62.2%
of 1,4-divinylbenzene, 0.2% of 1,2-divinylbenzene and ethylvinylbenzene) were obtained
from Merck (Darmstadt, Germany). Prior to use DVB and TEVS were washed with 3%
aqueous sodium hydroxide solution. Acetone and toluene have been obtained from
Avantor Performance Materials Poland S.A. (Gliwice, Poland). The organic substances
used in kinetic experiment: phenol and 4-nitrophenol were bought from Merck and the
nitrobenzene from Avantor Performance Materials Poland S.A.

The structures of TEVS and DVB, as well as the model of the hybrid chain are shown

in Figure 18. The properties of organic compounds used as the adsorbates in the kinetic
studies are presented in Table 7.
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Figure 18. The chemical structure of inorganic (a) and organic (b) components of hybrid materials as

well as the schematic structure of the copolymer (c).

Table 7. The physicochemical properties of used adsorbates.

. Molecular Water Solubility - . .
Adsorbate ?;:::3;] Weight [g/100 mL at CcI:;I;t:;ttl:];(a P?iftl F:(g:] Pgioli'l]:’%:] Chemical Safety
[g/mol] 20°C]
OH
Corrosive
Phenol (P} 94111 831 9991 4051 181.71 Acute toxic
Health hazard !
o o
"‘.\\N+/
Nitrobenzene 1 1 _ 1 1 Acute toxic
pe 123.11 0.19 57 210.9 Health hazard !
OH
4-Nitrophenol 11 1 1 ! 1 Trritant
{4-NP) 139.11 le 715 113 279 Health hazard !
N+
—~NN
0 ~

1 http:;:,f/pubrh(!.m.nrbi.nlm.nih.gov (accessed on 01 February 2021).

3.2, Materials Synthesis

Copolymerization of 1,4-divinylbenzene with triethoxyvinylsilane was performed in
the aqueous medium by using a suspension polymerization method. In synthesis vessel
75 mL of redistilled water and 1 g of poly(vinyl alcohol) were placed and stirred for 1 h at

80 °C in a three-necked flask fitted with a mechanical stirrer, thermometer and air cooler.

Then, the solutions containing DVB and a corresponding amount of TEVS, the initiator
AIBN (1 wt%) and the mixture of pore-forming diluents (toluene and 1-decanol, taken in
1/1 (v/v) proportions) were added while stirring to the aqueous medium. The mixture was
stirred at 350 rpm for 12 h at 85 °C. The obtained microspheres were washed with distilled

water (2 L), filtered, dried and extracted in a Soxhlet apparatus with boiling acetone for 3 h.

The amounts of individual components in reaction mixtures are presented in Table 8.
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Table 8. Compositions of reaction mixtures in organic-inorganic materials synthesis.

Monomers Pore-Forming Diluents
Sample
DVB-TEVS Molar Ratios Toluene and Decano-1-ol Volumes [cm®]
DVB:TEVS = 1:2 1 2 5 5
DVB:TEVS = 1:1 1 1 5 5
DVB.TEVS =2:1 1 0.5 5 5

3.3, Investigation Methods
3.3.1. Scanning Electron Microscopy (SEM)

The surface morphology of the samples was studied by the field emission Scanning
Electron Microscopy (SEM) employing a Quanta™ 3D FEG (FEI Company, Hillsboro, OR,
USA) apparatus operating at 5 kV. A high vacuum (4 x 10* Pa) mode was applied for
imaging the investigated samples. Prior to measurement, the samples were mounted on
aluminum stubs and sputtered with gold.

3.3.2. Nitrogen Adsorpl‘ion—Desorption Measurements

The porosity of the materials was examined applying low-temperature nitrogen
adsorption-desorption isotherms at 77 K. The values of the parameters characterizing
the properties of analyzed samples were obtained: the BET specific surface area (Spgr)
{assessed from the linear BET plot of adsorption data), the total pore volume (Vy) {(from the
adsorption value at the relative pressure p/p,~0.99), the micropore volume (Vi) {(from the
t-plot}, and the pore size distributions (PSD) followed by the Barrett, Joyner, and Halenda
(BJH) procedure and the Non-Local Density Functional Theory (NLDFT) approach (ASAP
2020 analyzer, Micromeritics, USA Before the measurement, volatile materials adsorbed on
the surface were driven by thermal degassing. In this procedure, the precisely weighed
amount of the samples (~0.15 g) were outgassed at 120 °C and pressure of 1 mmHg for
24 hin a degas port of analyser.

3.3.3. Small-Angle X-ray Scattering (SAXS)

Small X-ray scattering (SAXS) experiments were carried out by the Empyrean X-ray
diffraction platforms (PANalytical), in transmission geometry CuKo radiation with a wave-
length (A) of 1.5418 A was used at 40 kV and 40 mA configuration at room temperature. The
X-ray source consisted of an anode Cu source with a line focus type. SAXS measurements
were performed using a 10 mm fixed mask, Cu 0.2 mm beam attenuator and PIXcel3D
area detector. SAXS is an analytical technique that measures the X-ray intensities scattered
by a sample as a function of the scattering angle (scattering vector q). Scattering vector q
is given by q = 4nsin(8/2) /A, where XA is the wavelength of the X-ray beam and 8 is the
scattering angle. Measurements were made at a small angle in the range of 0.2 to 4.0deg
of 20.

The Porod approximation was applied to SAXS data processing to assess the interface
between the matrix and the distracting objects (pores). Porod constant (k) can be applied
for determination of the specific surface area of the two-phase system using X-ray scattering
at small-angle:

A% Qb
where p and (1-p) are the volumes of two phases, k;, is the Porod’s constant, and Qy, is
the Porod’s invariant which is proportional to the mean-square density fluctuation of the
whole scattering volume. If 5/V is calculated by Dy(R) or Porod algorithm, the specitic
surface area from SAXS (Sgaxs) can be calculated according to the equation:

2} 10000-§[4 | o
=1 2

s

S'AX'[_
545 | 2
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where 5/V is the surface divided by volume ratio calculated from the distribution curve
and d is the mass density [54,55].

3.3.4. Fourier Transformed Infrared / Attenuated Total Reflection Analysis (FTIR/ATR)

Fourier Transformed Infrared connected with Attenuated Total Reflection (FTIR/ATR)
analysis was conducted by using IR spectrometer TENSOR 27 (Brucker, Germany) equipped
with the diamond crystal. The spectra were recorded in the spectral range of 4004000 cm— L,

3.3.5. Thermal Analysis

Thermal analysis was carried out on a TG/DTA/DSC apparatus (STA 449 Jupiter F1,
Netzsch, Selb, Germany). Samples of mass 20 mg placed in alumina crucibles and heated
from 30 to 1200 °C under helium atmosphere with flow rate 50 mL-min~! and heating
rate 10 °C-min~1. The gascous products emitted during decomposition of materials after
adsorption were analysed by Quadrupole Mass Spectroscopy (QMS 403C Aedlos, Selb,
Germany). The QMS data in the range from 10 to 300 amu were recorded.

3.3.6. Adsorption Studies

Kinetic measurements were conducted using a UV-Vis spectrophotometer Cary 100
(Varian, Australia} with a flow working cell for periodic measurements of a solution
concentration in a closed system. In all cases, 100 mg of sample was placed in a quartz
vessel connected with a stirrer (110 rpm) and thermostatic system (25 °C) and filled with
100 mL solutes. Each of the samples was treated with three aqueous solutions of organic
compounds: phenol, 4-nitrophenol, and nitrobenzene. The initial concentration of solutions
in all cases was equal to 0.205 mmol/L. At definite time intervals, the solution samples
were gathered in a flow cell, and absorption spectra were measured, and the solution was
turned back to the reaction vessel. The absorbance spectrum was recorded for wavelength
ranges from 200 to 450 nm. The concentration in the function of time profiles for the
experimental systems was calculated from the recorded spectra,

The kinetic curves were analysed using several equations: first-order equation (FOE),
the second-order equation (SOE) and pseudo first and second-order equations (PFOE
and PSOE), the so-called mixed 1,2-order equation (MOE), the fractal-like MOE equation
(f-MOE), the fractal-like first-order equation (f-FOE) and the fractal-like second-order
equation (f-50E), the so-called multiexponential equation (m-exp), the intraparticle diffu-
sion model (TDM), and the pore diffusion model (PDM). The basic and pseudo first-order
equations (FOE and PFOE can be expressed by a linear relationships (3) or (4):

In(ae; —a) = n(ag —ag) — ky 3)

where a is the temporary adsorbed amount, 4, is the initial amount, 4, is the equilibrium
adsorbed amount, k; is the adsorption rate coefficient.

In(ceg — ¢) = In(ceg — o) — Ky 4

where c is the temporary adsorbate concentration, c, is the initial concentration, ¢, is the
equilibrium concentration, k; is the same as in Equation (3).
The second-order and pseudo second order equations (SOE and PSOE) can be noted as:

a = aeglkat/ (1 + kat)] (3)
The linear forms of SOE and PSOE equations are:
t/ﬂ:(lfﬂcq)(l/k2+f) (6)

a=ae— (1/k2)(a/t) )

where ky = kygeq and ky, are the rate coefficients for pseudo-second order kinetics.
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The generalization of the first and second order kinetics is the 1,2-mixed-order kinetic
equation (MOE) which is the combination of the first and second order units and can be
expressed as a relative adsorption progress in time (F):

1—exp(—kit)
= frexp(—Fit)

1-F
In (W) = —kjt ©)

where f; <1 is the normalized share of the second order process in the kinetics. In some
cases, the MOE equation is reduced to the simple kinetic equations of the first (f, = 0) and
the second order (f2 = 1) type. Non-ideality effects can be considered using fractal-like
equations (f-FOE, f-50OE and f-MOE) in which fractal coefficient f is used.

The multi-exponential equation (m-exp) is applied to describe numerous first-order
processes or the follow up processes and has the following forms:

F=a/aq= (8

€= (CO - Cﬂ"f‘) Z:;q f,-exp(—k,f) =+ Ceg (10)

¢ =Co— Colleg 3 1, fill — exp(—kit)] (11)

where k; is the rate coefficient, us; =1 — ¢/ is the relative loss of adsorbate from the
solution, and “i” is the term of m-exp equation.

The Intraparticle Diffusion Model (IDM, Crank) characterizes the adsorption processes
on the spherical adsorbent grains. When the concentration of adsorbate is constant the
equation can be expressed as:

6 &= 1 —m2n?.Dyt
F*l—?zzlﬁexp(T> (12)
=

where r is the radius of adsorbent particle, D, is the effective diffusion coefficient and is
given in equation:

p___ D

Tp- (L4 p-Kpeep)

where D is the molecular diffusion coefficient, T, is the dimensionless pore tortuosity factor,

p is the particle density, ¢, is the particle porosity and Kg is the Henry adsorption constant.

The Pore Diffusion Model (PDM, McKay) describe adsorption on porous solids which

combines the transfer resistance of adsorbate particles through the surface layer, the

proportional penetration of the adsorbate into the adsorbent grains, the sharp boundary

between the space in which the equilibrium state is determined and the space without the
adsorbate, and can be expressed by the mathematic formula:

(13)

1
dF _ 3(1-uyT)-(1-T)}
dts 1—B-(1—F)3

(14)

where u,; is the relative adsorbate loss, the parameter B=1 —1/B; and B; = K}r/ D, is the
Biot number, Dy, is the pore diffusion coefficient, Ky is the external mass transfer coefficient,
T, is the undersized model time [32,56,57].

4. Conclusions

Divinylbenzene-co-triethoxyvinysilane microspheres were synthesized at different
component molar ratios (DVB:TEVS = 1:2, DVB:TEVS = 1:1 and DVB:TEVS = 2:1). The
obtained materials were characterized by differentiated morphology and porosity. The
DVB:TEVS = 1.2 microspheres showed many deviations from the ideal spherical form, while
the DVB:TEVS = 2:1 microspheres were characterized by the most regular shape, uniform
and smooth surface. FTIR/ATR spectroscopy confirmed the incorporation of TEVS into
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the polymeric structure of the synthesized materials. The SAXS and nitrogen adsorption-
desorption techniques produced similar results regarding the structural characteristics of
the copolymers. The specific surface areas determined by both methods were similar with
slight differences indicating a low amount of closed porosity. The correlation between the
structure parameters (specific surface area and pore total volume) and DVB:TEVS ratio
was found.

The adsorption properties of the synthesized microspheres towards nitrobenzene,
4-nitrophenol and phenol were studied by kinetic measurements. Generally, the differ-
ences in the amount and rate of concentration loss from the solutions of all solutes were
observed. For all tested materials the strongest decrease of adsorbate concentration was
found for nitrobenzene, and the lowest for phenol which was connected with adsorbate
solubility /hydrophobicity. For nitrobenzene adsorption the greatest adsorbate losses from
the solution were observed in the case of the most hydrophobic DVB:TEVS = 2.1, however,
for 4-nitrophenol and phenol adsorption the greatest adsorbate losses were found for
DVB:.TEVS = 1:1. The adsorption effectiveness of DVB.TEVS = 2:1 and DVB:TEVS = 1:2
materials towards different adsorbates was similar, however, DVB.TEVS = 1:1 showed
quite different properties. The measured kinetic profiles revealed the global effect of several
factors: the hydrophobic/hydrophilic properties, the structural adsorbent characteristics,
the polymer swelling, the adsorbent-adsorbate interactions.

The thermal analysis proved that the synthesized DVB-TEVS materials were thermally
stable up to at least 330 °C, thus, they may be applied in relatively wide temperature
ranges. The weight losses for all materials with adsorbed organic solutes were higher in
comparison to pure DVB-TEVS materials suggesting relatively weak adsorbent-adsorbate
interactions of physical nature. The M3 gaseous profiles revealed certain amounts of
nitrogen compounds confirming adsorption of 4-nitrophencl and nitrobenzene.

The synthesized polymeric materials showed remarkable selectivity towards various
organic adsorbates confirmed by divergent uptakes and kinetic characteristics. They seem
to be promising materials for adsorption and separation techniques.

Supplementary Materials: The following are available online. Figure S1: FTIR/ATR spectra of DVB,
Figure 52: Adsorption kinetics for NB (a), P (b) and 4-NP (c) on DVB:TEVS = 2:1, DVB.TEVS = 1:2
and DVB:TEVS = 1:1 presented as changes in concentration over time, Figure 53: TG/DTG/DSC
curves of DVB, Figure 54: 3D MS profile of thermal decomposition of DVB, Figure 55: M5 spectra of
thermal degradation of DVB at 450 °C and Figure 56: MS profiles of gaseous products of thermal
degradation of DVB.TEVS = 1:1 and DVB (m/z = 189).
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1. Introduction

Activated carbons (ACs) are a gocd deal of research due to their
unique physicochemical preperties. ACs are non-hazardous materials
with a well-developed porous structure and usually with a significant
share of microspores [1-4]. AC surface consists of three major sections:
carbon basal planes (above 90% of the surface composition}, heteroge-
neous sites (oxygen-containing groups mostly situated at the edges of
basal graphite planes), and inorganic ash [5,6]. The rich surface of
activated carbons in combination with thermal, chemical, and me-
chanical resistance makes these materials excellent adsorbents for water
or wastewater purification, especially from organic compounds that are
hard to decompose in water [7-11]. Despite these valuable features of
activated carbons, surface functionalization is often a desirable opera-
tion as it may improve the sorption uptake of ACs and makes the
adsorbent more selective [12,13].

The surface chemisury of activated carbons can be modified by
various methods: the action of plasma, microwaves, or treatment in acid.
Oxidation is a procedure by which hydroxyl, carbonyl, carboxyl,
phenclic, lactone, ketone, or other oxygen functional groups can be
embedded on the carbon surface. This process can be performed in a
gaseous or liquid medium {(dry - stream activated by ozone, carbon di-
oxide, or oxygen plasma or wet oxidation - using oxidizers: hydrogen
perexide, nitric acid, sulfur acid, or manganate potassium [12,14-16].
Likewise, surface modification can be performed by thermal treatment
procedures that remove surface functional groups and also improve the
thermal propetties of a given material. The action of differentiated
temperatures onto the surface abundant in oxygen species improve se-
lective adsorption of hazardous substances from water or wastewater
because of the distinction in quality and quantity of surface functional
groups. Directly, their nature influences the type of interactions occur-
ring between adsorbate and adsorbent phases. The acidic {or basic)
active centers present cn the carbon surface affect the charge, hydre-
phobicity, or electric density of graphene layers. The sorption capacity
of activated carbons is also related to the adsorbate characteristics: its
molecular weight, ionization strength (pKa), substituent type, or solu-
bility (hydrophebicity) [1,7,17]. An important factor influencing the
sorption efficiency is also solvent [18,19], thereflore, different sorption
mechanisms can be proposed: dispersion, donor-acceptor, hydrogen
bonding to explain the adsorbent-adsorbate interactions, but this field is
still not fully understood because of many factors that may affect the
sorption capacity [20,21].

In this paper, the granular activated carbon (GAGC1240W) was sub-
jected Lo chemical (in concentrated nitric acid) and thermal (at various
temperatures) modifications to diversify the chemical character of its
surface. The obtained adsorbents were investigated using the following
analytical techniques: low-temperature sorption, suspension potentio-
metrie titration (SPT), X-ray photoelectron spectroscopy (XPS), thermal
analysis(TA) combined with quadrupole mass spectrometry {QMS). The
main aim of this work was to examine the influence of type and con-
centration of surface groups of activated carbons on the sorpticn
mechanism towards selected aromatic organic solutes with the differ-
entiated physicochemical characteristics: phenol (P), 4-nitrophenol {4-
NP), and nitrobenzene (NB).

2. Experimental
2.1. Chemicals

Granulated activated carbon GAC1240W NoritN.V. Gompany (Kla-
zienaveen, Drenthe, the Netherlands)(AC) was purchased from Sigma-
Aldrich (Oakville, Ontario, Canada, USA). The AC producers and sup-
pliers’description is in Table $1 {Supplementary material). Niteic acid
(concentrated, 65%) used for GAC surface functionalization was bought
from Avantor Performance Materials Poland S.A (Gliwice, Poland).
Substances far the adsorption and equilibrium studies: phenol (P) and 4-
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nitrophenol (4-NF) were delivered by Merck (Darmstadt, Germany) and
nitrobenzene (NB) by Avantor Performance Materials Poland 8.A (Gli-
wice, Poland). Aqueous solutions for adsorption studies were prepared
with the usage of deionized water. The physicochemical properties of
aromatic compounds used as adsorbents are presented in Table S2
(Supplementary material} [22].

2.2, Materiol preparation

Initially, the AC material was washed with deionized water, sieved,
and dried at room temperature, The dried AC was subjected 1o chemical
treatment by 65% nitric acid at 80 °C over 3 h in the system equipped
with a reflux condenser and magnetic stirrer according to the procedure
proposed by Swiatkowski at all [20]. The oxidized AC (AC-OX) was
transferred to the Biichner funnel and washed with at least 5 L of
deionized water and dried at room temperature. The dried AC-OX was
divided into portions, placed into the tube flow furnace, and heated at
180, 280, 380, 480, 640, and 800 °C for 3 h with a 5 °C/min heating rate
and under nitrogen as protection against the material combustion.

2.3. Methods

2.3.1. Small-angle X-ray scattering (SAXS)

SAXS analysis was carried out by an Empyrean diffractometer
(PANalytical) with CuKa radiation using the SAXS/WAXS stage and
capillary mode. The SAXS configuration includes a range of 0.13-4.0
degrees of 26. The device was powered by a high-voltage X-ray gener-
ator and generator settings of 40 kV and 40 mA. The single-scan mode
and reflection geometry were applicd during SAXS measurements. The
incident beam path consisted of a line focus type, W/Si, graded X-ray
mirror with an elliptical shape. The primary beam was measured usinga
beam attenuator Cu 0.2 mm. The measurements were carried out using a
PIXcellD detector receiving slit with an active length of 0,05 mam. The
relevant parameter of SAXS analysis was the momentum transfer or
scaltering veclor q defined as q = 4zsin0/2, where 20 is the scattering
angle, X is the X-ray wavelength (1.5418 &). The corresponding range of
q values was 0.0095-0.28 A™". Background scattering was performed by
air scattering measure with an empty sample holder. The measurement
time was 2300 s for each carbon sample. Dv(R) calculations were per-
formed using the indirect Fourier transformation technique applied in
EasySAXS software. In this case, Tikhonov's regularization algorithm
was applied [23].

2.3.2. Scanning electron microscopy (SEM)

Morpholegical/textural propertics of samples were cxamined using
Scanning Electron Microscopy (SEM) equipped with Quanta TM 3D FEG
(FEI Company, Hillshoro, OR, USA) apparatus operating at 5 kV and
high vacuum {44107 Pa} condition.

2.3.3. Nitrogen sorption

Porosity properties of activated carbons were determined by the
nitrogen low-temperature sorption isotherms using the ASAP2020
apparatus (Micromeritics Incorporation, Nocross, Georgia, USA)at 77 K,
From the isotherms, values of the following parameters were obtained:
BET specific surface area (Sger) (calculated according to the standard
BET method [24]), total pore volume (V) (assessed from and the ni-
trogen adsorption at p/py~0.99), external surface area (Sg), and
micropore volume {Vy;) (both calculated from t-plet method), average
hydraulic pore diameter (calculated according to the equation: Dy =
4V,/Sper), and pore size distributions (PSD) {calculated by Non-Local
Density Functional Theory (NLDFT) [25]. Before the measurements,
the samples were outgassed for 24 h at 90 °C and pressure of 1 mmHg in
a degas port analyzer to remove physically adsorbed contaminants,

2.3.4. X-ray photoelectron spectroscepy (XPS)
Qualitative and quantitative investigations of ACs were conducted

99



A, Bosacka et al.

Table 1
Structural parameters obtained from nitrogen sorption and SAXS measurements.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 647 (2022) 129130

Samplename Surface area (m‘;/g) Pore volume (cm:‘/g)

Pore size (nm) Porosity by SAXS

Soer” Se” Vi Vot Viie/ Vi Dy S/VE(ATY Ssaxs” (m2/g)
AC 900 523 0.52 0.20 0.38 2.30 0.189 945
AC-0OX 631 327 .32 0.13 .41 205 0.140 700
AC-OX-180 661 419 0.34 0.10 0.29 208 0.141 706
AC-OX-280 659 432 .26 0.11 0.31 211 .143 713
AC-OX-380 694 450 0.36 0.10 0.28 2,09 0.147 736
AC-OX-480 715 492 0.37 0.10 0.27 2.08 0.148 741
AC-0X-640 714 482 0.38 0.10 0.26 212 0.145 747
AC-0X-800 750 515 0.40 0.10 0.24 212 0.151 755

® Sger, the BET specific surface area.

b S, the external surface area.

¢V, the total pore volume,

4 Viicr the micropore volume.

 Vouie/ Vi, the quotient of Vi, and V,

f Dy, the average hydraulic pore diameter.

& SV, the surface to volume ratio calculated from distribution curve.

b Seaxs the surface area by SAXS calculated by equation: Sgaxs = (1000-S/V)/d, where d is the carbon mass density (~2 g/em®).

by X-ray Photoelectron Spectroscopy (XPS). For this target, the multi-
chamber Ultra-High Vacuum (UHV) system (Prevac 2009, Rogow,
Poland) with the hemispherical analyzer (VG Scienta R4000) by
monochromatic AlKa radiation from high-intensity source MX-650,
Scienta {Uppsala, Sweden) and the average depth of analysis ~5 nm
was applied. All of the binding energies were calibrated to the C1s peak.
High-resolution XPS data were obtained for Cls and Ols signals. The
data progress of deconvolution of Cls and O1s peaks was carried out by
CasaXP$s software (Casa Software Ltd.).

2.3.5. Suspension potentiometric titration (SPT)

Suspension potentiometric titration (SPT) measurements were per-
formed using a system consisting of a pH meter (PHM240 Radiometer,
Copenhagen, Denmark), an autoburet 765 Dosimat (Metrohm, Herisau,
Switzerland), and a thermostat (Ecoline RE207, Lauda, Germany).
Before the measurements, the quartz vessel was filled with 30 mL of
electrolyte (0.1 mol/dm3 NaCl) with the addition of 0.3 mL of 0.5 mol/
dm® HCL. After 1 h of equilibration of the system in terms of established
pH and temperature, 0.05 g of activated carbon previously dried for 3 h
at 80 °C was added. The suspension of carbon in the electrolyte with the
addition of hydrochleric acid was gradually titrated with 0.2 mol/dm®
of NaOH. In addition, during the measurements, the system was pro-
tected against contamination with carbon dioxide through the action of
an inert gas atmosphere (nitrogen with a purity of 99.0) [171].

2.3.6. Thermal analysis (TA)

Thermal analysis (TA) was performed using TG/STA/QMS Netz-
schapparatus (STA 449 Jupiter F1/QMS 403C Aéolos, Selb, Germany).
The thermal analysis equipment calibration was performed using a
sapphire. Before measurements, the sample of mass ~18 mg was placed
in an alumina erucible and heated from 30 to 1200 °C under nitrogen
conditions with a flow rate of 25 mL-min~! and heating rate 10
°C'min~!. Argon was used as a protective gas. The gaseous products
emitted during the decomposition of ACs were analyzed by Quadrupole
Mass Spectrometer (QMS). The QMS data in the range from 10 to 200
amu were recorded.

2.3.7. Adsorption studies

Adsorption equilibrium measurements were carried out by using a
UV-Vis spectrophotometer (Cary 4000, Varian, Melbourne, Victoria,
Australia) at wavelength 200-450 nm for establishing the adsorbate
concentrations. Before measurements, the ACsample of mass ~0.05 g
was placed in the 100 mL Erlenmeyer flask and then 5 mL of solvent was
added. The sample with 5 mL of deionized water and fixed pH was
degassed for 15 min using the water pump. After 15 min of degassing,

the stock solution of the given concentration was prepared, added to
carbon slurry and the vessel was placed into the incubator shaker for 7
days at 25 “C (110 rpm) (New Brunswick Scientific, Edison, New Jersey,
USA). After, the equilibrium achievement, the solute concentration was
determined based on the obtained data and calculated from the
maximum absorbance peak A = f(i). The adsorbed amount was calcu-
lated from the mass balance equation:
g = e Ca)V (1
m

where d,, is the adsorbed amount, ¢, is the initial concentration, ¢ is
the equilibrium concentration, V is the adsorbate volume and m is the
adsorbent mass [26].

The received equilibrium data were studied using the Generalized
Langmuir (GL) isotherm equation:

7(?"‘“)")., } ©)

g= e
14 (K-cg,‘.

where @ is the relative adsorption (surface coverage), # = 0/, and a,,
is the adsorption capacity, m and n are the heterogeneity parameters
(0<m, n<1), K is the adsorption equilibrium constant related to the
characteristic energy of the distribution function. In some cases, the
form of the GL isotherm is changed to simple equations as follows:
m=n=1 in the Langmuir isctherm (L); m=n in the Langmuir-Freundlich
isotherm (LF); n = 1 in the Generalized Freundlich isotherm {GF); m =1
in the Toth isotherm (T) [27-29].

Adsorption kinetic measurements were conducted using a UV-Vis
spectrophotometer (Cary 100, Varian, Melbourne, Victoria, Australia)
equipped with a working cell allowing the cyelic solution measurements
in a closed system. The sample of mass ~0.1 g was loaded into a quartz
vessel connected with a magnetic stirrer (EUROSTAR 20, IKA, Poznan,
Poland) (110 rpm) and thermostat (Ecoline RE207, Lauda, Germany)
(25 *C) and poured with a soluticn of phenol (P), 4-nitrophenal (4-NP),
and nitrobenzene (NB) with the initial concentration of 0.205 mmol/L.
At definite time intervals, the solution was gathered in a flow cell, the
absorption spectra were measured at the wavelength range of
200450 nm and the solution was returned to the reaction vessel.
Concentrations in the function of time profiles for the experimental
systems were calculated from the recorded spectra. The Supporting data
were analyzed using various adsorption kinetic equations and models
presented in Table 53 [29-38].
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Fig. 1. Nitrogen adsorption-desorption isotherms (A), and pore size distributions calculated by using the non-lacal density functional theory (NLDFT) (B) for the

studied ACs.
3. Results and discussion
3.1. Porosity properties

Porosity properties of chemically and thermally modified activated
carbons were examined using low-temperature nitrogen adsorption-
desorption measurements at 77 K. Analysing the structural parameters
obtained from the experimental data one can state that the unmodified
AC has a well-developed internal structure with a significant share of
micropores. It is characterized by high specific surface area
Sper= 900 mz, external surface area S,y = 523 m?, tatal pore volume V;
=0.52 cmg/g, and micropore volume Vi = 0.2 cma/g (Table 1). The
values of structural parameters of functionalized ACs are presented also
in Table 1, Likewise, the isotherms of adsorption-desorption and pore

A 100000 1

10000 4

leg | (counts)

q(A")

size distributions calculated by NLDFT approach for the studied ACs are
presented in Fig. 1. In general, the low-temperature adsorption-
desorption isotherms of nitrogen are typical for microporous materials
of I type with hysteresis loops of H4 characteristic for materials with a
quite narrow pore size distributions according to the IUPAC classifica-
tion [39,40].

The obtained data indicate that the chemical and thermal modifi-
cations of GAC carbon change its porous structure. Taking into account
the isotherms (Fig. 1A) and the surface area values presented in Table 1
one can state that chemical oxidation of AC by nitric acid causes a
reduction in the surface area sizes by 30-40%, however, further thermal
treatments cause a gradual increase of a few percent in these values with
increasing heating temperature. Also, the value of total pore volume
decreases (from 0.52 to 0.32 em®/g) after an oxidation process and
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Fig. 2. Experimental SAXS curves of the investigated materials. The intensity versus momentum transfer q (length of scattering vector)is plotted in log-linear (a), and

log-log (b) plots of ACs.
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further, it gradually increases with the temperature of thermal modifi-
cation (from 0.34 to 0.40 cmsfg]. The similar character of changes in V;
and Spprafter oxidation and thermal treatment processes indicates an
etching of carbon surface and gradual removal of oxidation residues
with temperature increase. The micropore volume is also reduced after
nitric acid treatment {from 0.20 to 0.13 cmS/g), however, the changes
after thermal modifications are insignificant (Vi~0.10 cm3/g). The
initial decrease in the porosity parameters is related to the treatment of
the material by an oxidation liquid. The literature data show that
reduction of the surface area and porosity of the sample treated in nitric
acid may be associated with the collapse of some pore walls. In addition,
the oxygen surface groups can be considered as active centers which are
located on the entrance of pores, therefore, the decrease in these values
may be related to an increase in the number of oxygen surface groups
that can be expected to be immersed inside or bloek the entrance of
pores, thus limiting the accessible space of carbon material. An increase
in surface areas after thermal heating is caused by the removal of oxygen
surface groups that may be inside or block the entry of certain pores [7,
10,16]. Regardless of the annealing temperature, the share of micro-
pores in the total number of pores is decreasing. This may suggest the
merging of microperes inte larger pore structures and the development
of non-microporous porous structures at higher temperatures from
AC-0X-180 to AG-0X-800 (which is illustrated by a gradual increase in
the specific surface area of materials and total pore volumes).

Considering the pore size distributions obtained by the NLDFT
method shown in Fig. 1B, it can be claimed that for all examined ACs
they are very similar and the pore sizes are in the range of 1-4 nm. Only
some distinctions in the pore volumes are reported, mainly after the
oxidation process, however, thermal treatment does not cause large
differences. In addition, the value of the average hydraulic pore diam-
eter is comparable (~2 nm) for all tested ACs (Table 1).

3.2. Structural features by SAXS

The experimental SAXS profiles of investigated ACs are shown in
Fig. 2. All the considered carbon systems are capable of scattering X-rays
in the range of low angles, Some differentiation of the scattering effect
was observed depending on the tested system in terms of scattering in-
tensity and curvature of scattering profiles. The factor responsible for
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the occurrence of the SAXS effect, in this case, is the three-dimensional
porous structure which determines the difference in electron density
between the carbon layers and the pore void spaces. The intensity of the
SAXS effect is the lowest for a sample of unmodified carbon sample (AC)
and increases successively depending on the thermal post-synthesis
treatment (the lowest scattering intensity for AC-OX-800, the highest
for AC-OX-180). The increase in scattering intensity may be related to
the increase in the number of scattering centers, ie., pores with nano
dimensions. Here, the mild temperature conditions generate the pres-
ence of nano-sized pores sensitive to the scattering effect of X-rays, as
evidenced by its highest intensity. The high temperature changes the
micropores into larger systems, the SAXS effect is weaker, but the overall
surface area of the carbon material after high-temperature treatment
may increase. Such observations are confirmed by direct porosity
analysis (low-temperature nitrogen adsorption/desorption isotherms).

The volume-weighted particle size distribution Dv(R) function can
be used for a detailed description of the size distribution of scattering
objects (pores) (Fig. 3). Particle size distributions (Dv({R) were deter-
mined by using the indirect Fourier transformation procedure estab-
lishing a spherical meorphology of scattering objects. By analyzing the
SAXS data in the form of calculated heterogeneity size distributions,
gradual and successive changes in the dimensions of these characteristic
elements were observed. As the temperature of the post-synthesis
treatment increases, the SAXS curves show an increase in the pore
sizes(from 180 °C to 800 °C). The surface-to-volume ratio S/V was
determined from Dv(R) function (Table 1). By taking into account the
mass density of a typical porous carbon sample as 2 g/cm"’, the specific
surface area of the pores was calculated from this value to 945 m®/g and
700 m?/g for AC and AC-OX samples respectively and further from
705 mzfg to 755 mzfg for thermally treated samples (Table 1). These
results are in good agreement with those obtained from the same sam-
ples using the gas adsorption (BET) method, Note that the minor oscil-
lations are non-avoidable artefacts originating from the indirect Fourier
Transformation (FT) method during calculations. Nevertheless, the
SAXS method, which remains definitely more sensitive to the presence
of a porous system even in the area of closed pores {(inaccessible for the
gas adsorption-desorption method), indicates a reduction in the pore
surface after the oxidation process and a gradual increase in this surface
under temperature conditions.

3.3. General morphology and microstructure

The results obtained by low-temperature nitrogen adsorption-
desorption and small-angle X-ray scattering techniques were compared
with those from scanning electron microscopy. For all investigated
samples general morphological/textural changes can be observed. The
SEM images of four AC samples are presented in Fig. 4 and show variable
morphology/texture depending on the applied modification, SEM im-
ages of the unmodified (AC) sample at different magnifications (Fig. 4A-
C) indicate a relatively high degree of grain surface smoothness. The
surface of this carbon is compact and almost free of cracks and large
open spaces. The textural properties of the same sample change in an
oxidation process by nitric acid (AG-0OX). One can observe the appear-
ance of many irregularities. Gaps appear and small pores begin to form
larger patterns (Fig. 4D-F). This state is connected with the process of
acid etching that besides oxidation may cause partial destruction of the
micropore walls and the formation of surface defects [41]. Further
microstructural changes are aggravated after the application of thermal
treatment. Temperature modification gradually opens more porous
areas (Fig. 4G-1 and Fig. 4J-L) because of the gradual removal of
post-synthesis traces. Tor the sample heated at 800 °C, the morpholo-
gy/texture indicates the much-increased surface heterogeneity. The
enlarged porosity facilitates access to pores with small diameters. Thus,
the carbons in the process of oxidation and temperature treatment un-
derwent quite significant morphological modification.
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v

Fig. 4. SEM images of AC (A-C), AC-OX (D-F), AC-0X-180 (G-I), and AC-OX-800 (J-L).
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Table 2

Quantitative results of XPS analysis of ACs.
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3.4, The qualitative and quantitative surface composition and chemical
state analysis

The surface properties of ACs were investigated by X-ray photo-
electron spectroscopy (XPS). The overview spectra of the functionalized
oxidized carbons are present in Fig. S1 (Supplementary material). On the
survey spectra, three characteristic peaks with the high-intensity carbon
C1 s, oxygen O 1 s, and silicon Si 2p are visible. The position of peaks of
the studied carbons expressed by their binding energy (eV) and other
parameters: full width at half maximum (FWHM), % atomic concen-
tration, % mass concentration are presented in Table 2.

Generally, bands at 284.7 ¢V correspond with carbon C 1s,
532.2-533.7 eV with oxygen Ols, and 104.7-106.7 €V with silicon Si
2p. The comparison of qualitative and quantitative analysis in terms of
Cls, O1s, and Si2p elements of the studied ACs expressed by % atomic
(at%) or % mass (wt%) concentration is presented in Fig. 5. The %
atomic concentration C 1s of initial AC was 85.9, O1s—10.4, and Si 2p—
3.7. The % mass concentration of C 15 of AC was 79.2, 015—12.8, and Si
2p - 8.0. The chemical treatment of the initially activated carbon in
oxyacid caused a reduction in the amount of carbon C 1 s from 85.9 to
79.7 at% (from 79.2 to 72.2 wt%) and an increase in the number of
oxygen O1s from 10.4 to 16.7 at% (from 12.8 to 20.2 wt%). The C 1s
content increase from 79.7 to 90.2 at% (72.2-85.3 wit%) and O 1s
decrease from 16.7 to 7.2at% (20.2-5.0 wt%) for chemically and
thermally modified activated carbons i{s reported. Morcover, the
analyzed activated carbons contain also a certain amount of silicon §i 2p
below 5% and 9% of atomic and mass concentration, respectively. The
silicon can be residue after the manufacturing process of activated car-
bon. Generally, the overview XPS analysis revealed that thermal treat-
ment of previously oxidized activated carbons causes gradual changes in
the content of both carbon C 1s and oxygen O 1s elements (the number
of carbon decreases, oxygen increases). In addition, for the sample
treated at 800 °C (AC-0X-800) the content of carbon C 1s is even higher

B 100

9% sa|""
1.2 o =ou

80 1 4.4 746 75.0 7 “s2p

122 *

70

60

50

AC AC-OX  AC-OX-180 AC-OX-280 AC-OX-380 AC-OX~480 AC-0X-640 AC-0X-200

Fig. 5. The % atomic (A) and mass (B) concentration of C 1s, O 1s, and $i 2p
of ACs.
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Fig. 6. Detailed spectra of C 1s (A-H) and O 1s (I-F) of the studied ACs.

and oxygen O 1s lower than for pure AC because of the removal of a
higher quantity of surface functional groups, however, even a sample
heated at such a high temperature as 800°C was not completely
removed from oxygen groups.

The detailed spectra of carbon C 1 s as well as an oxygen O 1 s species
of functionalized ACs are presented in Fig. 6. The values of integrated
parameters (binding energy, FWHM, % atomic concentration) and also
assigned surface functional groups are presented in Table 3. The detailed
analysis of the studied samples revealed the existence of surface carbon
groups: single-bonded carbon with another carbon (C 1s A, 284.7 €V, C-
C), cther (C 1s B, 286.2 ¢V, C-O-R, R = OH or C), carbonyl (C 1s C,
287.6 eV, C=0), carboxyl (C 1s D, 288.7 eV, 0-C=0), and also car-
bonate (C 1s E, 290.2 eV, HoCO3) The detailed qualitative analysis of
oxygen surface groups was also performed. The oxygen in the form of
carboxyl (O 1s A, ~531.5 eV, 0-C=0), silicon dioxide (O 1s B, ~533 eV,
8i0,), and from adsorbed water (O 1s C, ~536 eV, Hy0) was detected.
The studied samples are characterized by different proportions of the
indicated functional groups located onto the surface (Fig. 7). Concerning
carbon functional groups (Table 3 and Fig. 7A), it is confirmed that each
of the studied samples is loaded with the highest amount of C-C and C-0-
H or C-0-C. The presence of carbonyl, carboxyl, carbonate groups onto
the ACs surfaces is also detected but in smaller quantities. Only in
sample AC-OX-180, the C—O group was not found. Additionally, ther-
mal treatment at 800 °C caused surface depletion from O-C=0 and
HoCO3 species. Taking into account, the oxygen species (Table 3 and
Fig. 7B): the highest degree of ACs surface coverage is by silicon dioxide
groups. The rest of the surface is covered by carboxyl group or adsorbed
water and their proportions are differentiated depending on the sample.

3.5. Acid-base properties

The acid-base properties of functionalized activated carbons were
examined by potentiometric titration of suspension (SPT). The SPT
experiment was conducted for all modified activated carbons. The
dependence of surface charge density on pH is presented in Fig. 8. The
point of zero charge (pHpzc), which may be estimated from the experi-
mental curves, is the pH value at which the surface charge is equal to
zero. If the surface is negatively charged the material can adsorb cations.
On the other hand, if it is positively charged it can adsorb anions.

The analyzed activated carbons are both positively and negatively
charged but the acid-base characteristics are differentiated depending
on the modification process (Fig. 8). The AC-OX carbon is to a greater
extent negatively charged in the pH range > 2.6 as its pHpzc is 3.6,
therefore, could have a greater affinity to cations. The opposite situation
is observed for the sample treated at 800 °C where its pHpyzc is 11.5 and
thus rather positive charged till a pH < 11.5.

The samples treated at temperatures 180-640 °C have intermediate
properties between AC-OX and AC-OX-800, however, the effect of
increasing the pHpyc with a higher temperature of thermal treatment is
evident.

The value of pHpgze of unmodified activated carbon (AC) is equal to
10.8. The oxidation process by nitric acid decreases the pHpzcvalue from
10.8 to 3.6. Taking into account the curves presented in Fig. 8, one can
state that the influence of thermal treatment of the studied samples on
pHpzc values is evident, The lowest value of pHpze = 3.6 is reported for
the chemically modified sample without treatment {(AC-OX sample). The
values of pHpzc for thermally modified samples: AC-OX-180, 280, 380,
480, 640, and 800 are 4.1, 5.7, 7.8, 9.9, 10.7, and 11,5, respectively. The
highest pHpzc is reported for the sample thermally treated at 800 °C
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(pHpz¢ = 11.5) and this value is even higher than in the case of the
initial activated carbon (pH = 10.8) because of the removal of the most
functional groups from its surface. The value of pHpyc of the sample
heated at 640 °C is close to the value of initial carbon.

Overall, the suspension potentiometric titration studies revealed the
differentiated acid-base character of the studied samples. AC-OX sample
shows the most acidic, AC-OX-800, the most basic from the analyzed
ACs. The rest of the studied carbons (AC-OX-180, AC-OX-280, AC-OX-
380, AC-OX-480, AC-0X-640) have intermediate acid-base properties
between AC-OX and AC-OX-800. Generally, the data obtained by XPS
and PTS are in good agreement.

3.6. Adsorption properties

To estimate the adsorption properties of the tested ACs, the studies of
the sorption equilibrium and kinetics of nitrobenzene (NB), 4-nitrophe-
nol (4-NP) and phenol (P)for AC-OX, AC-0X-180, AC-OX-280, AC-OX-
380, AC-0X-480, AC-OX-640, and AC-OX-800 were performed. In Fig. 9
and Fig. 52 (Supplementary material), the adsorption isotherms and
capacities for the studied experimental systems are compared. In Fig. 10
and Fig. S3 (Supplementary material) the concentration and adsorption

10

profiles are shown for all studied carbon materials.

First, let's follow the maximum adsorption amounts for selected
adsorbates on active carbons. Based on the analysis of the data shown in
Fig. 9, for all tested aromatic organic compounds, a clear increase in the
adsorption value is observed with the increase in the temperature of the
adsorbent modification; the highest for systems with AC-OX-800, and
the lowest for AC-OX. For the studied experimental systems, the
maximum adsorption values are 2.29, 2.77, 3.26, 3.81, 4.54, 5.03 and
5.55 mmol/g for AC-OX, AC-OX-180, AC-OX-280, AC-OX-380, AC-OX-
480, AC-0X-640, and AC-OX-800 (Fig. 9A), respectively. In a certain
part, this effect may be due to differences in the structural properties of
the tested carbon materials (increase of specific surface area and pore
volume). However, the most important effect on adsorption is connected
with strong changes in surface characteristics of adsorbents (number
and type of surface functional groups, acid-base properties). Thus, the
interactions between the adsorbate molecules and the surface of active
carbons should be considered. In the investigated experimental systems
the dispersion interactions between the n electrons from the aromatic
ring of the adsorbate and the = electrons in the adsorbent graphene
layers prevail [29,42]. At the same time, taking into account that the
adsorption was carried out from aqueous solutions, a certain share of
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competitive adsorption between the adsorbate and water molecules in
the studied samples should be expected. Therefore, hydrogen bonds can
also occur here, both between the surface groups of the adsorbents and
the functional groups of solutes, as well as the surface groups of acti-
vated carbon and water molecules [6,29], Additionally, it should be
noted that under the experimental conditions (pH=7), the active car-
bons AC-OX, AC-0X-180 and AC-OX-280 have a negative charge, and
AC-0X-380, AC-OX-480, AC-OX-640 and AC-OX-800 have a positive
charge (potentiometric titration data). At the same time, the adsorbates
are partially or completely dissociated. Therefore, the electrostatic
repulsion interactions may weaken adsorption, however, the electro-
static attraction can promote greater adsorption. Generally, an increase
in the basic character (increasing pHpze values) of the tested carbon
materials supports the adsorption of compounds of acidic chemical na-
ture. Moreover, bearing in mind that the amount of oxygen functional
groups of the investigated activated carbons decreases with the
increasing modification temperature of the materials, their hydropho-
bicity increases. Therefore, in the systems with AC-0X-800, between the
molecules of aromatic organic compounds and the adsorbent, the
strongest hydrophobic interactions occur, which favors the adsorption
process. Based on the analysis of data presented in Fig. 10A, B and S2
(Supplementary material), the highest amount of adsorption was
observed for nitrobenzene and the lowest for phenol. The maximum
adsorption values are in the range: 2.29 - 5,55, 2,02 - 4,54 and 1.85 -
3.23 mmol/g, respectively for NB, 4-NP and P (Fig. 10A and B). This
relationship can be explained based on the differences in the water
solubility of these compounds. Among the studied adsorbates, phenol is
the best soluble in water, and nitrobenzene is the worst. This means that
among the aromatic organic compounds selected for research, NB is
more hydrophobic, which in turn indicates its greater affinity for the
hydrophobic surface of the activated carbon, which promotes greater
adsorption [29,42].

The obtained experimental data of the adsorption equilibrium were
analyzed employing the Generalized Langmuir equation and its pa-
rameters are summarized in Table 4. In the case of nitrobenzene
adsorption, for most experimental systems, the heterogeneity parameter
n is equal to 1, which indicates that the GL isotherm simplifies to the GF
equation. However, for the adsorption on AC-OX and AC-OX-480, the
heterogeneity parameter m is equal to 1, which in turn means that the
GL isotherm reduces to the equation T [27-29]. For the adsorption of
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4-nitrophenol and phenol, only for 4-NPAC-0X-380 and PAC-OX sys-
tems, the Toth isotherm was used to describe the adsorption process. For
the remaining adsorption systems, the Generalized Freundlich isotherm
was used. Based on the data collected in Table 4, the average hetero-
geneity effect was observed for all investigated experimental systems.
Additionally, the adjusted values of the sorption capacity for individual
samples are comparable to the values designated experimentally. The
quality of fit is very good, which is confirmed by the values of the
determination coefﬁcients,R2 ranging from 0.928 to 1; and standard
deviations, SD (a) ranging from 0.034 to 0.308.

Let us proceed to the analysis of the adsorption rate of selected ar-
omatic organic compounds on the tested carbon materials. Based on the
analysis of the kinetic data presented in Fig. 10 and 53 (Supplementary
material), in the investigated experimental systems, similar relation-
ships in the adsorption rate were observed concerning the results of the
adsorption equilibrium studies. Considering the data presented in
lig. 10A, C, E, it was shown that the loss of adsorbate concentration from
the solution increases with the modification temperature increase; the
highest was observed for systems with AC-OX-800, and the lowest for
AC-OX. In addition, by analyzing the data collected in Fig. 10B, D and F,
the highest adsorption for AC-OX-800 is also shown. Based on the
analysis of Fig. 53 (Supplementary material), it is shown that for most of
the experimental systems, the greatest loss of concentration from the
solution and the greatest relative adsorption is observed for samples
with nitrobenzene, and the smallest with phenol. The obtained experi-
mental adsorption data were analyzed employing many equations and
models of adsorption kinetics (the relative standard deviations are listed
in Table 5). Based on the analysis of the data listed in Table 5, it is visible
that the best quality of fit is obtained using the multi-exponential
equation, the parameters of which are presented in Table 6. Consid-
ering the data in Table 6, it can be seen that the adsorption of selected
aromatic organic compounds on the studied activated carbons is a
complex process, the rate of which can be described by 2 or 3 terms of
the m-exp equation. At the same time, in the case of nitrobenzene
adsorption, if 3 terms of the m-exp equation are used to describe the rate
of this process, the first of them is wery small, ranging from 0.005 to
0.024. The fitting quality is very good, which is confirmed by low values
of relative standard deviations SD(c)/co in the range from 0.041% to
0.858% and low values of indetermination factors 1-R%n the range from
1.0-107° to 7.8-10° %, Moreover, the values of the u,, parameter corre-
spond to the differences in the adsorption amount of selected adsorbates
on individual activated carbons. In particular, these relationships are
most pronounced for the phenol experimental systems. This is because in
this experimental part low initial concentrations of the tested aromatic
organic compounds were used, and phenol shows the weakest affinity to
the studied carbon materials. Additionally, the half time t;,, was esti-
mated for all experimental systems. It is defined as the time it takes to
recover half of the concentration change. The determined values of the
half-times are 108.4-224.4, 123.1-628.2 and 141.7-682.1 min for the
activated carbon samples with NB, 4-NP and P, respectively. This in turn
confirms the highest adsorption rate for NB, the solute of the highest
hydrophobicity showing the strongest interactions with carbon basal
planes. However, for two other adsorbates characterized by lower hy-
drophobicity a certain share of interactions with oxygen functional
groups may be expected which reveals in prolongation of adsorption
rate. It was also observed that the values of the t;» parameter decreased
with the increasing modification temperature of activated carbon, which
confirms the greatest adsorption kinetics on AC-OX-800 material. In
Fig. 54 (Supplementary material) some simple correlations are pre-
sented confirming this tendency: t;,2vs. pHpze ti 2 vs.at%(0 1 5),t1,2 vs.
T.The higher number of acidic surface groups, the higher t;,2, which
confirms the interactions of some solute molecules with adsorbent sur-
face sites extending the diffusion process. Moreover, a correlation be-
tween the adsorption half-time and specific surface (1;,2vs. Sger) may be
observed, which confirms also the influence of adsorbent pore structure.
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Fig. 9. Comparison of the adsorption amounts (A), and the adsorption isotherms (B-D) on AC-OX, AC-0OX-180, AC-0X-280, AC-OX-380, AC-OX-480, AC-0X-640, AC-
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Table 4

Parameters of the Generalized Langmuir equation characterizing adsorption of
NB, 4-NP and P from dilute aqueous solutions on AC-OX, AC-0X-180, AC-0X-
280, AC-OX-380, AC-0X-480, AC-0X-640, AC-0X-800.

System Isatherm am m n logK R* SD{a)
1ype

NB AC-OX GF 2.29 0.90 1 0.40 0.995 0.063

NB AC-OX- T 278 1 0.61 0.89 0995 0.070
180

NB AC-OX- T 3.25 1 0.48 1.30 0.928 0.308
280

NB AC-OX- T 3.83 1 0.41 0.74 0.992 0.118
380

NB AC-OX- GF 459 092 1 0.58 0991 0.162
480

NB AC-OX- T 504 1 0.81 064 0991 0176
640

NB AC-OX- T 565 1 0.75 1.07  0.987 0.244
800

4-NPAC-0OX GF 2,02 0.97 1 16 1.000 0.021

4-NP AC-OX- GF 252 097 1 005 0998 0.049
180

4-NP AC-OX-  GF 281 089 1 003 0997 0.057
280

4-NP AC-OX- T 3.20 1 0.69 0.04 0.977 0.179
380

4-NP AC-OX- GF 3.62 0.92 1 0.23 0.999 0.055
480

4-NP AC-OX-  GF 416 090 1 046 0998  0.069
640

4-NP AC-O0X- GF 453 093 1 0.58 0984 0.225
800

P AC-OX T 183 1 045 -0.12 0996  0.042

P AC-OX-180 GF 211 0.82 1 -0.19 0.998 0.034

P AC-0X-280 GF 215 0.76 1 018 0.993 0.067

P AC-OX-380  GF 243 084 1 016 0983 0117

P AC-OX-480 GF 2.72 0.90 1 -0.07 0.996 0.063

P AC-0X-640 GF 297 0.91 1 -0.02 0.995 0.083

P AC-OX-800 GF 3.23 0.67 1 011 0.997 0.066

3.7. Thermal analysis

Thermal properties (stability, decomposition stages, gaseous prod-
ucts) during heating of ACs in nitrogen atmosphere were examined by
TG/DTG/DSC/MS-coupled techniques. The thermogravimetry (TG), the
derivative thermogravimetry (DTG), and the differential scanning
calorimetry(DSC) curves, as well as thermal analysis parameters of pure
functionalized ACs, are given in Fig. 11 and Table 7, respectively. By
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analyzing the TG and DTG curves, it is visible that the thermal degra-
dation of studied materials is a multi-stage process in the temperature
range of 40-1200 "C. The initial decomposition stage is observed in the
temperature range of 40-180 °C with peaks minimum [rom 53.6 (o
89.4 “C (Tyyp, 1pr) on the DTG curves with initial weight loss (myegs, 1p1)
in the range of 0.23-4.64%. This phenomenon is associated with the
removal of hygroscopic water from the surface of ACs as evidenced by
the endothermic peak on the DSC curve, (Fig. 11). One can find that total
weight loss (mjus, ToTAL) Systematically decreases after thermal modi-
fication of ACs at higher temperatures as follows: AC-OX>AC-0X-
180 =AC-0OX-280 >AC-0X-380 >AC-OX-480 >AC-0X-640 -AC-OX-

800, the highest and lowest weight loss for the initial AC-OX (4.64%)
and thermally treated at 800 °C (AC-OX-800) samples (0.76%) is
established. Also, on the DSC curves for the oxidized ACs samples before
and after thermal modification at 180, 240, 380, 680, 800 °C, the
endothermic peaks in the low-temperature region with Tpea at
61.2-89.4°C (Table 7) are reported. The main stage of the ACs
decomposition process is observed in the temperature range of
350-950 °C with the greatest weight loss (myge2 ~ 12-25%) and mini-
mum on the DTG curve at Ty,,2~666-724 “C. It was found that as the
temperature of the material modification process increases, the Tyjyo in
the DTG curves shifts towards higher temperatures. Comparison of the
total mass loss of carbon samples without and with thermal treatment
indicates that total weight loss (Mg, ToTAL) significantly reduces after
temperature modification, and it is attributed to the main destruction of
carbon materials. Generally, a higher weight loss for the initial AC-0X
sample (—~41.1%) in comparison to the AC samples after thermal
modification at 180 (~37.9%), 280 (33.1), 380 (32.6), 480 (28.2),
640 “C(26.3%)is observed. These results significantly confirm that the
AC-OX sample is characterized by the most acidic surface (highest
weight loss ~41.1) while for AC-OX-800 most alkaline surface is
observed (the lowest mass loss ~19.9%). This difference is associated
with a higher amount of oxygen functional groups on the surface of the
AC-OX carbon, and the gradual changes in the weight loss for the studied
material (decreasing with increasing temperature) follow different
concentrations of surface oxygen groups onto their surface. Tn addition,
peaks on the DSC curves with a minimum at Tpeak2 (444-524 °C) are
observed, associated with the desorption of quite strongly bonded sur-
face oxygen groups in exothermic processes. Generally, up to 950 °C, the
most functional groups are desorbed from the surface of all tested
samples. At temperature below 350 “C for two, the most acidic samples
AC-0X and AC-0X-180 additional smaller peaks on the DTG curves at
Tmint = 275.3 *C(Mijpsa1 = 4.69%) in the case of AC-OX, and Tyim

Table 5
Relative standard deviations SD(c)/c, (%) for m-exp, FOE, SOE, MOE, f-FOE, f-SOE, F-MOE, McKay pore diffusion (PDM), and IDM model (Crank).
System m-exp (%) FOE (%) SOE (%) MOE (%) [-FOE (%) [-SOE (%) -MOE (%)} 10M (%4) PDM (%)
NBE AC-0X 0.561 3.722 1.069 1.075 0.884 0.704 0.708 6.65 31.03
NE AC-OX-180 0.605 3.761 0.362 0.364 1.240 0.363 0.365 9.05 22.56
NB AC-OX-280 0.645 3.826 0.637 0.466 1166 0.562 0.557 8.79 31.27
NE AC-OX-380 0.577 3.718 0.949 0.482 1.181 0.690 0.688 9.09 31.04
NB AC-OX-480 0.318 3.033 1.248 0.611 0.936 0.985 0.982 3477 55.73
NB AC-OX-640 0.706 1.579 4,886 0.809 1.078 1.715 1.730 32.90 61.96
NB AC-OX-800 0.644 3.086 2.152 0.779 1.303 1.342 1.303 36.82 64.96
4-NP AC-0X 0.647 3.368 1.733 1.743 2.001 1.743 1.751 4.38 337
4-NP AC-0X-180 0.858 2,991 2.089 2101 2,306 2,066 2.078 11.08 34.41
4-NP AC-OX-280 0.219 2.683 1.454 1.462 1.633 1.339 1.333 913 34.99
4-NP AC-0X-380 0.041 0.140 0.192 0.050 0.138 0.176 0.049 17.51 4,40
4-NP AC-0X-480 0.662 3.371 1.132 0.910 1124 1.060 0.861 9.08 34.63
4-NP AC-0X-640 0.533 2.536 2,429 0.811 0.770 1.356 0.707 10.96 33.64
4-NP AC-0X-800 0.671 1.762 4.883 0.723 1.044 1.731 0.629 13.27 3256
P AC-OX 0.474 1.274 0.962 0,968 1060 0.865 0.870 14,16 20.25
P AC-OX-180 0.452 2.838 1.344 1.352 1.263 0.873 0.878 10.00 28.72
P AC-OX-280 .519 3.660 2.261 2,275 0.673 0.466 0.470 1.12 29.22
P AC-0X-380 0.515 4.497 2.742 2.758 1.183 0.956 0.892 3.14 3013
P AC-OX-480 0.774 3.548 3.207 3,226 1.869 1.601 1.390 4,43 29.28
P AC-OX-640 0.738 4.846 2.019 2,031 2,390 1.860 1.870 8.04 3212
P AC.OX-800 0.837 4.319 2.406 1.956 2.532 2.086 1.867 27.07 41.83
14
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Table 6
Optimized parameters of m-exp equation.

System £, log ky fz, log kg fa, log ks Ueq 12 (min) SD (e) /e, (%) 1-R*

NB AC-0X 0.018, 1.301 0.414, — 2.053 0.568, — 2.956 0.796 224.4 0.561 411077
NB AC-OX-180 0.012,— 1.301 0.536, — 2.091 0.452, — 2.903 0.907 186.5 0.605 3.7-107*
NB AC-OX-280 0.024,1.301 0.514, — 2.134 0.162, — 2.914 0.968 185.7 0.645 3.6107¢
NB AC-OX-380 0.012, 1.301 0.493, — 2.042 0.495, — 2.818 0.972 182.7 0.577 2.9.10°¢
NB AC-0X-480 0.013, 1.301 0.398, — 2.023 0.589, — 2.779 0.956 1701 0.318 9.5107"
NB AC-0X-640 0,005, 1,301 0,555, — 2.002 0.440, — 2,496 1.000 162.1 0.706 4,1.10°°
NB AC-OX-800 0.436, 2.071 0.564, — 2.750 - 1.000 108.4 0.644 4,010 *
4-NP AC-OX 0.172, — 1.990 0.628, — 2.754 0.200, — 3.636 0.919 628.2 0.647 2.610°%
4-NPAC-0X-180 0.042, - 1.712 0.677, — 2.795 0.281, - 3.777 0.979 465.9 0.858 3,001
4-NP AC-0X-280 0.103, — 2.003 0.697, — 2.775 0.200, — 3.658 0.957 465.9 0.219 1.210 ¢
4-NP AC-0X-380 0.090, — 2.000 0.632, — 2.745 0.279, — 3.686 0.951 3921 0.041 1.010°°
4-NP AC-OX-480 0.241, — 1.892 0.643, — 2.654 0.116, — 3,468 0.971 2584 0.662 3.7.107°
4-NP AC-0X-640 0.153, ~ 1.814 0.737, - 2,623 0.110, ~ 2.388 0.985 235.8 0.533 2210 *
4-NP AC-0X-500 0.414, — 2.030 0.5860, — 2.541 - 0.994 123.1 0.671 3.510°%
P AC-OX 0.181, — 1.230 0.419, — 1.945 0.400, — 4.087 0.217 682.1 0.474 1.1.10°°
P AC-0X-180 0.157, — 1.788 0.453, — 2.563 0.390, — 3,997 0.593 658.0 0.452 7.810 *
P AC-OX-280 0.129, — 1.599 0.368, — 2.634 0.503, — 3.605 0.750 518.8 0.519 5.2.10°%
P AC-0X-380 0.187, - 1.929 0.300, - 2.665 0.513, - 3.557 0.867 4651 0.515 3.510°*
P AC-0X-480 0.211, - 1.852 0.385, — 2.692 0.404, — 3.719 1.000 263.9 0.774 6.610 ¢
P AC-OX-840 0.318, — 1.963 0.515, — 2.766 0.168, — 3.508 0.970 207.5 0.738 62107
P AC-OX-800 0,336, — 1.960 0,557, — 2.693 0.107, — 3.462 1.000 141.7 0.837 7.210°°

= 286.6 °C (Mypss1 = 4.02%) for AC-OX-180 can be found which con-
firms exothermic nature of these processes. It is related to the partial
decomposition of surface groups connected to the desorption of a bit
less-bonded oxygen species for both AC-OX and AC-0X-180 materials. It
means that the surface functional groups of the tested materials are
partially and systematically removed during the process of thermal
modification of ACs samples at different temperatures (this effect is
greatest in the case of material thermally treated at 800 “C (AC-OX-
800)). The next decomposition step occurs at a temperature above
950 °C with a similar value of weight loss (mj,..s ~ 6%) for all studied
carbons and is related to the removal of the most strongly surface-
bonded oxygen functional groups (maxima on the DTG curve at
~1170 °C, Fig. 11). The total weight loss (mygs ToTarL), involving the
three or optionally four stages, is related to the acidic-basic character of
the surface of the materials, Overall, the total weight loss of ACs samples
is in the range of 20-40% and confirms the high thermal stability of the
analyzed materials.

To explain the thermal destruction routes and mechanism for
investigated samples, the characteristics of the gaseous products yielded
during their degradation of carbon materials were examined by the mass
spectrometry (MS) technique which was coupled with TG. The 2D MS
spectra of AC-OX, AC-OX-180, AC-OX-380, and AC-0X-800, and 3D MS
spectra and gaseous products emitted during decomposition of ACs are
shown in Fig. 55-57 (Supplementary material), Generally, in the case of
samples without adsorbed organic substances, the MS results (Fig. 55-
56) show that process of water removal takes place below 200 °C (m/
z = 18, Hz0 and m/z = 17, OH). Above 200 °C it starts to come away
from various oxygen functional groups differently bonded (m/z = 44,
COyp). It can be seen that in the regions of medium temperatures,
180-350 °C, the slightly less-bonded functional groups are desorbed
from the surface of the carbons. The quite strong-bonded groups with
ACs surface are detached around Tminz ~700 "C (Table 7). At temper-
atures above 950 °C, the functional groups are still removed from the
surface of carbon materials up to 1170 °C. It can be summarized the
existence of very strong bonded functional groups onto the carbon’s
surface.

The comparison of the TG, DTG, and DSC data of thermal degrada-
tion of ACs after thermal modification and loaded with organic sub-
stances: phenol, nitrobenzene, and 4-nitrophenol with the initial support
are present in Fig. 11, and Tables 7-8. Similarly, as oxidized carbon and
thermally modified samples, the small mass losses in the range up to
180 °C for carbon material with adsorbed organic molecules were
established, which is also related to the destruction of hydrogen bonds
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and removal of physically bound water from the solid surface. The stage
of the carbons decomposition process with adsorbed P, NB, and 4-NP,
regardless of the thermal modification temperature of the AC-OX
initial material, shows the highest weight 1085, Mioss2, Miass3
(~12-24%, Tables 7. 8), and minimum peaks, Tminz, Tminz, (Tables 7, 8)
on the DTG curves (Fig. 11} in the temperature range of 350-950 “C. It is
related to thermodesorption of physically and partly chemically adsor-
bed P, NB, and 4-NP from carbon surface, their fragmentation, and
partial oxidation of carbon surface (endothermic peaks in the area of
150-350 “C and exothermic peak at 350-500 "C on the DSC curve of 4-
NP (Fig. 11)). Based on the analysis of the total weight loss (myss, ToTar)
for carbon adsorbents after organic solutes adsorption, it can be shown
that the total weight losses systematically diminishes after thermal
modification at higher temperatures as follows: P, NB, 4-NP AC-OX-
180 >AC-OX-3B0 >AC-OX-800. However, this effect is greater in the
case of oxidized ACs with adsorbed NB (Tables 7, 8).

Comparison of 3D MS spectra and gas profiles of pure carbon ad-
sorbents (Figs. 6 and S7, Supplementary material) and carbons with
adsorbed aromatic organic compounds (Figs. 58 and 59) showed that for
the samples filled with P, 4-NP, and NB, additional signals related to
degradation of adsorbed substances are reported. In addition to signals
from physically bounded water (m/z = 17, 18) and carbon (IV) oxide
(m/z = 44), signals from the nitrogen (II) oxide (m/z = 30), nitrogen
(TV) oxide (m/z = 46), benzene ring (m/z = 77, 78), phenol (m/z = 94),
nitrobenzene (m/z = 123), 4-nitrophenol (m/z = 139) can be found,
however, the differences in their intensities are observed. Regarding m/
z =17 and 18 (Fig. 11), the signals below 200 °C, as was previously
mentioned, are related to physically adsorbed water, however, peaks
above 200 may be connected to the decay of P, 4-NP, and NB during the
heating process. The peak with a maximum at ~280 °C ofm/z = 123
profile is clearly visible for NB, which means that nitrobenzene is tightly
bound to the carbon and the interaction of nitrobenzene with the carbon
surface groups is stable up to —300 °C. This state is also confirmed by
the presence of signals from benzene rings (m/z = 77, 78), and nitrogen
(IV) dioxide (m/z = 46) that are the most intense for NB, and this sub-
stance is also detached from the carbon surface below 400 “C.The
distinct peaks of phenol (m/z = 94) that elute at a slightly lower tem-
perature (maximum at ~240 °C) than NB (m/z = 123, ~280 °C) are also
noted. On the m/z = 94 gaseous profile 4-NP, and NB peaks with lower
intensities than P are also visible which can be associated with braking
down of 4-NP and NB meolecules. For m/z = 30 the main peak is
observed again below 400 °C (maximum at 310 “C) with higher in-
tensity for 4-NP of AC-0X-180 and AC-OX-380 samples and similar
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Fig. 11. TG, DTG and DSC curves of pure modified ACs (A-B), and AC-0X-180 (C-D), AC-OX-380 (E-F) and AC-OX-800 (G-H) and loaded with P, 4-NP, and NB.

intensity to that of nitrobenzene on AC-OX-800 sample. The presence of
the m/z = 30 signal is also related to the decomposition of 4-NP and NB.
Form/z = 139, the clear peaks cannot be seen, which could mean that 4-

NP can be a less stable form than P or NB.
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4. Conclusions

In this paper, the influence of chemical and thermal treatment of

activated carbons on their porous, morphological, acid-base, adsorption,
and thermal properties was examined. The applied modifications do not
change significantly the pore structure, however, some differences in
surface areas and pore volumes were evident as was confirmed by SAXS
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Table 7
Comparison of thermal properties of pure modified ACs and loaded with P and NB.
Sample TG DTG DsC
name
Mges, 10T (%) Minse1 (%) Miass2 (%) Moss3 (%} Moss, TOTAL (%) Tratn, w1 Tmint Tinma 1Tpeak1 1Tpeaka
40-180 (“C) 160-350 (“C) 350-950 (*C) 50-1170 (“L) 40-1170 (*C) [ s] () [} [y=] e
AC-0X 4.64 1.69 25.48 6.32 41.13 89.4 275.3 669.0 89.1 444.4
AC-0X-180 3.78 4.02 24,02 6,04 37.86 79,9 286.6 666.3 84.2 456.4
AC-0X-280 2.81 - 24.14 6.15 33.10 76.5 - 670.0 69.0 450.9
AC-0X-380 2.33 - 23.58 6.66 32.57 731 - 685.3 77.8 483.4
AC-0X-480 1.81 - 20,26 6.12 28,19 69.3 - 689.4 711 499.7
AC-0X-640 1.03 - 18.53 6.74 26.30 65.4 - 731.4 73.9 511.5
AC-0X-800 0.76 - 12.49 6.63 19.88 53.6 - 723.9 6l.2 523.6
P AC-OX- 2.88 4.01 24.94 4.54 36.37 819 302.5 667.6 87.5 434.9
180
P AC-0X- 1.87 1.69 2410 7.88 35.54 731 230.0 668.0 79.3 462.5
3s0
P AC-OX- 0.61 1.87 15.67 5.92 24.07 68.7 227.4 665.3 - 451.5
800
NB AC-OX- 3.09 8.26 23.21 7.94 42,50 76.7 279.9 664.0 83.8 4321
180
NB AC-OX- 1.41 816 22.65 6.21 38.43 70.6 270.3 675.6 79.7 4766
380
NB AC-OX- 0.23 8.46 12.29 5.60 26,58 74.5 243.0 706.1 - 529.7
800
Table 8
Thermal analysis data of ACs loaded with 4-NP.
Sample TG DTG DSC
name
Mg, T Mast Mgz M3 Mssa, T jgss, TOTAL Tml'n, T Tenin Tminz Tomina TTur.n;l !Tm-akz
AW-150 -C) 150-350 (°C) 350-500 °C) 500-900 {°C) 001170 (°C) 40-1170 {°C) (55 [ ro) K5 0 [
4-NP AC- 243 6,54 5.89 18,50 6,82 33.76 80.8 2859.8 443.2 652.8 88.8 440.4
OX-180
4-NP AC- 1.30 5.59 5.20 19.75 7.95 31.84 80.1 293.8 456.1 BEZ.4 88.6 447.2
OX-380
4-NP AC- 0.83 6.12 4.69 12.84 6.41 24.48 81.8 288.4 443.3 683.6 828 446.1
OX-800

and nitrogen adsorption-desorption measurements, The potentiometric
titration studies revealed the differentiated acid-base character of the
studied carbons from acidic to basic (changes of pHpze). It was
confirmed by XPS results in which a decrease of surface oxygen groups
in thermal treatment was reported.

The adsorption measurements were conducted for all modified car-
bons and three aromatic adsorbates: nitrobenzene, 4-nitrophenol, and
phenol. Based on equilibrium studies the increase of maximum
adsorption amounts was found with an increase in the modification
temperature which was mainly correlated with carbon hydrophobicity
enhancement. The conducted kinetic measurements revealed the effect
of surface properties on the adsorption process, The adsorption half time
(t1/2), confirmed the highest adsorption rate for nitrobenzene showing
the highest hydrophobicity and the strongest interactions with carbon
basal planes. In the investigated experimental systems the dispersion
interactions between the n electrons from the aromatic ring of the
adsorbate and the n electrons in the adsorbent graphene layers pre-
vailed. Thus, for 4-nitrophenol and phenol, characterized by lower hy-
drophobicity, the adsorption process was slower as a result of
interactions with oxygen functional groups. It was also found that the
adsorption half-time decreased with the increasing modification tem-
perature of carbons. The higher number of acidic surface groups, the
lower pHpzg, the higher t1,2 confirming the interactions of some solute
molecules with adsorbent surface sites which resulted in extending the
diffusion process.

The thermal analysis revealed that total weight loss systematically
decreased with thermal medification temperature, and the surface
functional groups were systematically removed during the process. The
characteristics of gaseous products of thermal degradation of carbon
materials were studied by the mass spectrometry technique coupled
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with thermogravimetry. The studies conducted for carbon samples
loaded with organic substances revealed that the total weight losses
systematically diminished after thermal modification at higher tem-
peratures as follows: P, NB, 4-NP AC-OX-180 >AC-0X-380 ~AC-OX-
800. Moreover, it was stated that nitrobenzene was tightly bound to the
carbon and its interactions with the carbon surface groups were stable
up to higher temperatures.

Such complex characterization of porosity, morphology, chemistry,
adsorption, and thermal stability supported by different techniques is
needed both from the physicochemical point of view, and possible ap-
plications in purification or separation procedures. It allows the choice
of the most effective adsorption system for specific applications. The
studies will be extended to new materials of more complex structure and
specific selectivity.
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Table S1. GAC description supported by the manufacturers and deliverers.

Product name GAC1240W*
Producer Norit N.V. Company*
Deliver Sigma-Aldrich (USA)?
Form Granules?
Moisture Maximum 5%?2
Ash content <12%?
Activation Steam activated!
Grade 1240W*
Water-soluble ash 0.1%?
Loss <5.0% loss on drying?

thttps://www.sigmaaldrich.com/catalog/product/sigald/37771?lang=pl&region=PL (Accessed date:
01.12.2021)

2https://www.indiamart.com/proddetail/norit-gac-1240w-activated-carbon-21998601473.html (Accessed date:
01.12.2021)

Table S2. Physicochemical characteristics of adsorbates.

Adsorbatedescription Chemical formula”

Compound name: Phenol (P)
Molecular formula: CsHsO
Molecular weight (g/mol): 94.11 o
Water solubility (/100 mL at 20 °C): 8.3
lonization constant (pKa): 9.99

Melting point (°C): 40.5

Boiling point (°C): 181.7

116



Compound name: Nitrobenzene (NB)
Molecular formula: CsHsNO2

Molecular weight (g/mol): 123.11

Water solubility (g/100 mL at 20 °C): 0.19
lonization constant (pKa): -

Melting point (°C): 5.7

Boiling point (°C): 279.0

Compound name: 4-Nitrophenol (4-NP)
Molecular formula: CeHsNOs

Molecular weight (g/mol): 139.11

Water solubility (9/100 mL at 20 °C): 1.6
lonization constant (pKa): 7.15

Melting point (°C): 113.0

Boiling point (°C): 210.9

OH

“The molecule structures of adsorbates were drawn up in ChemSketch/ACDLabs
software (Toronto, Canada, USA)

Table S3. The adsorption kinetic equations and models.

Name and
abbreviation

Short description

Kinetic equations

First-order
equation and
pseudo-first-order
equation (FOE
and PFOE)

Adsorption kinetics in the
systems with a standard
concentration gradient and
processes based on the
diffusion, but not intraparticle
diffusion®.

In(ceq — €) = In(Ceq — €,) — kytorin(aes — (3
a) = Inay, — kyt
where c is the temporary concentration, a is the actual
adsorbed amount, the o and eq subscripts are connected
to the initial and equilibrium states, ki is the adsorption
rate coefficient?®30.3L,

Second-order
equation and
pseudo-second-
order equation
(SOE and PSOE)

Suitable for the cases in which
concentration changes
proceedrapidly®.

a = agqliat/(1+ kyt)] (4)
or t/a=(1/a.q)(1/k,+t) anda =
Aeqllot/(1+ kyt)]
where ko=kza-aeq and koa are the rate coefficients for
pseudo-second-order kinetics?*30:32,

1,2-mixed-order
equation (MOE)

Generalization of the first- and
second-order kinetic
equations®. Relevant for the
systems which behave in the
middle of these two®.

_ _ l1-exp(=k4t) 1-F \ _ (5)
F= a/aeq T 1-fexp(—kyt) or ln (l—sz) -
—kyt

where F is the relative adsorption progress in time, f<1is
the normalized share of the second-order process in the
kinetics. In the special cases, the MOE equation may be
degraded to the simple kinetic equations of the first
(f2=0) and the second-order (f>=1) type33.

Fractal-like MOE
equation (f-MOE)

Includes probably distribution
of rate coefficients®. Adequate
for a description of the non-
ideality effects?.

_ T exp(kit)? ®)
T 1— fexp(—k;t)P
where p is the fractal coefficient?:30:3435,

F
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Multi-exponential

equation (m-exp)

Numerous first-order sequence
processes?. Right for a
description of the adsorption
kinetics on energetically
heterogeneous solids that could
not be expressed by the
FOE/SOE/MOE equations®,

c= (co - ceq) z:1=1fiexp(—kit) + Ceq ™)

Or ¢ = Cg — Colleq Li=1 fil1 — exp(—k;t)]
where "i" is the term of the m-exp equation, ki is the rate
coefficient and ueq=1-Ceq/Co is the relative loss of
adsorbate from the solution?9:30:32.3,

Intraparticle
Diffusion Model
(IDM, Crank)

Adsorption on the spherical

adsorbent grains?.

6w 1 —m2-n?-D,-t ®)
F=1_FZP”” oz
n=1

where r is the radius of the adsorbent particle, Da is the
effective diffusion coefficient:
D
D, = ©
T, (1+p-Ky-gp)

where D is the molecular diffusion coefficient, zp — the
dimensionless pore tortuosity factor, p is the particle
density, &p is the particle porosity, Kn — the Henry
adsorption constant®’.

Pore Diffusion
Model (PDM,
McKay)

Adsorption on porous solids
(additional resistance connected
to the transition through the
solution/particle interfacial
layer)%,

dF  3(1=upy F) (1= F)3 (10)

dtg

1-B-(1— F)%
where Uegq is the relative adsorbate loss, the parameter B =
1-1/Bi, whereBi=Ki/Dy is the Biot number, Dy is the pore
diffusion coefficient, Kt is the external mass transfer
coefficient, s is the undersized model time:

1 (ZB l)l x3+ X3 (11)
T 6w, b) [T+ x3

+3l [|x+X”

a " lt+x

)
2:x—X
)
where x = (1 — F)3,b = (1—;%4)%38 (12)

+ {arc tan (

— arc tan (
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Figure S1.Survey spectra of AC (A), AC-OX (B), AC-0X-180 (C), AC-OX-280

(D), AC-OX-380 (E), AC-OX-480 (F), AC-OX-640 (G), and AC-OX-800 (H).
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and P.

123



B o0.25
@P AC-OX @P AC-OX
ANB AC-OX ANB AC-OX
0.2 0.2
E4-NP AC-OX - -
H4-NP AC-OX —
- 000009 = AAAAAA
5015 3015
E E
E E,
v 01 © 0.1
0,05 0.05
AdAddd 00000
T 5
0 0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
t [min] t [min]
Co.25 Do.25
@®P AC-0OX-180
0.2 ANB AC-0OX-180 0.2
H4-NP AC-OX-180 S
T0.15
°
E
'E' 0.1 000000
©

®P AC-0OX-180

0.05
ANB AC-0OX-180
m4-NP AC-OX-180
0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
t [min] t [min]
E 025 Fo.25
OP AC-OX-280
ANB AC-0X-280
0.2 O4-NP AC-OX-280 0.2 AAAAAASMANAAAANA
£
© 0.1
0.05 OP AC-0X-280
ANB AC-OX-280
O4-NP AC-OX-280
0B
0 2000 409&mﬁﬂ°° 8000 10000 0 2000 4000 6000 8000 10000

[min]

124



G .25

OP AC 0OX-380
ANB AC OX-380

0.2 O4-NP AC OX-380

c [mmolfl]

OOOOOOOOOOO 0.05 OP AC OX-380
So0o0e

ANB AC OX-380
mm s mO4-NP AC OX-380

Mg
Il
e |

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
t [min] t [min]

®P AC-0X-480
ANB AC-0OX-480
H4-NP AC-0X-480

— P AC-OX-480 =

E°-15 NB AC-OX-480 3015
E

E 4-NP AC-OX-480 E

© @ 0.1

0.05 e P AC-0OX-480
A NB AC-0X-480
m4-NP AC-0X-480

0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
t[min] t [min]
Ko.25
®P AC -OX-640
ANB AC-0X-640
0.2 H4-NP AC-0OX-640

0.05 ® P AC -OX-640
A NB AC-OX-640
m4-NP AC-OX-640

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
t [min] t[min]

125



M o.25 No.25
OP AC-0X-800

ANB AC-OX-800

0.2 O4-NP AC-OX-800 0.2
= =
S 0.15 30.15
£ £
£ g
© 01 ® 0.1

OP AC-0OX-800
ANB AC-0OX-800
O4-NP AC-OX-800

0.05

0 2000 4000 6000 8000

t [min] 2000 4009["‘(?9?0 8000 10000
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Figure S9. MS gaseous profiles registered during thermal decay of AC-OX-180, AC-
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Abstract: Novel hybrid carbon-mineral materials were synthesized by the mechanochemical activa-
tion of a mixture of tannin and bentonite in a ball mill with further pyrolysis in an argon atmosphere
at 800 °C. The influence of the initial mixture ingredients content on the structural, textural, and
thermal characteristics of biochars has been described using X-ray diffraction, Raman and Fourier-
transform infrared spectroscopy, nitrogen adsorption—desorption, and scanning electron microscopy.
The influence of bentonite clay on the carbon phase characteristics due to the formation of more
heat-resistant and structured nanocarbon particles in biochars has been proven. The adsorption effec-
tiveness of the materials towards methylene blue was studied. The adsorption data were analyzed
applying Langmuir and Freundlich isotherms with high determination coefficients (R?) in the range
of 0.983-0.999 (Langmuir) and 0.783-0.957 (Freundlich). The maximum adsorption amount of MB
was 5.78 mg/g. The adsorption efficiency of biochars with respect to phenol was also examined.
It was shown that the hybrid biochars show differentiated selectivity to the adsorption of organic
compounds. It was concluded that the physicochemical properties of the surface of biochars play
an important role in the adsorption effectiveness, making them a good candidate for water and
wastewater remediation processes.

Keywords: tannin; bentonite; biochar; composite; pyrolysis; dye adsorption

1. Introduction

Dyes are substances of natural or synthetic origin that give color to other substances.
Synthetic dyes, which are compounds with a complex aromatic structure of molecules, are
especially hazardous and hard to be decomposed in water. One of the synthetic dyes is
methylene blue (MB), also known as basic blue 9—whose chemical name is methylth-
ioninium chloride—which is characterized by the basic character, the molar mass of
319.9 g/mol, the water solubility of 4.36 g/100 mL at 25 °C, and ionization constant (pKa)
of 3.8, Methylene blue in the solid state is green crystalline powder, but dissolved in water
is blue. Methylene blue is used in the textile industry, however, is considered as a toxic,
carcinogenic, non-biodegradable, and environmentally dangerous substance, therefore, its
removal from technological wastewater and water is of great importance [1-3]. There are
many methods of purifying water and wastewater from dyes. The adsorption is one of the
leading routes in terms of use simplicity, adsorption efficiency, and great possibilities in
adsorbent design [4,5]. There are many various appropriate adsorbents. However, new,
selective materials with enhanced adsorption effectiveness are still sought. In this work,
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the novel hybrid carbonized materials were prepared by the mechanochemical activation
of ball-milled and subsequently carbonized blends of tannin and bentonite to be applied
for the adsorption of methylene blue.

An initial mixture was prepared by the mechanochemical activation. It should be
noted that mechanochemistry is a way of material receiving in which the chemical reaction’s
activation energy is supported by a mechanical force [6]. The chemical changes of solid-
state starting materials are initialized by high-energy mills or grinders [7,8]. Additionally,
mechanochemical activation using mills or grinders is one of the key methods for the
synthesis of nanostructured materials [9,10].

One of the ingredients of the used blends is tannin, which is a natural, versatile,
non-toxic aromatic polyphenolic compound. Tannin is an amorphous light-yellow powder
with a slightly peculiar odor. Tannins are present in almost all parts of plants such as
bark, wood, leaves, fruits, roots and seeds. Soluble tannin (tannic acid) consists of units
with glucose linked by ester bonds with nine to ten molecules of gallic acid. The pres-
ence of poorly water-soluble polyphenols (phloroglucinol and resorcinol) in tannins or
the formation of condensed tannins due to condensation of hydroxyls from neighboring
molecules can reduce their solubility in water [11]. Tannins are one of the most common
biomass compounds similar to cellulose, hemicelluloses, and lignin [11]. Drugs for internal
and external use can be made using tannins immobilized on a surface of nanosilica [12].
Tannins can be used in many industrial domains: food [13], ecology [14], and medicine in
the form of technical and pharmaceutical compounds [15,16]. They possess antimicrobial
and immunomodulatory properties [17]. As a main raw material in the present work, grape
seeds were used, separated from the unfermented pulp during the wine making season. In
grapes, tannins are found in the skins, as well as in the seeds and stems. Grape and wine
tannins are condensed tannins produced by the polymerization of several plant-derived
flavonoid molecules [18]. Thus, given the above, the replacement of phenolic materials (i.e.,
phenol and resorcinol) with tannin for the synthesis of carbon sorbents can be beneficial
to both the bioeconomy and environment due to its low-cost, bio-origin, non-toxic and
non-carcinogenic properties.

The second component of the reaction mixture is bentonite, a natural origin clay that is
formed from volcanic ash. Bentonite consists mainly of crystalline clay minerals belenging
to the smectite group, which are hydrous aluminium silicates containing a mixture of
sodium, magnesium, calcium, and iron. Structurally, a 2:1 layer of bentonite consists of
two silica tetrahedral sheets with a central octahedral alumina sheet. The space between
these layers is occupied by structural water and cations. The bentonite layers are negatively
charged and held together by charge-balancing counterions such as Na* and Ca2*. Water
and counterions in the 2:1 layer in bentonite separate the clay layers [19]. Such a structure
of the mineral makes it possible to modify it by filling interlayer spaces while maintaining
the layered structure (2:1 layer) and increasing the specific surface area, pore volume,
and amount of active centers on the surface of the material. Typically, montmorillonite is
the main component of bentonite and consists of mainly SiO;, Al,O3 with Fe, O3, MgO,
NayO, and K;O, which can promote the carbon yield [20]. Bentonite incorporated into
biomass increases the pyrolysis gas yield, which can act as additional gas for activation
during pyrolysis and carbon formation [21]. Bentonite can be used as a catalyst in py-
rolysis, cracking, and biodiesel processes that may enhance their efficiency [21-23]. In a
previous study, it was demonstrated how the way of incorporation of synthetic resorcinol-
formaldehyde resins into bentonite clay can influence the porosity and activity of hybrid
adsorbents [24]. Biochars produced at high temperatures (=700°C) are more effective for
organic contaminant sorption because of their strong carbon structurization, relatively
high specific surface area, and porosity [25]. Biochar surfaces become less polar and more
aromatic after a high-temperature carbonization, which may affect the organic contaminant
adsorption [26,27].

The starting mixture of tannin and bentonite was pyrolyzed at a high temperature
and an inert gas atmosphere to produce the biochars. It is worth mentioning that the
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carbonaceous materials are considered to be effective sorption systems for the removal of
organic pollutants from water and wastewater because of their well-developed surface area
and porosity. The biochars could be produced due to the thermochemical decomposition of
agricultural residues under restricted oxygen conditions. In the process of carbonaceous
materials production, the initial components are subjected to pyrolysis and activation
which are extremely important preparation steps in the formation of porous materials with
appropriate chemical properties increasing adsorption efficiency [28-30]. Furthermore,
pyrolysis of certain blends allows for the synthesis of novel hybrid materials retaining the
structural advantages of bentonite (mesoporosity) and adding new structural characteristics
due to a carbon component.

In the presented paper, the structural, textural, morphological, and thermal characteris-
tics of biochars prepared by mechanochemical activation and pyrolysis at 800 °C in an inert
gas atmosphere of blends of tannin and bentonite of differentiated compositions have been
investigated by several techniques: low-temperature nitrogen sorption, thermogravimetry
(TG), X-ray diffraction (XRD), Fourier transform-infrared (FT-IR) and Raman spectroscopies,
and scanning clectron microscopy (SEM). The adsorption equilibrium studies of the car-
bonized materials towards methylene blue were carried out. The adsorption data were
analyzed by applying Langmuir and Freundlich isotherms. The phenol adsorption studies
were also performed for a better understanding of the sorption mechanism by biochars.
The adsorption studies revealed the applicability of the obtained adsorbents in water and
wastewater treatments to remove the organic substances of various properties.

2. Materials and Methods
2.1, Materials and Chemicals

The experiments were conducted using bentonite (Sigma-Aldrich, Gillingham, UK).
Tannin products (soluble in alcohol, extracted from grapes purchased from a local wine
merchant in the Republic of Moldova. The hydrochloric acid (35-38%), sodium hydroxide,
and sodium chloride were bought from Chempur (Piekary Slaskie, Poland). The methylene
blue (MB) was purchased from Merck (Darmstadt, Germany). The solutions for adsorp-
tion studies were prepared with the use of deionized water (deionizer Polwater, Labpol,
Cracow, Poland).

2.2. Materials Preparation

A two-stage method of synthesis was used: (i) mechanochemical activation of a
mixture and (ii) pyrolysis. In the first part, the certain weights of tannin and bentonite were
placed into a stainless steel jar (250 mL) containing stainless steel balls (5 mm in diameter)
and milled for 6 h in a laboratery ball mill. The second step was pyrolysis in the quartz
cells of the vertical reactor in an argon flow (100 mL/min) at 800 °C. The heating rate
was 10 °C/min and a sample was maintained for 2 h at the set temperature. Cooling was
carried out to room temperature in an argon flow. The names of the samples and the initial
ratios of the components are given in Table 1.

Table 1. The ratios of the initial components used to prepare materials.

Component Ratio, g

Sample - -
Tannin Bentonite
TC (control) 10 -
TBC-1 10 10
TBC-2 20 10
TBC-3 30 10
TBC-0.5 6 10
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2.3, Methods

X-ray diffraction (XRD) patterns were recorded at 20 = 5-80" using a DRON-4-07
diffractometer with filtered Cu K« radiation in the geometry of Bragg-Brentano. The
phases were identified using the PDF-2 X-ray database of standards.

The Raman spectra were recorded over the 3200-150 cm ™! range using a Via Reflex
Microscope DMLM Leica Research Grade, Reflex (Renishaw, Gloucestershire, UK) with
laser excitation at Ag = 785 nm.

The FT-IR spectra were registered in the range of 4004000 cm~! using Tensor 27 appara-
tus (Bruker, Selb, Germany) with an ATR attachment equipped with a diamond crystal.

A morphological analysis of the studied materials was carried out using a Quanta
250 FEG scanning electron microscope (FEI, Hillsboro, OR, USA) equipped with an
EDS attachment.

To compute the textural characteristics, the low-temperature (77 K) nitrogen adsorption—
desorption isotherms were recorded using an ASAP 2405N (Micromeritics, Norcross, GA,
USA) adsorption analyzer. The specific surface area, Sprr, was calculated according to the
standard BET method [31]. The total pore volume, V,, was evaluated from the nitrogen
adsorption at p/pg = 0.98-0.99 (p and py denote the equilibrium and saturation pressure of
nitrogen at 77.4 K, respectively). The nitrogen desorption data were used to compute the
pore size distributions (PSD, differential fy(R)~dV,/dR and f5(R)~dS/dR), using a model
with slit-shaped pores for carbon-bentonites [32]. The differential PSD concerning pore
volume, fy(R)~dV,/dR and f fV(R)dR~V),, were recalculated as incremental PSD (IPSD)),
Y ®yi(R) = V. The fy(R) and fg(R) functions were also used to calculate the contribu-
tions of micropores (Vyyie, and Sy, at radius R < 1 nm), mesopores (Vo and Speso at
1 nm < R < 25 nm) and macropores (Vyuace and Spaco at 25 nm < R < 100 nmy} to the total pore
volume and specific surface area.

A potentiometric titration of suspension was carried out using a multicomponent
system equipped with a pH meter (PHM240 Radiometer, Copenhagen, Denmark), an
autoburet 765 Dosimat (Metrohm, Herisau, Switzerland), a thermostat (Ecoline RE207,
Lauda, Germany), a degassing system (nitrogen atmosphere), and a quartz vessel. In the
first step was 30 mL of 0.1 mol/ dm?® NaCl (an electrolyte) with the addition of 300 pL of
0.2 HC, the solution then equilibrated for 1 h at 25 °C to achieve constant temperature
and pH value, then it was titrated with 0.1 mol/ dm?® NaOH. In the second step, the same
procedure was repeated but with the addition of 1 g of solid sample. Finally, the surface
charge density and the point of zero charge (pHpzc) were determined.

The thermal stability of samples, as well as the carbon content, was determined using
an STA 449 Jupiter F1 (Netzsch, Selb, Germany) apparatus. The samples (~12 mg) were
heated at a rate of 10 °C/min in the range of 30-950 °C in the atmosphere of synthetic air
(flow of 50 mL/min} in an alumina crucible, and sensor thermocouple type S TG-DSC. An
empty Al;Oj crucible was used as a reference. Thermogravimetry (TG and DTG) curves
were registered during the analysis.

Adsorption equilibrium studies were performed applying a Carry 4000 UV-Vis spec-
trophotometer (Varian, Melbourne, Australia). Initially, the 50 mL conical flask with an
adsorbent of mass ~0.05 g and 25 mL solution of MB with the desired concentration in the
range of 1.25-40 mg/L and pH~7was placed into the incubator shaker for 2 days at 25 °C
(110 rpm) (New Brunswick Scientific, Edison, NJ, USA). After the equilibrium achievement,
the absorbance was measured at 200-800 nm, and the organic substance concentration was
determined from the maximum absorbance peak A = f(A).

The adsorbed amount (2) was calculated based on the mass balance equation:

f= (Cg—C{_,q)-V M)

i
where: nis the adsorption amount (mg/g), Cp—the initial concentration of dye (ng LD,
Cuog—the equilibrium concentration of dye (mg L™1), V—the volume of solution, and m—the
mass of adsorbent.
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The analysis of the adsorption process was carried out based on the Langmuir (1) and
Freundlich (2) isotherms using the equations:

C C
4 _ T4 1 ()

a Ty Kp-am

].I'lf’!:].l'le—F%'h'ngq (3

where: ay, is the adsorption capacity (mg/g), Cep—the equilibrium dye concentration
(mg L™1), K;—the Langmuir constant related to the rate of adsorption (L/mg), Kr—the
Freundlich constant (mg/g), and n—the parameter describing the favorableness of the
sorption process.

To compare, the additional adsorption studies towards phenol wete carried out using
a similar procedure. The adsorbent of mass 0.02 g was placed in 50 mL Erlenmevyer flasks
with 10 mL of phenol solution (Cp = 1.054 mmol/L) and maintained for 24 h in an incubator
shaker (New Brunswick Scientific, Edison, NJ, USA, 110 rpm, 25 °C). Then carbon slurry
was centrifugated (MPM 252R, 10,000 rpm for 10 min). The absorbance was measured at
200-450 nm, and the phenol concentration was determined from the maximum absorbance
peak measured using the Carry 4000 UV-Vis spectrometer (A = 270 nm).

The effect of pH on the percent of removal of MB was analyzed using TBC-0.5 sample.
The mixtures were prepared in plastic containers (10 mL) by addition of the methylene blue
solution with a defined pH (5 mL of MB with an initial concentration of 10 mg/L}to 0.01 g
of adsorbent. The adsorption in the examined system was carried out at pH: 3, 5,7, 9, and
11 (corrected by the addition of 0.1 mol/dm? HCl or 0.1 mol/dm? NaOH solution). The
solution was stirred using a shaker (New Brunswick Scientific, Edison, NJ, USA, 110 rpm,
25 °C). When equilibrium was attained, the adsorbent was separated bycentrifugation.
Then, the supernatant was analyzed in terms of residual concentration.

The influence of contact time on the MB removal (%) was also investigated taking into
account the TBC-0.5. The suspensions were prepared in plastic containers (10 mL) by the
addition of the MB solution (5 mL, Cyp =20 mg/L) to 0.01 g of adsorbent. The adsorption
was carried out for selected times: 1, 3, 6, 12, 24, and 48 h. When equilibrium was achieved,
the adsorbent was separated by centrifugation. Analogous to the pH studies, the residual
concenfration was determined.

3. Results
3.1. Structural Characteristics

XRD patterns of the samples are given in Figure 1. The characteristic peaks on the
pattern of the natural bentonite indicate that the clay is composed primarily of montmo-
rillonite with some impurities corresponding to quartz and muscovite (JCPDS No. 3-19,
85-795, 7-42, respectively, Figure 1a, Table 2). After pyrolysis at 800 °C a partial destruction
of the layered and crystalline structure of montmeorillonite took place that is accompanied
by the disappearance of the basal peak (001} at 20 = 6° (interplanar distance 1.47 nm) and
other peaks. The patterns of carbonized samples indicate that the structure of bentonite
remains the same as in treated bentonite alone. The raise in tannin content lead to an
increase in the content of carbon during carbonization. An increase in the intensity of the
diffuse halo at 28 = 25” and a decrease in the intensity of the quartz and muscovite peaks
indicate an increase in the content of amorphous carbon in the biochar. Considering the
carbonized raw tannin, there are two typical diffuse halos at 20 = 25° and 50°, characteristic
of amorphous carbon, and are well recorded in the spectrum. Thus, the synthesized materi-
als are a combination of particles of bentonite with a destructed structure and amorphous
carbon, which is partially formed in the interplanar space of bentonite layers.
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Figure 1. X-ray diffraction patterns (a) and Raman spectra of the pyrolyzed materials (b):
1—TC (control), 2—TBC-3, 3—TBC-2, 4—TBC-1, 5—TBC-0.5, 6—bentonite pyrolyzed, 7—bentonite
(*—montmorillonite, @ quartz, m—muscovite, and #—amorphous carbon).

Table 2. Structural characteristics of pyrolyzed tannin-bentonite materials,

N Sample PDF-2 Ph FWHM (em™1) Center (em™") D/G Intensity
o. ase :
P Card No. D-Band G-Band D-Band  G-Band Ratio (Ip/Ic)
1 TC - Amorphouscarbon 1263 1263 13404 15980 08
{control)
- Montmorillonitegegy,
85-795 Quartz
2 TBC-1 742 Muscovite 145.3 145.3 1354.8 1590.0 0.8
- Amorphous carbon
- Montmorillonite g,
85-795 Quartz
3 TBC-2 742 Muscovite 155.6 154.8 1349.6 1600.2 0.8
- Amorphous carbon
- Montmorillonite g,
§5-795 Quartz
4 TBC-3 74D Muscovite 144.0 144.0 1340.8 16002 08
- Amorphous carbon
- Montmaorillonitegegt,
85-795 Quartz
5 TBC-0.5 7_42 Muscovite 1453 145.3 1352.9 1600.2 09
- Amorphous carbon
3-19 Montmeorillonite
6 Bentonite 85-795 Quartz - - - - -
742 Muscovite
. - Montmorillonite gy,
7 (Be;“f’““ﬁ) 85-795 Quartz - - - ; -
pyroyze 7-42 Muscovite

Raman spectroscopy was used to obtain additional information about the carbon
phase in biochars. The spectra were collected in the most informative range for carbon
materials of 200-3200 cm™! (Figure 1b). The spectra of biochar were characterized by two
distinctive bands, G (at ~1600 cm™), and D (at ~1350 em™) [33]. The G-band represents in-
plane vibrations of sp? hybridized carbon atoms in the graphitic structure, and the D-band
is derived from the partial carbon lattice defects that can be mainly due to the structural
distortion (breathing mode of aromatic rings) [34]. During graphite amorphisation, both
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bands changed. The broad G, as well as D bands of high relative intensity, indicate high
disordering of carbon. The ratio of the intensities of the D- and G-bands (Ip/Ig) is often
used as an indicator of graphitization degree, i.e., the contribution of plane polyaromatic
structures in the materials. As can be seen in Table 2 the materials were graphitized with
defects and disorders. The Ip/Ig value did not show significant change and thus, one can
state that bentenite does not affect the structural features of the carbon phase.

Moreover, a series of peaks in the region of 2500-3000 em™! could be detected. In
particular, the broad 2D peak at ~2700 em~ !, which is called the overtone mode of the D
mode, indicates a highly amorphous skeleton containing graphitic domains in biochar of a
few nanometres in size (less than 5 nm due to the XRD data). The higher the intensity of this
bend, the smaller the size of the carbon crystalline. Thus, the size of graphitic component
increased with the following tendency: TBC-0.5 < TBC-1 < TBC-2 < TBC-3 < TC (control).

The spectrum of raw bentonite corresponds to the spectrum of montmorillonite (the
main mineral in bentonite) according to the Raman spectroscopy databases, which includes
the stretching vibrations of hydroxyls and water (v3 vibration of H,O, v3(Me-H,0) [35].
After carbonization, the overlapped and not so intensive bands could be observed in the
region of 900-2000 em™~!, which correspond to v3(5i0;4) and v1(5i0y4) vibrations. The weak
bands in the spectrum at 580 and 850 cm ™! could be referred to AI-O and Fe-O fragments.

The FT-IR spectra of bentonite and tannin-bentonite biochars are shown in Figure 2,
The intensive and sharp band at 3600 cm~! and broad band at 3400 cm ™! belonged to
OH stretching vibrations (v3) of structural hydroxyl groups and water present in the
raw bentonite due to hydroxyl bonding between octahedral and tetrahedral layers in the
mineral [36]. Another sharp peak at 1630 cm ™! was assigned to the asymmetric OH of
water (deformation vibrations of bound water). The intensive bands centered at ~1000 cm 1
and ~1020 em™! were assigned to the silicate montmeorillonite mineral and attributed to the
Si-O stretching vibrations v3 (in-plare) [34]. The OH deformation mode of Al-O-Al-OH or
Al-OH-Al was recorded at 914 cm ! [37]. The band centered at 690 cm ™! belonged to the
deformation and bending modes of the 5i-O bonds, while at 548 cm 1 1o the deformation
mode of the Al-O-5i group. Several bands in the lower region were due to the vibrational
modes of the Si0y units [34].
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Figure 2. FT-IR spectra of carbonized tannin-bentonite materials: 1—TC (control), 2—TBC-3,
3—TBC-2, 4—TBC-1, 5—TBC-0.5, —bentonite.

In the biochar, significant changes in the surface structure could be seen in the IR-spectra
due to the dehydration and decarboxylation processes associated with the formation of
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structures containing aromatic carbon. The characteristic C-H stretching vibrations of the
alkyl structure of the aliphatic group (C-H stretching} in the TC (control) sample could
be seen in the region of 2580-2950 cm 1. In addition, the presence of a skeletal vibration
spectrum, typical for aromatic lignin fragments (C=C and -OCH3) could be observed in the
region of 1510-1450 cm~1 [38]. A band at 1580 cm~! was related to the C=C aromatic ring
stretching vibrations. The band occurring in the region of 1500-1600 cm ! could be attributed
to the C=C stretching vibrations of aromatic components and to a smaller extent to the C=0
stretching vibrations in quinones and ketonic acids [38], and the aromatic C-C and C-O
stretching vibrations of conjugated ketones (quinones). A band at 1580 em ™! belonged to
COO— asymmetric stretching vibrations. The wide band at 1740 cm ! could be attributed
to the C=0 stretching vibrations which indicates the presence of the carboxylic group in the
surface of biochar [39]. A band at 1550 e~ could be referred to the COO— asymmetric
stretching vibrations while the band occurring at 1130 cm ™! was characteristic to the C-O-C
stretching vibrations [40]. Analyzing the spectra of mineral-containing biochars, it can be
seen that the surface of the TBC-0.5 sample (Figure 2, curve 5) had more intensive bands in
the region of 15001800 cm 1 due to the greater aromatic character of the carbon component
and a high degree of carbonization. The decrease in peak intensity in the lower region with
almost complete disappearance at 3000-3700 cm™", as well as bands shift indicated significant
changes and damages of the layered structure of bentonite (dihydroxylation) in the biochar
after carbonization at 800 °C. However, a significant broadening of a peak at ~1000 cm ™!
in the pyrolyzed materials, with simultaneous shift to the red region (1028-1008 cm™!) may
indicate the formation of chemical bonds, such as in the S5i-O-C groups [39-41].

3.2. Thermal Properlies

The TG curves for the carbonized materials (Figure 3) present a major mass loss step in
the temperature range of 350-650 °C with a corresponding effect on the DTG curves. This
mass loss was related to the decomposition of the carbon skeleton with the release of CO,,
while the final residue corresponds to the dehydrated bentonite. The content of carbon in
the samples after carbonization changed in proportion to the amount of tannin in the initial
blends. The amount of physically adsorbed water was less than 1 wt% (desorbed up to
300 °C), so it was not taken into account in the calculations. Bentonite content enhanced the
temperature of the thermo-oxidative destruction of carbon. The control sample (TC) had
the lowest Tpyax = 550 °C, and in the case of other samples with different carbon content in
the material, a slight differentiation of Tmax was observed.
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Figure 3. TG and DTG curves of biochars: 1—TC {control), 2—TBC-3, 3—TBC-2, 4—TBC-1, 5—TBC-0.5.
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It can be noted that with increasing bentonite content in the material, an increase in
the oxidation temperature was observed from 577 °C (TBC-3 sample) to 585 °C (TBC-0.5).
Thus, the enhancement of thermal stability of biochar took place due to the creation of
5i-O-C bonds in the samples and location of carbon layers between clay layers.

3.3. Morphological Properties

Scanning electron microscopy (SEM) was used to evaluate the morphology of the
carbonized materials. The SEM images (Figure 4) of the pyrolyzed samples show that
carbon is in the form of irregularly shaped particles of 1-1.5 um sizes and consists of X-ray
amorphous carbon structures (Figure 1), formed on lamellar polygonal bentonite flakes.
With an increase in the content of tannin (a carbon source), the size of particles practically
did not change, but their density increased. Morcover, the original structure of the clay
mineral was broken after carbonization, and the polygonal lamellar morphology was
disturbed with decreasing size and shape of individual plate particles. As a result of the
introduction of carbon into the interplanar spacing of clay during modification processes
and pyrolysis, the structural degradation of bentonite was observed. The residues become
much looser, and the pore sizes decreased. This statement was checked further based on
nitrogen sorption studies.

Figure 4. SEM images of TBC-0.5 (a), TBC-1 (b), TBC-2 (c), TBC-3 (d), and TC (control) (e).

3.4. Porosity and Acid—Base Properties

Nitrogen sorption isotherms of pyrolyzed tannin-bentonite materials can be classified
as a mixture of Type [ and IV isotherms (IUPAC) and are characterized by rapidly increased
adsorption at low relative pressure (p/pp) and slowing down at higher relative pressures.
Thus, monolayer adsorption at low relative pressure, multilayer adsorption at a higher
relative pressure, and capillary condensation in mesopores (Figure 5a). This hysteresis loop
may be classified as a type H4, which can be associated with narrow slit-like pore structures
and its elongation to lower relative pressures, indicating the presence of micropores in the
material. The raw bentonite shows Type IV adsorption isotherms with a large uptake near
saturation pressure, indicating the mesopores structure.

The BET surface area of the investigated materials and porosity data are summarized
in Table 3. Tt is worth noting that the layered structure of bentonite collapsed after pyrolysis
due to the removal of interlamellar water and dihydroxylation, and as a result, it became
less porous. Compared to raw bentonite (Table 3), the carbonized biochars are characterized
by a higher BET surface area and the contribution of micropores to the total porosity of
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the materials (Figure 5b). It was shown that an increase in the tannin content raised the
volume of nanopores due to the formation of the carbon phase during the pyrolysis process
occurring in the interlayer space of bentonite.
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Figure 5. Nitrogen adsorption/desorption isotherms (a) and pore size distributions (b) of biochars:
1—TC (control), 2—TBC-3, 3—TBC-2, +—TBC-1, 5—TBC-0.5, 6—bentonite, 7—bentonite pyrolyzed.
Bulk density versus carbon content is in the insertion.

Table 3. Porous characteristics and pHpzc for the studied materials.

SpEr Swmicror  Swmesor  Smacror V, Visicro Vinese Vinacro
No. Sample (m?/g} m?lg m?/g m?/g (cmgfg) (em3/g)  (em*g)  (cm3/g) Vimicro/Vp Vineso/Vp - pHrzC
1 TBC-0.5 86 75.2 9.0 - 0.08 0.05 0.03 0.00 0.61 0.39 8.55
2 TBC-1 128 121.1 6.2 0.2 0.09 0.06 0.02 0.01 0.72 0.20 6.41
3 TBC-2 194 188.2 54 0.2 0.13 0.10 0.02 0.01 0.80 0.13 6.39
4 TBC-3 230 223.4 6.2 0.2 0.14 0.11 0.02 0.01 0.81 012 5.84
5 TC{control) 380 368.5 10.8 0.1 0.23 0.20 0.02 0.01 0.86 0.10 6.95
6 Bentonite 86 28.3 57.0 0.6 012 0.01 0.08 0.02 0.08 0.70 7.90
7 Bentonite pyrolyzed 3 0.6 19 0.2 0.01 - 0.01 0.00 0.39 0.39 842

With an increase in carbon content, an increase in the hydrophobicity of biochar
took place, which lead to a decrease in their wetting by water. The TBC-0.5 sample is
characterized by the highest wettability of the series of pyrolyzed materials due to a smaller
amount of carbon, carbonization, and a lower degree of graphitization (In /I = 0.9). Higher
hydrophilicity can be due to a small content of hydrophobic aromatic carbon structures
(19%) and a significant contribution of bentonite (81%).

The bulk density of a particulate filler depends on the size, shape, surface structure,
and particle packing. A change in the bulk density in the samples is directly proportional
to the carbon content since the carbon phase has bulk and true densities smaller than that
of clay. This fact confirms that the porosity of the samples is affected by the filling with
carbon in the process of pyrolysis of tannin (Figure 5b, insertion).

The acid-base properties of tannin-bentonite biochars were investigated by potentio-
metric titration of the aqueous suspension. Generally, the values of point of zero charge
(pHpzc) for investigated samples are given in Table 3 and are in the range of 5.84-8.55. The
changes in the pHpzc values are associated with the different composition of the initial
mixtures. For the TC (control) sample, the pHpzc value is ~7 which identifies an inert
character of its surface. During the pyrolysis of the TC sample, the most surface functional
groups (e.g., phenolic) were removed. For TBC-3, TBC-2, and TBC-1, the pHpzc values
are 5.84, 6.39, and 6.41 that are related to the existence of certain oxygen species of acidic
character. The TBC-0.5, bentonite, and pyrolyzed bentonite are characterized by higher
pHrzc values (8,55, 7.90, and 8.42) that reveal the presence of some amount of basic centers
on their surfaces [41].
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3.5. Adsorption Characteristics

The scheme of synthesis of biochars from tannin and bentonite with possible mech-
anisms for methylene blue and phenol adsorption is presented in Figure 6. Figure 7a
presents the isotherms of methylene blue (MB) adsorption on biochars. The effect of pH
and contact time on MB removal by the adsorbent is shown in Figure 7b. The results of
phenol removal by TBC-0.5, TBC-1, TBC-2, TBC-3 and bentonite are shown in Figure 8. The
effect of contact time and pH on phenol removal by TBC-0.5 is shown in Figure 9. The
studies showed a significant increase in the adsorption capacity of the materials prepared
with the addition of aluminosilicate in the reaction blends in comparison to the control
sample (TC). It may be correlated with the highest share of micropores in TC porosity
(0.86) which hinder diffusion and diminishes adsorption of large dye molecules. The best
adsorption properties were found for TBC-0.5 material with the highest contribution of
bentonite which is characterized by the highest share of mesoporosity (0.39) in comparison
to microporosity (0.61). In the case of the three other samples TBC-1, TBC-2, and TBC-3, one
could find the comparable representation of micro- (0.71-0.81) and mesopores (0.20-0.12),
however, there were larger differences in specific surface area values. Thus, it results
in the following differentiation of the adsorption values: TBC-3 > TBC-2 > TBC-1. The
experimental data were described by Langmuir and Freundlich isotherms. The determined
L and F parameters are summarized in Table 4. The high R? values (above 0.98) show that
the Langmuir model describes well the experimental data for all adsorption systems. The
R? in the range of 0.783-0.957 proved that the Freundlich model also well describes the
experimental systems. The optimized adsorption capacities a, and n parameters of the
biochars containing bentonite in the structure were 3 to 5 times higher than for the material
obtained by tannin pyrolysis. The highest a,, value was obtained for the TBC-0.5 sample
with the lowest micropore contribution, but the highest proportion of mesopores from the
obtained materials, therefore, in the case of the carbonized material, the dye molecules can
well penetrate pores. In addition, it was observed that in the case of carbonized material
with the highest tannin content, the increase in MB adsorption was likely also affected
by an increase in the specific surface area. The L and F parameters were compared to the
literature data and shown in Table 5.
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Figure 6. The scheme of synthesis of biochars from tannin and bentonite with possible mechanisms
for methylene blue and phenol adsorption.
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Figure 7. Comparison of adsorption isotherms of MB on the biochars: 1—TC (control), 2—TBC-3,
3—TBC-2, 4—TBC-1, 5—TBC-0.5 (a), and the effect of contact time and pH of the solution of MB on
the removal by TBC-0.5 (Cp = 20 mg/L, n = 10 mg, V; = 5mlL) (b).
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Figure 8. Phenol removal by TBC-0.5, TBC-1, TBC-3, and bentonite (Cyp = 20 mg/L, m = 10 mg,
Vs=5mL).
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Figure 9. Effect of contact time (a) and pH (b) on the removal of phenal by TBC-0.5 (Cy = 20 mg/L,
m =10 mg, Vs = 5mL).
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Table 4. Isotherm parameters for adsorption of MB from water solutions.

Langmuir Isotherm

No. Sample

R? Ki (Limg) a (mg/g)
1 TC (control) 0.994 0.39 1.00
2 TBC-0.5 0.999 3.61 5.78
3 TBC-1 0.983 0.19 390
4 TBC-2 0.996 0.21 4,74
5 TBC-3 0.995 0.20 5.26
Freundlich Isotherm
No. Sample R2 Kr(mg/g) i
1 TC (control) 0.783 0.28 250
2 TBC-0.5 0.847 3.03 4.21
3 TBC-1 0.907 0.60 1.77
4 TBC-2 0.928 0.78 1.83
5 TBC-3 0.957 0.87 1.85

Some differentiation in the sorption mechanisms of the cationic dyes should be taken
into account: the hydrophaobic interactions, electrostatic repulsion /attraction, oxidation-
reduction reactions, or complex formation. Especially when taking into account the differ-
entiation of acid-base properties of studied materials, the electrostatic interactions were
of great importance. The MB was positively charged at the working pH and it interacted
electrostatically with negatively charged and electron-rich functional groups of the adsor-
bents. To clarify this issue, additional measurements for phenol adsorption (Figure 8), as an
organic compound with both hydrophobic and hydrophilic properties, were performed too.
As can be seen in Figure 8, the mineral-rich biochars showed the opposite tendency toward
phenol adsorption and the highest adsorption effectiveness was found for the samples with
the highest carbon loading, while phenol poorly adsorbs on the raw bentonite. From the
obtained data, it follows that the surface functional groups of the synthesized materials
have a significant influence on the adsorption capacity if adsorbents have appropriate
textural characteristics. In particular, in the case of methylene blue adsorption, the main
centers involved in the interaction were the functional groups from clay: hydrogen bond
between hydroxyl groups (Si-O-H) and nitrogen atoms of MB; 7-mt/n-mt interaction between
the aromatic structure of MB and carbons, as well as electron clouds of the 5i-O-5i bridges;
hydrogen bonding between hydroxyls (C-OH) and nitrogen of the dye molecule could
also be attributed to it adsorption [42]. Thus, the mineral-enriched biochar (with higher
bentonite content, sample TBC-0.5) shows a higher adsorption capacity for MB compared
to the carbon-rich biochar (sample TBC-3). Schematic interpretation of MB interactions
with biochar structures is shown in Figure 6. Phenol removal can take place due to the pres-
ence of carbon phase in the pyrolyzed materials: 7~ dispersion interaction derived from
phenol aromatic rings and carbon layers; physical adsorption based on 7— interaction;
and via an electron donor-acceptor complex between surface C-C, C-O and C=0 groups
which can act as the electron donors and phenol aromatic rings (acceptors), that may occur
simultaneously. Additionally, the C-OH group from phenol can form hydrogen bonds with
O-containing carbon functionalities. Since phenol interacts with the carbon surface through
the aromatic ring, the interactions will be weaker as carbon content decreases, which is
observed in the case of the TBC-0.5 sample.
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Table 5. Isotherm parameters for adsorption of MB from water solutions for selected adsorbents
based on the literature data.

Langmuir Isotherm
No. Sample
R? Kp (L/mg)  ay (mg/g)  Literature Source
1 EDTA modified bentonite 0998 345 160.00 [43]
2 Modified Pumice Stone 0.992 0.13 15.87 [44]
3 Pumice 0975 - 0.02 [45]
4 SAC 0.991 0.14 126.60 [46]
5 NR90CS10 blend - 0.94 112 [47]
6 Natural clay - - 4.98-50.00 [48]
Freundlich Isotherm
Na. Sample R? Kplmg/ig) " Literature Source
1 EDTA modified bentonite ~ 0.774 84.8 3.61 [43]
2 Modified Pumice Stone 0.999 3.45 2.18 [44]
3 Pumice 0.986 - 147 [45]
4 SAC 0987 417 476 [46]
5 NR90CS10 blend - 0.47 232 [47]

4, Conclusions

In this work, textural, structural, morphoelogical, and thermal characteristics of novel
hybrid biochars prepared by mechanochemical activation and pyrolysis of natural origin
constituents (tannin and bentonite), with an application as a sorbent system for methylene
blue dye were described. Additionally, the phenol adsorption studies were performed for a
better understanding of the sorption mechanism.

The XRD diffraction data confirm that the main crystalline phase of the studied
materials corresponds to montmorillonite. An increase in tannin content in the reaction
blends leads to an increase in the carbon content in the biochars. The Raman analysis
reveals that the crystalline structure of bentonite undergoes significant changes during the
tannin pyrolysis, with the simultaneous formation of a carbon phase with a disordered
structure (D/G ratio is ~0.8), confirming that the carbon layers are mainly amorphous with
many defects. The FT-IR analysis confirms the existence of characteristic stretching and
deformaticn vibrations of the bentonite phase. Changes in peaks intensity and bands shifts
are due to the destruction of the layered structure of bentonite during tannin carbonization.
The SEM analysis shows that the carbon forms irregularly shaped particles of 1-1.5 um
sizes, and consists of amorphous carbon crystallites. With increasing the tannin content
(a carbon source), the size of carbon globules does not practically change, but the bulk
density of the biochars incteases. The low-temperature nitrogen sorption studies indicate
that materials are characterized by the BET specific surface arca from 84 to 380 m*/g.
The changes in the textural characteristics of pyrolyzed materials are connected to the
differences in the initial blend compositions. Potentiometric titration studies reveal an inert
of TC (control) (pHpzc = 6.95), acidic of TBC-3 (pHpzc = 5.84), TBC-2 (pHpzc = 6.39), and
TBC-1 (pHpzc = 6.41), and basic character of TBC-0.5 (pHpzc = 8.55), and bentonite and
pyrolyzed bentonite (pHpze = 7.90 and 8.42) surfaces. The thermal analysis of biecarbons
shows that the main destruction of analyzed materials follows at the temperature range of
350-650°C. The carbon obtained only from tannin has the lowest Tax = 550°C, however,
for the materials with different carbon content, a slight differentiation of Tmax is observed.
Generally, data obtained by XRD, Raman and FI-IR spectroscopies, potentiometric titration,
SEM microscopy, and porosimetry are in good agreement. The presented studies confirm
that bentonite affects the structurization of carbon, and the thermal stability of the materials
is due to the 5i-O-C bond formation in the sample and nanocarbon intercalation between
the clay layers during the carbonization.

The adsorption data were examined by the Langmuir and Freundlich isotherms. The
high R? values in the range of 0.983-0.999 show that the Langmuir model describes well
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the experimental data for all adsorption systems. The R? in the range of 0.783-0.957 proved
that the Freundlich model also well describes the experimental systems. The adsorption
properties of obtained materials towards methylene blue are differentiated and correlations
with their structural characteristics are found. Much better adsorption effectiveness is
observed for the materials obtained with the addition of aluminosilicate with a maximum
adsorption capacity of 5.78 mg/g compared to the carbon synthesized only from tannin
(@ = 1.00). The obtained results indicate that the surface functional groups of the adsorbent
are more critical for the adsorption of the studied organic substances than the surface area
and porosity. They show differentiated affinity towards organic substances. The obtained
materials are very good adsorbents for typical organics of hydrophobic properties which
are poorly adsorbed on raw clay. The investigated materials can be used as an effective
selective adsorbent for the removal of organic substances of differentiated properties from
the aqueous solutions.

From a practical point of view, the obtained materials may be valuable adsorbents in
water and wastewater purification technologies.
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Abstract: Magnetosensitive biochars were prepared with mechanochemical ball-milling of lignin
and blast furnace dust with further pyrolysis at 800 °C under an inert gas atmosphere. The physic-
ochemical and sorption characteristics of the materials were analyzed using several techniques:
low-temperature nitrogen adsorption—-desorption, X-ray powder diffraction, Raman spectroscopy,
elemental analysis, potentiometric titration, and thermal analysis. All the synthesized biocarbons
were characterized by their specific surface areas (Spg7) in the range of 290-330 m?2/ g and microp-
orous structures with certain contribution of mesopores in the total porosity. Equilibrium adsorption
studies revealed the potential applicability of the materials in water remediation from hazardous
organic substances modelled with methylene blue (MB) dye. Generally, this study illustrates the
effective conversion of sustainable waste into a functional carbon material.

Keywords: metallurgical dust; lignin; magnetosensitive biochars; carbons; mechanochemical activation

1. Introduction

Dyes and pigments are applied in various industries; for example, printing, leather
tanning, the production of textiles, paper, rubber, food, cosmetics, etc. Unfortunately,
colored substances strongly and negatively affect the quality of water. The coloration of
water can occur even with very low dye concentration. Moreover, numerous dyes, mainly
of synthetic origin, are considered hazardous substances for aquatic life, animals, and
people and are hard to decompose in water. Therefore, the removal of these substances
from water and wastewater is of great importance. Adsorption is one of the most frequently
used methods for the removal of organic substances because of its simplicity, high efficiency,
high variety of available adsorbents, and low ability to produce pollutants [1,2].

On the material market, a wide range of adsorbents (e.g., silicas, zeolites, carbons, poly-
mers, clays, etc.) are available, but these materials may have some restrictions [3-5]. Novel
materials with improved properties that are characterized by high adsorption efficiency,
thermal stability, longevity, selectivity, resistance to microbes, and relatively inexpensive
production are the subject of this research. Adsorption efficiency depends on some key
factors caused by types of adsorbates, adsorbents, and solvents. The adsorption process
depends on the structure and size of adsorbate molecules, the presence of various func-
tional groups, adsorbate solubility, dissociation ability, adsorbent surface and structural
characteristics (e.g., porous structure, surface chemistry, and ash content), and solution
properties (e.g., solvent type, pH, and ionic strength) [1,2,6-8]. Functional groups that are
present on the adsorbent surface can play a key role in the interactions between adsorbent
and adsorbate. For carbons, the basic or acidic surface sites affect the charge, hydrophobic-
ity, and electric density of carbon layers. Based on the aforementioned factors, which may
affect the adsorption efficiency of carbon materials, different absorption mechanisms occut,
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including dispersion, hydrogen bonding, donor-acceptor interactions, or competitive water
adsorption [7,8].

Biochar-based materials with strictly defined surface properties and characteristics
have reached scientists’ attention because of their high adsorption efficiency of organic pol-
lutants (e.g., dyes) and environmental friendliness due to their reuse of organic wastes [1].
In this work, biochars based on lignin and industrial iron dust blends were prepared using
pyrolysis at a high temperature under restricted oxygen conditions. Pyrolysis and activa-
tion are crucial stages in the formation of the texture and structure of biochars that affect
adsorption effectiveness. Generally, pyrolysis of selected blends enables the preparation of
materials with unique textural, structural, thermal, and adsorption characteristics [9].

Lignin was chosen as a carbon source for several reasons. Firstly, it was chosen due
to its prevalence and availability. Lignin is the second most abundant natural amorphous
polymer after cellulose [10]. A huge amount of technical lignin is produced every day all
over the world. Lignin is commonly viewed as a useless and low-cost industrial solid
waste separated from the biomass feedstocks of papermaking industries, such as wood
and grass. Secondly, it was chosen because of its aromatic molecular structure. Lignin is
a complex biopolymer composed of different amounts of three monolignols, including
p-coumarylalcohol, coniferyl alcohol, and sinapyl alcohol [11]. Compared with other
bioresources, it consists of a large number of aromatic benzene rings and possesses the
highest carbon content of up to 60%, which favour the highly efficient production of
biochar. However, due to the complex structure, low chemical reactivity, and presence of
organic and inorganic impurities, its further applications are limited, and currently, most
lignin is burned for energy. Hence, it can be an optimal choice to use as the feedstock
of biochar.

In recent years, researchers have paid great attention to the production of biochars
from lignocellulosic biomass to reduce the cost of biomass utilization [12,13]. Different
methods for the preparation of carbon sorbents from lignin were reviewed, such as py-
rolysis at high temperatures, steam activation, or chemical activation aiming to increase
biochar porosity or structure. Chatterjee described [14] that the content of lignin con-
trolled the char yield and consequently controlled the activated carbon yield. Thus, the
type of lignin as well as the microstructure of the char yield depend on the source of
biomass and the amount of cellulose and lignin. Lignin-derived biochar is a promising,
sustainable alternative to petroleum-based carbon powders (e.g., carbon black) for poly-
mer composite and energy storage applications for high-performance capacitors [15,16].
Demir M. and co-authors reported the economic and sustainable syntheses of functional
lignin-derived carbons for supercapacitor and CO; capture applications [17]. In another
work, Demir M. successfully obtained graphitic carbon via the hydrothermal carbonization
and catalytic graphitization of biochar using nitrates Fe(Il), Co(lI), or Mn(lI) as catalysts at
900-1100 °C [18]. Zijun Yi et al. investigated the impact of different pyrolysis atmospheres
on the prop-erties of lignin-derived biochar and determined that CO; accelerated the re-
moval of the aliphatic structures and rendered the biochar of hydrophobic surface, but
formed less fragmentized structures than that obtained in N [19]. Thus, the potential of
biochar and lignin-based adsorbents for wastewater treatment (to remove dyes, antibiotics,
organics, and heavy metals) has received particular attention in recent years [20-24].

Different methods of modifications that changed the adsorption, catalytic, and mag-
netic properties of biochar were mainly conducted by mixing metal oxides, metal salts,
carbonaceous materials, and biochars [25]. The magnetic properties of biochars are usually
enhanced by iron salt or iron metal oxide. To the best of our knowledge, no report on
lignin-derived biochars filled with magnetic metallurgical dust exists. That is why such a
possibility is considered in this work.

According to the World Steel Association, world crude steel production in 64 countries
was 143.3 million tons in November 2021 [26]. Ukraine was in 14th place on the list of
“Major steel-producing countries 2021 and 2020” with 21.4 million tons of crude steel
production as well as 21.2 million tons of pig iron.
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The main product of blast furnace production is cast iron, and by-products include slag
and blast furnace gas. Smelting products released from the furnace are sent for processing,
including cast iron that is processed for pouring into ingots on a filling machine, slag that is
processed for granulation, and blast furnace gas that is processed for purification [27]. Blast
furnace production is considered to be the most ecologically dirty link of the technological
cycle as it generates 60-65% of wastes. Gravity dust collectors, cyclone dust collectors,
bag dust collectors, and other devices are used to obtain flue dust. The sludge is recycled
as a waste product after wet cleaning of blast furnace gas. It is used for the blast furnace
charge due to its high content of iron oxides. These solid wastes contain many valuable
products that can be reused. They usually contain zinc, iron, carbon, and other ferrous
and non-ferrous metals and are classified as a secondary resource of zinc and iron. The
chemical composition of dust varies to a large extent. Dust from a furnace under high
pressure contains 14.6 5i05, 4.35 MgO, 4.35 Al; 03, 11.85 Ca0, 0.74 S, and 3.75 MnO wt.%,
and the rest is iron oxides. From a technological point of view, the sludge is very difficult
to process due to the high content of non-ferrous metals. By separating particles into fine
and coarse fractions, 50-60% of zinc and lead can be removed, and 80% of the total annual
volume of generated sludge can be recycled. The particle size of blast furnace dust is about
5-120 pm, The composition of the sludge includes heavy non-ferrous metals—mainly zinc,
lead, fluids, chlorides, and sulphates. They have a good flow ability and cause secondary
pollution which can be suspended in the air for a long time [28]. Many steel plants around
the world have already taken innovative measures to recycle 100% of these wastes with the
ultimate goal of improving the efficiency of the steel industry. Blast furnace slags in some
countries do not even have the status of waste but belong to secondary raw materials due
to effective use as raw materials in several areas {e.g., road construction, the production of
cement and concrete in the form of crushed stone, and mixtures without binders or with
binders) [29-32]. However, it remains relevant for Ukraine [33].

The disposal of technological waste is a complex resource and environmental problem.
The recovery and reuse of this solid waste in an enterprise or industrial facility is mainly
necessary to protect the environment and conserve metals and minerals. Studies on
improving waste processing technologies and the disposal of metallurgical slags, including
dust, are of considerable interest. The problem of organizing zero-waste technology using
waste from adjacent industries, the return of waste, shavings, and other dispersed metal
waste to metal circulation, and the use of secondary resources in powder metallurgy are
promising directions of resource conservation [26-32].

In this paper, we present a new approach based on the carbonization of lignin in
the presence of metallurgical dust to obtain magnetically sensitive carbon sorbents via an
efficient solvent-free mechanochemical synthesis [9,34]. Our strategy is based on the use of
dust as a filler, which plays the role of a graphitization catalyst and a porosity activator, and
at the same time allows us to prepare magnetosensitive carbon sorbents. The advantage of
such adsorbents is that in the contact purification of solutions, the use of magnetic sorbents
greatly simplifies the separation of the sorbent by magnetic separation and the completeness
of its processing [35,36]. The influence of the initial composition of lignin—-magnetic dust
blends on the textural, structural, thermal, and adsorption properties of final materials
was evaluated, Adsorption studies regarding methylene blue on lignin—iron dust biochars
were conducted. This work may expand ways to design and develop carbon sorbents and
present a promising prospect for the application of carbon to wastewater decontamination.

2, Materials and Methods
2.1. Materials and Chemicals

The kraft lignin used in this study was from Indulin AT, MeadWestvaco Corp.
(Charleston, SC, USA). The magnetic blast furnace dust was provided by the Blast furnace
workshop of the Donetsk Metallurgical Plant Research. The hydrochloric acid (35-38%),
sodium hydroxide, and sodium chloride were purchased from Chempur (Piekary Slaskie,
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Poland). The methylene blue was bought from Merck (Darmstadt, Germany). All solutions
were prepared using deionized water (0.05 uS/cm, Polwater, Labpol, Cracow, Poland).

2.2. Materials Preparation

As in the previous paper [9], the materials were synthesized by mechanochemical acti-
vation and high-temperature pyrolysis. The first step of the procedure was a mechanochem-
ical activation of kraft lignin and industrial waste magnetic iron dust blends that were
loaded into a stainless-steel jar (250 mL) containing stainless steel balls with a 5 mm diame-
ter for 2 h. The second stage was pyrolysis in a reactor at 800 °C and inert gas condition
with a flow rate of 100 mL/min. The heating rate was 10 °C/min, and the samples were
preserved in the reactor at the established temperature for 1 h, and then they were cooled
at room temperature [9].

The names of the samples and the initial ratios of the components are given in Table 1.

Table 1. The ratios of the initial components used to prepare biochars.

Components Ratios

Samples Kraft Lignin Kraft Lignin Magnetic Iron Magnetic Iron
(g) (%) Dust {(g) Dust (%)
STInd-1 12.5 71.0 5.0 29.0
STInd-2 12.5 76.0 4.0 24.0
STInd-3 12.5 81.0 3.0 19.0
STInd—4 125 91.0 1.3 9.0
Indulin/Carbon 12.5 100.0 0.0 0.0

2.3. Methods
2.3.1. Low-Temperature Nitrogen Adsorption-Desorption

To determine the textural characteristics, the nitrogen adsorption—desorption isotherms
at 77 K were recorded using a Micromeritics ASAP 2405N adsorption analyzer (Micromet-
ric, Nocross, GA, USA). The specific surface area, Sger, was calculated according to the
standard BET method [37]. The total pore volume, V), was evaluated based on the nitrogen
adsorption at p/pg = 0.98-0.99 (where p and pp denote the equilibrium and saturation pres-
sure of nitrogen at 77 K, respectively). Nitrogen desorption data were used to compute pore
size distributions (PSD, differential fy(R) ~ dV/dR and fs(R) ~ dS/dR), using a model
with slit-shaped pores [38]. Differential PSD concerning pore volume, fy(R) ~ dV,/dR and
j'f\; (R)dR ~ V., were recalculated to incremental PSD (IPSD), ¥-®v;(R) = Vp. The fy(R} and
f5(R) functions were also used to calculate the contributions of micropores (V00 and Sppicrs
atradius R < 1 nm) and mesopores (Vipeso and Speso at 1 nm < R< 25 nm).

2.3.2. Potentiometric Titration

Potentiometric titration was performed using a system composed of a 765 Dosimat
Metrohm autoburet (Herisau, Switzerland), a PHM240 Radiometer pH-meter (Copenhagen,
Denmark), an Ecoline RE207 thermostat (Lauda, Germany) to maintain the 25 °C tempera-
ture, a degassing system (an inert gas atmosphere), and a 50 mL quartz container. Thirty
mL of 0.1 mol/L electrolyte (sodium chloride), 0.3 mL of 0.2 mol/L hydrochloric acid, and
0.1 g of solid sample (biochar) were added to the quartz vessel to conduct the experiment.
After achieving a constant temperature and pH value, the 0.1 mol/L sodium hydrexide
was gradually titrated. Analogous titration was performed without the addition of the
solid. Based on the collected data, the surface charge and the point of zero charge (pHpzc)
were established for all carbonized samyples [9].

2.3.3. X-ray Diffraction (XRD)

The XRD patterns were recorded using a DRON UM1 diffractometer (Burevestnik,
Saint Petersburg, Russia} at 28 from 10 to 90° with filtered Co K, radiation and Bragg-—
Brentano geometry.
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2.3.4. X-ray Fluorescence (XRF)

The XRF was used for an elemental composition analysis of bulk samples using an
Expert 3L XRF desktop high-precision express analyzer in helium atmosphere.

2.3.5. Raman Spectroscopy

The Raman spectra were recorded at 3200-150 em~! using Via Reflex Microscope
DMLM Leica Research Grade, Reflex (Renishaw, UK) with laser excitation at Ay = 785 nm.

2.3.6. Thermal Analysis (TA)

The thermogravimetric (TG} measurements with differential thermal analysis (DTA)
of samples (with a mass of 100-150 mg) placed in a ceramic crucible were performed at a
temperature range between 25 and 1000 °C in the air atmosphere using a Derivatograph
Q 1500D (Paulik, Paulik & Erdey, MOM, Budapest, Hungary) with a heating rate of
10 °C/min.

2.3.7. Equilibrium Adsorption Studies

Adsorption equilibrium studies of methylene blue (MB) on indulin-magnetic dust
adsorbents were carried out using a Carry 4000, Varian UV-Vis spectrophotometer (Mel-
bourne, Australia). Adsorbent with a mass of 0.05 g was placed into a 100 mL conical flask.
Then, 50 mL of methylene blue aqueous solutions (pH ~7) with initial concentrations from
0.005 to 0.1 mmol/L (1.6 to 32 mg /L) were shaken for 2 days at 25 °C with 110 rpmin a
New Brunswick Scientific Shaker (Edison, NJ, USA). When equilibrium was established,
the absorbance was measured at 450-200 nm, and the methylene blue concentration was
evaluated based on the maximum of the absorbance peak. The adsorbed amount (7) was
determined using the Mass Balance Equation (1), and the percentages of removal of methy-
lene blue from solutions were determined applying Equation (2). The adsorption data were
analyzed based on modified Langmuir (3) and Freundlich (4) isotherms.

— (ft} = ch)‘v a)
i3

n — €
% removalyp = M-NU (3]

Go

Kp-C,
a=a e ®
(CS - Ceq) + (KML'CE{}]

a = KpCeg? @

where 4 is the adsorption amount at equilibrium (mg/g); Cp is the initial concentration of
dye (mg/L); Cyy is the equilibrium concentration of dye (mg/L); V is the volume of solution;
m is the mass of adsorbent; % removalyp is the percentage of methylene blue removal; 4, is
the maximum adsorption amount; Ky is the modified Langmuir equilibrium constant;
Cg is the value of saturated concentration of solute [mg/L], (dimensionless quantity); Kr is
the Freundlich constant (mg/g); and # is the heterogeneity factor.

The influence of pH and contact time were checked before the adsorption studies of
methylene blue. The effect of pH on the percent of methylene blue removal was taken
into account. Biochars with a mass of 0.05 g were placed in 100 mL plastic containers and
contacted with 50 mL of 12.8 mg/L methylene blue solution at pH 2, 4, 7, and 10. The
pH value was preserved by adding 0.1 mol/L hydrochloric acid or (.1 mol/L sedium
hydroxide solutions and shaken for 2 days at 25 °C with 110 rpm in a New Brunswick
Scientific Shaker to achieve equilibrium. Additionally, the effect of time was examined on
two selected materials, including STInd-1 and 5TInd—4. The samples of mass of 0.05 g were
situated in 100 mL Erlenmeyer flasks and contacted with 50 mL of 12.8 mg/L at pH ~7, and
the solution was measured at appropriate time intervals. In all cases, the adsorbent was
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centrifuged for 10 min with 10,000 rpm at 25 °C using an MPW-352R centrifuge (Warsaw,
Poland), and the supernatant was analyzed [9].

3. Results and Discussion
3.1. Low-Temperature Nitrogen Adsorption-Desorption

Nitrogen adsorption—desorption isotherms were collected to verify the textural prop-
erties of biochars (Figure 1a). The specific surface area (Sprr) of carbonized indulin—iron
dust materials is in the range between 290 and 330 m? /g, while pyrolyzed indulin is char-

acterized by a specific surface area of only 7 m?/g. The adsorption-desorption data are
summarized in Table 2.

0,011
*h 4
W T Tiniiima | | Be
9 4 ..l ey I
"m :;g; . : HEE R i B 0,009 o 3?1‘ 0.0010
85 * .I.IIIII-.::.' ] ) 0.008 f . 0.0008
1 34 .l - € o007 IS 0.0006
0 gp - : wunt snun® = ! . 0.0004
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Figure 1. (a) Nitrogen adsorption—desorption isotherms and (b) pore size distributions of 1: STInd-1;
2: STInd-2; 3: STInd-3; 4: STInd-4; and 5: indulin/carbon.

Table 2. Textural characteristics of biochars,

SBEI‘ vmi.':ro Vmcsu VP

Sample (m?/g) (cm®/g) (em?/g) (em®/g) VonicrolVp - VinesolVp
STInd-1 290 0.118 0.014 0.132 0.894 0.106
STInd-2 3135 0.128 0.014 0.142 0.901 0.099
STInd-3 313 0.129 0.011 0.140 0.921 0.079
STInd—4 330 0.131 0.008 0.139 0.942 0.058
Indulin/Carbon 7 - 0.007 0.007 - -

The nitrogen adsorption—desorption isotherms of the indulin-based samples can be
ascribed as a mixture of I and IV types with a combination of the hysteresis loops of H1
and H4 according to IUPAC classification, which is associated with the occurrence of
microporous and mesoporous structures of biochar surfaces. The desorption curves of the
5TInd-1, STInd-2, and STInd-3 samples show an inflection point in the relative pressure
range between 0.4 and 0.6, which indicates that a high amount of adsorbed gas is instantly
desorbed due to the presence of special ink bottle-like pore structures or the deformation
of the coal body by filler [39,40].

The adsorption and desorption curves of the 5TInd—4 sample do not come together at
a relatively low pressure in the isotherm. This may be caused by the irreversible uptake
of nitrogen molecules in pores through very narrow pore entrances and some swelling of
the adsorbents. The micropores are extremely developed in this sample, and their pore
area gives a majority share to the total pore area. The STInd—4 sample shows a higher
surface area than STInd-1 which is most likely due to the partial pore blocking by the filler.
Generally, a small decrease in Sprr, Vi values is observed with an increase in the filler
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content, and the mesopore volume increases at the same time. The pore size distribution
curves (Figure 1b with insert Table 2) show that the pore size distributions are mostly in
the microporous range, which indicates that the resulting carbons have a microporous
structure; however, the mesopores of different sizes also contribute to the total porosity.

3.2. X-ray Investigations

The main chemical composition of the blast furnace dust probe was analyzed using
X-ray fluorescence, and the data are presented in Table 3.

Table 3. The chemical composition of the blast furnace dust.

Component Fe Ca Si Cl S Mg Mn Pb Zn Al

Content  79.763 9.965 3.951 3.843 2.166 0.134 0.089 0.045 0.027 0.015
(Wt%)  (£0.100) (£0.031) (£0.080) (£0.050) (£0.058) (£0.010) (+0017) (£0.006) (£0.004) (£0.003)

According to the XRF and XRD data (Tables 3 and 4 and Figure 2), it can be concluded
that the main components of the blast furnace dust include the Fe3O4, a-Fea 03, Si0s,
and CaCQOj3 phases. The sample does not contain appreciable amounts of Pb and Zn
as was reported by Das B. et al. [31] for samples from other parts of the world. The
carbonization of indulin-iron dust blends at 800 °C; therefore, iron oxides are partly
reduced to x-Fe. Furthermore, FeO and Fe;Oy4 phases are also present in small amounts. In
addition to amorphous carbon, graphite is observed in carbonized samples as evidenced
by the presence of the (002) peak at 20 = 31°. Data regarding the phase composition are
given in Table 4. The highest content of amorphous carbon is in the STInd—4 sample.

Table 4. Structural characteristics of biochars.

. Center (cm~1) FWHM (em—1) Carb
Sample Phase Composition D p o e In/lg Coni:n‘zl:%)
DustST FE3O4, iX-FEzOg, SiOz, CﬂCO_} - - - - - -
STInd-1 Fe, FeO, Fe304, 5103, Camorph 1310 1600 84.8 57.2 0.9 46.0
STInd-2 Fe, FeO, Fe304, C 5102, Camorph 1312 1598 120.3 64.6 1.0 51.0
STInd-3 Fe, FeO, Fe304, C 5102, Camorph 1314 1598 120.8 64.7 1.2 56,0
STInd—4 Fe, Fe30y, FeO, 5102, Camorph 1316 1598 121.5 632 1.3 66.0
Indulin/Carbon Camorph 1319 1586 90.5 58.1 12 100.0
18000
17000 4007 | | pylyzed lignin at 500 " 6000 4 D ?\ G
8202 =11 =1
16000 .0 50004 1310 cm E|| ﬁ 1600 cm
15000 o 2002 \*J\_l_ 1 \E|
S MO0 A e o o 40004 1
“ 6000+ ’ = \ 2D
= o 3000 2 _
50004\ 5 = ! u w
4000 4 = 2000+ M \ 3
A :IMMW
30001 % (4 A A o 10004 EW
S8 N VIR, 8oL w1 S D8 N W
@) 10 20 30 40 50 60 70 80 b) 0 500 1000 1500 2000 2500 3000
20 ( Wavenumbers, crii”

Figure 2. (a) XRD patterns and (b) Raman spectra of carbonized materials and furnace dust. 1: in-
dulin/carbon; 2: STInd-1; 3: STInd-2; 4: STInd-3; 5: STInd—4; and 6: DustST.
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The formation of Zn and Mn ferrite phases as well as Al;O3, MgO, and Ca;SiOy
(as was reported by Li et al. [41]) cannot be precisely established to see the crystalline
compounds due to the sensitivity of this method and their very low content. As shown
in Figure 2a (insertion), the pyrolyzed lignin is amorphous due to the presence of two
broad and non-intense maxima of the halo at around 20 = 26° and 50° in the pattern that is
characteristic of amorphous carbon.

Additional information about the carbon phase in biochar is provided by the Raman
spectroscopy. As can be seen in Figure 2b, the Raman spectra show characteristic D and
G peaks with the maxima at wavenumbers of ~1310 and ~1600 cm~ L, respectively. The
G band is due to bond stretching of all pairs of sp® atoms in both rings and chains and
is associated with the vibration of the ideal graphite lattice (E2g symmetry, C-C in-plane
stretching mode), while the D band is due to the breathing modes of sp? atoms in rings
(Alg symmetry) [42]. The wide intensive G band in the samples indicates the increasing
degree of carbon disordering.

The intensity ratio of the D and G peaks (Ip/Ig) is commonly used to measure the
degree of graphitization of carbon structures. Only STInd-1 and STInd-2 samples have
an Ip /Ig ratio < 1 (Table 4), whereas other STInd samples have values above 1, which
indicates the presence of amorphous phases. This value is higher than or comparable
to previously reported data [43]. Apart from the D and G peaks, a 2D peak appears at
regions 2200-2800 cm ™! as the overtones of fundamental modes, which was assigned by
Y. Wang et al. as a highly ordered pyrolytic graphite [44]. Moreover, the D band maximum
moves toward the higher wavenumber, and the broadening of FWHM of all peaks takes
place due to increasing disordering via changes in the crystallite structure (i.e., the arrange-
ment or reconstruction of a boundary carbon atom) (Figure 2b). Thus, an increase in the
filler content leads to an intensifying of the crystallinity of the graphite-like fraction.

3.3. Thermal Analysis

Weight losses in the temperature range of 25-1000 °C is observed on the TG curves
during the thermo-oxidative destruction of the samples. The first mass loss, which is visible
on the TG curves for all samples (Figure 3) at a temperature of ~100 °C, corresponds to the
desorption of physisorbed water. This low temperature weight loss is not accompanied
by DTA effects, but it is clearly visible on the DTG curves. Moreover, it can be seen that
TG and DTA shift toward higher temperatures with an increase in the content of magnetic
fillers in the samples.

0 200 400 600 800 1000

0.12
g 0.2
o 0.06 9}
E 0.00 &
~ 0.0+ AU
< 2
& ~006 S
1 Indulin/Carbon (- e
2 STInd-1 024 S
3 ——STInd-2 -0.12
4 ——STInd-3
- Tt -0.18
5 STInd-4 .
0 200 400 600 800 1000 . 0 200 400 600 800 1000
Temperature, °C © Temperature, °C

Figure 3. TG (a) and DTG and DTA (b) curves of biochars.
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The DTA curves of modified samples have a broad peak in the temperature range of
200-950 °C and consist of several overlapping picks that result from a series of processes,
including the adsorption of oxygen on carbon and metals (at T > 200 °C) and carbon
combustion with CO, removal (DTApmax at 400-800 °C). The DTG curves demonstrate that
three mass loss steps occurred during the thermal degradation of the modified samples
in this region. The weight decrease phenomenoen that is visible in this range on the TG
curves is due to the decomposition of functional groups of biochars [45,46], the oxidation
of metal nano-particles in the air with the formation of oxides forms above 700 °C, and the
thermo-oxidations of graphene structures on the surface of biochar. When comparing the
TG and DTA curves of indulin/carbon to the modified samples, the magnetic dust filler
gives the carbons a higher thermal resistance. The wide temperature range of the oxidation
of modified samples can be explained by the presence of carbon nanoparticle aggregates
of higher densities. According to the literature [8,47], the presence of two exothermic
peaks on the DTA curves (during analysis in a static atmosphere in air) is related to the
oxidation of carbon atoms on the surface and oxygen diffusion and reaction in the pores.
The distinctive Tmax at temperatures above 800 °C can be attributed to the high external
thermal energy that must be applied to the system to overcome strong bonding in the
carbon lattice structures. The low Tray in the indulin/ carbon indicates that less heat energy
is necessary to destroy the weak non-graphitic sp® hybridized carbon atoms with a high
density of defects during thermooxidative reactions compared with STInd-1 and STInd-2
samples; in these samples, sp2 hybridized carbon atoms are ordered by covalent bonds
in a hexagonal carbon framework. These results correspond precisely with the Raman
spectroscopy data. Moreover, weight loss at temperatures above 800 °C can be associated
with the decomposition of residual ash, the volatilization of heavy metals, and further
oxidation of metals.

The carbon retention of lignin is 65 wt.%, which indicates a high yield of carbon and
the prospect of its use for obtaining carbon biochars by pyrolysis. The carbon content in
the carbonized samples was calculated [48] according to the TG data and took into account
the fact that DustST contains ~20% impurities (Table 4).

3.4. Potentiometric Titration

Potentiometric titration was used to determine the acid base properties of indulin-iron
dust biochars. The surface charge dependences as a function of pH are presented in Figure 4.
The values of the pHpzc (point of zero charge) of the STInd-1, STInd-2, STInd-3, STInd—4,
and indulin/carbon samples are 7.38, 7.81, 8.32, 8.58, and 9.41, respectively. All examined
carbonized materials are positively and negatively charged and can interact with both
cations and anions, depending on the pI region. Overall, the pIlpzc values reveal the
alkaline nature of the carbonized materials; moreover, the alkaline properties decrease
with iron magnetic dust filler content. This result may be related to a lower degree of
carbonization with an increasing filler amount. Generally, the potentiometric titration
results are in good agreement with data obtained by Raman spectroscopy, X-ray diffraction,
and thermal analysis. Besides, a good correlation between the percentage of carbon and
pHpzc were found since the pHpzc is higher when the carbon content in the pyrolyzed
material is higher [9].

3.5. Adsorption Studies

The adsorption properties of carbonized indulin-iron dust materials were tested
using a cationic thiazine dye known as methylene blue. The measurements of adsorption
isotherms were conducted using a wide pH range.
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Figure 4. Surface charge density as a function of pH (Qs vs. pH) of carbonized indulin-based biochars.

The effect of pH on the removal of methylene blue from sclutions with an initial
concentration of 12.8 mg/L is presented in Figure 5a. It can be seen that pH only slightly
affects adsorption efficiency. The effect of contact time on the adsorption of methylene
blue from solutions at pH ~7 on the selected carbonized materials is visible in Figure 5b. It
can be concluded that the adsorption equilibrium is achieved in 1 day. The percentage of
methylene blue removal by indulin-based adsorbents from solutions at pH ~7 is shown
in Figure 5c. It is visible that the change in the value of the removed substance is related
to the adsorbent structural and surface properties. Generally, the adsorption data reveal a
meaningful increase in the adsorption uptake for materials with iron dust filler (STInd-1,
STInd-2, STInd-3, and STInd—4) compared with the sample with pyrolyzed indulin (in-
dulin/carbon) which shows a very weakly developed pore structure. The carbonized
indulin samples with the addition of the magnetic filler are characterized by high values of
specific surface area (Spgr) of ~300 m? /g, while indulin is only 7 m? /g. Taking into account
the filler influence, the effectiveness of the adsorption process may be ordered as follows:
STInd-1 > STInd-2 > STInd-3 > 5TInd—4. The differences in adsorption capacity can be
related, firstly, to the structure characteristics (e.g., the specific surface area, microporosity,
and mesporosity contribution) and, secondly, to the surface properties (i.e., the acid base
properties). The share of mesopores in the STInd-1 sample is the highest (0.106), and the
micropores share is the lowest (0.894). On the contrary, for STInd—4, the contribution of
mesopores is the lowest (0.058), and micropores share is the highest (0.942). The mesoporos-
ity gradually diminishes as the filler content of the initial mixture of blends decreases. It
may be that the presence of mesopores facilitates the penetration of the internal adsorbent
space by a large molecule of dye.

The parameters calculated based on modified Langmuir [49] and Freundlich isotherms
are summarized in Table 5. Both equations show correlation coefficients above 0.9, which
allows them to be used to characterize the adsorption process. The tests show that the
maximum adsorption of methylene blue for the indulin-lignin dust biochars is 10 to
20 times higher than that of the reference sample (indulin/carbon) (Figure 5d).
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Figure 5. The effect of (a) pH (Cp = 12.8 mg/L, pH =2, 4, 7), (b) contact time Cp = 128 mg/L, pH=7),
(c) the percent of methylene blue removal (Cp = 12.8 mg/L, pH ~7) and (d) maximum adsorption
{am) {mg/g) for the investigated adsorbents.

Table 5. Parameters of modified Langmuir and Freundlich isotherms for methylene blue adsorption
on biochars.

Modified Langmuir Isotherm Freundlich Isotherm

Sample R Kyy am R Kr N
(Dimensionless) (mg/g) (mg/g)
STInd-1 0911 4336 9.71 0.933 0.949 1.49
STInd-2 0.980 5139 8.57 0.953 1.045 1.66
STInd-3 0.905 4285 7.12 0.951 0.838 1.72
STInd—4 0.979 5960 453 0.972 0.669 1.89
Indulin/Carbon 0.988 5,889,834 0.44 0.184 0.361 12.71

The results of the literature overview regarding the adsorption of methylene blue
on biochars and commercially available activated carbons are shown in Table 6. One can
state that the indulin—iron dust materials show comparable or, in some cases, even higher
adsorption effectiveness toward methylene blue solutions compared with other biochars.
Besides, it has been reported that lignin-based biochars with the addition of magnetic filler
show a higher adsorption efficiency than carbonized lignin [3,9,50-57].
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Table 6. Comparison of literature data regarding methylene blue adsorption on biochars and com-
mercial activated carbons.

Lp. Sample ay (mglg) Literature
1 Zeolite-Waste Materials 10 [3]
2 Tannin/Bentonite-Derived Biochar (TBC-3) 5 [9]
3 Compost Biochar 13 [50]
4 Biomass Biochar 12 [50]
5 Optimal Biochar from Argan Shells Powder 31 [51]
6 Biochar from Pongamia Glabra Seed Cover 2 [52]
7 Quricuri Endocarp Biochar 2 [53]
8 Biochar from Anaerobic Digestion Residue (BC-R) 10 [54]
9 Biochar from Palm Bark (BC-I'B) 3 [54]
10 Biochar from Eucalyptus (BC-E) 2 [54]
11 Composite Based on Ca/Al Layered Double 19 [55]

Hydroxide-biochar o

12 GAC 131 [56]

13 CAC 980 [57]

Regarding the adsorption mechanisms of the studied systems (i.e., biochar and methy-
lene blue), one can take into account mainly hydrophobic and electrostatic interactions, but
also hydrogen bonding. The scheme of biochars synthesis with the possible mechanisms of
methylene blue adsorption is presented in Figure 6. Methylene blue is a positively charged
molecule which may interact electrostatically with negatively charged or electron-rich moi-
eties. The formation of hydrogen bonding between hydrogen containing groups (Si-O-H,
Me-O-H, C-O-H) and nitrogen atoms of methylene blue can also occur. One can expect that
the 7t-7t interactions between the aromatic rings of dye molecules and graphene structures
of biochars prevail [9].
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Figure 6. The scheme of biochars synthesis with the possible mechanism of methylene blue adsorption.

4. Conclusions

The present work successfully explored the potential utilization of abundant lignin
and industrial magnetic dust as precursors to magneto-sensitive carbon systems. Lignin
and industrial magnetic dust blends were successfully converted into magnetic carbon
sorbents via catalytic carbonization. The synthesized indulin-iron dust biochars exhibited
surface areas of ~300 m?/g and a high degree of microporosity with a certain mesoporosity
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contribution and high thermal stability. Compared with the indulin—iron dust biochars, the
carbonized inulin was characterized by a surface area of only 7 mz/g.

The obtained materials showed a maximum adsorption in a range between 4.53 and
9.71 mg/g toward methylene blue, while it was only 0.44 mg/g for pyrolyzed indulin. A
strong increase in adsorption uptake was observed for materials that contained iron dust
filler. The differentiation of adsorption effectiveness was related to structure and surface
characteristics. The best adsorption properties were found for the STInd-1 material with
29% iron filler content and the highest share of mesopores in the pore structure. However,
other materials with a lower filler content (9-24%) and a lower contribution of micropores
also showed quite good adsorption efficiency.

The utility of magnetosensitive sorbents may be very promising regarding the purifi-
cation of waters; therefore, reducing the cost of magnetite for its synthesis is an urgent task.
Thus, production that uses iron-containing wastes seems to be a very effective method.
Overall, this study expands the understanding of the development of lignin-derived magne-
tosensitive biochar as a renewable substitute for commercial carbons in various industries.
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ARTICLEINFO ABSTRACT

Keywords:

Ordered mesoporous carbon
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Chemical and thermal treatment
Water melting inside the pores

In this work, the mesoporous carbon (MC) of the ordered structure was synthesized using silica (SBA-15) as a
template and glucose as a carbon precursor. The received MC was subjected to wet oxidation in nitric acid and
thermal treatment at 150, 400, 600 and 800 °C to differ its hydrophobic/hydrophilic character. The obtained
unmodified (MC), oxidized (MC-OX) and thermally modified oxidized carbon (MC-OX-150, MC-OX-400, MC-OX-
600 and MC-OX-800) were investigated by various techniques: transmission electron microscopy (TEM), scan-
ning electron microscopy (SEM), and low-temperature nitrogen adsorption to characterize material porosity, X-
ray photoelectron spectroscopy (XPS) and suspension potentiometric titration {(SPT) to provide the statement of
quality and quantity of groups presented onto the surface and the surface charge, and dielectric spectroscopy
(DS) and differential scanning calorimetry (DSC) to register the changes in the water melting processes in carbon
pores. The DS and DSC studies revealed the correlation between the water melting temperature inside the pores
of MCs and their chemical characteristics, which were determined mainly by surface functional groups and only
slightly by textural properties.

1. Introduction

Porous media are intensively studied because of their unique phys-
ical, chemical, electrical, mechanical, catalytic or adsorption properties
[1-4]. Generally, materials with good adsorption characteristics are
described by well-developed specific surface areas, high total pore vol-
umes and appropriate surface properties for specific applications [5].
Pores are defined as various types of concavities in the material: holes,
interstices, fissures or channels are empty spaces with a depth greater
than the width. These spaces can be filled by liquids or gases [6,7].
Adsorption is a process of bonding molecules, atoms or ions on a surface
or interface of physical phases causing local changes in a concentration
[8]. As effective adsorbents, zeolites [9], activated carbons [10], silica
gels [11], and ordered mesoporous materials [12] are widely used. This
work is focused on chemically and thermally treated mesoporous car-
bons (MCs) with the presence of both meso- and micropores, which were
obtained based on a silica hard template (SBA-15) and glucose as a
carbon precursor.

The first ordered mesoporous carbon (CMK-1) was obtained by Ryoo
etal., in 1999 using MCM-41 with la3d symmetry as a hard template and
sucrose as a carbon precursor [12], In 2000, ordered mesoporous carbon
(CMK-3) was also studied by Ryoo et al. using SBA-15 with P6 mm
symmetry and sucrose as the carbon precursor [13]. The MCM-41 ma-
terial has a hexagonal arrangement of cylindrical pores, which are
characterized by a relatively large diameter and narrow distribution
because of the use of a cationic surfactant as a pore directing agent. In
the SBA-15 silica, the surfactant was replaced by a block copolymer. In
this way, the material with thicker walls and larger pore diameters than
MCM-41 was received, with a certain amount of micropores, and was
more thermally and mechanically stable. Because of that, SBA-15 is a
great material itself and is also an excellent scaffolding for obtaining
ordered mesoporous carbon. In addition, the presence of micropores in
SBA-15 and the materials based on it (CMK-3) strongly influence an
increase in the sorption properties of the adsorbent in comparison to the
materials containing only mesopores [14-18].

Even though it has been a long time since the synthesis of the first
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ordered mesoporous carbons, due to their unique properties, these
materials have a wide range of potential applications [19]. As already
mentioned, ordered mesoporous carbon systems are characterized by a
uniform porous structure, chemical inertness, good electrical condue-
tivity, low toxicity, high mechanical and thermal stability and relatively
inexpensive synthesis. These materials are also characterized by high
surface areas and large pore volumes; therefore, they are commonly
used as adsorbents [20,21], sensors [22], energy stores [23], nano-
materials [24], and catalysts [25]. However, ordered mesoporous ma-
terials with improved characteristics are still being developed. The
neutral chemical character of the carbon surface is caused by a small
number of functional groups. For this reason, the functionalization
process, in many cases, is desired to improve the adsorption or other
properties of these materials [26]. One of the most powerful methods of
surface functionalization is an oxidation process, in which hydroxyl,
carboxyl, carbonyl, ether groups, quinones, and other functional groups
can be provided [27,28]. Frequently used oxidizers are nitric, phos-
phoric, sulfuric acids [28] and magnate potassium [19], The presence of
various functional groups impacts the character of the carbon surface
(hydrophobic or hydrophilic) and the nature of the interaction between
the adsorbent and adsorbate [29-31].

From year to year, the growing interest of researchers in the study of
fluid and solid transitions in porous systems has been noticeable [32].
Phases confined in the narrow pores repeatedly exposed a physical and
chemical behaviour that significantly varied from that of the bulk phase.
This effect emerges from the decreased dimensionality and strong in-
teractions of the adsorbate molecules in the nanophase with the
confining walls [33]. This phenomenon differs due to the size effect, wall
forces, and liquid-liquid and liquid-wall interactions [34]. The scien-
tist’s melting and freezing considerations involve the nature of the phase
transitions, the direction of shifts in the melting temperature (Ty,), or the
morphological transitions of the condensed phases in the restricted pore
geometries. A better understanding of confinement effects on melting
and freezing processes is crucial in many fields connected to adhesion,
adsorption, lubrications, and nanotechnology [35]. It was suggested that
for pore widths significantly larger than the diameter of the adsorbate

molecules, the shift in the melting points AT = Ty, — Try is associated
Ton—Tmp
Tun

with the pore width H in the Gibbs-Thomson equation:

S .
274505, where Tm,p and T are the melting temperatures of the bulk

of the confined sample, yy and y,r are the wall-solid and wall-fluid
surface tensions, v is the molar volume of the liquid phase, and Any, is
the bulk latent heat of melting [36]. Many experiments conducted for
pores above 6 nm exhibited a linear dependence between the shift in the
melting temperature and the 1/11 pore width. ITowever, for lower pore
diameters, deviations from the Gibbs-Thomson equation were registered
[37].

The surface character also influences the melting and freezing pro-
cesses occurring inside the pores. An increase in the number of oxygen
groups leads to a reduction in the hydrophobicity of carbon, which de-
termines the interaction of molecules with a hydrophobic surface,
whereas the decreased number of oxygen groups enhances the hydro-
phobic character of the samples [38,39]. Consequently, some modifi-
cation processes, such as oxidation and further thermal treatment, are
expected to cause shifts in the melting and freezing temperatures of
carbon materials. The distinctions in the number of oxygen groups on
the carbon surfaces cause a transition in the interactions of the adsorbate
molecules with the nanopore walls of the materials.

In this paper, MC was synthesized, chemically modified by nitric acid
oxidation and subjected to thermal modifications. The main aim of this
work was to investigate the influence of the concentration of the oxygen
functional groups located on the carbon surface and silica residues on
the melting processes occurring inside the pores. For this purpose, two
complementary techniques were used: dielectric spectroscopy (DS) and
differential scanning calorimetry (DSC). Moreover, microscopic anal-
ysis, low-temperature nitrogen sorption, suspension potentiometric

Microporous and Mesoporous Materials 351 (2023) 112477

titration (SPT), and X-ray photoelectron spectroscopy (XPS) techniques
were applied to provide structural data, evaluate the effectiveness of
chemical and thermal modifications and support knowledge about the
type of functional groups occurring on the surfaces of the materials.

2. Experimental
2.1. Chemicals

Pluronic P123, triblock copolymer (poly(ethylene oxide)-poly
(propylene oxide)-poly(ethylene oxide), EQ»qPO+oEQq, M,, = 5800)
and tetraethyl orthosilicate (Si{(OC2Hs)4, TEOS, 98%) were purchased
from Merck (Darmstadt, Germany), hydrochloric acid (HCI, 35-38%)
and sulfuric acid (H2504, 95%) were purchased from Chempur (Piekary
Slaskie, Poland), potassium hydroxide (KOH, powder), sodium hy-
droxide (NaOH, powder), sodium chloride (NaCl, powder), ethyl alcohol
(CzH50H, 96%) and nitric acid (HNOgz, 65%) were acquired from
Avantor Performance Materials Poland S.A. (Gliwice, Poland), and
glucose (CgH120g, n-glucose, powder) was purchased from Microfarm
(Zabierzow, Poland). Solutions were prepared by the usage of deionized
water.

2.2. Materials synthesis

2.2.1. Preparation of SBA-15

SBA-15 was prepared based on the procedure proposed by Zhao et al.
[40,41]. To synthesize the SBA-15 template, 12 g of copolymer Pluronic
P123 was dissolved in a mixture of 360 mL of HCI (2 mol/1) and 90 mL
of deionized water with stirring at 35 “C. Furthermore, 27.4 mL of TEOS
was dropped, and the mixture was preserved at a temperature of 35 °C
for 24 h under stirring. The solution with precipitate was transferred to
an autoclave and heated at 85 °C for 48 h. After that, the precipitate was
filtered, washed with deionized water, dried under vacuum and calcined
at 550 “C for 4 h in a muffle furnace under air conditions.

2.2.2. Preparation of MC

The impregnation was carried out in two stages using glucose as a
precursor and sulfuric acid as a catalyst. In the first step, 50 mL of water,
12.5 g of glucose and 0.8 mL of sulfuric acid were added to 10 g of SBA-
15. The mixture of SBA-15 material with glucose and sulfuric acid in a
500 mL flask was inserted into the vacuum dryer and heated at 100 “C
for 6 h. In the second step, 50 mL of water, 7.5 g of glucose and 0.4 mL of
sulfuric acid were added to the 500 mL flask with the partially
carbonized carbon precursor. The mixture was again placed in a vacuum
dryer and heated at 160 °C for 13 h. The silica-organic composite was
moved to a mortar to homogenize the material, placed in a tube flow
furnace and heated at 700 “C for 6 h with a 2.5 °C/min heating rate
under a nitrogen atmosphere to protect the material against combustion.
To remove the silica matrix from the carbonized material, an etching
solution was used. For this purpose, the carbonizate was placed in a 250
mL round-bottom flask and filled with a mixture of 50 mL of 95% ethyl
alcohol and 50 ml. of deionized water with 6.6 g of potassium hydroxide.
Using the system supported by a reflux condenser and magnetic stirrer,
the carbonized material was activated by heating at 100 °C for 1 h. After
etching, the material was moved to the Biichner funnel, washed with at
least 4 1 of deionized water and dried.

2.2.3. Surface oxidation and thermal treatment

Mesoporous carbon material was oxidized with 65% nitric acid at
80 °C for 3 h in a system equipped with a reflux condenser and mixed by
a magnetic stirrer according to the procedure proposed by Swiatkowski
et al. [42]. After oxidizing, the material was moved to the Biichner
funnel, washed with a minimum of 4 L of deionized water and dried.
Finally, the oxidized material was subjected to thermal modifications.
For this target, the sample was divided into portions. Each of the por-
tions of the oxidized sample was introduced into the tube flow furnace
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and heated at 150, 400, 600 and 800 °C for 3 h with a 5 °C/min heating
rate under a nitrogen atmosphere,

2.3. Measurements and calculations

2.3.1. Nitrogen sorption and electron microscopy

The porosity properties of the initial and thermally modified carbon
materials low-temperature nitrogen adsorption-desorption isotherms at
77 K over the whole range of relative pressures obtained by using a
sorption analyser (ASAP 2020, Micromeritics, Norcross, USA). The
specific surface area (Spgy) was assessed from experimental isotherms
according to the standard BET method [432]. The pore-size distribution
curves were obtained from the adsorption or desorption branch of the
isotherm using the Barrett—Joyner-Halenda (BJH) [44] model with
cylindrical pores and Faas correction without smooth differentials and
nonlocal density functional theory (NLDFT) [45]. The total pore volume
(V) was obtained from the amount of nitrogen adsorbed atp/p, = 0.99.
The pore volume of micropores (Vi) was estimated from the t-plot
method [46]. Before the analysis, all samples were outgassed at 90 °C
and a pressure of 1 mmHg for 24 h in a degas port of the analyser.

The textural properties of the initial carbon were analysed by two
microscopic techniques: a high-resolution transmission electron micro-
scope (HR-TEM) Titan G2 60-300 (FEI Company, Hillsboro, Oregon,
USA) with an accelerating voltage of 200 kV and a scanning electron
microscope (SEM) Quanta™ 3D FEG (FEI Company, Hillsboro, Oregon,
USA) with a 5 kV speed-up voltage.

2.3.2. SAXS investigations

The SAXS analysis was carried out by Empyrean diffractometer
(PANalytical) with CuKo radiation source as SAXS/WAXS capillary
mode configuration. The SAXS configuration includes a 20 range of
0.1-2° of 20. The corresponding range of q values was 0.0095-0.15 A=,
The length of the scattering vector ¢ is defined as q = 4nsin0/%, where 20
is the scattering angle, A is the X-ray wavelength (1.5418 A). The device
was powered by a 4 kW high-voltage X-ray generator and generator
settings of 40 kV and 40 mA. The incident beam path consisted of a line
focus type, W/Si, graded X-ray mirror with an elliptic shape. The pri-
mary beam was measured using a beam attenuator Cu 0.2 mm. The
measurements were taken using a PIXcellD detector and receiving slit
with 0.05 mm active length. Background scattering was performed by
air scattering measure with an empty sample holder. The EasySAXS
software was applied for SAXS calculations. Dv(R) calculations were
performed using the indirect Fourier transformation technique with al-
gorithm based on Tikhonov's regularization method.

2.3.3. X-ray photoelectron spectroscopy (XPS) and potentiometric titration
of suspension (SPT)

The surface composition and interaction between elements in the
initial, oxidized and thermally treated carbons were characterized by X-
ray photoelectron spectroscopy (XPS) applying a multichamber ultra-
high vacuum (UHV) system (Prevac 2009, Rogow, Poland) with a
hemispherical analyser (VG Scienta R4000). The average depth of
analysis was approximately 5 nm. The data processing and high-
resolution deconvolution of the (Cls) and (O1s) peaks were performed
by CasaXP5 software (Casa Software Lid., License for Maria-Sklodowska
University, Lublin, Poland.).

The surface charge properties were determined by potentiometric
titration of the suspension. The potentiometric titration experiment was
conducted with a 765 Dosimat Autoburette (Metrohm, Herisau,
Switzerland) combined with a PHM240 pH-meter (Radiometer,
Copenhagen, Denmark). Additionally, a constant temperature of 25 °C
was provided by the thermostat (Ecoline RE207, Lauda, Germany). As
an electrolyte, 30 mL of 0.1 mol/L. NaCl was used and placed in a
thermostatic quartz vessel. The initial pH was achieved by the addition
of 0.3 mL of 0.5 mol/L HCL. After 2 h the temperature and initial pH were
stabilized, and 0.05 g of solid sample was added (previously dried for 3h
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at 60 °C). Then, the suspension was titrated gradually with 0.2 mol/L
NaOH, and pH changes were registered by the custom computer pro-
gram (Titr_v3 written by Marczewski and Janusz, Faculty of Chemistry,
Maria Curie-Sklodowska University, Lublin, Poland). The measurements
were supported by protecting the gas atmosphere (nitrogen) to defeat
the problem of carbon dioxide contamination. The titration curves were
transformed into surface charge density curves based on the relation
Q = ;%;, in which Q; is the surface charge density, 4n is the change in
H'/OH balance per mass of the solid and F is the Faraday number [16].

2.3.4. Differential scanning calorimetry (DSC) and dielectric spectroscopy
(DS)

Differential scanning calorimetry (DSC) and dielectric spectroscopy
(DS) were applied to melting studies of the water confined in pore sys-
tems of MCs. The DS measurements were conducted using a parallel
plate capacitor built of stainless steel equipped with a Solartron 1260
impedance analyser (England, UK) to measure the capacitance (C) as a
function of the temperature (T) and the frequency () of the subsequent
cyclic electric field in the frequency range from 1 to 10° Tz at different
temperatures (from 140 K to 304 K) and a temperature rate of 0.8 K/min
and 0.6 K/min during the cooling and heating processes, respectively.
The samples were placed between the capacitor plates as a suspension of
carbon with water; therefore, permittivity measurements originate from
the bulk as well as confined water. Complex electric permittivity is
defined as ¢* — ¢ + i&". The melting temperature T, was determined as
a change in the value of electric permittivity £ (or electric capacity C) of
the melting point & = c_i’ in which G, is the capacitance of the empty
capacitor. ¢ is an imaginary part of the permittivity and is expressed by
the dependence ¢ = tgée ¢, where g é are the dielectric losses. The
dielectric relaxation time was evaluated by fitting the Debye model of
orientational relaxation to the dispersion spectrum of the complex

'
e

P ' .
permittivity near resonance: ¢” = e_ + i Where fis the frequency of

the potential, 7 is the orientational relaxation time of a dipolar molecule,
and the 5 and co indices correspond to the static (low frequency) and
optical (induced) permittivity. DSC measurements were carried out with
a TG/DTA/DSC apparatus (STA 449 Jupiter F1, Netzsch, Selb, Ger-
many). For this purpose, 20 mg of filtrated suspension was placed in an
aluminium crucible covered with an aluminium lid and encapsulated.
The empty one was used as a reference. The measurements were led in
the presence of synthetic air with a flow rate of 50 mL/min in the
temperature range from —100 to +60 °C and a heating rate of 5 °C/min.
Before measurements, the samples were dried for 12 h at 60 °C.

3. Results and discussion
3.1. Porosity characteristics

Two electron microscopy techniques, SEM and TEM, were applied to
assess the quality of the textural properties of the initial carbon (MC).
The SEM micrographs at different magnifications show the irregular
structure of grains of the ordered mesoporous carbon (Fig. 1A and B).
The TEM images (Iig. 1C and D) show the well-developed ordered
structure of the ordered mesoporous carbon with uniform pore sizes of ~
4 nm. Hexagonal-ordered arrays of circles arranged in the parallel di-
rection to the pore channels are observed. Moreover, in Fig. 1C, pairs of
light and dark lines arranged in parallel are apparent. The light-dark
lines correspond to the two-dimensional hexagonal ordered array of
carbon tubes. The well-ordered structure of the MC is the inverted
replica of SBA-15, which is the template used to synthesize the MC.
Generally, microscopic studies confirm the effective method of prepar-
ing carbons with ordered and well-expanded surface structures [47].

The experimental nitrogen adsorption-desorption isotherms, the
Barett, Joyner and Halenda (BJH), and pore size distributions calculated
using nonlocal density functional theory (NLDFT) for the mesoporous
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Fig. 1. SEM (A, B) and TEM (C, D) images of the initial mesoporous carbon of ordered structure (MC) at different magnifications.

carbon (MC), oxidized mesoporous carbon (MC-OX) and oxidized ther-
mally treated mesoporous carbons at 150, 400, 600 and 800 °C (MC-OX-
150, MC-0X-400, MC-0X-600 and MC-OX-800) are presented in Fig. 2,

The experimental low-temperature isotherms of N, adsorption/
desorption are typical for mesoporous materials of type IV according to
the TUPAC classification. The characteristic hysteresis loop visible for
the initial mesoporous carbon (MC) was not preserved for the modified
samples. This suggests that the shapes of the isotherms and their porous
structure after chemical and thermal modifications are transformed,
especially in the range of the capillary condensation. It proves a decrease
or loss of pore ordering (hexagonal arrays of tubes) during the oxidation
process in HNOj3 and thermal treatment.

The SAXS analysis of pore structure for MC, MC-OX, MC-OX-150, and
MC-OX-800 is shown in Fig. 3. The structural ordering according to
hexagonal symmetry Pémm characteristic for the SBA-15 replica was
confirmed by three well-resolved reflections registered at small
diffraction angles and indexed as (100), (110), and (200) for the MC and
MC-OX samples (I'ig. 3A). The disappearance of these signals on the
SAXS curves for the chemically and thermally treated materials (MC-OX-
150, MC-OX-800) confirm a change of their structure from well-ordered
to partly disordered. Fig. 3B shows the volume-weighted particle size
distribution Dv(R) from the scattering curve of an ensemble of scattering
objects. For the discussed scattering objects (pores) the function is
smooth with a lack of minor oscillations (for MC and MC-OX samples,
Fig. 3C and D), thus revealing the presence of well-defined symmetric
pores with dimensions of approximately 5 nm (maximum of the Dv(R)
function). For the oxidized and heat-treated samples (MC-OX-150 and
MC-0X-800), the calculated Dv(R) curves indicate the disappearance of
the previously observed pore structure (Fig. 3E and F). In addition, for
these samples, the enhancement of this function for the micropore area
can be indicated. Interestingly, this is consistent with the adsorption
data, including the experimentally determined micropore volume. Due
to the fact that the SAXS method is sensitive to structural changes and

not to surface physicochemistry, the obtained data confirm that in the
first stage of modification of carbon samples with nitric acid the number
of surface functional groups change within the pores, which translates
into the porosity characteristics of the material observed as decrease of
specific surface area and pore volume. The ordering of pore structure
itself is degraded at the stage of thermal treatment.

The values of the structural parameters of the studied carbons
calculated from nitrogen sorption isotherms are presented in Table 1.
The unmodified carbon has a quite high specific surface area of nearly
400 m?/g and a total pore volume equal to 0.40 cm®/g. The nitric acid
surface oxidation of MC causes a significant reduction in the value of the
specific surface area and total pore volume (both values are approxi-
mately halved); however, changes after thermal treatments are not as
significant. The obtained materials also have a certain amount of mi-
cropores (Vi from 0.04 to 0.08 cm®/g). The adsorption-desorption BJH
pore size distributions for MC are presented in Fig. 2B. The adsorption
and desorption BJH pore size distributions for modified samples are
shown in 'ig. 2C and D. The pore size distributions of pores below 2 nm
calculated by NLDFT theory are presented in Fig. 2E.

The strong reduction of the surface area and pore volumes after
treatment in nitric acid may be mainly associated with blocking the
entrance of pores by surface groups, and only to a small extent with
porosity changes as observed on the SAXS curves which confirm the
structure ordering after oxidation. The increase in surface areas and pore
volumes after thermal treatment at high temperatures is caused by
structure changes, the collapse of some pore walls, and by the removal of
surface groups. It should be noted that the oxygen surface groups can
partly block the entrances of pores restricting the available space of
materials. The thermal treatment results in opening internal space
because of the removal of oxygen surface groups, however, it may
enhance the material porous structure disordering as observed by SAXS.
Generally, the modification in nitric acid and further thermal treatment
may cause partial destruction of some pore walls deforming the regular

171



A. Bosacka et al.

Isotherm Linear Plot

>
g

—s—MC
—u— MC-OX-800
2004 —=— MC-OX-800
—=— MC-OX-400
~=— MC-OX-150
1504 —*— MC-OX

g

Quantity Adsorbed (cm’/g STP)

PP,

BJH Adsorption dV/dlog(D) Pore Volume

Halsey: Fass Correction
——MC-OX-800
—+—MC-0X-600
—e—MC-0X-400
—e—MC-0X-150
—e—MC-OX

02+

dV/diog(D) Pore Volume (cm*/g) ()
o

00 T T T T

Pore Diameter (nm)

Microporous and Mesoporous Materials 351 (2023) 112477
BJH Adsorption and Desorption dV/dlog(D) Pore Volume
Halsey: Fass Correction

—a— MC Desorption
—e—MC Adsorption

o
L

A
/\
A

I\

0 1 8 12 16 20
Pore Diameter (nm)

N
1

dVidiog(D) Pore Volume (cm’/g)
2 e
i T

BJH Desorption dVidlog(D) Pore Volume
Halsey: Fass Correction

dVidiog(D) Pore Volume (cm’/g)

Pore Diameler (nm)

Non-ocal Density Functional Theory (NLDFT)

—e— MC-OX-800
081 —— MC-0X-600
—e—MC-OX-400
054 —e— MC-OX-150
—e— MC-OX

044

Differential Pore Volume (e’ nm)

09

T
16 18 20

Pore Width (nm)

Fig. 2. Nitrogen adsorption-desorption isotherms at 77 K (A), BJH (B, C, D), and NLDFT pore size distributions (<2 nm) (E) for MC, MC-OX, MC-0X-150, MC-OX-

400, MC-0X-600 and MC-OX-800.

carbon structure [39,42,48]. The detailed information about the type
and character of functional groups of materials is given further based on
the XPS data.

3.2. Functional group determination

The surface composition analysis of the chemical binding state of
MC, MC-OX and MC-OX-800 was carried out by X-ray photoelectron
spectroscopy (XPS). To identify and quantify elements and types of
functional groups on the carbon surface, XPS spectra are taken into
consideration. The survey spectra of (C 1s), (O 1s) and (Si 2p) of the MC,
MC-OX and MC-OX-800 samples are presented in Figs. S1A-C, S1D-F
and S1G-I (Supplementary Material), respectively. The quantitative re-
sults of the overview analysis of MC, MC-OX and MC-OX-800 are

presented in Table S1 (Supplementary Material).

The overview spectra peak positions from (C 1s), (O 1s) and (Si 2p)
are at binding energies of ~285, 533 and 103 eV, respectively. Based on
the analysis of survey spectra (Figs. S1A. D, G) and calculations (per-
centage atomic and mass concentrations presented in Table §1), it is
found that during oxidation, the share of carbon (C 1s) and silicon (Si
2p) atoms decreases. On the other hand, the number of oxygen atoms (O
1s) increases. After the thermal treatment, the oxygen content
decreased. Even the sample heated at 800 °C is not completely depleted
of oxygen groups. Moreover, for all studied carbons, the silica content is
registered (Si 2p), which is an SBA-15 template residue (Supplementary
Material) [49-57]. SBA-15 material usually contains the following
silicon-oxygen groups: mainly siloxanes, but also vicinal, germinal, and
free silanols. Siloxanes rather fill the interior of the material, while
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Fig. 3. SAXS profiles for MC, MC-OX, MC-OX-150 and MC-OX-800 (A). The SAXS curves are shifted on the Y-axis for better data presentation. Analysis of particle size
distribution by volume for investigated samples (B) and corresponding fit curves of Dv(R) calculations (solid lines) toward experimental data (points) (C-F).

Table 1
The values of structural parameters of the studied MCs.

Sample name St [m?/g] V. lem®/g] Vmic' [em*/g]
MC a7s 0.40 0.06
MC-0X 174 019 0.04
MC-0X-150 178 0.20 0.04
MC-0X-400 214 0.24 0.04
MC-0X-600 317 027 0.08
MC-0X-800 325 0.32 0.08

* Sppr, BET specific surface area.
b v, total pore volume.
© Vnies micropore volume.

silanols are present on the surface and may react with different chemical
species. The formation of silicon-oxygen groups on the surface takes
place during the calcination process at a high temperature (~550 *C), in
which the ordered mesoporous structure of the SBA-15 is developed.
Thus, the silica residues in the obtained carbons contribute to the total
number of surface oxygen groups. Based on the obtained results it should
be marked that the general contribution of Si decreases after modifica-
tion in nitric acid and backward increases after heating as a result of
strong changes in a number of oxygen groups introduced or removed
during oxidation and thermal treatments. This effect is related to the
removal of oxygen groups as well as the destruction of carbon at high
temperatures (drop in O 1s and C1s). Meanwhile, silica residue forms a
hard-to-destroy structure even at very high temperatures that may
partially affect the MC’s physicochemical properties and translate into
the melting processes of water in the pores.

The detailed analysis of XPS spectra (presented in the Supplementary
Material) reveals the type of present groups on the surface and therefore
the sample character [58-61]. A summary of the data from the partic-
ular XPS analysis is given in Table 2. In general, XPS analysis confirms
the efficiency of the chemical and thermal modification.

3.3. Surface acidity

The acid-base features of carbon samples were analysed by potenti-
ometric titration, The surface charge density dependence on pH exposed
the differences in the electrochemical nature of the studied carbon
samples. In general, the pH of the point of zero charge (pHpgc) supports
information about the amount of acidic-basic sites on the sample surface
and is established by crossing out the electrolyte titration curve and
registered curve of the studied material and the intersection of the
surface charge density curve with the abscissa axis equal to zero. The
pllpzc point separates the positively and negatively charged side. If the
pH of the suspension of solids is above the pHpzc point, then its surface is
negatively charged and can adsorb cations and take part in their ex-
change reaction. On the other hand, when the pH is lower than the
pHpge point, then the surface is positively charged and has an anion
exchange capacity. The relation of charge density as a function of pH is
shown in Fig. 4. The results imply that the initial ordered mesoporous
carbon has inert properties concerning the presence of oxygen func-
tional groups on the surface (pHpze = 7.0). The inert character of the
carbon surface could be caused by the thermal treatment of the sample
during the synthesis, which removed most of the oxygen functional
groups mainly originating from silica. The acidity of the sample is
strictly connected to the presence of oxygen groups on the sample sur-
face [39,42]. A decrease in the pHpzc value of the carbon sample after
nitric acid oxidation (pHpzc = 4.4) was combined with an increase in the
number of acidic sites on the sample surface. Furthermore, surface
thermal treatments at 150, 400, 600 and 800 “C caused changes in the
pHpzc values (from 4.8 to 6.6) due to the removal of oxygen functional
groups from the surface of the samples. Along with the higher heating
temperature of the studied carbons, their character changes from acidic
to close to neutral. The highest differences in acid-base character of the
obtained samples is observed between the oxidized MC-0X, and the
initial and MC-OX-800 materials. The remaining samples heated at
lower temperatures are characterized by differentiated pHpye values
increasing with modification temperature growth. The potentiometric
titration results are in good agreement with the data from XPS. How-
ever, the XPS technique provides more detailed knowledge about the
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Table 2
Detailed XPS analysis of MC, MC-OX and MC-800.
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Sample name Name Position/Binding Energy Fwhm Raw area % Atomic Functional Short description
[eV] concencration group
MC MC- MC- ClsA 284.4 284.4 284.2 0.6 0.5 0.6 85.1 57.8 36.5 19.7 11.1 10,1 Cc=C Sp: carbon
00X 0X- ClsB 2848 2848 2846 06 05 06 2039 957 76.3 47.1 18.4 211 C-C/C-H sp® carbon/
800 primary carbon
peak
ClsC 2852 2853 2850 07 06 07 130 94.6 98.6 3.0 181 273 C-C “High™ carbon
ClsD 285.7 285.7 285.5 0.9 0.7 0.8 35.3 91.0 56.9 3.2 17.5 157 CO-C Ether groups
CIsE  286.4 286.3 286.2 1.3 1.2 1.1 43.9 44.40 489 10.2 85 135 C-OI Hydroxyl groups
ClsF 287.6 287.5 287.1 1.4 1.3 0.9 13.7 22.70 8.9 3.2 4.4 25 =0 Carbonyl groups
ClsG 289.6 289.1 288.6 15 1.4 1.2 4.4 78.0 12.6 1.0 15.0 3.5 COOH Carboxyl groups
C1ls 284.0  284.0 2838 06 05 08 290 30.7 17.4 6.6 5.8 4.7 C-C “Low™ carbon
H
ClsI 2836 2836 2833 06 05 09 42 6.4 5.9 10 1.2 1.6
O1ls 533.0 532.9 533.1 1.2 1.0 1.0 757.2 466.9 630.0 56.7 36.3 43.8  Si-0-5i Silicon dioxide
A
Ol1sB 5324 5323 532.5 L3 1.0 09 484 179.0 1342 3.6 13.9 113 =0 Carbonyl groups
O1sC 531.7 531.6 531.8 1.3 1.0 1.2 22.4 89.9 75.0 1.7 7.0 5.1 COOH Carboxyl groups
0O1ls 5335 533.4 533.6 1.3 0.9 1.0 407.4 270.7 281.4 30.5 21.0 19.6  Si-OH Silanol groups
D
01sE 5340 5339 5341 1.4 10 11 459 1857 1895 34 144 112 C-0-C/ Ether/hydroxyl
C-OH groups
O1sF 534.7 534.5 534.8 1.8 1.3 1.5 40.4 79.5 99.72 3.0 6.2 6.9 0s/H20 Adsorbed oxygen
(water)

Ols 530.8 530.7 530.9 1.2 1.1 1.4 14.3 15.9 30.1 1.1 1.2 21 O=<==0 Quinones

G

0.2 ==
A—h—aA VC
S—5—4\ MC-OX
B——W vc-ox-150
= ®—0—® vcox-400
p—dfp—os MC-OX-800
(G—E—0© Mc-ox-800
[ =
—
£
S
) 2 -
PHpic MC =70
PHpzc Mc-OX = 4.4 N
|PHezc mc.OX-150 = 4.8 \
PHpzc MC-0X-400 = 5.8 N
PHozc MC-0X-600 = 6.2
PHpzc MC-0X-800 = 6.6
04
| . I J I d I
4 6 8 10
pH

Fig. 4. Surface charge density as a function of pH for MC, MC-OX, MC-0X-150,
MC-OX-400, MC-0X-600 and MC-0X-800.

type of oxygen groups present on the surface of carbon samples
(oxidation state, type of chemical bonds) in comparison to potentio-
metric titration.

3.4. Melting of water confined in carbon samples

Differential scanning calorimetry (DSC) and dielectric spectroscopy
(DS) techniques were used to determine the melting temperatures of
water confined in the pores of the MCs. The DSC (Fig. 5 and Fig, 52 in the
Supplementary Material) and DS (Fig. 6 and Fig. 53 in the Supplemen-
tary Material) studies reveal the existence of shifts in water melting
temperatures in the pores of the obtained carbons with differentiated

surface properties. The melting temperature data obtained from both
techniques are presented in Table 3. As previously mentioned, the
porosity characteristics indicate that these carbons, except for the
presence of mesopores, also have a certain amount of micropores;
therefore, DS and DSC studies provided two main values of water
melting temperatures in the pores in two different ranges. The shifts (A
T) are calculated from the positions of the pore and bulk melting tem-
peratures. The large endothermic peals at DSC curves at ~ 274 K (Fig. 5
and Fig. 52 in the Supplementary Material) correspond to the melting of
the bulk water in which the MCs are suspended, whereas two smaller
peaks at 217-226 K and 239-254 K are associated with the melting
process of adsorbed water inside the micro- (<2 nm) and mesopores (~
4 nm) of MCs. The melting temperatures in both types of pores obtained
from the DS and DSC measurements are in good agreement [62], Ana-
lysing the data presented in Table 3, we can state that the highest
melling temperature is observed for MC carbon. After oxidation con-
nected with the creation of a large amount of oxygen functional groups,
a strong decrease in melting temperature is found. However, after the
thermal treatment connected with strong changes in acid/base proper-
ties (decrease in the number of surface acid groups), an increasing trend
in melting temperature changes is observed in comparison to MC-OX.
Generally, one can state that the shifts in melting temperatures are
caused mainly by changes in the surface chemistry of all modified
samples.

To confirm this observed relationship between the surface acidity
and melting temperatures in micro- and mesopores, the dependence of
the difference between the melting temperatures of water in micro- and
mesopores and bulk water, A T vs. pHpyc, is presented in Fig. 7. One can
easily find a good correlation between these values. In the case of hy-
drophabic carbons with some surface groups of hydrophilic character
(introduced by chemical modification and originated from silica tem-
plate), different types of interactions are found between the adsorbent
and adsorbate. The adsorbate of hydrophobic character interacts
strongly with carbon graphene groups; however, the adsorbate of hy-
drophilic properties has a great affinity to oxygen surface layers. Thus,
when the studied modified materials with different acid/base properties
are immersed in water, the differentiation of a share of both types of
interactions is observed. This results in a decrease in lateral interactions
between water molecules in the case of oxidized carbons because of their
involvement in interactions with surface groups. In contrast, for
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Table 3

Melting temperatures of bulk water and water in the pores of carbons MC, MC-
OX, MC-0X-150, MC-OX-600 and MC-0X-800; the data received from DSC/DS
measurements.

Sample T, 1 [K] T, p1lK] T, p2 [K] AT, [K] AT [K]
name
MC T 4yse/ 22650/ 25450/ 4Bpses —  — 20pses —
273, 296,55 253 470 2005
MC-0X pse/  217psc! 23950/  S7pse/ — - 35nsc/ —
2745 217pe 239 57ps 3ps
MC-0X- 274psc/ 217 psc/ 23%9nsc/ — 57psc/ — — 35psc/ —
150 274 2175 2395 575 s
MC-OX- 2T Apse/ 221 e 242pse/ —S3pse/ —  — 32pse/ —
400 274ps 221ps 242n5 53ns 32ng
MC-OX-  27dpse/  223pse/  243pse/ Slnse/ Fpge/
600 274ps 224y 2435 50ps 3lps
MC-OX- 274psc/ 225psc/ 246psc/ 49psc/ 28psc/
800 2740 225ps 247ps 48 295

Tpn,p — melting temperature of bulk water.

Tyyp1 — pore melting temperature of water confined in micropores.
Te,p2 — pore melting temperature of water confined in mesopores.
AT, - difference between Ty p1 and Ty p.

AT, - difference between Ty, pz and Ty p.

DSC - data obtained from DSC measurements.

DS — data received from DS measurements.

materials with a low number of oxygen groups, lateral interactions be-
tween water molecules prevail, and their interactions with carbon gra-
phene layers are weaker, Thus, the observed decrease in water melting
temperatures in the pores of oxidized materials may relate to a decrease
in these lateral interactions necessary for the formation of a solid phase.
However, the increase in interactions between water molecules and
carbon surface groups results in a melting temperature increase. Overall,
the data obtained from the DSC and DS methods are in good compliance.

Taking into account an averaged silica residue amount in all carbon
samples in fact we observe the total effect on water melting of all oxygen
groups originating from sample carbon and silica parts, as is presented in
the dependences A T vs. pHpge (Fig. 7).

In the following section, the electric permittivity (¢') and imaginary
electric permirtivity (¢") were calculated, and their spectra in the log-
arithm function of frequency (f) were obtained from the electric capacity
and temperature data C(T) received in the wide range of frequencies (f).
The fitting to the Debye model caleulated by (¢”) provided the charac-
teristics of the phase transitions in pores. The relaxation time was
determined as the reciprocal of the frequency of the saddle point of ¢'or
the maximum of the ¢” function (Fig. 8A-C). The relaxation spectra of
MC, MC-0X-150, and MC-OX-800 are presented in Fig. 9A-C, in which
some relaxation times are visible and are connected mainly to the ex-
istence of certain types of ice characteristics for bulk and pore confined
ice, respectively [32]. As shown in Iig. 9A-C, three different branches of
relaxation time can be observed. At the temperature range higher than
the bulk melting point, the Maxwell-Wagner interfacial polarization
marked by the relaxation time 72 is shown. Two branches of relaxation
time are observed at the temperature ranges below the pore melting
paints. The values in the range of 10~ s are typical for the hexagonal
form of ice, and they appear below the bulk melting point [32 34,
63-65]. At the temperature range below the melting point in the pore
system, an additional branch of relaxation times in the range of 10~ 5 is
observed. This branch represents cubic ice present in pores [32,34,
63-65]. We should mention that recent X-ray and neutron diffraction
studies suggested that this cubic ice does not have a structure consistent
with either the cubic crystal system or with the hexagonal system [22,
37,53]. Tt is considered stacking-disordered ice, Isd [65]. Thisice isnot a
simple mixture of the two but a combination of intertwined cubic and
hexagonal sequences with a symmetry P3m1 (the symmetry of hexag-
onal ice is P63/mmc, of cubic ice is Fd3m) [65]. Recent investigations

175



A. Bosacka et al

Microporous and Mesoporous Materials 351 (2023) 112477

A 0,001 B
0,001
- P o* T H
.  eeas | |
i o ". | ! .
= s L | e
= = "u, 4 r =14 L H | 1 s
g u| i . & o 4] T
e . 9 £ - E I ie 4
E‘EE tha) = B LI A iAoy
. P T "up, Foresdte uaaan, N f
2 - -4 . !
B . "ai
H l.
1E-8 1E-8 H il LY
1 | el
MC-Ox-150
{ MC i \
b i i e e e e g e 0 3 B0 B0 B0 B9 B N
140 160 180 200 220 240 260 280 300
T (K) TK)
[ o
0,001 ;
e ; :
s ! £, ®
. f |
@ 1B "u / :
s - H % s
g LLLL P i i
4 e lid | ey
£ . ] L
eSSy 4 . . ; ln |
A abaasts | [T
= i
| w ||
.E Sl
@ 166 |
MC-()X-800
167

140 160 160

200

220 240 260 200 300
T(K)

Fig. 9. Dielectric relaxation time T as a function of temperature logt = f(T) for water confined in MC (A), MC-OX-150 (B) and MC-OX-800 (C) pores.

surface composition were also confirmed. It was found that during
oxidation, the number of carbon decreases, and the number of oxygen
increases. After the thermal treatment, the oxygen content decreased.
However, the general contribution of Si decreases after modification in
nitric acid and backward increases after heating as a result of strong
changes in a number of oxygen groups introduced or removed during
oxidation and thermal treatments. The silica residues in the obtained
carbons contribute to the total number of surface oxygen groups and
partially affect the MC's physicochemical properties and may translate
into the melting processes of water in the pores.

Differential scanning calorimetry (DSC) and dielectric spectroscopy
(DS) techniques were used to investigate the melting processes in the
pores of all studied materials, The melting temperatures of water
confined in the micro- and mesopores of the MCs were determined. Both
experimental techniques indicated shifts in water melting temperatures
in the pores of the carbons with differentiated surface properties, and
these values were comparable. The highest melting temperature was
observed for the MC carbon; after oxidation, it decreased, and with an
increase in thermal treatment temperature, its increase was found. Such
a trend in melting temperature changes was strictly connected with the
changes in the amount of oxygen surface groups originating from
carbonaceous and siliceous parts of the obtained materials. This general
trend was confirmed by the relationship between pHpgc and AT. This
observation was explained by the differentiation between water—water
and water-carbon interactions in the case of materials with different
acid-base properties. Generally, a weakening of lateral interactions be-
tween water molecules for the oxidized materials and their increase for
more hydrophobic adsorbents were assumed. Based on the relaxation
time, three different structural forms of ice confined in the pores of
modified carbonaceous materials were found. Further studies are
needed to analyse these crystal forms in the pore system of differentiated
surface chemistry. Taking into account the porous materials applications
in technology, research on phase transitions in a wide temperature range
is of great importance.
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Figure S1. Overview and detailed XPS spectra of (C 1s) and (O 1s) of MC (A-C),

MC-OX (D-E) and MC-OX-800 (G-1).
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Table S1. Quantitative results of XPS analysis for MC,MC-0X and MC-OX-800.

Sample name Nam Position/Binding Energy Raw area % Atomic % Mass
e [eV] concentration concentration
C1ls | 284.39 | 284.92 | 28494 | 51739 3583.3 27879 | 43.7 | 38.2 | 29.2 | 30.7 | 27.6 | 22.6
x| X
% 8 O g O1s | 532.89 | 532.92 | 532.94 | 11323.7 | 11960.1 | 12672.8 | 32.7 | 436 | 38.2 | 30.6 | 41.8 | 33.2
(@) 0|
2 2 Si2p | 103.39 | 103.42 | 103.44 | 2277.3 1391.1 2568.0 | 23.6 | 18.2 | 32.6 | 38.7 | 30.6 | 44.2

Generally, the SBA-15 material usually contains the following silicon-oxygen
groups: mainly siloxanes, but also vicinal, germinal, and free silanols. Siloxanes
rather fill the interior of the material, while silanols are present on the surface and
may react with different chemical species. The formation of silicon-oxygen
groups on the surface takes place during the calcination process at a high
temperature (~550 °C), in which the ordered mesoporous structure of the SBA-
15 is developed. The silanol groups are considered a good medium in surface
functionalization that may create strong covalent bonds with various functional
groups [49-51]. Based on the obtained results it should be marked the general
contribution of Si decreases after modification in nitric acid and backward
increases after applying thermal treatment. This is related to the removal of
oxygen groups as well as the destruction of carbon at high temperatures (drop in
O 1s and C1s). Meanwhile, silica residue forms a hard-to-destroy structure even
at very high temperatures that may partially affect the MC’s physicochemical
properties and translate into the melting processes of water in the pores.
Generally, the SBA-15 template can be removed by different solutions of acids
or bases from which the most commonly used are appropriate solutions of NaOH,
KOH or HF [52-56]. In this work, ~1 mol/L KOH (Vcsnson/Vizo = 1:1) was used.
The usage of 10-15% HF is more efficient than various KOH solutions, but the
negative aspect on human health of working with HF solutions is described in the
literature [57].

The detailed XPS analysis reveals the type of present groups on the surface and
therefore the sample character. A summary of the data from the particular XPS
analysis is given in Table 2. Based on the position/binding energy and full-width-
at-half-maximum (FWHM) of the bands (C 1s A-l) and (O 1s A-G) and literature
data [58-61], the types of functional groups are assigned. The peak (C 1s A) at
~284 eV corresponds to the existence of carbon in hybridization sp? (C=C). The
peak (C 1s B), which is shifted by approximately 0.8 eV from (C 1s A) to the

higher binding energy, confirms the presence of the “primary” carbon in
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hybridization sp* (C-C or C-H). Peak (C 1s C) (~285 eV) is associated with the
occurrence of “high” carbon (C-C), whereas the (C 1s H-I) bands in the positions
~283.6 and 284 eV have “low” carbon (C-C). The (C 1s D-G) peaks at binding
energies of ~285.7, 286, 288 and 289 eV testify to the presence of ether (C-O-C),
hydroxyl (C-OH), carbonyl (C=0) and carboxyl (COOH) groups, respectively
[58-60]. The bands (O 1s A) and (O 1s D) at ~533 and 533.5 eV are from the
silica template (Si-O-Si and Si-OH). The (O 1s B) and (O 1s C) peaks moved by
approximately 0.5 and 1.0 eV to the lower binding energy from (O 1s A) are
associated with the appearance of carbonyl (C=0) and carboxyl groups (COOH),
respectively. The (O 1s E) peaks shifted by approximately 0.5 eV to the higher
binding energy from (O 1s A) are connected to the presence of ether (C-O-C) or
hydroxyl groups (C-OH). The (O 1s F) peak indicates the presence of adsorbed
water. The (O 1s G) peak (~530 eV) came from quinones (O<=>=0) [61].

Most carbon on the surface of the MC occurs in hybridization sp*® (“primary”
carbon) (47.1%). In addition, the surface of MC is rich in carbon in the
hybridization sp? (19.7%), carbon occurring in the connection with hydroxyl
groups (10.2%) and carbon from ether groups (8.2%). The “high” and “low”
carbon and carbonyl and carboxyl groups account for less than 10% of the MC
surface. Taking oxygen into account, the MC sample contains the greatest
number of oxygen from the Si-O-Si (56.7%) and Si-OH groups (30.5%).
Carbonyl, carboxyl, hydroxyl and ether groups with atomic concentrations less
than 4% are also present on the MC surface.

Nitrogen (V) acid oxidation causes a change in the proportions of functional
groups on the surface. For the MC-OX sample, the amount of sp?, “high” and
carbon from the ether group is approximately equal to 18%. Hydroxyl and
carboxyl groups are also present on this sample surface with atomic
concentrations of 8.5 and 15.0%, respectively. On the MC-OX carbon surface, a
significant increase in the amount of oxygen from ether and hydroxyl groups is
noticed (from 3.4 to 14.4%) in comparison to the MC. Taking into consideration
the MC-OX-800 carbon, an increase in the number of “high” carbons (27.3%)
(MC - 3.0%, MC-OX — 18.1%) and carbon from hydroxyl groups (13.5%) (MC
—10.2%, MC-0OX —8.5%) and a reduction in the amount of oxygen from the ether
and hydroxyl groups (from 14.4 after oxidation to 11.2% after thermal treatment)
are reported. In general, XPS analysis confirms the efficiency of the chemical and

thermal modification.
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Compounds, Molecules 2021, 26(8), 2396 wraz z materialem dodatkowym, méj udzial polegal na
wspoltworzeniu wspdlnej koncepcji, wykonaniu badai laboratoryjnych, pisaniu orvginalnego
manuskryptu. przygotowaniu odpowiedzi do reccnzentow.

Alicja Bosacka, Malgorzata Zicnkiewicz-Strzalka, Anna Derylo-Marczewska, Agnieszka
Chrzanowska. Malgorzata Wasilewska, Dariusz Sternik, Physicochemical, structural, and
adsorption properties of chemically and thermally modified activated carbons, Colloids and
Surfaces A: Physicochemical and Engineering Aspects 2022, 647, 12913 wraz z materialem
dodatkowym. méj udzial polegal na wspéltworzeniu wspolnej koncepcji pracy. modyvfikacji
chemicznej i termicznej materialdw. wykonaniu badan laboratoryjnych. pisaniu oryginalnego
manuskryptu.  przygotowaniu  odpowiedzi do  recenzentéw, pelienin  roli  autora
korespondencyjnego.

Maria Curie-Skledowska Sq. 2, 20-031 Lublin, www.umcs lublin.p!
tel: +48 81 537 57 18, fax: +48 81 533 33 48
e-mail. chemia@poczta.umcs.lublin.pl



Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Viktor Bogatyrov, Olena Oranska,
Volodymyr Gun’ko, Anna Derylo-Marczewska. Development, Svnthesis and Characterization of
Tannin/Bentonite-Derived Biochar for Water and Wastewater Treatment from Methylene Blue,
Water 2022, 14(15), 2407, moj udzial polegal na wykonaniu badan laboratoryjnych oraz
przygotowywaniu ich interpretacji, pisaniu orvginalnego manuskryptu, przvgotowaniu
odpowicdzi do recenzentéw., pelnieniu roli autora korespondencyjnego.

Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Olena Oranska, Mykola Borysenko
Volodymyr Gun’ko, Anna Derylo-Marczewska, Physicochemical and Sorption Characteristics of
Carbon Biochars Based on Lignin and Industrial Waste Magnctic Iron Dust, Water 2023, 15(1),
189 polegal na wykonaniu badan laboratoryjnych i analizie wynikéw oraz ich interpretacii.
pisaniu oryginalnego manuskryptu. przygotowaniu odpowicdzi do recenzentow. pelnieniu roli
autora korespondencyjnego.

Alicja Bosacka, Malgorzata Zienkiewicz-Strzalka, Anna Derylo-Marczewska, Malgorzata
Sliwinska-Bartkowiak, Angclina Sterczynska, Dariusz Stemik, Konrad Rotnicki The influence of
chemical and thermal modifications of ordered mgesoporous carbon on the melting processes of
water confined in pores, Microporous and Mesoporous Materials 2023, Available online 3
February 2023, 112477, méj udzial polegal na pisaniu i edveji oryginalncgo manuskryptu,
wykonaniu badan laboratoryinych oraz analizic wynikéw i ich interpretacji. przvgotowaniu
odpowiedzi do recenzentow, pehieniu roli autora korespondencyjnego.
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Lublin, 3.02.2023
Prof. dr hab. Anna Derylo-Marczewska
Katedra Chemii Fizycznej
Instytut Nauk Chemicznych
Wrydzial Chemii
Uniwersytet Mari Curie-Sklodowskiej w Lublinie
amna.derylo-marczewska@mail umcs.pl

Oswiadczenie o wspo6lautorstwie

Niniejszym os$wiadczam, Ze w pracy:

Alicja Bosacka, Malgorzata Zienkiewicz-Strzaltka, Anna Derylo-Marczewska, Malgorzata
Wasilewska, Beata Podkoscielna, Physicochemical and Adsorption Characteristics of
Divinylbenzene-co-Triethoxyvinylsilane Microspheres as Materials for the Removal of Organic
Compounds, Molecules 2021, 26(8), 2396, mdj udzial polegal na wspoéltworzeniu wspolnej
koncepeji, udziale w pisaniu oryginalnego maszynopisu, korekcie tekstu po recenzjach oraz
udziale w przygotowaniu odpowiedzi do recenzentow, pelnieniu  funkcji  autora
korespondencyjnego.

Alicja Bosacka, Malgorzata Zienkiewicz-Strzalka, Anna Derylo-Marczewska, Agnieszka
Chrzanowska, Malgorzata Wasilewska, Dariusz Sternik, Physicochemical, structural, and
adsorption properties of chemically and thermally modified activated carbons, Colloids and
Surfaces A: Physicochemical and Engineering Aspects 2022, 647, 12913 wraz z materialem
dodatkowym, moj udzial polegal na wspoltworzeniu wspdlnej koncepcji, udziale w pisaniu
oryginalnego maszynopisu, korekcie tekstu po recenzjach oraz udziale w przygotowaniu
odpowiedzi do recenzentow, pelnieniu roli autora korespondencyjnego.
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Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Viktor Bogatyrov, Olena Oranska,
Volodymyr Gun’ko, Anna Derylo-Marczewska, Development, Synthesis and Characterization of
Tannin/Bentonite-Derived Biochar for Water and Wastewater Treatment from Methylene Blue,
Water 2022, 14(15), 2407, moj udzial polegal na czytaniu i poprawianiu manuskryptu, udziale w
korekcie tekstu po recenzjach oraz w odpowiedziach dla recenzentow.

Marita Galaburda, Alicja Bosacka, Dariusz Sternik, Olena Oranska, Mykola Borysenko
Volodymyr Gun’ko, Anna Derylo-Marczewska, Physicochemical and Sorption Characteristics of
Carbon Biochars Based on Lignin and Industrial Waste Magnetic Iron Dust, Water 2023, 15(1),
189, m¢j udzial polegat na czytaniu 1 poprawianiu manuskryptu, udziale w korekcie tekstu po
recenzjach oraz w odpowiedziach dla recenzentdéw oraz pelnieniu funkcji autora
korespondencyjnego. _

Alicja Bosacka, Malgorzata Zienkiewicz-Strzalka, Anna Derylo-Marczewska, Malgorzata
Sliwinska-Bartkowiak, Angelina Sterczynska, Dariusz Stemik, Konrad Rotnicki, The influence of
chemical and thermal modifications of ordered mesoporous carbon on the melting processes of
water  confined in  pores, Microporous and  Mesoporons  Materials 2023,
https://doi.org/10.1016/j. micromes0.2023.112477, méj udzial polegal na wspohltworzeniu
wspolnej koncepcji, udziale w pisaniu oryginalnego maszynopisu, korekeie tekstu po recenzjach
oraz udziale w przygotowaniu odpowiedzi do recenzentéw, pelnieniu roli autora
korespondencyjnego.
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Lublin, 3.02.2023
Dr Malgorzata Zienkiewicz-Strzatka
Katedra Chemii Fizyczng)
Instytut Nauk Chemicznych
Wydzial Chemii
Uniwersytet Marii Curie-Sktodowskiej w Lublinie
malgorzata.zienkiewcz strzalka@mail umes.pl

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy:

Alicja Bosacka, Malgorzata Zienkiewicz-Strzaltka, Anna Derylo-Marczewska, Malgorzata
Wasilewska, Beata Podkoscielna, Physicochemical and Adsorption Characteristics of
Divinylbenzene-co-Triethoxyvinylsilane Microspheres as Materials for the Removal of Organic
Compounds, Molecules 2021, 26(8), 2396, moj udzial polegal na wspoltworzeniu wspolnej
koncepgji, udziale w pisanin oryginalnego manuskryptu, udziale w opracowywaniu grafiki,
analizie materialéw oraz interpretacji wynikow technika SAXS, udziale w pomiarach metoda
niskotemperaturowe) adsorpcji-desorpcji azotu oraz mterpretacji tych wynikdw, korekeie tekstu
po recenzjach oraz udziale w przygotowaniu odpowiedzi do recenzentow.

Alicja Bosacka, Malgorzata Zienkiewicz-Strzalka, Anna Derylo-Marczewska, Agnieszka
Chrzanowska, Malgorzata Wasilewska, Dariusz Sternik, Physicochemical, structural, and
adsorption properties of chemically and thermally modified activated carbons, Colloids and
Surfaces A: Physicochemical and Engineering Aspects 2022, 647, 12913 wraz z materialem
dodatkowym, m¢éj udzial polegal na wspottworzeniu wspolnej koncepcji, udziale w pisaniu
oryginalnego manuskryptu, udziale w opracowywaniu grafiki, analizie materialow oraz
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interpretacji wynikow technika SAXS oraz SEM, korekcie tekstu po recenzjach, oraz udziale
w przygotowaniu odpowiedzi do recenzentow.

Alicja Bosacka, Malgorzata Zienkiewicz-Strzalka, Anna Derylo-Marczewska, Malgorzata
Sliwinska-Bartkowiak, Angelina Sterczynska, Dariusz Sternik, Konrad Rotnicki, The influence of
chemical and thermal modifications of ordered mesoporous carbon on the melting processes of
water  confined in  pores,  Microporous and  Mesoporous  Materials 2023,
https://doi.org/10.1016/j.micromes0.2023.112477, méj udzial polegal na wspoltworzeniu
wspolnej koncepcji, udziale w pisaniu oryginalnego manuskryptu, udziale w przygotowywaniu
abstraktu, analizie materialdow oraz interpretacji wynikow technika SAXS, TEM oraz SEM,
korekcie tekstu po recenzjach, oraz udziale w przygotowaniu odpowiedzi do recenzentow.
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Lublin, 3.02.2023
Dr Agnieszka Chrzanowska
Katedra Chemii Fizycznej
Instytut Nauk Chemicznych
Wydzial Chemu
Uniwersytet Marii Curie-Sklodowskiej w Lublinie
agnieszka.chrzanowska@mail.umcs pl

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy:

Alicja Bosacka, Malgorzata Zienkiewicz-Strzatka, Anna Derylo-Marczewska, Agnieszka
Chrzanowska, Malgorzata Wasilewska, Dariusz Sternik, Physicochemical, structural, and
adsorption properties of chemically and thermally modified activated carbons, Colloids and
Surfaces A: Physicochemical and Engineering Aspects 2022, 647, 12913 wraz z materialem
dodatkowym, méj udzial polegal na udziale w pisaniu manuskryptu, pomiarach probek metody
niskotemperaturowe) adsorpeji-desorpeji azotu oraz udziale w opisie 1 interpretacji wynikow,
udziale w opracowywaniu danych z analizy termicznej oraz udziale w przygotowaniu odpowiedzi
do recenzentdw,
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Lublin, 3.02.2023
Dr Malgorzata Wasilewska
Katedra Chemii Fizycznej
Instytut Nauk Chemicznych
Wydzial Chemii
Uniwersytet Marii Curie-Sklodowskiej w Lublinie
malgorzata. wasilewska@mail umes.pl

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, Ze w pracy:

Alicja Bosacka, Malgorzata Zienkiewicz-Strzalka, Anna Derylo-Marczewska, Malgorzata
Wasilewska, Beata Podkodcielna, Physicochemical and Adsorption Characteristics of
Divinylbenzene-co-Triethoxyvinylsilane Microspheres as Materials for the Removal of Organic
Compounds, Molecules 2021, 26(8), 2396, méj udzial polegal na wspoltworzeniu wspdlnej
koncepcji, udziale w pisaniu manuskryptu, ustaleniu poczatkowych warunkéw pomiarowych
ukladéw adsorpeyjnych, udziale w pomiarach kinetycznych, opracowaniu danych adsorpeyjnych
(kinetyka adsorpeji) oraz interpretacji tych wynikow, udzial w pomiarach i interpretacji wynikow
z niskotemperaturowej adsorpcji-desorpcji azotu oraz udziale w przygotowywaniu odpowiedzi do
recenzentow.

Alicja Bosacka, Malgorzata Zienkiewicz-Strzatka, Anna Derylo-Marczewska, Agnieszka
Chrzanowska, Malgorzata Wasilewska, Dariusz Sternik, Physicochemical, structural, and
adsorption properties of chemically and thermally modified activated carbons, Colloids and
Surfaces A: Physicochemical and Engineering Aspects 2022, 647, 12913 wraz z materialem
dodatkowym, moj udzial polegal na udziale w powstaniu wspdlnej koncepcji, pisaniu
manuskryptu, wstgpnym przygotowaniu matenalu  wyjsciowego (przesianie, odmycie),

Maria Curie-Skiodowska Sq. 2, 20-031 Lublin, wwav umecs lublin.pl
tel: +48 81 537 57 16, fax: +48 81 533 33 48
a-mail: chemia@poczta.umcs. lublin.pl
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przygotowaniu danych dla materialu niemodyfikowanego (niskotemperaturowa adsorpcja-
desorpcja azotu, XPS), opracowaniu danych adsorpcyjnych (kinetyka i rownowaga adsorpcji)
oraz mterpretacji tych wynikow, udziale w przygotowaniu odpowiedzi do recenzentow.
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Lublin, 3.02.2023

Dr Dariusz Sternik

Katedra Chemii Fizycznej

Instytut Nauk Chemicznych

Wrydzial Chemii

Uniwersytet Marii Curie-Sklodowskiej w Lublinie
dariusz.sternik@mail.umcs.pl

Oswiadczenie o wspolautorstwie

Ninigjszym o$wiadczam, ze w pracy:

Alicja Bosacka, Malgorzata Zienkiewicz-Strzaltka, Anna Dervlo-Marczewska, Agnieszka
Chrzanowska, Malgorzata Wasilewska, Dariusz Sternik, Physicochemical, structural, and
adsorption properties of chemically and thermally modified activated carbons, Colloids and
Surfaces A: Physicochemical and Engineering Aspects 2022, 647, 12913 wraz z materialem
dodatkowym, méj udzial polegal na udziale w pomiarach probek z wykorzystaniem analizy
termicznej sprzgzonej z MS (przygotowaniu sprzetu do pomiaru, kalibracji, oraz ustalenin
wstgpnych warunkow pomiaréw) oraz pomocy merytorycznej w interpretacji danych,

Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Viktor Bogatyrov, Olena Oranska,
Volodymyr Gun’ko, Anna Derylo-Marczewska, Development, Synthesis and Characterization of
Tannin/Bentonite-Derived Biochar for Water and Wastewater Treatment from Methylene Blue,
Water 2022, 14(15), 2407, moj udzial polegal na pisaniu oryginalnego maszynopisu, udziale w
badaniach adsorpeyjnych, analizie danych oraz interpretacji wynikow, udziat w korekcie tekstu po
recenzjach oraz udzial w przygotowaniu odpowiedzi do recenzentow.

Maria Curie-Sktodowska Sq. 2, 20-D31 Lublin, www umcs. lublin.pl
tel: +48 81 537 57 16, fax; +48 81 533 33 48
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Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Olena Oranska, Mykola Borysenko
Volodymyr Gun’ko, Anna Derylo-Marczewska, Physicochemical and Sorption Characteristics of
Carbon Biochars Based on Lignin and Industrial Waste Magnetic Iron Dust, Water 2023, 15(1),
189, m¢j udzial polegal na pisaniu oryginalnego maszynopisu, udziale w badaniach
adsorpcyjnych 1 termicznych, analizie danych oraz interpretacji wynikow, udzial w korekcie
tekstu po recenzjach oraz udzial w przygotowaniu odpowiedzi do recenzentdow.

Alicja Bosacka, Malgorzata Zienkiewicz-Strzaltka, Anna Derylo-Marczewska, Malgorzata
Sliwiﬁska—Bartkowiak, Angelina Sterczynska, Dariusz Sternik, Konrad Rotnicki, The influence of
chemical and thermal modifications of ordered mesoporous carbon on the melting processes of
water  confined in  pores, Microporous and  Mesoporous  Materials 2023,
https://doi.org/10.1016/j.micromeso0.2023.112477, m¢j udzial polegal na udziale w pomiarach
probek technika DSC (kalibracja sprzgtu przed pomiarem, dobér odpowiednich warunkow
prowadzenia pomiaréw), oraz wsparciu merytorycznym podczas interpretacji wynikow.
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Lublin, 3.02.2023
Dr hab. Beata Podkoscielna
Katedra Chemii Polimeréw
Instytut Nauk Chemicznych
Wydziat Chemii
Uniwersytet Marii Curie-Sklodowskiej w Lublinie
beata.podkoscielna@mail.umcs.pl

Oswiadczenie o wspolautorstwie

Nini¢jszym o$wiadczam, ze w pracy:

Alicja Bosacka, Malgorzata Zienkiewicz-Strzatka, Anna Derylo-Marczewska, Malgorzata
Wasilewska, Beata Podkosciclna, Physicochemical and Adsorption Characteristics of
Divinylbenzene-co-Triethoxyvinylsilane Microspheres as Materials for the Removal of Organic
Compounds, Molecules 2021, 26(8), 2396, m¢j udzial polegal na wspottworzeniu wspolnej
koncepcji, syntezie materialow, korekcie manuskryptu, udziale w przygotowaniu odpowiedzi do
recenzentow.
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Lublin, 3.02.2023
Dr Mariia Galaburda
Katedra Chemii Fizycznej
Instytut Nauk Chemicznych
Wydziat Chemii
Uniwersytet Marii Curie-Sklodowskiej w Lublinie
mariia.galaburda@gmail.com

Oswiadczenie o wspélautorstwie

Niniejszym o§wiadczam, ze w pracy:

Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Viktor Bogatyrov, Olena Oranska,
Volodymyr Gun’ko, Anna Derylo-Marczewska, Development, Synthesis and Characterization of
Tannin/Bentonite-Derived Biochar for Water and Wastewater Treatment from Methylene Blue,
Water 2022, 14(15), 2407, moj udzial polegal na wspottworzeniu wspolnej koncepcji, udziale w
pisaniu oryginalnego manuskryptu, wykonywaniu badan laboratoryjnych, analizie materialow
oraz interpretacji wynikow, korekcie tekstu po recenzjach, oraz udziale w przygotowaniu
odpowiedzi do recenzentow.

Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Olena Oranska, Mykola Borysenko
Volodymyr Gun’ko, Anna Derylo-Marczewska, Physicochemical and Sorption Characteristics of
Carbon Biochars Based on Lignin and Industrial Waste Magnetic Iron Dust, Water 2023, 15(1),
189, moj udzial polegat na wspottworzeniu wspolnej koncepcji, udziale w pisaniu oryginalnego
manuskryptu, wykonywaniu badaf laboratoryjnych, analizie materialow oraz interpretacji
wynikéw, korekcie tekstu po recenzjach, oraz udziale w przygotowaniu odpowiedzi do
recenzentow,
4

Coolabarelo H o /o0

/

Maria Curie-Sktodowska Sq. 2, 20-031 Lublin, www umcs lublin pl
tel: +48 81 537 57 16, fax: +48 81 533 33 48
e-mail: chemia@poczta umcs lublin pl

197



*
“

UNIWERSYTET MARII CURIE-SKEODOWSKIEJ w LUBLINIE
Wydziat Chemii, instytut Nauk Chemicznych

Lublin, 3.02.2023
Dr Viktor Bogatyrov
Chuiko Institute of Surface Chemistry
National Academy of Science of Ukraine
General Naumov Str. 17
Kyiv 03164
Ukraine

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy:

Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Viktor Bogatyrov, Olena Oranska,
Volodymyr Gun’ko, Anna Derylo-Marczewska, Development, Synthesis and Characterization of
Tannin/Bentonite-Derived Biochar for Water and Wastewater Treatment from Methylene Blue,
Water 2022, 14(15), 2407, méj udzial polegal na wspétudziale w opracowywaniu koncepcji pracy
oraz wsparciu merytorycznym.
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Lublin, 3.02.2023
Dr Mykola Borysenko
Katedra Chemii Fizycznej
Instytut Nauk Chemicznych
Wydzial Chemii
Uniwersytet Marii Curie-Sktodowskiej w Lublinie

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy:

Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Olena Oranska, Mykola Borysenko
Volodymyr Gun’ko, Anna Derylo-Marczewska, Physicochemical and Sorption Characteristics of
Carbon Biochars Based on Lignin and Industrial Waste Magnetic Iron Dust, Water 2023, 15(1),
189, moj udzial polegal na wspottworzeniu koncepcji oraz udziale w syntezie materiatow.
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Dr Olena Oranska
Chuiko Institute of Surface Chemistry
National Academy of Science of Ukraine
General Naumov Str. 17
Kyiv 03164
Ukraine

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy:

Mariia Galaburda, Alicja Bosacka, Dariusz Sternik, Viktor Bogatyrov, Olena Oranska,
Volodymyr Gun’ko, Anna Derylo-Marczewska, Development, Synthesis and Characterization of
Tannin/Bentonite-Derived Biochar for Water and Wastewater Treatment from Methylene Blue,
Water 2022, 14(15), 2407, m¢j udzial polegal na analizie materialow technika XRD oraz
interpretacji tych wynikow.

Mariia Galaburda, Alicja Bosacka, Dariusz Stemnik, Olena Oranska, Mykola Borysenko
Volodymyr Gun’ko, Anna Derylo-Marczewska, Physicochemical and Sorption Characteristics of
Carbon Biochars Based on Lignin and Industrial Waste Magnetic Iron Dust, Water 2023, 15(1),
189, moj udzial polegatl na analizie materialow technikg XRD oraz interpretacji tych wynikow.
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