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2. Uzasadnienie wyboru tematyki badawczej

Wspoéiczesne wyzwania srodowiskowe, takie jak migdzy innymi zanieczyszczenie
wod 1 gleb toksycznymi jonami metali oraz zwigzkami wielkoczgsteczkowymi, wzrost
zapotrzebowania na alternatywne zrédta energii, czy tez nadmierna produkcja odpadowe;j
materii organicznej wymagaja opracowania nowych, efektywnych i zrownowazonych
sciezek gospodarki obiegu zamknigtego. W tym kontekscie biosorbenty wytwarzane
z odpadow ro$linnych stanowig obiecujace rozwigzanie, taczace zarowno korzysci
ekologiczne, jak i ekonomiczne. Przeksztalcenie materialdéw organicznych w surowce
energetyczne lub w adsorbenty ogranicza bowiem ilo$¢ odpadéw statych, dzigki czemu
zmniejszona zostaje emisja COz 1 innych gazéw powstajacych podczas procesow gnicia
[1]. Ponadto sktadowanie takich odpadow w nicodpowiedni sposdéb moze prowadzi¢ do
eutrofizacji wod oraz uwalniania patogenéw do $rodowiska [2]. Dodatkowo (w aspekcie
ekonomicznym), w wyniku tego typu dziatan redukcji ulegaja wydatki zwigzane
z przechowywaniem biomasy, a ponowne wykorzystanie juz zuzytego materialu pozwala
ograniczy¢ kosztowne pozyskiwanie nowych prekursorow, stuzacych do produkcji

adsorbentow.

W dobie ciggle zmniejszajacych si¢ zasobdéw konwencjonalnych surowcow
energetycznych konieczne jest poszukiwanie nowych rozwigzan, ktére pozwolg
na pozyskiwanie energii ze zrddel odnawialnych. Coraz bardziej powszechne
s elektrownie wiatrowe 1 sloneczne, jednakze pomimo ich nieskonczonego zrodia
zasilania, w dalszej perspektywie mogg one stanowi¢ powazny problem przy utylizacji
zuzytych elementéw. Wykorzystanie biomasy odpadowej do pozyskania biowegla nie
stwarza takich zagrozef, a ponadto pozwala ograniczy¢ w znacznym stopniu ilo$¢ materii
organicznej wymagajacej skltadowania [3]. Otrzymane w ten sposob materiaty
charakteryzujg si¢ cieptem spalania porownywalnym do konwencjonalnych surowcow

energetycznych, co $wiadczy o ich wysokim potencjale aplikacyjnym [4, 5].

Adsorbenty weglowe sa szeroko stosowane do oczyszczania wody, jednakze ich
wykorzystanie ogranicza si¢ gtownie do adsorpcji jondw metali oraz barwnikow [6, 7].
Nie s3 natomiast dostgpne doniesienia literaturowe na temat usuwania zwigzkow

polimerowych z roztworéw wodnych przy uzyciu biowegli aktywnych. Sporadycznie



opisywane s3 uktady, w ktorych sprawdzana jest efektywnos$¢ sorpcji substancji
organicznych i nieorganicznych z roztworéw dwusktadnikowych, jednakze nie dotycza
one charakterystyki zdolno$ci adsorpcyjnych biowegli aktywnych w odniesieniu do
polimerdéw rozpuszczalnych w wodzie [D1]. W zwiazku z powyzszym, wytypowanie do
badan ukladow zawierajacych polimery jonowe stanowi o nowatorskim charakterze
niniejszej pracy. W  dobie coraz  szerszego  zastosowania  zwigzkow
wielkoczasteczkowych konieczna jest ocena mozliwosci ich skutecznego usuwania
z roztworoOw wodnych oraz ich wptywu na adsorpcj¢ innych substancji, takich jak

np. jony metali cigzkich.

W zwiazku z powyzszym do badan adsorpcyjnych wytypowano anionowy poli(kwas
akrylowy) (PAA) stosowany w przemys$le kosmetycznym oraz kationowa
polietylenoiming (PEI) wykorzystywana w biotechnologii, natomiast jako modelowe
zanieczyszczenia metaliczne wybrano jony Cd(II) oraz As(V) obecne w §rodowisku na
skutek przetworstwa skal i1 mineralow. Dodatkowo wykorzystanie do celéow
adsorpcyjnych biowegli aktywnych otrzymanych z odpadowej materii ros$linnej
na drodze bezposredniej aktywacji fizycznej i aktywacji chemicznej ma wazny aspekt

ekonomiczny oraz wpisuje si¢ w trendy gospodarki obiegu zamknigtego [8].

Powyzsze aspekty srodowiskowo-ekonomiczne oraz wystepujace luki badawcze

doprowadzily do sformutowania nast¢pujacych hipotez:

H1.  Odpady pochodzace z przemystu zielarskiego (takie jak todygi pokrzywy,
szatwii, melisy oraz miety) moga postuzy¢ do produkcji alternatywnych

materiatlow energetycznych oraz efektywnych adsorbentow weglowych.

H2.  Proces pirolizy pozwoli uzyska¢ biowegle charakteryzujace si¢ wysoka
warto$cig ciepla spalania, co umozliwi ich zastosowanie jako surowcoéw

energetycznych.

H3. Materialy otrzymane na drodze bezposredniej aktywacji fizycznej oraz
aktywacji chemicznej beda charakteryzowac si¢ korzystnymi wtasciwosciami
teksturalno-powierzchniowymi, pozwalajagcymi na ich zastosowanie

w procesach adsorpcyjnych.



H4.  Biowegle aktywne otrzymane na drodze aktywacji chemicznej b¢da posiadaé
silniej rozwinigta powierzchni¢ wlasciwa oraz wigkszy $redni rozmiar porow,
co powinno sprzyja¢ adsorpcji duzych makroczgsteczek polimerowych,
z kolei materialy uzyskane poprzez bezposrednig aktywacje fizyczng beda

bardziej efektywnie wigza¢ jony metali cigzkich.

H5.  Obecno$¢ w roztworze wodnym réznoimiennie natadowanych adsorbatow
(. dwodch polimerow lub polimeru i jonu metalu) spowoduje wzrost wielkosci

adsorpcji obu substancji.

W celu weryfikacji powyzszych zalozen otrzymane materialty weglowe zostaty
poddane analizie struktury porowatej oraz ocenie wlasciwosci kwasowo-zasadowych
powierzchni. Ponadto, wykorzystane prekursory roslinne zbadano pod katem sktadu
lignocelulozowego. Produkty procesu pirolizy — biowegle — scharakteryzowano
w kierunku ich wlasciwosci energetycznych, ze szczegdlnym uwzglednieniem ciepta
spalania. Z kolei materialy otrzymane na drodze bezpos$redniej aktywacji fizycznej
1 aktywacji chemicznej (biowegle aktywne) zastosowano jako adsorbenty polimerow
jonowych (PAA i PEI) oraz jonow metali cigzkich (Cd(II) i As(V)). Oceniono wplyw pH
roztworu na wielko§¢ adsorpcji oraz zbadano kinetyke tego procesu. Dodatkowo
sprawdzono efektywno$¢ usuwania substancji organicznych 1 nieorganicznych
z roztworow dwusktadnikowych. W celu okres§lenia mechanizmu wigzania adsorbatow
przeprowadzono analiz¢ parametréw charakteryzujacych podwdjng warstwe elektryczng
utworzong na powierzchni czastek materiatow weglowych, takich jak gestos¢ tadunku
powierzchniowego, potencjal dzeta, punkt tadunku zerowego i1 punkt izoelektryczny.
Waznym aspektem przeprowadzonych badan bylo réwniez okreslenie mozliwosci
regeneracji materiatow  weglowych przy zastosowaniu réznych czynnikow
desorpcyjnych, a takze ich tendencji do agregacji. Przeprowadzone badania pozwolily
wytypowac najbardziej obiecujace uktady, ktore wykazuja wysoki potencjat aplikacyjny

w procesach oczyszczania wody i1 SciekOw oraz w sektorze energetycznym.



3. Cze¢s¢ eksperymentalna

3.1. Preparatyka materialow weglowych

W celu uzyskania biosorbentdw zastosowano biomase¢ odpadowa pochodzaca
z przemystu zielarskiego, na ktorg skladaly si¢ cztery rodzaje prekursorow
roslinnych (P) — todygi pokrzywy (PO), szatwii (SZ), melisy (ML) oraz miety (MT).
Lodygi ziot wysuszono w temperaturze 110 °C, a nastepnie rozdrobniono na kawatki

o rozmiarze 1,5-2,0 cm.

Procedura otrzymywania biowegli (B) obejmowata pirolize materiatu roslinnego
w atmosferze azotu (przeplyw 170 cm*/min) w temperaturze 400 °C przez 60 min [D3].
Z kolei w celu uzyskania biowegli aktywnych zastosowano dwie procedury obrobki
termochemicznej — tj. bezposrednig aktywacj¢ fizyczng (AF) oraz aktywacje chemiczng
(AC). W pierwszej z nich todygi zidt poddano réwnoczesnej pirolizie i aktywacji
z zastosowaniem CO» (przeptyw 250 cm?/min) w temperaturze 800 °C przez 30 min [D4,
D5]. Z kolei celem przeprowadzenia aktywacji chemicznej probki zostaly poddane
24-godzinnej impregnacji z uzyciem H3POs4 (stosunek wagowy prekursor-
aktywator: 1:2). Po tym czasie materialy wysuszono w temperaturze 110 °C, w celu
odparowania wody i poddano dwuetapowemu ogrzewaniu w atmosferze azotu (przeptyw
200 cm®/min). W pierwszym etapie probki ogrzewano przy naroScie temperatury
5 °C/min, az do osiaggniecia 200 °C, po czym termostatowano przez 30 minut. Nastepnie
temperature¢ podnoszono (przy takim samym naroscie) do 500 °C 1 ponownie
termostatowano przez 30 minut. Produkty aktywacji przemywano 10 dm?® wrzacej wody

destylowanej, a nastgpnie suszono w temperaturze 110 °C do stalej masy [D6-D10].

3.2. Charakterystyka otrzymanych materialow

Morfologi¢ powierzchni otrzymanych materiatow weglowych okreslono przy
zastosowaniu skaningowej mikroskopii elektronowej (SEM) — aparat Quanta 250 FEG

(FEIL Hillsboro, OR, USA).



Parametry teksturalne wyznaczono z uzyciem metody niskotemperaturowej
adsorpcji/desorpcji azotu (analizator ASAP 2020, Micromeritics Instrument Corporation,

Norcross, GA, USA).

Zawartos¢ popiotu wyznaczono zgodnie z normg PN-ISO 1171:2002 poprzez
spalenie 1 g materialu w temperaturze 815 °C z wykorzystaniem pieca mikrofalowego
Phoenix (CEM Corporation, Matthews, NC, USA). Zwarto$¢ pierwiastkow C, H, N oraz
S okreslona zostala z wykorzystaniem analizatora elementarnego EuroEA3000
(EuroVector, Pavia, PV, Wiochy). Dla obu oznaczen procedurg powtérzono dwukrotnie,
a za wynik przyjeto $rednia, z kolei zawartos$¢ tlenu obliczono z r6éznicy. Wykorzystano
rowniez fluorescencyjng spektrometri¢ rentgenowska (XRF) w celu okreslenia sktadu
pierwiastkowego uzyskanych biowegli i biowegli aktywnych (aparat Axios mAX,
PANalytical, Almelo, Holandia).

Stezenie powierzchniowych grup funkcyjnych o charakterze kwasowym
i zasadowym wyznaczono w oparciu o metode alkacymetryczng zaproponowang przez
Boehma [9]. Typ grup funkcyjnych obecnych na powierzchni adsorbentéw okre§lono
przy wykorzystaniu rentgenowskiej spektroskopii fotoelektronow (XPS) (aparat
Gammadata Scienta, Uppsala, Szwecja) oraz spektroskopii w podczerwieni (FTIR)

(spektrometr Nicolet 8700A, Thermo Fisher Scientific Inc., Waltham, MA, USA).

3.3. Charakterystyka adsorbatow

Jako modelowe zanieczyszczenia Srodowiska zastosowano substancje organiczne -
poli(kwas akrylowy) 1 polietylenoiming oraz nieorganiczne - jony kadmu i arsenu.
Analizy prowadzono w uktadach zawierajacych jeden lub dwa sktadniki jednoczesnie,
a takze w obecnosci elektrolitu podstawowego (NaCl), co pozwolito w znacznym stopniu

na odwzorowanie rzeczywistych uktadow $ciekowych.

Polimery jonowe wytypowane do badan znajduja szerokie zastosowanie w przemysle
farmaceutycznym 1 kosmetycznym, a takze w biotechnologii. Poli(kwas akrylowy)
(PAA) (Rys. 1a), dzieki swojej wysokiej biokompatybilnosci, wykorzystywany jest
w systemach dostarczania lekow oraz w inzynierii genetycznej [10, 11]. Z kolei

polietylenoimina (PEI), (Rys. 1b) z uwagi na swoje zdolno$ci do migracji poprzez
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eukariotyczne blony komodrkowe oraz tatwos$¢ wigzania z czasteczkami DNA, stosowana
jest w procesach hodowli komodrkowych i modyfikacji genetycznych [12]. Jako
substancje syntetyczne i wplywajace na funkcjonowanie komoérek oba polimery nie
powinny jednak wystepowac w srodowisku naturalnym, dlatego tez nalezy je skutecznie

usuwac ze sciekow.

Zastosowane polimery charakteryzowaly si¢ $rednia wagowa masa czasteczkowsa
wynoszgcg 2000 Da. Poli(kwas akrylowy) jest polimerem anionowym, ktorego pKa, jest
rowne 4,5 [13]. Ponizej tej wartosci pH, wiekszo$¢ jego karboksylowych grup
funkcyjnych wystepuje w postaci niezdysocjowanej, co skutkuje skiebiong konformacja
makroczasteczki. Wraz ze wzrostem pH coraz wigcej grup funkcyjnych ulega dysocjacji,
co prowadzi do rozwini¢cia tancucha. Z kolei polietylenoimina jest substancja kationowa,
zawierajacg grupy aminowe. Jej warto$¢ pKy jest rowna 9,0 [14], co sprawia, ze ponizej
tej wartosci pH, PEI przyjmuje rozwini¢ta konformacje z uwagi na znaczng ilos¢
zjonizowanych grup funkcyjnych. Powyzej pH 9, jej makroczasteczki przyjmuja
strukture skiebiong, co zwigzane jest ze zmniejszajacym si¢ stopniem protonacji grup

aminowych.

B) o - b

O, . OH
¥

-~

-~ > 2 -

e\ T ]
H H .

Rysunek 1. Wzory strukturalne PAA (a) oraz PEI (b)

Wykorzystane w badaniach jony metali cigzkich sa wysoce toksyczne, a z powodu
ich szerokiego zastosowania czesto wystepuja w Sciekach. Szacuje si¢, ze rocznie
do srodowiska uwalniane jest 500-2600 ton kadmu, glownie ze zrddet
antropogenicznych, takich jak spalanie paliw kopalnych, stosowanie nawozoéw

o wysokiej zawartosci fosforanow oraz eksploatacja zt6z w przemysle wydobywczym
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[15]. Z kolei arsen obecny jest w srodowisku gldwnie jako zanieczyszczenie mineratow.
Jednakze z uwagi na swoja dobra rozpuszczalno$¢ i wysokg mobilno$¢ tatwo przedostaje
si¢ do wod gruntowych. W krajach rozwijajacych si¢ znaczna czgs¢ zrodet wody pitnej
jest zanieczyszczona arsenem [ 16]. Oba pierwiastki moga wywotywac silne zatrucia oraz
negatywnie wplywaja na funkcjonowanie ukladow nerwowego, krazenia oraz
wydalniczego [17, 18]. Z tego powodu nalezy poszukiwaé efektywnych metod

pozwalajacych na zminimalizowanie ich uwalniania do srodowiska.

W badaniach wykorzystano jony Cd(Il), ktérych zrodiem byt czterowodny azotan(V)
kadmu - CdN»O¢4H>0. Z uwagi na ograniczong rozpuszczalno$¢ kadmu analizy
prowadzone byly w pH ponizej 8. Jako zrodto jonow As(V) zastosowano arsenian(V)
potasu - KH»AsOs4. Zwigzek ten ulega dysocjacji na kation potasu oraz anion
arsenianowy(V), ktorego stopien uwodornienia zalezy od pH roztworu. W uktadach silnie
zasadowych wystepuje on w postaci jonu AsO4>, wraz z obnizaniem pH jego czasteczka

ulega stopniowemu uwodornieniu do form: HAsO4*, H>AsO4™ oraz H3AsOs4 [19].

3.4. Metodyka badan

Prekursory ro$linne wykorzystane w badaniach poddano analizie umozliwiajacej
okreslenie zawartosci ligniny, celulozy, hemicelulozy oraz substancji mineralnych
1 ekstrakcyjnych w ich strukturze. Miatlo tona celu okre§lenie wplywu sktadu
lignocelulozowego na wilasciwosci otrzymanych materiatow weglowych [D2].
Zaproponowano nowa procedur¢ oznaczania tych sktadnikow, eliminujaca blad
wynikajacy z rozpuszczalnosci ligniny oraz hemicelulozy w roztworach zasadowych. Do
procesu oznaczania hemicelulozy dodano etap wytrgcania przy pomocy etanolu, co
umozliwito jej oddzielenie od ligniny. Z kolei wieloetapowy proces stuzacy do okreslenia

zawartosci ligniny zastgpiono prostsza procedura oznaczania celulozy.

Prekursory oraz biowegle zostaly poddane analizie ciepta spalania (ang. higher
heating value, HHV [MJ/kg]). Badania prowadzono zgodnie z normg ISO 1928:2009,
wykorzystujac  kalorymetr KL-12Mn (Precyzja-Bit, Bydgoszcz, Polska). Wartosci

badanych parametrow wyznaczono z ponizszych réwnan:

HHV — CXAT— in
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HHVg
HHVp

EDR = (2)

EY = MY x EDR 3)

gdzie: C — pojemnos$¢ cieplna bomby kalorymetrycznej [MIJ/°C], AT — zmiana
temperatury wody w kalorymetrze bombowym [°C], Qi — 1l0$¢ ciepta wygenerowana
przez zelazny drucik oporowy [MlJ/kg], m — masa probki [kg], EDR — wskaznik
zageszcezenia energetycznego, HHVz — cieplo spalania biowegla [MI/kg], HHVp — ciepto
spalania prekursora [MJ/kg], EY — wydajnos¢ energetyczna [ %], MY — wydajnos¢ pirolizy
[%].

Pomiary adsorpcyjne z wykorzystaniem biowegli oraz biowegli aktywnych
prowadzono w temperaturze 25 °C. Jako elektrolit podstawowy zastosowano chlorek
sodu o stezeniu 0,001 mol/dm?. Nawazki adsorbentow oraz stezenia adsorbatéw do badan
dobierane byty indywidualnie dla kazdego uktadu, z uwagi na zroznicowang efektywnos$¢
procesu oraz ograniczenia zwigzaniem z oznaczaniem poszczegdlnych substancji.
Izotermy adsorpcji uzyskano w uktadach o pH 3, 6 oraz 9, badania prowadzono przez
24 h. Otrzymane wyniki dopasowano do teoretycznych modeli adsorpcji Langmuira,
Freundlicha, Temkina oraz Dubinina-Radushkevicha [20]. Kinetyke procesu adsorpcji
badano w uktadach o pH 3, za wzgledu na najwyzsza adsorpcj¢ substancji organicznych
1 nieorganicznych w tych warunkach. Uzyskane dane eksperymentalne dopasowano
modelami kinetyki pseudo-pierwszego-rzedu oraz pseudo-drugiego-rzedu [21].
Oceniono réwniez zdolnosci adsorpcyjne materialow weglowych w uktadach
dwusktadnikowych (metal + polimer oraz polimer + polimer), w roztworach o pH 3
1 stezeniu poczatkowym adsorbatow wynoszacym 200 ppm (adsorpcje prowadzono przez
24 h). Ponadto, okreslono mozliwos¢ regeneracji biowegli aktywnych na drodze desorpcji
przy uzyciu H>O oraz NaOH i HNOj o stezeniach 0,1 mol/dm?>. Dla wybranych uktadow
oceniono réwniez wpltyw temperatury na efektywno$¢ procesu adsorpcji, stabilno$¢
wodnych suspensji materiatow weglowych (bez 1 w obecnosci polimerow) oraz zdolnosci
regeneracyjne adsorbentdéw w nastgpujacych po sobie cyklach adsorpcyjno-
desorpcyjnych. Wielko§¢ adsorpcji wyznaczono wykorzystujac metode statyczna,

z roznicy stezeh danego adsorbatu w roztworze przed i po procesie:
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_ (Co-O)V

== (4)

m

gdzie: I" — wielko$¢ adsorpcji [mg/g], Co — stezenie poczatkowe [mg/dm?], C — stezenie
koncowe adsorbatu [mg/dm?], ¥ — objeto$é roztworu [dm?], m — masa adsorbentu [g].
Stezenie polimerdéw okreslono przy zastosowaniu spektrofotometru UV-VIS Carry 100
Bio (Palo Alto, Santa Clara, CA, USA). Do oznaczenia stezenia poli(kwasu akrylowego)
wykorzystano reakcje kompleksowania z hyaming 1622, pozwalajaca otrzymac
zabarwiony na biato roztwor pochtaniajacy $wiatto przy dhugosci fali 500 nm [22].
W przypadku politeylenoiminy jako czynnik kompleksujacy wykorzystano CuCly, ktory
powoduje powstanie niebiesko zabarwionego roztworu. Jego absorbancj¢ mierzono przy
dhugosci fali wynoszacej 285 nm [23]. Do oznaczenia zawartosci jonéw Cd(II) oraz
As(V) zastosowano spektrometr ICP-EOS iCAP™ 7200 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

W celu uzyskania dodatkowych informacji odno$nie najbardziej prawdopodobnego
mechanizmu adsorpcji przeprowadzono badania majace na celu okreslenie struktury
podwojnej warstwy elektrycznej (pwe) utworzonej na powierzchni czastek materiatow
weglowych (w obecnosci elektrolitu podstawowego). Obejmowaty one wyznaczenie
znaku 1 gesto$ci tadunku zgromadzonego w warstwie powierzchniowej oraz w obszarze
plaszczyzny poslizgu. Pomiary prowadzono w zakresie pH 3-11 (przy zastosowaniu pH-
metru pHM 240, Radiometer, Warszawa, Polska), w roztworach o stgzeniu 100 ppm.
Mase materiatu weglowego dobierano indywidualnie, dla kazdego uktadu, zapewniajac

optymalne warunki pomiarow.

Gestos¢ tadunku powierzchniowego (ay) oraz potozenie punktu tadunku zerowego
(pzc) adsorbentow weglowych uzyskano dzigki zastosowaniu metody miareczkowania
potencjometrycznego. Badania wykonano przy uzyciu zestawu ztozonego z naczynka
teflonowego, termostatu RE204 (Lauda Scientific GmbH, Lauda-K&nigshofen, Niemcy),
elektrody szklanej 1 kalomelowej (Beckman Instruments, Brea, CA, USA), pH-metru
PHM240 (Radiometer, Warszawa, Polska) oraz automatycznej mikrobiurety 765
Dosimat (Metrohm, Opacz-Kolonia, Polska), sterowanej przy pomocy programu

komputerowego ,,Titr v3”. Obliczenia wykonano w oparciu o rownanie [25]:
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AVcF
O-O =

)

gdzie: op — gesto$¢ tadunku powierzchniowego [uC/cm?], AV — réznica w objetosci

msS

NaOH, ktorg nalezy doda¢, aby doprowadzi¢ pH suspensji i elektrolitu podstawowego
do okreslonej wartoéci [dm?], ¢ — stezenie NaOH [mol/dm?], F — stata Faradaya [C/mol],

m — masa ciala stalego [g], S — powierzchnia wlasciwa ciala stalego [m?/g].

Warto$¢ potencjatu dzeta ({) oraz potozenie punktu izoelektrycznego (iep) okreslono
z wykorzystaniem pomiaru ruchliwosci elektroforetycznej (U.). Dos$wiadczenia
prowadzono z uzyciem aparatu Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
Potencjal dzeta wyznaczono w oparciu o zjawisko dopplerowskiej elektroforezy

laserowej 1 statycznego rozpraszania $wiatla, stosujac nastepujace rOwnanie:

__ 2gp€¢
= 3

Ue f(ka) (6)

gdzie: U, — ruchliwo$¢ elektroforetyczna [m*/V-s], &y — przenikalno$é elektryczna prozni

[F/m], ¢ — stala dielektryczna [F/m], { — potencjal dzeta [mV],  — lepkos¢ fazy ciaglej
[Pa-s], f(xa) — funkcja Henry’ego [24].

Uktady o pH 3, 6 oraz 9 wykorzystano dodatkowo do sprawdzenia wptywu
zastosowanych adsorbatow na wielko$¢ agregatéw utworzonych przez czastki biowegla
aktywnego. Pomiary te prowadzono wykorzystujgc ten sam aparat co w przypadku testow

elektrokinetycznych.
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4. Wyniki badan i ich interpretacja

4.1. 'Wplyw rodzaju prekursora na wlasciwosci materialow weglowych

Rysunek 2 przedstawia obrazy SEM otrzymanych materiatow. Na wiekszosci z nich
mozna dostrzec podtuzne, wklgste struktury, ktére wynikajg ze stosowania todyg ziot
jako prekursoréw. Biowegle wyrdzniajg si¢ jednak brakiem matych czgstek na ich
powierzchni, §wiadczacych o fragmentacji matrycy weglowej na skutek obrobki
termochemicznej oraz znacznego udzialu domieszek mineralnych (tzw. popiotu), co

obserwuje si¢ w przypadku biowegli aktywnych.

Rysunek 2. Obrazy SEM otrzymanych materiatlow weglowych

Prekursory roslinne wykorzystane do produkcji materialow weglowych sktadajg sie
gtownie z wegla oraz tlenu (Tabela 1). Procesy pirolizy oraz aktywacji skutkuja
zwigkszeniem zawarto$ci wegla w otrzymanych materiatach. Efekt ten jest bardziej
widoczny w przypadku biowegli aktywnych. Stwierdzono réwniez, ze materiaty
otrzymane na drodze bezposredniej aktywacji fizycznej charakteryzuja si¢ najnizsza

zawartoscig wodoru, z kolei te uzyskane poprzez aktywacj¢ chemiczng najnizsza
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zawarto$cig azotu. Wzrost zawartosci wegla kosztem innych pierwiastkéw w badanych
bioweglach i bioweglach aktywnych jest zwigzany prawdopodobnie ze zmniejszeniem
alifatycznego charakteru struktury materiatow i1 jednoczesnym wzrostem zawarto$ci
termicznie stabilnych fragmentoéw aromatycznych, co prowadzi do powstania licznych
produktéw ubocznych aktywacji, bogatych w wodor, azot i tlen. Sposréd wszystkich
badanych cial statych biowegle aktywne otrzymane z wykorzystaniem H3POs, wykazuja

najnizszg zawartos$¢ popiotu (substancji mineralnych).

Tabela 1. Zawartos$¢ popiotu oraz pierwiastkéw C, H, N oraz O w prekursorach oraz otrzymanych
materiatach weglowych [% wag. |

Materiat Popiot Cdaf Hdaf Ndaf Odiff
PO P 9,4 41,9 7,7 4,6 45,7
SZ P 11,0 49,5 8,3 1,9 40,4
ML P 6,8 43,5 7,2 2,8 46,5
MT P 8,0 44,6 7,4 3,4 44,6
NE B 2,6 65,8 4,8 3,7 25,7
SA B 6,8 65,0 4.7 1,8 28,5
ML B 4,4 66,0 4,7 3,3 26,0
MT B 4,8 70,7 4,7 3,1 21,5

PO AF 17,5 77,9 1,3 3,9 17,0

SZ AF 13,0 89,0 0,9 2,0 8,2

ML AF 9,5 83,5 1,1 2,8 12,6

MT AF 23,5 74,7 1,7 3,1 20,5

PO AC 0,5 81,2 2.8 1,4 14,6

SZ AC 0,8 79,5 2,5 1,0 17,0

ML AC 2,6 83,9 2.8 1,3 12,1

MT AC 2,7 82,4 2.8 1,3 13,6

diff

df _ sucha i bezpopiotowa zawarto$¢ pierwiastka; 4 — zawartoéé obliczono z réznicy

Analiza sktadu lignocelulozowego wykorzystanych prekursorow wykazata, ze
glownym elementem budulcowym zastosowanych zidt jest lignina (Tabela 2). Jest to
zwigzane z faktem, ze lignina jest sktadnikiem odpowiedzialnym za sztywnos$¢ rosliny,
ado produkcji materiatow weglowych wykorzystywano gltownie todygi, czyli
najtwardszy fragment pedu ziot. Wykazano réwniez, ze wraz ze wzrostem zawarto$ci
hemicelulozy w prekursorach, wzrasta powierzchnia wiasciwa uzyskanych z nich

biowegli aktywnych (Tabela 3) [D2].
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Tabela 2. Sktad lignocelulozowy prekursoréw

Zawartos¢ [% wag.
Materiat CZ@SCI. Hemiceluloza | Celuloza | Lignina Su.b stancje
ekstrakcyjne mineralne
PO P 10,7 10,3 18,1 60,1 0,8
SZ P 21,0 19,1 19,4 39,2 1,3
ML P 10,2 24,5 12,3 51,5 1,5
MT P 12,1 27,4 16,7 43,1 0,7

Biowegle charakteryzujg si¢ najmniejszg powierzchnig wlasciwg oraz najwigkszym
srednim rozmiarem poréw. Proces aktywacji pozwala uzyska¢ materialy o znacznie
silniej rozwinigte] powierzchni niz ma to miejsce w przypadku procesu pirolizy.
Biowegle aktywne wytworzone z wykorzystaniem CO: wykazuja mniej korzystne
parametry teksturalne, w poréwnaniu do analogicznych materiatow otrzymanych
z uzyciem H3POs4. Zatem mozna przypuszczac, ze z uwagi na mezoporowaty charakter
sa bardziej odpowiednie do adsorpcji duzych czasteczek, takich jak polimery. Z kolei
biowegle uzyskane z wykorzystaniem fizycznego wariantu aktywacji jako materiaty

mikro-/mezoporowate prawdopodobnie bedg skuteczniej wigzaly jony metali cigzkich.

Tabela 3. Wtasciwosci teksturalne otrzymanych materiatow weglowych

Powierzchnia [m%/g] | Objetosé porow [em?®/g] | Sredni
. rozmiar Udziat
Materiat , . .
calkowita | mikropory | catkowita | mikropory P[(r)lrr(r)l‘]” mikroporow
PO B 2,5 - 0,01 - 9,54 -
SZ B 2,2 - 0,01 - 10,56 -
ML B 2,2 - 0,01 - 9,40 -
MT B 3,1 - 0,01 - 8,40 -
PO _AF 368 248 0,21 0,10 2,26 0,47
SZ AF 399 327 0,20 0,13 1,96 0,65
ML _AF 547 430 0,26 0,17 1,92 0,65
MT AF 666 535 0,32 0,21 1,91 0,66
PO AC 801 157 0,85 0,07 4,23 0,09
SZ AC 842 155 0,83 0,07 3,93 0,09
ML AC 950 149 1,10 0,07 4,63 0,06
MT AC 1145 184 1,47 0,07 5,12 0,05
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Analiza wilasciwosci kwasowo-zasadowych powierzchni materialdow weglowych

wykazata, ze probki otrzymane na drodze bezposredniej aktywacji fizycznej

charakteryzuja si¢ najwyzsza sumaryczng zawarto$cig powierzchniowych grup
funkcyjnych (Tabela 4). W przypadku tego wariantu aktywacji mozna stwierdzi¢, ze
stezenie grup funkcyjnych jest tym wicksze, im wyzsza ich zawarto$¢ na powierzchni
prekursoréw. Z kolei w przypadku aktywacji chemicznej zawarto$§¢ powierzchniowych
grup funkcyjnych mozna powigza¢ z zawartoscig ligniny w wykorzystanym prekursorze
[D2]. Punkt tadunku zerowego biowegli aktywnych jest $cisle zwigzany z rodzajem grup
wystepujacych w przewadze na ich powierzchni. Wyzsza zawarto$¢ grup zasadowych
skutkuje warto$ciami pzc lokujacymi si¢ w zakresie pH powyzej 7 (maksymalnie pH 9,7),
z kolei wyzsza zawartos¢ kwasowych grup funkcyjnych powoduje przesunigcie pzc
w strone nizszych wartosci pH (w zakresie 3,1 — 4). Znaczna rozbiezno$¢ pomie¢dzy
warto$ciami pHp,c oraz pHip, zwigzana jest z duzymi rozmiarami poréw badanych
materialdw, co prowadzi do czgsciowego nakladania si¢ dyfuzyjnej czgsci podwdjnej

warstwy elektrycznej utworzonej na wewnetrznej powierzchni tych struktur [D4].

Tabela 4. Wiasciwosci kwasowo-zasadowe prekursoréw oraz otrzymanych materiatéw
weglowych

Zawartos¢ Zawartos¢ .
Catkowita
kwasowych zasadowych .
. zawartosc grup
Materiat grup grup . PHpzc pHiep
: : funkcyjnych
funkcyjnych funkcyjnych [mmol/g]
[mmol/g] [mmol/g] &
PO P 1,30 0,77 2,07 - -
SZ P 0,84 1,15 1,96 - -
ML P 0,94 0,82 1,76 - -
MT P 0,57 0,93 1,50 - -
PO B 1,04 1,75 2,79 7,3 6,1
SZ B 1,11 1,01 2,11 8,6 5,2
ML B 0,82 0,80 1,62 8,0 5,1
MT B 1,37 0,65 2,01 7,6 6,3
PO AF 0,32 4,57 4,89 9,7 <3
SZ AF 0,48 1,96 2,44 9,1 <3
ML AF 0,29 2,03 2,33 8.8 3,8
MT AF 0,63 1,56 2,19 8,5 3,3
PO AC 0,86 0,27 1,13 3,1 4.9
SZ AC 0,44 0,22 0,65 4,0 6,2
ML AC 0,68 0,31 0,98 3,4 3.8
MT AC 0,49 0,30 0,79 3,4 <3
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4.2. Wilasciwosci energetyczne biowegli

Warto$¢ ciepta spalania prekursorow nie przekracza 15 MJ/kg. Jak wynika z danych
zawartych w Tabeli 5 proces pirolizy skutkuje wzrostem ciepta spalania do ok. 20 MJ/kg.
Otrzymane biowegle charakteryzuja si¢ cieptem spalania porownywalnym do typowych
warto$ci tego parametru uzyskiwanych dla brykietow z drewna, pelletu drzewnego oraz
wegla brunatnego (~18-25 MJ/g) [26]. Pomimo zastosowania takich samych warunkow
pirolizy, wskaznik zageszczenia energetycznego rozni si¢ dla poszczegodlnych biowegli.
Najwyzsza wartos¢ tego parametru zaobserwowano w przypadku materiatu uzyskanego
z pokrzywy (1,6), natomiast najnizszg dla probki otrzymanej z todyg szatwii (1,4).
Pozwala to wysnu¢ wniosek, ze warto$¢ wskaznika zaggszczenia energetycznego wzrasta
wraz ze wzrostem zawartosci ligniny w prekursorze [D3]. Wydajno$¢ energetyczna
biowegli otrzymanych z poszczegodlnych zidl, takze jest zrdéznicowana. Najwyzsza

warto$¢ tego parametru (67,3 %) uzyskano dla biowegla wytworzonego z todyg melisy.

Tabela 5. Wtasciwosci energetyczne prekursorow i biowegli

Material Ciepto spalania Wskaznik zageszczenia Wydajnos¢
[MJ/kg] energetycznego energetyczna [%]

PO P 11,7 _ i

SZ P 14,5 _ -

ML P 13,4 - B

MT P 13.1 - -

PO B 18,2 1,6 66,5

52 B 19.7 L4 62,5

ML B 20,4 15 67,3

ML B 18,2 1.4 58,5

Podsumowujac powyzsze dane nalezy stwierdzi¢, ze bioweggle uzyskane
z odpadowej biomasy ziotowej mogg stanowic alternatywe dla powszechnie stosowanych

klasycznych surowcoéw opatowych.
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4.3. 'Wiasciwosci adsorpcyjne biowegli aktywnych

4.3.1. EfektywnoS$¢ adsorpcji i desorpcji polimerow oraz jonéw metali ciezkich

w ukladach jedno- i dwuskladnikowych

Biowegle aktywne uzyskane na drodze aktywacji chemicznej charakteryzuja sie¢
wyzszymi pojemno$ciami adsorpcyjnymi w kierunku poli(kwasu akrylowego),
polietylenoiminy oraz jonow Cd(II) i As(V), w porownaniu do materiatow otrzymanych
z wykorzystaniem bezposredniej aktywacji fizycznej (Rys. 3). Jest to zwigzane przede
wszystkim ze znacznie silniej rozwinigtg powierzchnig wlasciwg biowegli aktywnych

wytworzonych z uzyciem H3POs.

Na efektywno$¢ adsorpcji, poza wielkoscig powierzchni ciala statego, wpltywaja
rowniez inne parametry fizykochemiczne charakteryzujace adsorbenty i adsorbaty oraz
roztwor, w ktorym ten proces ma miejsce. Warto§¢ pH uktadu, moze mie¢ znaczacy
wplyw na zmian¢ powinowactwa adsorpcyjnego, szczegoélnie w przypadku substancji
jonowych. Punkt tadunku zerowego definiuje warto$¢ pH, przy ktorej tadunki ujemne
1 dodatnie na powierzchni ciata stalego rownowaza si¢, a wigc sumaryczny tadunek jest
roéwny zero. Ponizej wartosci pHp,c powierzchnia adsorbentéw naladowana jest dodatnio,
a powyzej ujemnie [D4-D6, D8, D10]. Przeprowadzone badania adsorpcyjne w pH 3, 6
oraz 9 wykazaty, ze odczyn roztworu znaczaco wptywa na wielkos¢ adsorpcji badanych
substancji organicznych i nieorganicznych (Rys. 3). Polimery jonowe sa najefektywniej
wigzane na powierzchni biowegli aktywnych w pH 3. W przypadku anionowego
poli(kwasu akrylowego) ma to zwigzek ze skigbiong konformacja tancuchow
polimerowych w tych warunkach (minimalna dysocjacja grup karboksylowych).
Makroczasteczki w formie ktebkow moga z tatwoscia penetrowac pory adsorbentow co
skutkuje zwigkszong pojemnoscia adsorpcyjng. Przy wyzszych wartosciach pH tancuchy
polimerowe ulegaja stopniowemu rozwini¢ciu, co znaczgco ogranicza mozliwos¢ ich
adsorpcji w porach. Polietylenoimina, ze wzglgdu na swoj kationowy charakter w pH 3,
wystepuje w postaci rozwinigtych i catkowicie zjonizowanych tancuchéw. Z uwagi na
dodatni tadunek zaréwno polimeru, jak i powierzchni biowegli aktywnych, adsorpcja
makroczasteczki zachodzi w kierunku prostopadtym do powierzchni ciala statego, co

skutkuje znacznym upakowaniem warstwy adsorpcyjnej PEI w pH 3 [D4-D6]. Jony
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metali cigzkich sg adsorbowane w podobne;j ilosci niezaleznie od warto$ci pH roztworu.
Ma to zwigzek z niezmiennym znakiem tadunku jondw bez wzglgedu na odczyn uktadu

[D4, D5, DS, D10].
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Rysunek 3. Wielko$¢ adsorpcji PAA 1 PEI oraz jonow Cd(Il) 1 As(V) na powierzchni
materiatdéw weglowych w pH 3, 6 oraz 9 z uktadow jednosktadnikowych (Co=200 ppm)
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Badania przebiegu rownowagowych izoterm adsorpcji pozwolily okresli¢
maksymalng pojemnos$¢ adsorpcyjng biowegli aktywnych dla badanych adsorbatow.
Przebieg krzywych uzyskanych dla jonow metali dopasowano do teoretycznych modeli
izoterm 1 stwierdzono, ze adsorpcja jondw Cd(II) oraz As(V) na powierzchni wszystkich
adsorbentow najlepiej opisywana jest za pomoca modeli Freundlicha i Dubinina-
Radushkevicha, co $wiadczy o adsorpcji zachodzacej w porach, heterogenicznym
energetycznie charakterze miejsc aktywnych oraz tworzeniu wielowarstwy adsorpcyjne;.
Z uwagi na zalozenia zastosowanych teorii niemozliwe byto uzycie ich do opisu adsorpcji
makroczasteczek polimerowych. Analiza kinetyki adsorpcji polimeréw jonowych
ijonow metali cigzkich oraz jej dopasowanie do modeli teoretycznych wykazata, ze
wigzanie PAA 1 PEI oraz jonow Cd(II) i As(V) na powierzchni biowggli aktywnych

zachodzi gtéwnie na drodze oddzialywan chemicznych (model pseudo-drugiego-rzedu).

Poli(kwas akrylowy) jest adsorbowany w najwiekszych ilo§ciach sposrod wszystkich
badanych adsorbatow (Rys. 4). W uktadach jednoskladnikowych jego adsorpcja jest
czgsciowo zalezna od liczby grup funkcyjnych obecnych na powierzchni adsorbentu.
W przypadku zastosowania biowegli aktywnych AC, ilo§¢ zaadsorbowanego PAA jest
wyraznie nizsza na powierzchni materiatu SZ AC, ktory charakteryzuje si¢ najnizsza
zawartoscig grup funkcyjnych (Tabela 4). Z kolei wsrod wegli AF, najbardziej efektywny
pod wzgledem wigzania PAA okazal si¢ biowegiel aktywny uzyskany z pokrzywy,
wykazujacy najwyzsza liczb¢ powierzchniowych grup funkcyjnych. W uktadach
dwusktadnikowych, obecnos$¢ polietylenoiminy powoduje spadek wielkosci adsorpcji
poli(kwasu akrylowego) na powierzchni biowegli otrzymanych na drodze aktywacji
chemicznej (w pH 3). Jest to zwigzane z adsorpcja PEI na zewnetrznej powierzchni ciata
statego, co skutkuje blokowaniem dostepu klebkom PAA do wnetrza poréw. Z kolei
na powierzchni materiatow otrzymanych z zastosowaniem bezposredniej aktywacji
fizycznej obecnos¢ kationowego polimeru zwigksza adsorpcje PAA. W tym przypadku,
z uwagi na stabiej rozwinigta powierzchni¢ adsorbentéw decydujacy wktad wnosi
adsorpcja tworzacych sie¢ w roztworze kompleksow PAA-PEI, umozliwiajaca
formowanie wielowarstwy adsorpcyjnej [D4-D7, D9]. Jony kadmu i arsenu, ze wzgledu
na swoje znacznie nizsze powinowactwo do powierzchni biowegli aktywnych, nie maja

znaczgcego wptywu na wielkos$¢ adsorpcji PAA.
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Wielko$¢ adsorpcji polietylenoiminy w uktadzie jednosktadnikowym zalezy gtéwnie
od wielko$ci zewnetrznej powierzchni wlasciwej adsorbentow. Wynika to z faktu jej
rozwinigtej konformacji w szerokim zakresie pH, co praktycznie uniemozliwia wnikanie
fancuchow PEI do struktur porowatych materialdéw weglowych. Obecno$¢ poli(kwasu
akrylowego) w roztworze, skutkuje powstaniem komplekséw PAA-PEI, ktore wykazuja
nizsze powinowactwo do powierzchni adsorbentu, w poréwnaniu do czasteczek PEI
[D4-D7, D9]. Proces formowania kompleksow miedzy réznoimiennie naladowanymi
polimerami prowadzi do neutralizacji ich tadunku, przez co ich oddziatywanie
elektrostatyczne z powierzchnig ciat statych jest znacznie mniej efektywne. Obecno$¢
jonow Cd(II) oraz As(V) ma negatywny wptyw na wielko$¢ adsorpcji kationowego
polimeru na powierzchni materiatow uzyskanych na drodze bezposredniej aktywacji
fizycznej. Mato zwigzek 2z blokowaniem dostgpnych miejsc adsorpcyjnych
1 modyfikacja powierzchni adsorbentow przez zaadsorbowane jony metali ciezkich. Na
powierzchni bioweggli  aktywnych otrzymanych przy zastosowaniu wariantu
chemicznego, efekt ten nie jest widoczny zuwagi na znacznie silniej rozwinigta

powierzchni¢ wtasciwa tych ciat statych.

Jony metali cigzkich sg adsorbowane mniej efektywnie na powierzchni wszystkich
badanych materiatbw w poréwnaniu do polimerow jonowych. Biowegle aktywne
uzyskane z ‘todyg pokrzywy charakteryzuja si¢ najwyzsza zawartoscia
powierzchniowych grup funkcyjnych, zar6wno wsrdd materiatdéw uzyskanych na drodze
bezposredniej aktywacji fizycznej, jak 1aktywacji chemicznej, dzigki czemu s3
najlepszymi adsorbentami jonéow kadmu(Il) z uktadow jednosktadnikowych. Dodatek
polimeréw jonowych skutkuje obnizeniem wielkos$ci adsorpcji jonéw Cd(I) na skutek
formowania kompleksow metal-polimer (typu Cd(II)-PAA), wykazujacych tendencje do
pozostania w roztworze. W zwigzku z konkurencja o miejsca adsorpcyjne dodatnio
natadowanych makroczasteczek polietylenoiminy oraz jondéw kadmu, spadek
efektywnosci adsorpcji jonow Cd(II) jest bardziej zauwazalny w przypadku obecnosci

PEI niz PAA [D4, DS, DS, D10].

Jony As(V) w uktadach jednosktadnikowych wykazuja najwyzsze powinowactwo
do biowegli aktywnych PO _AC oraz SZ AC. Obecnos¢ polimeréw jonowych catkowicie

blokuje adsorpcje jondéw arsenu na powierzchni biowegli aktywnych otrzymanych
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poprzez bezposrednig aktywacj¢ fizyczng oraz znacznie obniza wielko$¢ adsorpcji na
powierzchni materialow uzyskanych z wykorzystaniem aktywacji chemicznej. Podobnie
jak w przypadku jonéw kadmu, w uktadach zawierajacych jednoimiennie natadowane
jony oraz polimer jonowy spadek adsorpcji wynika przede wszystkim z konkurencji

o powierzchniowe miejsca aktywne [D4, D5, D8, D10].
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Rysunek 4. Wielko$¢ adsorpcji PAA 1 PEI oraz jonow Cd(Il) i As(V) na powierzchni biowegli
aktywnych w pH 3, z uktadéw jedno- i dwusktadnikowych (Co=200 ppm)
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Maksymalne wielkos$ci adsorpcji uzyskane dla poszczegélnych materiatéw
weglowych zestawiono w Tabeli 6. Wskazuja one jednoznacznie, ze biowegle aktywne
charakteryzujg si¢ wyzszymi pojemnosciami adsorpcyjnymi w kierunku polimerow
jonowych. Nalezy podkresli¢, ze pojemnosci adsorpcyjne biowegla aktywnego ML AC
w odniesieniu do polimerow jonowych sa najwyzszymi warto$ciami dostgpnymi
w literaturze (PAA — 430,3 mg/g; PEI — 495,9 mg/g), co $§wiadczy o wysokim potencjale

aplikacyjnym uzyskanych materiatlow.

Tabela 6. Maksymalne pojemnosci sorpcyjne dla poszczegdlnych biowegli aktywnych

. Maksymalna wielko$¢ adsorpciji [mg/g
Material PAA PEI Cd(In As(V)
PO _AF 80,8 80,0 19,4 4,0
SZ AF 23,9 51,3 3.8 3,6
ML AF 27,4 94,2 7,9 1,0
MT AF 59,3 47,9 5,0 3,0
PO AC 272,8 156,0 218,3 205,5
SZ AC 148,0 139,1 214,0 204,9
ML AC 430,3 495,9 135,8 109,6
MT AC 413,8 495,2 1244 69,8

Analiza skuteczno$ci biowegli aktywnych otrzymanych z lodyg melisy
w kolejnych cyklach adsorpcyjno-desorpcyjnych udowodnita, ze adsorbenty te moga by¢
z powodzeniem regenerowane i stosowane wielokrotnie (Rys. 5). W przypadku biowegla
ML _AC wielko$¢ adsorpcji poli(kwasu akrylowego) spadla w trzech poczatkowych
cyklach adsorpcji, co jest zapewne zwigzane ze zmniejszeniem dostepnosci przestrzeni
w obrebie struktury porowatej 1 w konsekwencji spadkiem ilosci miejsc aktywnych.
W czwartym cyklu obserwowano jednak wzrost wielko$ci adsorpcji wynikajacy
z tworzenia komplekséw polimerowych na powierzchni adsorbentu (o ok. 50 mg/g).
W uktadzie jednosktadnikowym formowane sg kompleksy PAA-PAA na drodze wigzan
wodorowych, natomiast w ukladzie dwusktadnikowym mozliwe jest powstawanie
zarowno kompleksow PAA-PAA, jak i PAA-PEI. Potwierdzeniem zwigkszenia udziatu
adsorpcji powierzchniowej w kolejnych cyklach jest wzrastajaca efektywnos¢ desorpcji.
W zwigzku z mniej rozbudowang strukturg porowata wegla aktywnego ML AF
1 powierzchniowg adsorpcja polimeru w tym uktadzie, zaobserwowano wzrost wielkosci

adsorpcji PAA w kolejnych cyklach [D4].
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Wielko$¢ adsorpcji oraz efektywno$¢ desorpcji polietylenoiminy z powierzchni
obu biowegli aktywnych pozostaje na podobnym poziomie we wszystkich cyklach
adsorpcyjnych. Jest wynikiem adsorpcji PEI gléwnie na zewngtrznej powierzchni
adsorbentu, co skutkuje jej modyfikacja poprzez wytworzeniem nowych miejsc
aktywnych i1 w konsekwencji formowaniem komplekséw polimer-polimer w warstwie

adsorpcyjne;.
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Rysunek 5. Wielkos¢ adsorpcji (a) oraz efektywnos¢ desorpcji (b) polimeréw jonowych
w kolejnych cyklach adsorpcyjno-desorpcyjnych dla biowegli aktywnych otrzymanych z todyg
melisy
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4.3.2. Wplyw obecnosci adsorbatow na wlasciwosci elektrokinetyczne biowegli

aktywnych

Wplyw adsorbatow na wlasciwosci elektrokinetyczne biowegli aktywnych
omowiono na przyktadzie materialu ML AC (Rys. 6 1 7). Polimery adsorbujg si¢ na
powierzchni ciat statych poprzez oddziatywanie tylko fragmentéw ich tancuchow,
a doktadnie poprzez segmenty znajdujace si¢ w strukturach typu ciggéw (bezposrednio
przylaczonych do powierzchni adsorbentu). Pozostate czg¢s$ci zaadsorbowanych
makroczasteczek tworza struktury typu petli oraz ogonow znajdujace si¢ w warstwie
przypowierzchniowej roztworu. Znak 1 gestos¢ tadunku powierzchniowego (o)
uzaleznione s3 od liczby zdysocjowanych grup funkcyjnych polimeru w tych trzech
rodzajach struktur. Ujemnie natadowane grupy PAA znajdujace si¢ w segmentach typu
ciagdw powoduja wzrost warto$ci oy na skutek indukowania dodatkowej ilosci grup
powierzchniowych o fadunku dodatnim, podczas gdy zdysocjowane grupy karboksylowe
polikwasu ulokowane w strukturach typu petli i ogonéw wplywaja na obnizenie wartosci
oo. Sumaryczny wktad tych drugich jest wigkszy 1 w efekcie obserwuje si¢ spadek
gestosci tadunku powierzchniowego biowegla aktywnego w calym badanym zakresie pH.
Z kolei obdarzone ladunkiem dodatnim aminowe ugrupowania zaadsorbowanych
tancuchow PEI powoduja wzrost wartosci oy zgodnie z analogicznym mechanizmem jak
w przypadku PAA (Rys. 6). Zjawiskom tego typu towarzyszy zmiana potozenia punktow
pHpze w stosunku do uktadow bez polimerdéw, odpowiednio w kierunku nizszych wartosci
pH dla PAA oraz wyzszych wartosci pH w przypadku PEI. Wptyw polimerow na warto$¢
oo jest najmniej widoczny przy wartosciach pH, w ktérych tancuchy polimerowe
wystepuja w formie niezjonizowanej i wzrasta wraz ze stopniem natadowania tancucha.
W dwusktadnikowych roztworach polimerowych obserwuje si¢ zalezno$ci posrednie
w porownaniu do uktadéw jednosktadnikowych, a uzyskane krzywe lokuja si¢ pomiedzy

tymi otrzymanymi dla pojedynczych zwiazkoéw wielkoczasteczkowych [D4-D6].

Wplyw jondw metali na gestos¢ tadunku powierzchniowego biowegli aktywnych jest
mniej zauwazalny w porownaniu do polimerdéw, co moze mie¢ zwigzek ze znaczaco
nizszym poziomem adsorpcji substancji nieorganicznych. Jony Cd(II) oraz As(V)
podczas wigzania na granicy faz ciato stale/roztwdr indukujg powstawanie grup

powierzchniowych o przeciwnym znaku tadunku do znaku tadunku adsorbujacego si¢
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jonu. Kationy kadmu(Il) powoduja wytworzenie grup o tadunku ujemnym, zmniejszajac

gesto$¢ tadunku powierzchniowego, natomiast adsorpcja anionéw arsenu(V) skutkuje

powstaniem grup powierzchniowych o tadunku dodatnim, co podwyzsza nieznacznie

warto$¢ ogp. W przypadku uktadow zawierajacych jony metalu oraz polimery jonowe,

znak tadunku makroczasteczek ma decydujacy wplyw na gestos¢ tadunku

powierzchniowego, co jest szczegdlnie zauwazalne w przypadku uktadow zwierajacych

PEI [D4, D5, D8, D10].
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Rysunek 6. Wptyw obecnosci adsorbatow na gestos¢ fadunku powierzchniowego biowegla
aktywnego ML_AC w zaleznosci od pH roztworu
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Na rysunku 7 przedstawiono zmiany potencjatu dzeta ({) czastek biowegla aktywnego
ML AC w funkcji pH roztworu bedace konsekwencja dodatku adsorbatéw. Wskazuja
one, ze dodatek poli(kwasu akrylowego) powoduje obnizenie potencjalu dzeta oraz
przesunigcie punktu pHiep W stron¢ nizszych wartosci pH. Jest to zwigzane z duzym
rozmiarem makroczasteczek polimerowych, ktore jak juz wspomniano wczesniej, wiaza
si¢ z powierzchnig adsorbentu tylko przez pojedyncze segmenty wystepujace
w strukturach ciggéw. Znaczne fragmenty zaadsorbowanego tancucha ulokowane sg
w pewnej odleglosci od powierzchni materialu weglowego (tworzac struktury petli
1ogondéw) oraz wystepuja w obszarze plaszczyzny poslizgu, ktérej ladunek jest
charakteryzowany przez potencjat elektrokinetyczny. W przypadku PAA jego
zdysocjowane grupy karboksylowe obecne w tym obszarze pwe sa odpowiedzialne
za obnizenie potencjatu {; natomiast zjonizowane grupy aminowe PEI powodujg wyrazny
wzrost warto$ci tego parametru (w stosunku do uktadu bez polimerow). W przypadku
suspensji zawierajacej oba zwiazki wielkoczasteczkowe obserwuje si¢ efekt posredni

w poréwnaniu do jednoskltadnikowych uktadow tych adsorbatow [D4-D6].

Dodatek jonow kadmu(II) skutkuje wzrostem warto$ci potencjatu {, za co odpowiada
przede wszystkim zmiana skladu jonowego warstwy przypowierzchniowej roztworu.
Proces wigzania jondw metalu z powierzchnig adsorbentu wymusza przemieszczenie si¢
dodatnio natadowanych jonow elektrolitu podstawowego (Na") w kierunku plaszczyzny
poslizgu, co skutkuje zwigkszeniem liczby tych tadunkéw w obrgbie plaszczyzny
poslizgu, a w konsekwencji wzrostem wartosci potencjatu dzeta. Wptyw jonow arsenu(V)
na warto$¢ potencjatu elektrokinetycznego zalezy od stopnia jego hydratacji. W zakresie
niskich warto$ci pH, w ktorych jon As(V) jest catkowicie zhydratowany obserwuje si¢
wzrost potencjatu dzeta. Wraz ze wzrostem pH, ktéremu towarzyszy dehydratacja jonow
As(V) 1 wzrost ich tadunku ujemnego, ma miejsce stopniowy spadek wartosci potencjatu
¢. Dla uktadéw dwuskladnikowych zawierajacych polimer jonowy oraz jon metalu,
decydujacy wpltyw na wlasciwosci elektrokinetyczne uktadu wywiera zwigzek
wielkoczasteczkowy, podobnie jak w przypadku zmian gestosci ladunku

powierzchniowego [D4, D5, D8, D10].
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Zaleznos$ci elektrokinetyczne uzyskane dla wodnych suspensji czastek ML AC
sg analogiczne do tych obserwowanych dla innych badanych ukladéow materiat

weglowy — polimer jonowy/jon metalu.
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Rysunek 7. Wptyw obecnos$ci adsorbatéw na potencjat dzeta czastek biowegla aktywnego
ML _AC w zaleznosci od pH roztworu
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4.3.3. Stabilnos¢ suspensji wodnych zawierajacych biowegle aktywne oraz

polimery jonowe

Wplyw dodatku polimerow jonowych na wielkos¢ agregatow tworzonych przez
czastki biowegla aktywnego ML AC w uktadach o r6znym pH przestawiono na rysunku
8. W przypadku obecnosci poli(kwasu akrylowego) w formie skiebionej (w pH 3),
obserwowany jest wzrost wielkoSci agregatdw, co zwigzane jest z neutralizacja
dodatniego fadunku powierzchni adsorbentu. Wraz ze wzrostem pH dysocjacja grup
funkcyjnych zaadsorbowanych tancuchow PAA ulega intensyfikacji, co prowadzi do
wzrostu odpychania elektrostatycznego czastek ciata stalego pokrytego warstewkami
polimerowymi. Skutkuje to zmniejszeniem si¢ rozmiaru agregatow w uktadach o pH 6
19 w efekcie pojawiajacych si¢ oddzialywan elektrosterycznych. Obecno$¢
polietylenoiminy, ktorej makroczasteczki adsorbowane sa w kierunku prostopadltym
do powierzchni adsorbentu (w pH 3), powoduje nieznaczny wzrost wielkosci agregatow,
co moze wynika¢ z tworzenia si¢ nielicznych mostkow polimerowych miedzy czastkami
ciala stalego. Wraz ze wzrostem pH jonizacja zaadsorbowanych tancuchow PEI
zmniejsza si¢, co skutkuje coraz bardziej rownolegtym utozeniem makroczasteczek na
powierzchni i neutralizacjg ujemnego tadunku czastek biowegla aktywnego (w pH 61 9).
Prowadzi to do zmniejszenia odpychania elektrostatycznego miedzy czastkami
adsorbentu i w konsekwencji wzrostu rozmiaru powstajacych agregatow. W uktadach
zawierajacych rownoczesnie dwa polimery jonowe obserwowany jest wzrost wielko$ci
agregatow tworzonych przez czastki biowegla aktywnego. Jest to wynikiem obecnosci
na powierzchni adsorbentu kompleksow PAA-PEI, ktora sprzyja efektywnej agregacji

czastek ciala stalego.

Ocena stabilno$ci suspensji czastek bioweggla aktywnego ML AC w obecnosci
polimeréow w pH 3 wykazala, Ze PAA ma minimalny wptyw na ten parametr (Rys. 9).
Jest to zwigzane ze skiebiong konformacjg tancucha polimerowego, ktory adsorbuje si¢
w znaczacej mierze w porach materialu weglowego. Obserwowany w tym pH wzrost
rozmiaru agregatow tworzonych w ukladzie ML AC+PAA sugerowalby wigksza
tendencj¢ suspensji do sedymentacji, czego nie potwierdzily jednak pomiary absorbanc;ji.
Zatem struktura tworzonych na drodze neutralizacji tadunku flokut jest bardziej luzna,

co sprawia, ze moga one w dtuzszym czasie pozostawaé w roztworze nie opadajac na dno
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fiolki pomiarowej. Obecno$¢ PEI powoduje z kolei obnizenie stabilnosci suspens;ji,
poprzez zwigkszenie rozmiaru agregatow i wzrost tendencji do flokulacji mostkowe;j
[27]. W uktadzie zawierajgcym oba polimery jonowe, stwierdzono zdecydowany wzrost
stabilnosci suspensji, na skutek tworzenia agregatow o luznej strukturze oraz obecnosci
w roztworze niezaadsorbowanych tancuchow polimerowych (spadek wielko$ci adsorpcji

obu polimeréw w ich uktadach dwusktadnikowych) [D10].

1000
E 800
Z
= 600

&0

e

o0 400

o

[
‘e 200

N

(=]
S

bez PAA PEI PAA+PEI
adsorbatow

EpH3 OpH6 mpHI
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5. Podsumowanie

Przeprowadzone w ramach realizacji rozprawy doktorskiej badania umozliwity

sformutowanie nast¢pujacych wnioskow:

1. Analiza zawarto$ci zwigzkow lignocelulozowych w prekursorach roslinnych
wykazata, ze zastosowane materiaty sktadajg si¢ gtownie z ligniny. Stwierdzono
rOwniez, ze wraz z jej wzrastajacg zawartoscig wzrasta stezenie grup funkcyjnych
na powierzchni biowegli aktywnych uzyskanych z wykorzystaniem chemicznego
wariantu aktywacji. Ponadto, zawarto$¢ hemicelulozy w prekursorach ma
bezposredni wpltywa na rozwinigcie powierzchni wilasciwej materiatow

weglowych, niezaleznie od zastosowanej procedury pirolizy lub aktywacji.

2. Lodygi pokrzywy, szatwii, melisy oraz migty (stanowigce materiat odpadowy
przemystu zielarskiego) moga zosta¢é z powodzeniem zastosowane jako
prekursory do wytwarzania biowegli oraz biowegli aktywnych. Materiaty
uzyskane na drodze pirolizy charakteryzuja si¢ stabo rozwini¢ta powierzchnig
wlasciwg. Aktywacja chemiczna pozwolita otrzymaé bioweggle aktywne
o najbardziej rozbudowanej strukturze porowatej (powierzchnia wtasciwa: 801-
1145 m?/g; $redni rozmiar poréw: 3,93-5,12 nm), z kolei bezposrednia aktywacja
fizyczna doprowadzila do uzyskania materialow o najwyzsze] zawartosci

powierzchniowych grup funkcyjnych (2,19-4,89 mmol/g).

3. Biowegle wykazuja korzystne wlasciwosci fizykochemiczne, ktore predysponuja
je do potencjalnego zastosowania w energetyce. Najwyzsza warto$¢ ciepla
spalania uzyskano dla materiatu ML B (20,4 MJ/kg), ktéry charakteryzuje si¢

rowniez najlepszym wskaznikiem wydajnosci energetycznej — 67,3 %.

4. Biowegle aktywne otrzymane na drodze aktywacji chemicznej odznaczajg si¢
lepszymi wlasciwosciami adsorpcyjnymi w odniesieniu do wszystkich badanych
substancji, w porownaniu do analogicznych materiatdw uzyskanych
z wykorzystaniem COz. Najwyzsza efektywno$¢ adsorpcje¢ zaobserwowano
w przypadku poli(kwasu akrylowego), osiggajac niemal 100 %, przy
poczatkowym stezeniu Co=200 ppm.



10.

Maksymalne poziomy adsorpcji polimeréw jonowych uzyskano na powierzchni
biowegla aktywnego ML AC i wynosza one odpowiednio 430,3 mg/g dla PAA
oraz 495,9 mg/g dla PEI. Sa to najwyzsze zaadsorbowane ilosci tych polimeréw

opisane dotychczas w literaturze.

Polimery jonowe sg adsorbowane w najwiekszych ilosciach z roztworéw o pH 3.
W przypadku PAA jest to zwigzane ze skigbiong konformacja tancucha
polimerowego, ktéry moze wnika¢ roéwniez do wngtrza poréw, natomiast dla PEI
z adsorpcja rozwinig¢tej makroczasteczki w  kierunku  prostopadtym
do powierzchni adsorbentu. Obie formy makroczasteczek polimerowych skutkujg
znacznym upakowaniem warstwy adsorpcyjnej. Adsorpcja jondéw metali jest

w niewielkim stopniu zalezna od pH roztworu.

Obecnos¢ w uktadzie dwoch polimerow o odmiennym charakterze jonowym
prowadzi do powstawania kompleksow polimer-polimer, ktore wykazuja nizsze
powinowactwo do powierzchni biowegli aktywnych w pordéwnaniu

do pojedynczych zwigzkéw wielkoczasteczkowych.

W uktadach dwusktadnikowych zawierajacych polimer i jon metalu obserwuje si¢
spadek wielkosci adsorpcji tych substancji w porownaniu do ich ukladow
jednosktadnikowych.  Jest to  konsekwencja tworzenia  kompleksoéw
metal-polimer, wykazujacych mniejsze powinowactwo do powierzchni biowggli
aktywnych, a takze w przypadku adsorbatow naladowanych jednoimiennie -

konkurencji o miejsce aktywne adsorbentu.

Bioweggle aktywne moga by¢ z powodzeniem regenerowane i wykorzystywane
ponownie do adsorpcji polimerow jonowych w kolejnych cyklach. Niecatkowita
desorpcja makroczasteczek z powierzchni adsorbentow skutkuje tworzeniem
dodatkowych  centréow  adsorpcyjnych 1  powstawaniem kompleksow
powierzchniowych, czego rezultatem jest wzrost ilosci zaadsorbowanego

polimeru.

Polimery jonowe 1 jony metali ciezkich powoduja wyrazne modyfikacje

w strukturze podwdjnej warstwy elektrycznej utworzonej na powierzchni
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materiatdéw weglowych, czego przejawem s3 uzyskane zmiany w wartosciach

gestosci tadunku powierzchniowego i potencjatu dzeta.

11. Polimery jonowe na skutek adsorpcji na powierzchni biowegli aktywnych,
wywotujg wyrazne zmiany w gestosci fadunku powierzchniowego oraz potencjale
dzeta, ktore sg zgodne ze znakiem tadunku grup funkcyjnych obecnych
w strukturach petli i ogonow zaadsorbowanych tancuchéw polimerowych,
znajdujacych si¢ w warstwie przypowierzchniowej roztworu oraz w obszarze
ptaszczyzny poslizgu. W przypadku anionowego PAA obserwuje si¢ obnizenie

wartosci oy 1 ¢, natomiast dla kationowej PEI — wzrost wartos$ci tych parametrow.

12. Adsorpcja  jonow  metali ciezkich  skutkuje  powstawaniem  grup
powierzchniowych o znaku tadunku przeciwnym do znaku tadunku
adsorbowanego jonu, co prowadzi do zmian gestosci tadunku powierzchniowego.
Dodatkowo migracja jonéw metali w kierunku powierzchni ciala statego,
wywoluje przemieszczenie jondéw elektrolitu podstawowego (Na™ lub CI)
do obszaru ptaszczyzny poslizgu, prowadzac do zmian w warto$ci potencjatu

elektrokinetycznego.

13. Polimery jonowe wplywaja na stabilno$¢ suspensji wodnych zawierajacych
biowegle aktywne, jednakze mechanizm stabilizacji badz destabilizacji zalezy
od pH roztworu determinujacego stopien jonizacji tahcuchéw polimerowych oraz

znak 1 gestos¢ tadunku powierzchniowego adsorbentu.

W efekcie przeprowadzonych badan oraz wnikliwej analizy uzyskanych rezultatow
w pelni potwierdzono hipotezy badawcze H1-H3. Lodygi zi6l stanowigcych odpad
z przemyshu zielarskiego, zostaly zpowodzeniem zastosowane do wytworzenia
materialow weglowych. Biowegle otrzymane na drodze pirolizy charakteryzujg si¢
korzystnymi wtasciwosciami fizykochemicznymi, umozliwiajacymi ich wykorzystanie
w celach energetycznych, z kolei biowegle aktywne uzyskane na drodze bezposredniej
aktywacji fizycznej i aktywacji chemicznej wykazuja satysfakcjonujgce wiasciwosci

adsorpcyjne.

Hipoteza H4 zostata potwierdzona czeSciowo, gdyz aktywacja chemiczna

pozwolita na otrzymanie materiatow o wigkszym $rednim rozmiarze poroOw niz
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bezposrednia aktywacja fizyczna, jednakze wszystkie biowggle aktywne wykazuja

wyzsza pojemnos¢ adsorpeyjng w kierunku polimeréw jonowych.

Z kolei hipoteza HS nie zostata potwierdzona. Badania wykazaty jednoznacznie, ze
w  uktadach  dwusktadnikowych  zawierajacych  réznoimiennie  natadowane
makroczasteczki polimerowe i jony metali, wielkos¢ ich adsorpcji maleje na skutek
tworzenia kompleksow polimer-polimer i polimer-metal, ktére wykazuja wigksza

tendencje do pozostawania w roztworze.

37



10.

38

6. Bibliografia

. Mohan, D., Pittman Jr, C. U., Steele, P. H. (2006). Pyrolysis of wood/biomass for bio-

oil: a critical review. Energy fuels, 20(3), 848-889, doi: 10.1021/ef0502397

Diaz, L. F., De Bertoldi, M., & Bidlingmaier, W. (Eds.). (2011). Compost science and
technology (Vol. 8). Elsevier

. Wagas, M., Aburiazaiza, A. S., Miandad, R., Rehan, M., Barakat, M. A., Nizami,

A.S. (2018). Development of biochar as fuel and catalyst in energy recovery
technologies. J. Cleaner Prod., 188, 477-488, doi: 10.1016/].jclepro.2018.04.017

Ro, K. S., Cantrell, K. B., Hunt, P. G. (2010). High-temperature pyrolysis of blended
animal manures for producing renewable energy and value-added biochar. Ind. Eng.

Chem. Res., 49(20), 10125-10131, doi: 10.1021/ie101155m

Chen, W., Meng, J., Han, X., Lan, Y., Zhang, W. (2019). Past, present, and future of
biochar. Biochar, 1(1), 75-87, doi: 10.1007/s42773-019-00008-3

Sultana, M., Rownok, M. H., Sabrin, M., Rahaman, M. H., Alam, S. N. (2022).
A review on experimental chemically modified activated carbon to enhance dye and
heavy metals adsorption. Cleaner Eng. Technol., 6, 100382,
doi: 10.1016/j.clet.2021.100382

Wang, B., Lan, J., Bo, C., Gong, B., Ou, J. (2023). Adsorption of heavy metal onto
biomass-derived  activated  carbon. RSC  Adv., 13(7), 4275-4302, doi:
10.1039/D2RA07911A

Avila, A. M., Araoz, M. E. (2023). Merging renewable carbon-based materials and
emerging separation concepts to attain relevant purification applications in a circular

economy. Ind. Eng. Chem. Res., 62(12), 4793-4799, doi: 10.1021/acs.iecr.2c04517

. Boehm H.P., Diehl, E., Heck, W., Sappok, R. (1964). Surface oxides of carbon,

Angew. Chem. 3 669-677, doi: 10.1002/anie.196406691

Arkaban, H., Barani, M., Akbarizadeh, M. R., Pal Singh Chauhan, N., Jadoun, S.,
Dehghani Soltani, M., Zarrintaj, P. (2022). Polyacrylic acid nanoplatforms:
antimicrobial, tissue engineering, and cancer theranostic

applications. Polymers, 14(6), 1259, doi: 10.3390/polym14061259



11.

12.

13.

14.

15.

16.

17.

18.

Shin, W., Chung, K. (2023). Preparation and characterization of poly (acrylic acid)-
based self-healing hydrogel for 3D shape fabrication via extrusion-based 3D
printing. Materials, 16(5), 2085, doi: 10.3390/mal16052085

Vancha, A.R., Govindaraju, S., Parsa, K.V.; Jasti, M., Gonzalez-Garcia, M.,
Ballestero, R.P. (2004). Use of polyethyleneimine polymer in cell culture
as attachment factor and lipofection enhance. BMC Biotechnol., 4, 23, doi:

10.1186/1472-6750-4-23

Chibowski, S. Wisniewska, M., Marczewski, A.W., Pikus, S. (2003). Application of
the SAXS method and viscometry for determination of the thickness of adsorbed
polymer layers at the ZrO2 —polymer solution interface. J. Colloid Interface Sci., 267,
1-8, doi: 10.1016/S0021-9797(03)00698-2

Von Harpe, A., Petersen, H., Li, Y., Kissel, T. (2000). Characterization of
commercially available and synthesized polyethylenimines for gene delivery.

J. Control. Release, 69, 309-322, doi: 10.1016/S0168-3659(00)00317-5

Khan, Z., Elahi, A., Bukhari, D. A., Rehman, A. (2022). Cadmium sources, toxicity,
resistance and removal by microorganisms-A potential strategy for cadmium

eradication. J. Saudi Chem. Soc., 26(6), 101569, doi: 10.1016/j.jscs.2022.101569

Patel, K. S., Pandey, P. K., Martin-Ramos, P., Corns, W. T., Varol, S., Bhattacharya,
P., Zhu, Y. (2023). A review on arsenic in the environment: contamination, mobility,

sources, and exposure. RSC Adv., 13(13), 8803-8821, doi: 10.1039/D3RA00789H

Hamid, N. H. A., Rushdan, A. 1., Nordin, A. H., Husna, S. M. N., Faiz Norrrahim,
M. N., Knight, V. F., Tahir, M. I. H. M., Li, G. X., Quan, T. L., Abdullah, A. M.,
Azwa, N. F. T., Asyraf, M. R. M. (2024). A state-of-art review on the sustainable
technologies for cadmium removal from wastewater. Water Reuse, 14(3), 312-341,

doi: 10.2166/wrd.2024.143

Raju, N. J. (2022). Arsenic in the geo-environment: A review of sources, geochemical
processes, toxicity and removal technologies. Environ. Res., 203, 111782,

doi: 10.1016/j.envres.2021.111782

39



19.

20.

21.

22.

23.

24.

25.

26.

27.

40

Das, T.K., Bezbaruah, A.N. (2021). Comparative study of arsenic removal by iron-
based nanomaterials: potential candidates for field applications, Sci. Total Environ.

764, 142914, doi: 10.1016/j.scitotenv.2020.142914

Awad, A. M., Shaikh, S. M., Jalab, R., Gulied, M. H., Nasser, M. S., Benamor, A.,
Adham., S. (2019). Adsorption of organic pollutants by natural and modified clays: a
comprehensive review. Sep. Purif. Technol. 228, 115719,
doi: 10.1016/j.seppur.2019.115719

Wang, J., Guo, X. (2020). Adsorption kinetic models: physical meanings,
applications, and solving methods, J. Hazard. Mat. 390, 122156,
doi: 10.1016/j.jhazmat.2020.122156

Crummett, W.B., Hummel, R.A. (1963). The determination of traces of
polyacrylamides in water. J. Am. Water Work. Assoc., 55, 209-219,
doi: 10.1002/j.1551-8833.1963.tb01016.x

Patkowski, J., Mysliwiec, D., Chibowski, S. (2016). Validation of a new method for
spectrophotometric determination of polyethylenimine. Int. J. Polym. Anal. Charact.
21, 486-494, doi: 10.1080/1023666X.2016.1168651

Ohshima,, H.A. (1994). Simple expression for Henry’s function for the retardation
effect in electrophoresis of spherical colloidal particles, J. Colloid Interf. Sci. 168
269-271, doi: 10.1006/jcis.1994.1419

Janusz, W. (1999). Electrical double layer at the metal oxide—electrolyte interface
w: “Interfacial Forces and Fields: Theory and Applications”. M. Dekker, New York,
vol. 85, Chapter 4

Wisniewska, M., Rejer, K., Pietrzak, R., Nowicki, P. (2022). Biochars and activated
biocarbons prepared via conventional pyrolysis and chemical or physical activation
of mugwort herb as potential adsorbents and renewable fuels. Molecules, 27(23),
8597, doi: 10.3390/molecules27238597

Pelssers EG, M., Stuart MA, C., Fleer, G.J. (1990). Kinetics of bridging flocculation.
Role of relaxations in the polymer layer. J. Chem. Soc. Faraday Trans., 86, 1355,
doi: 10.1039/ft9908601355



7. Streszczenie pracy w jezyku polskim

W ramach niniejszej dysertacji doktorskiej sprawdzono mozliwo$¢ zastosowania
lodyg ziot, stanowiacych odpad przemysthu zielarskiego do wytwarzania biowegli
1 biowegli aktywnych. Uzyskane materiaty poddano ocenie wtasciwosci energetycznych
oraz adsorpcyjnych. Produkcja i wykorzystywanie materiatow weglowych pochodzacych
z odnawialnych surowcow jest szczegodlnie istotna w kontek$cie wyczerpujacych sig
zasobow naturalnych. Ponadto stosowanie biomasy odpadowej pozwala ograniczy¢ ilos¢
produkowanych $mieci, ktorych sktadowanie i utylizacja stanowi istotne wyzwania

ekonomiczne i srodowiskowe.

Lodygi pokrzywy, szalwii, melisy oraz migty poddano procesom pirolizy,
bezposredniej aktywacji fizycznej z uzyciem CO; oraz aktywacji chemicznej
z wykorzystaniem H3POj4, co pozwolito na uzyskanie trzech grup materiatow weglowych.
Poddano je charakterystyce powierzchniowej =z  zastosowaniem  techniki
niskotemperaturowej adsorpcji-desorpcji azotu, okreslono zawarto$¢ powierzchniowych
grup funkcyjnych (miareczkowanie Boehma), sprawdzono zawarto$¢ pierwiastkow C, H,
N, S oraz przeprowadzono analizy SEM, XPS i XRF. W przypadku biowegli
otrzymanych na drodze pirolizy wyznaczono parametry energetyczne zgodnie z normg
ISO 1928:2009. Z kolei uzyskane biowggle aktywne zastosowano do adsorpcji
poli(kwasu akrylowego), polietylenoiminy, jondéw Cd(Il) 1 As(V) z jedno-

1 dwusktadnikowych roztworé6w wodnych.

Biowegle aktywne poddano réwniez analizie wtasciwosci elektrokinetycznych.
Okreslono gestos¢ tadunku powierzchniowego oraz warto$¢ potencjalu dzeta
w zaleznos$ci od pH dla uktadéw bez oraz w obecnos$ci adsorbatow. Wyznaczono punkt
fadunku zerowego oraz punkt izoelektryczny badanych materiatow, a dla wybranych
wartosci pH sprawdzono takze wielko$¢ agregatow. Uzyskane wyniki miaty istotne
znaczenie przy okre$laniu mechanizmu wigzania poszczegolnych substancji
z powierzchnig adsorbentow. W celu okreslenia wtasciwosci adsorpcyjnych biowegli
aktywnych zbadano przebieg izoterm adsorpcji w pH 3, 6 oraz 9, a takze okre§lono

kinetyke procesu.

41



Analiza parametrow energetycznych biowegli wykazata, ze charakteryzujg si¢ one
warto$cig ciepta spalania porownywalng do tradycyjnie stosowanych surowcow, takich

jak wegiel brunatny czy pellet.

Na podstawie analizy uzyskanych wynikéw stwierdzono, ze warto§¢ pH nie ma
znaczacego wplywu na efektywno$¢ adsorpcji jonéw metali. Z kolei polimery jonowe
wykazywaty najwyzsze wielkosci adsorpcji w pH 3. W tych warunkach PAA przyjmuje
konformacj¢ kilebka polimerowego, co umozliwia mu penetracj¢ porow biowegla
aktywnego, natomiast PEI adsorbuje si¢ w kierunku prostopadtym do powierzchni ciata

statego, co skutkuje najwigkszym upakowaniem warstwy adsorpcyjne;j.

Udowodniono, ze PAA jest najlepiej adsorbowang substancja ze wszystkich
badanych adsorbatéw, zarowno uktadow jedno-, jak i dwusktadnikowych. Obecnos¢
w uktadzie dwoch adsorbatow generalnie obniza wielko$¢ adsorpcji polimeréw oraz
jonow metali, gdyz powstajace woéwczas kompleksy polimer-polimer oraz polimer-jon

metalu wykazuja tendencj¢ do pozostawania w roztworze.

Przeprowadzone badania zdolnosci regeneracyjnych materiatow weglowych oraz
cykli adsorpcji-desorpcji wskazaty, ze biowegle aktywne moga z powodzeniem by¢
regenerowane oraz stosowane ponownie. Ponadto dowiedziono, ze warto$¢ adsorpcji
polimerdéw jonowych pozostaje na podobnym poziomie w kolejnych cyklach adsorpcji-
desorpcji na skutek powstawania kompleksow polimerowych na powierzchni adsorbentu

1 tworzenia wielowarstwy adsorpcyjne;.

W toku przeprowadzonych badan potwierdzono mozliwos¢ wykorzystania todyg zi6t
stanowigcych odpad przemystu zielarskiego do wytwarzania materiatow weglowych,
atakze wykazano, ze otrzymane biowegle i biowggle aktywne wykazuja znaczacy

potencjat aplikacyjny w przemysle energetycznym oraz w ochronie §rodowiska.
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8. Streszczenie pracy w jezyku angielskim

As part of this doctoral dissertation, the possibility of using herb stalks, a by-product
of the herbal industry, for the production of biochars and activated biocarbons was
investigated. The obtained materials were evaluated in terms of their energy and
adsorption properties. The production and utilization of carbonaceous materials derived
from renewable resources is particularly important in the context of depleting natural
reserves. Moreover, the use of biomass helps reduce the amount of waste produced, the

storage and disposal of which pose significant economic and environmental challenges.

Stalks of the nettle, sage, lemon balm, and mint herbs were subjected to pyrolysis,
direct physical activation with CO:, and chemical activation with HsPO., which allowed
for obtaining three groups of carbonaceous materials. They were characterized in terms
of the surface properties using the low-temperature nitrogen adsorption—desorption
technique, the content of surface functional groups (Boehm titration), the elemental
composition (C, H, N, S), as well as SEM, XPS, and XRF analyses. For biochars obtained
via pyrolysis, energy parameters were determined in accordance with ISO 1928:2009
standard. In turn, activated biocarbons, were used for adsorption of poly(acrylic acid),
polyethyleneimine, Cd(II) and As(V) ions from one- and two-component aqueous

solutions.

Activated biocarbons were also analysed for their electrokinetic properties. Surface
charge density and zeta potential values as a function of pH were determined for systems
both without as well as in the presence of adsorbates. The point of zero charge and the
isoelectric point of the studied materials were established, and for selected pH values, the
size of aggregates was also determined. The obtained results have a significant impact in
identifying the mechanism of examined substances binding to the adsorbent surface. To
determine the adsorption properties of activated biocarbons, adsorption isotherms were

studied at pH 3, 6, and 9, and the adsorption kinetics were also evaluated.

The analysis of energy parameters of the biochars proved that they are characterized
by the calorific value comparable to conventionally used raw materials such as lignite or

pellets.
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Based on the analysis of the obtained results, it was concluded that pH does not have
a significant impact on the adsorption efficiency of metal ions. In contrast, ionic polymers
exhibited the highest adsorption values at pH 3. Under these conditions, PAA occurs in
a polymeric coil conformation, enabling it to penetrate the pores of activated biocarbon,
whereas PEI adsorbs perpendicularly to the solid surface, resulting in the most dense

packing of the adsorption layer.

It was demonstrated that PAA is adsorbed in the greatest amount among all the tested
adsorbates, in both one- and two-component systems. The presence of two adsorbates in
the system generally reduces the adsorption capacity of both polymers and metal ions,
since the resulting polymer—polymer and polymer—metal ion complexes tend to remain

in solution.

Studies on the regeneration ability of carbonaceous materials and adsorption—
desorption cycles indicated that activated biocarbons can be successfully regenerated and
reused. Furthermore, it was shown that the adsorption capacity of ionic polymers remains
at a similar level in subsequent adsorption—desorption cycles due to the formation of
polymer complexes on the adsorbent surface and the formation of an adsorption

multilayer.

The performed research confirmed the feasibility of utilizing herb stalks, a by-product
of the herbal industry, for the production of carbonaceous materials and demonstrated
that the obtained biochars and activated biocarbons exhibit significant application

potential in the energy sector and in environmental protection.
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9. Osiagniecia naukowe

Prace naukowe

Opublikowane prace naukowe TFz roku IFs1emi  MNiSW
opublikowania
Artykuty objete rozprawa doktorska 10 52,3 58,3 1360
Artykuty nieobjete rozprawg doktorska 4 18,7 18,8 400
Rozdzialy w monografiach i recenzowanych 100
wydawnictwach pokonferencyjnych
Lacznie 19 71,0 77,1 1860

Prezentacja wynikéw na konferencjach naukowych

Wystapienia ustne 14
Postery 21
Lacznie 35

Indeks Hirscha (baza Scopus, 27.09.2025) 6

Liczba cytowan (baza Scopus, 27.09.2025) 242
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M. Geca, M. Wisniewska, P. Nowicki, Biochars and activated carbons
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M. Geca, M. Wisniewska, P. Nowicki, Investigation of ionic polymers stabilizing
and flocculating properties in dispersed activated carbons systems, Materials,
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of nanosized proteins with different internal stability immobilised on the surface
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179-213. DOI: 10.3390/surfaces6020013 (IF2023: 2,3; IFsaetniz 2,7; MNiSW:
20 pkt)

Rozdzialy w monografiach i recenzowanych wydawnictwach
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M. Geca, M. Wisniewska, P. Nowicki, Badanie wtasciwosci adsorpcyjnych
biowegli aktywnych w uktadzie mieszanych adsorbatow: Pb(ll), PAA, Triton
X-100, Nauka 1 przemyst - lubelskie spotkania studenckie, Wydawnictwo UMCS,
Lublin, 2021 (MNiSW: 20 pkt)

M. Geca, M. Wisniewska, P. Nowicki, Badanie mozliwosci usuwanie polimerow
o roznych charakterze jonowym przy uzyciu biowegli i wegli aktywnych
pochodzenia roslinnego, Nauka 1 przemyst — metody spektroskopowe, nowe

wyzwania 1 mozliwosci, Wydawnictwo UMCS, Lublin, 2022 (MNiSW: 20 pkt)

M. Geca, M. Wisniewska, P. Nowicki, Bioweggle otrzymane z odpadow
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4. M. Geca, M. Wisniewska, P. Nowicki, Zastosowanie wegli aktywnych
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5. M. Geca, M. Wisniewska, P. Nowicki , Effect of the activation procedure on the
adsorption properties of carbonaceous materials obtained from herbs towards

ionic polymers, Science and industry challenges and opportunities, Wydawnictwo

UMCS, Lublin, 2024 (MNiSW: 20 pkt)
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1. M. Geca, M. Wisniewska, P. Nowicki, Badanie mozliwosci usuwanie polimerow
o roznych charakterze jonowym przy uzyciu biowegli i wegli aktywnych
pochodzenia roslinnego, Nauka 1 przemyst — metody spektroskopowe, nowe

wyzwania 1 mozliwosci, 28-29 czerwca 2022, Lublin

2. M. Geca, M. Wisniewska, P. Nowicki, Wegle aktywne pochodzenia roslinnego
jako efektywne adsorbenty substancji organicznych i nieorganicznych, 64 Zjazd

Naukowy PTChem, 11-16 wrze$nia 2022, Lublin

3. M. Geca, M. Wisniewska, P. Nowicki, Zmodyfikowana metoda oznaczania
zwigzkow ligninocelulozowych w  prekursorach roslinnych wykorzystanych
do otrzymania wegli aktywnych, Innowacje w praktyce, 20-21 pazdziernika 2022,
Lublin

4. M. Geca, M. Wisniewska, P. Nowicki — Wegle aktywne otrzymane z todyg melisy
i miety jako adsorbenty polimerow jonowych, Fizykochemia granic faz — metody

instrumentalne, 16-20 kwietnia 2023, Lublin
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M. Geca, M. Wisniewska, P. Nowicki, Badania witasciwosci elektrokinetycznych
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M. Geca, M. Wisniewska, P. Nowicki, Wplyw jonow metali cigzkich oraz
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M. Groszek, M. Wisniewska, G. W¢jcik, P. Nowicki, Biowegle aktywne jako
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ich zastosowanie do adsorpcji substancji organicznych i nieorganicznych,

67. Zjazd Naukowy PTChem, 22-26 wrze$nia 2025, Wroctaw

Prezentacja wynikow na konferencjach — postery
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20. M. Groszek, M. Wisniewska, P. Nowicki, Application of activated carbons

obtained from herbal industry waste for ionic polymers removal from
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ARTICLE INFO ABSTRACT

Keywords:

Biochar
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Competitive adsorption
Simultaneous removal
Multicomponent solutions
Mixed adsorbate systems

Biochars are obtained by biomass pyrolysis, whereas activated carbon is a biochar that has undergone chemical
or physical activation. Owing to the large surface area and easy surface modification both solids are widely
applied as adsorbents. They are low-costs materials, they could be regenerated and their disposal is not trou-
blesome. Adsorption of heavy metals, dyes, pharmaceuticals on the surface of biochars and activated carbons,
from simple systems of adsorbate containing only one compound, are described extensively in the literature.
The present paper provides an overview of reports on adsorption of inorganic and organic compounds onto

these two types of adsorbents from the mixed adsorbate systems. The described adsorbate systems have been
divided into those consisting of: two or more inorganic ions, two or more organic compounds and both of them
(inorganic and organic ones). The research of this type is carried out much less frequently due to the more
complicated description of interactions in the mixed adsorbate systems.

1. Introduction

One of the most important current issues is constantly growing
environment degradation and pollution. Development of industry and
modern technologies improve the quality of life but also create problems
that never took place before. Modern science faces global warming,
ozone holes and regularly expanded amounts of wastes. One of the
specific types of sludge is biomass.

Storage of biomass in landfills has a negative impact on the natural
environment. Dumping grounds occupy the area of ecosystems, which
results in reduction of biodiversity. Biomass could be a source of toxic
substances for the environment and is the habitat of pathogens. More-
over, it contributes to the increase of greenhouse gas emission as a result
decaying processes. For the above mentioned reasons, some attempts
should be made to reduce amounts of the biomass in the ecosystem. One
way of solving this problem is biomass pyrolysis. During this procedure
liquid hydrocarbons, synthetic gas and biochar are formed [1]. Ac-
cording to Lehman and Joseph is “biochar a carbon (C)-rich product when
biomass such as wood, manure or leaves is heated in a closed container with
little or unavailable air’ [2]. Biochar can be activated physically or
chemically depending on the desired surface properties. When biochar is
activated, it is called activated carbon. Activation is most commonly
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performed with steam or carbon dioxide — physical activation, else with
zinc chloride, phosphoric acid, potassium or sodium hydroxide and
potassium or sodium carbonate — chemical activation [3].

The practical application of both materials is based mostly on their
sorption properties. The largely developed surface area allows inorganic
and organic compounds including polymers to be adsorbed [4,5].
Adsorption of sulphide onto the carbonaceous adsorbents was investi-
gated [6]. The biochar obtained from the wheat straw and wood pin
chips was applied for adsorption of nickel(II) and zinc(II) from single
aqueous solutions [7]. Many other biochars were also used for metals
adsorption from the single adsorbate systems [8-11]. Tran et al. [12]
studied the adsorption capacity of paracetamol onto the spherical bio-
char derived from pure glucose and non-spherical biochar obtained from
pomelo peels. Adsorption of Methylene Blue onto the sewage sludge
derived biochar was also investigated [13]. The biochar usage for single
substance adsorption is very common and widely applied, but one-
component solutions are rarely found in real environmental and
wastewater systems.

Heavy metals, dyes, pharmaceuticals and other organic compounds
are the most common environment pollutants. They are dangerous for
human and animal life and health, as well as they have negative influ-
ence on the plant growth. For that reason these substances should not be
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released into the environment. The role of sewage treatment plants is to
prevent that. One of the processes used for this purpose is adsorption
onto biochars or activated carbons surfaces. Due to the complex
composition of the sewage simultaneous removal of different structures
from the mixed solutions should be carefully examined. Nevertheless,
the studies in the mixed adsorbate systems (double) are still rarely
carried out, and triple and more multiple systems are even less often
tested. This paper is a review of the reports on the possibility of simul-
taneous removal of inorganic and organic substances from aqueous so-
lutions with the use of biochar and activated carbons.

2. Simultaneous adsorption of inorganic ions on biochars and
activated carbons surface

Biochars and activated carbons are both effective adsorbents of
different metal ions, but the presence of other species affects that process
considerably. The mutual effect can be synergistic, antagonistic or no
net interaction, depending on ion and adsorbent surface properties. De
Lima et al. [14] claim that metal ions adsorption could be strongly
related to ionic substance properties such as ionic radius, ionic potential
and electronegativity. It has been proved that small ions with high
electronegativity were adsorbed the best.

Qian et al. [15] studied adsorption of Cd(II) in the presence of
aluminium onto rice straw-derived biochars before and after oxidation
by HNO3/H3S04. They proved that Al(III) ions have a negative effect on
cadmium adsorption and this effect is greater the smaller is the solution
pH, and the drop was nearly 50%. This can be caused by the fact that Al
species changes from AI** to AI(OH)?" and Al(OH)J forms. With the
increasing concentration of Al(III), adsorption of Cd(II) also decreases.
The maximum adsorption of Cd(II) in the single solution reached 6.66
mg/g.

Lead and copper adsorb well on the surface of activated carbon ob-
tained from the Eucalyptus camaldulensis Dehn bark from their mixed
solution. The adsorbed amounts of these two elements from their binary
system are similar for low concentration, but for the higher concentra-
tion system the sorption capacity decreases [16]. Adsorption onto the
granular activated carbon derived from the coconut shell proved that the
pH value influences these metals sorption too - adsorption is minimal at
low pHs, and increases with the increasing pH [17].

Adsorption from the mixed solution of lead and cadmium was
investigated on the surface of two different adsorbents — commercial
activated carbon cloths and biochar produced from water hyacinths. The
main adsorption mechanism is an electrostatic attraction between
positively charged ions and the negative surface of the adsorbents.
Carboxylic groups dissociation could have the main role in the adsorp-
tion process. The adsorption amount of Cd(II) is smaller in the binary
solution than in the single one, but the presence of cadmium in the
system has no significant influence on the lead adsorption. The
maximum adsorption on the surface of activated carbon cloths reached
20.68 mg/g for Cd(II), 33.15 mg/g for Pb(I), and 74.99 mg/g for Cd(1I),
128.95 mg/g for Pb(II) onto the biochar produced from water hyacinths
[18,19].

Competitive adsorption between cadmium and zinc onto the gran-
ular activated carbons is difficult to explain. In the tested systems
adsorption from the binary solutions decreased for both metals. This
effect is more noticeable for zinc than for cadmium [20,21]. However
according to some studies zinc adsorption capacity does not depend on
the cadmium cations presence, but Cd(II) ions adsorb in the smaller
amount from the binary solution [22]. The above allows to conclude that
simultaneous adsorption of zinc and cadmium depends significantly on
the adsorbent surface properties.

The studies on competitive adsorption of Zn(II) and Pb(II) on the
surface of activated carbon prepared from Van apple pulp showed that
individual amount of adsorption decreased in a binary solution, but the
total ion adsorption amount is greater than in the single solutions.
Adsorption of these two metals is strongly dependent on their mobility
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which increases with increasing temperature and metal concentration.
In binary solution the total concentration of ions is higher than in single
one, which have positive influence on the metals mobility leading to the
adsorption increase. The maximum sorption capacity was 9.28 mg/g for
zinc and 10.48 mg/g for lead, respectively [23].

The studies on adsorption of Ni(II) and Cr(VI) using activated carbon
obtained from the coconut shells from their binary solution showed that
the presence of nickel has negative influence on the chromium adsorp-
tion. The presence of Cr(VI) has also an unfavourable effect on the Ni(II)
adsorbed amount. However the increasing concentration of Cr(VI)
causes the increasing adsorption of Ni(II) cations. Adsorption capacity is
greater in the single solutions for both metals. Independent of the
presence of each, Cr(VI) is adsorbed in the greater amounts at low pHs
whereas Ni(II) - at higher pH values [24].

The competitive adsorption between Zn(II) and Cu(Il) ions on the
surface of biochars was also investigated. The obtained results showed
that the presence of both metals in the system have no influence on
metal ion individual adsorption at their low concentrations. However, at
high heavy metal ions concentration, the presence of Cu(Il) in the so-
lution causes 70-85% decrease of Zn(II) adsorption capacity. Zn(II) ions
at higher concentrations also have a negative effect on the Cu(Il)
adsorption, but to a smaller extent, only 20% decrease was observed.
Both metals are better adsorbed at pH lower than 5. It can be caused by
competitive adsorption between metal ions and protons under such pH
conditions [25].

The competition between Cu(II) and Cd(II) ions was also investigated
onto the fresh and aged corn stalk biochars. The obtained data showed
that both metals are better adsorbed at higher pH values. The adsorption
capacity on the biochar surface decreased in the binary solution for both
metals in case of the examined adsorbents. This effect is more noticeable
for the adsorption of Cd(II), and the maximum adsorption values are
8.15 mg/g for Cu(Il) and 12.67 mg/g for CA(II) [26].

The studies on the competitive adsorption between Cd(II) and Co(II)
on the surface of straw derived biochar showed that both metals are
worse adsorbed from their binary systems compared to the single ones.
What is more, Cd(II) has a stronger inhibitory effect on the Co(Il) ions
adsorption than Co(II) on the Cd(II) adsorption. This effect could be
explained by different affinity of Cd(II) and Co(II) toward binding sites
on the biochar surface. The maximum adsorption capacity was 5.3 mg/g
for Co(II) and 21.69 mg/g for CA(II) cations, respectively [27].

The competitive adsorption in the binary solutions of Hg?"/Pb%*/
Cd?*/Ca" was investigated using the steam activated coconut shell
derived activated carbon. In the solution containing cadmium and cal-
cium, cadmium was better adsorbed metal, but its adsorption amount
was smaller than that in the single-component solution. A similar effect
was observed in both Pb?*/Ca%* and Pb?*/Cd?" systems, where lead
was a better adsorbed substance. In all binary solutions mercury was the
best adsorbed ion. The adsorption of all above metals occurs mainly by
an ion exchange mechanism, which causes strong competition between
individual inorganic ions [28]. The adsorption from the Hg2+, Pb%** and
Cd?* ternary solution on the groundnut shell biochar confirms the above
observations. The metal adsorbed amounts were the largest for mercury
and lead [29].

The competitive adsorption on the EDTA modified biochar obtained
from the peanut shells among Cu(II), Cd(II) and Ni(II) was investigated.
The obtained results showed that the adsorption capacity of Cd(II) and
Ni(II) cations is smaller for their binary solution for both metals. How-
ever, a larger decrease was found for Cd(Il). In the binary system of Cu
(II) and Ni(II) the amount of adsorbed nickel ions dropped significantly,
Cu(II) adsorption capacity also decreased but to a smaller extent. Cd(II)
present in the solution had no significant effect on the Cu(II) adsorption.
However, the Cu(Il) presence in the solution causes the Cd(II) adsorp-
tion reduction to the zero level. The order of adsorption is compatible
with binding constants of metal cations with EDTA [30].

The investigations on the simultaneous adsorption of Cd(II) and As
(11I1)/As(V) on two different adsorbents obtained from the rice husk —
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biochar and the birnessite-loaded biochar showed that these two metals
are better adsorbed from their binary solutions. On the surface of un-
modified biochar both metals adsorbed well, but better from their mixed
solution. On the other hand, on the surface of birnessite-loaded biochar,
adsorption of As did not take place from the single solution but in the
presence of Cd(II) it occurred [31]. The adsorption of As(V) and Cd(II)
ions from their binary solution on the Fe-modified rice straw biochars
was also investigated. The adsorption capacity of As(V) was smaller
from the binary solution, however, the amount of adsorbed Cd(II)
increased in the presence of arsenate, compared to the single solution.
Due to the difference in charge sign of these ions, the adsorption of As(V)
and Cd(II) can occur on oppositely charged adsorption sites [32]. The
studies on the simultaneous adsorption of Cd(II) and As(III) on the
surface of a-FeOOH modified wheat straw biochar proved that the
adsorption capacities of both metals are smaller from the binary solution
compared to the single one [33].

The studies on the competitive adsorption between Ni(II) and As(V)
using the Fe-biochar composite derived from the orange peel and red
mud showed that the presence of Ni(I) in the solution has a positive
effect on the As(V) adsorption. At a small concentration of As(V) ions, no
significant effect on Ni(II) was observed, but at the larger As(V) con-
centration the inhibition effect on the Ni(II) adsorption capacity was
observed. The competition between these metal ions is caused by the
presence of different adsorption sites on the solid surface. The deter-
mined maximum adsorption capacity of Ni(II) was 20.71 mg/g, and that
of As(V) was 13.71 mg/g [34].

The Cr(VI) adsorption in the presence of Ni(II) and Cu(I) on the
activated carbons prepared from the ricinus communis leaves was
investigated. The results showed that Ni(II) and Cu(Il) have slightly
inhibitory influence on the Cr(VI) ions adsorption and this effect is
similar in both the binary and ternary solutions. The amount of adsorbed
Cr(VI) ions dropped by about 10-20 percentage points in all systems
[351.

Adsorption of Cr(VI), Ni(Il) and As(IIl) was also investigated in the
binary and ternary solutions on the surface of coconut charcoal. The
results revealed that Ni(II) and As(III) exhibit a small inhibitory effect on
the Cr(VI) adsorption in the binary systems, however, As(IIl) influence is
greater. Cr(VI) affects positively the As(III) adsorption, its capacity is
larger in the presence of chromium in the system, however it decreases
with the increasing Cr(VI) concentration. In turn, Ni(II) has negative
influence on the As(III) adsorption. On the other hand, the amount of
adsorbed Ni(II) improves with the growing concentration of Cr(VI) ions.
The presence of As(III) reduced the Ni(II) adsorption capacity slightly. In
the ternary solutions, the presence of Ni(II) and As(IIl) has no significant
effect on the Cr(VI) adsorption. The adsorption capacity of As(IIl) was
larger in the ternary system than in the single one, but still smaller
compared to in the binary solution with Cr(VI). The amount of adsorbed
Ni(II) was the largest in the ternary system. These three metals compete
for the same adsorption sites, and the metal ion with lower normal
reduction potential could replace that with higher one — so Ni(II) could
displace As(IIl) and As(III) could displace Cr(VI) [36].

As follows from the studies on competitive adsorption of lead, copper
and cadmium on the peanut shell and sawdust, the adsorption of heavy
metals from the mixed solution is smaller compared to that from the one-
component solution. Metal ions concentration has great influence on the
adsorption reduction [37]. The pH value affects largely these metals
adsorption on the chitosan-pyromellitic dianhydride modified rice straw
biochar, the influence was more noticeable for the adsorption of lead
and cadmium than that of copper [38]. The adsorption of these three
metals on the peat surface proved that lead is the best adsorbed in the
binary and ternary solutions and copper is always better adsorbed than
cadmium [39].

The studies on adsorption from the mixed solution of lead, cadmium
and nickel on the surface of commercial granular activated carbon
showed that nickel is the least adsorbed metal in the presence of other
ions. The adsorption of lead and cadmium does not differ so much and
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the presence of other metals does not affect their adsorbed amounts. The
factors having the greatest influence on the metals adsorption are
adsorbent dosage, Pb(II) and Cd(II) concentrations, whereas pH value
has the smallest effect [40].

The studies on the adsorption of lead, zinc and copper from their
ternary solutions on the surface of hydroxyapatite-biochar nano-
composite derived from the rice straw and biochar obtained from the
pomelo peel demonstrated that the order of adsorption affinity was
different for the examined adsorbents. However, the adsorption capac-
ities from the ternary solutions are consistent with the ordering for a
single metal adsorption. The adsorbed metals amounts are smaller from
the mixed solution, independent of the adsorbent type. The metals are
better adsorbed at higher pH values, which can be attributed to the
decrease in adsorption competition with protons. [41]. In the binary
solution of copper and zinc/lead, the Cu(Il) adsorption capacity on the
biochar obtained from the pomelo peel is reduced with both metals, but
this effect is more noticeable in the lead presence. The adsorption of lead
from the binary solutions including zinc/copper, is extended at small
metal concentrations and reduced at large metal concentrations. The
lead/copper presence in the solution of zinc ions has negative influence
on the Zn(II) adsorption. However, in case of zinc the decrease is the
smallest of all tested systems [42].

The studies on the competitive adsorption of lead, zinc and cadmium
on the surface of rice husk biochar and wood chips biochar showed that
the competition among these three metals depend largely on the biochar
modification. However, in general in the mixed solution the adsorption
capacity of zinc and cadmium drops and that's of lead remains the same
or even increases depending on the adsorbent properties [43].

The studies on the competitive adsorption from the ternary solution
of Hg(Il), Zn(II) and Cu(Il) on the magnetic biochar derived from the
banana peel showed that the adsorption capacity for all metals drops in
the ternary solution compared to that in the single systems. Hg(II) was
the best adsorbed ion and its adsorption decrease from the ternary so-
lution was the smallest. The investigated metal ions are endowed with
the same charge, hence, the observed selectivity was probably governed
by their ionic radii and electronegativity. 83.4 mg/g was the maximum
adsorption capacity obtained for Hg(II), 72.8 mg/g - for Zn(1I) and 75.9
mg/g - for Cu(ll) [44].

The studies on the competitive adsorption of Zn(II), Mn(II) and Cu(II)
using the banana stalk biochar showed that the adsorption capacity
decreases in the multi-component system of all three metals. However,
the smallest decrease was observed for the Cu(I) adsorption and the
largest reduction was found for Mn(II). The adsorbed amount increases
with the pH increase in both single and mixed solutions. The maximum
adsorption of particular metals was 108.10 mg/g for Zn(II), 109.10 mg/
g for Mn(II) and 134.88 mg/g for Cu(II) [45].

The studies on the adsorption of Pb(II), Cu(II) and Ni(II) onto the
date seed biochar from the binary and ternary solutions proved that Pb
(II) and Cu(Il) have negative influence on the mutual adsorption. A
similar effect was observed in the binary system of Cu(II) and Ni(II). The
adsorption capacity from the solution of Pb(II) and Ni(II) also decreases
compared to that of the single systems. The adsorbed metals amounts
were even smaller in the ternary solution compared to that on the binary
solutions. A reasonable explanation of the metals inhibitory effect on
each other adsorption could be the difference in the metals covalent
binding indices. Metals with a higher covalent index showed more
chelating affinity to ligands relative to ionic interactions [46].

The studies on the competitive adsorption between Cu(Il), Zn(II) and
Ni(II) on the surface of activated carbon prepared from the datestones,
prove that Cu(Il) is the best adsorbed metal and Zn(Il) is the worst
adsorbed one. The total adsorption capacity of heavy metals in the
multi-component systems increased, but the individual metal ion
adsorption decreased. The amount of adsorbed metal was dependent on
the pH value. All metals were adsorbed in small amounts at low pHs due
to the high concentration of hydrogen ions competing with metal ones.
Their largest adsorption was found at pH about 5 [47].
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Fig. 1. Possible mechanisms of metal adsorption on the biochar and activated
carbon surface.

The adsorption from the multi-component solution of Pb(II), Cr(III),
Cd(II), Cu(Il) and Zn(II) was investigated using the pepper stem biochar.
The obtained data showed that lead is the best adsorbed metal, but the
smallest decrease in adsorption compared to that in the single solution
was observed for copper. The greatest decrease in the adsorption ca-
pacity took place for cadmium, which was the worst adsorbed metal.
The main factor influencing the adsorbed amount was the mobility po-
tential of metals. The metal with low mobility can be easily exchanged
by another ion. The determined maximum adsorption capacity was as
follows: Pb(II) ~120 mg/g, Cr(Ill) ~77 mg/g, Cd(II) ~66 mg/g, Cu(Il)
~45 mg/g, Zn(II) ~32 mg/g [48].

The studies on the simultaneous adsorption of Pb(II), As(III), Cr(VI)
and Cd(II) on the surface of cassava root husk derived biochar loaded
with the ZnO nanoparticles showed also that lead is the best adsorbed
metal. The adsorption capacities of As(III) and Cd(II) are insignificantly
smaller and chromium adsorption is much worse compared to the other
three metals. The most probable adsorption mechanisms are surface
precipitation and ion exchange. The maximum adsorbed amounts were:
42.05 mg/g for Pb(II), 40.89 mg/g for As(III), 28.37 mg/g for Cr(VI) and
39.52 mg/g for CA(II), respectively [49].

The simultaneous adsorption of Pb?" and CrO3~ was studied using
the biochar obtained from the pinewood sawdust. It was proved that
both ions have positive influence on the mutual adsorption capacity and
temperature has no significant effect on both ions adsorption. The
amounts of adsorbed ions were greater from the binary solution than
from the single one for both substances and being: 1420.38 mg/g for
Pb%* and 487.62 mg/g for CrO3 . The greater adsorption of Pb?" cations
can be attributed to its higher mobility [50].

The studies on the competitive adsorption of Cd%>" and Ni%*/NHJ
onto the straw rice biochar showed that with the increasing cadmium
concentration, the adsorption capacity of ammonium decreases. The
higher adsorption level of Cd%* can be explained by its smaller ionic
radius. When both nickel and cadmium are present in the solution, they
have negative influence on the mutual adsorption [51].

As following from the studies on the adsorption of NO3 and PO3~ on
the pinewood biochar at smaller metal concentrations there is no
competition between the examined anions. At the greater anions con-
centrations the adsorption of both substances decreases in their binary
solution, compared to the single one. The obtained results proved that
PO3~ ions have stronger inhibitory influence on the NO3 adsorption,
than the other way round. The sorption capacity decrease was 10.6% for
PO3~ and 54.8% for NO3 [52].

The simultaneous adsorption of NHj, NO3 and PO?{ was also
investigated on the rice straw biochar surface modified with Mg, Al or
these both. In the binary solution of NH and NO3 the adsorption ca-
pacity of NH increases, but that of NO3 decreases. The NHj adsorption
in the presence of PO3~ has not changed significantly onto the non-
modified biochar, the Mg modified biochar and the Al modified biochar.
On the Mg—Al modified biochar the NHj adsorption increase in the
presence of PO3 . PO3~ capacity of adsorption in the binary solution of
NHZ and PO3~ decreased, remained the same or increased depending on
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the biochar modifications. The PO3~ adsorption capacity does not
change in the presence of NO3, however the NO3 adsorption capacity in
the binary system dropped. In the ternary solution the NO3 adsorption
decreases on the surfaces of all tested adsorbents. NH; and PO3~
adsorption capacities remained on the same level on three different
adsorbents, but onto the Mg—Al modified biochar the increase in the
adsorption for both ions was observed [53].

Physical adsorption, cation exchange, surface precipitation, surface
oxidation, complexation and cation-x interactions are the most common
cation adsorption mechanisms. In the solution containing more than one
inorganic cation, there is often competition for the active sites between
ions. Fig. 1 presents the possible mechanisms of metals adsorption on the
biochar and activated carbon surfaces, whereas Table 1 shows the
recapitulation of the above described studies.

3. Simultaneous adsorption of inorganic ions and organic
compounds on the biochar and activated carbons surface

In nature metals occur not only with other ions but also with organic
substances. The presence of these compounds can influence metals
adsorption and the other way out.

Tetracycline present in the aqueous solutions has positive influence
on the copper adsorption on the granular activated carbon derived from
the coconut shell. The amount of adsorbed Cu(ll) is larger in the binary
solution than in the single one [54]. Cu(II) present in solution at a small
concentration has positive influence on the tetracycline adsorption on
the sawdust derived biochar, but with the increasing Cu(II) concentra-
tions, tetracycline adsorption decreases [55].

The studies on the simultaneous adsorption of copper and bisphenol
A on the kenaf bar biochar-supported zero valent iron showed that small
concentration of Cu(Il) in solution have positive influence on adsorption
of the organic compound, however, with the increasing concentration of
metal, bisphenol A adsorption decreases. The larger adsorbed amounts
of these substances were obtained from their binary solution [56].

The studies of the competitive adsorption of Methylene Blue and Pb
(I) ions on the surface of nano-magnetic activated carbon derived from
the peach stone and wood proved that lead ions have a negative effect on
the organic dye adsorption. The maximal adsorption value was 61.82
mg/g for Pb(Il) and 437.78 mg/g for Methylene Blue [57]. However, the
competition between Pb(II) and dye molecules depends largely on the
adsorbent properties.

The cadmium and sulfamethoxazole adsorption from their binary
solution showed that both substances undergo better adsorption onto
the rice straw biochar in their mutual presence. The effect is more
noticeable for the organic compound adsorption. The maximum sorp-
tion capacity toward sulfamethoxazole is 8 times higher in the binary
solution compared to the single one [58].

The simultaneous adsorption of humic substances and chromium
using the commercial activated carbon was studied by Ferro-Garcia et al.
[59]. The presence of Cr(Ill) has positive influence on the acids
adsorption. The amount of adsorbed chromium ions drops at their small
concentrations. However, the increasing concentration of acids causes
enhanced Cr(III) adsorption. The humic acids adsorption on the acti-
vated carbon prepared from the rice husk was also studied in the pres-
ence of Nat, Ca®", Mg?" and AI*' cations. Aluminium ions have a
negative effect on the humic substances adsorption, the presence of Na™
has no significant effect, whereas calcium and magnesium ions result in
the adsorption increase. The studies on the influence of nitrate ions on
the humic acids adsorption indicates, that the presence of negatively
charged ions causes dropping adsorption on the acidic surface of acti-
vated carbon prepared from the rice husk [60].

Bautista-Toledo et al. [61] proved that the presence of electrolyte
(NaCl) increases the bisphenol A adsorption onto the positively charged
surface of charcoal-based activated carbon. The adsorption from the
binary solution including bisphenol A and lead on the p-cyclodextrin
modified rice husk biochar was investigated. The adsorption capacities
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Table 1
Summary of adsorption of inorganic ions on the surface of biochars and activated carbons from the multi-component solutions.
Adsorbent Adsorbates Adsorption influencing factors Maximal adsorption References
Fresh and oxidized rice straw-derived biochars Cd(In Fresh/oxidized adsorbent, Cd(II) 6.66 mg/g [15]
pH,
Presence of Al(III)
Activated carbon obtained form Eucalyptus camaldulensis Dehn bark Cu(ID Single/binary solution. Cu(Il) 28.89 mg/g [16]
Pb(II) Pb(ID) 110.64 mg/g
Granular activated carbon derived from coconut shell Cu(ID PH, Cu(Il) 3.56 mg/g [17]
Pb(I) Contact time. Pb(I) 10.77 mg/g
Commercial activated carbon cloths Cd(n Surface properties of adsorbents. Cd(II) 20.68 mg/g [18]
Pb(ID) Pb(II) 33.15 mg/g
Phenol
Biochars produced from water hyacinths Cd(n pH, Cd(I) 74.99 mg/g [19]
Pb(ID) Biochars pyrolysis temperature, Pb(II) 128.95 mg/g
Background ionic strength,
Single/binary solutions.
Granular activated carbon Cd(In) pH, 100% [20]
Zn(II) Molar metal/carbon ratio.
Granular activated carbon Cd(n pH, Cd(II) ~5.06 mg/g [22]
Zn(ID) Molar metal/carbon ratio. Zn(II) ~4.19 mg/g
Activated carbon prepared from Van apple pulp Zn(I1) pH, Zn(1I) 9.28 mg/g [23]
Pb(ID) Temperature, Pb(Il) 10.48 mg/g
Metals concentrations,
Adsorbent dosage,
Contact time.
Activated carbon obtained from coconut shell Cr(VD) PH, Cr(VI) 1.99 mg/g [24]
Ni(ID) Initial concentration. Ni(Il) 1.99 mg/g
Biochars produced from hardwood and corn straw Cu(ID Different adsorbents, Cu(Il) 14.34 mg/g [25]
Zn(1D) PH, Zn(Il) 12.20 mg/g
Adsorbent concentration,
Single/binary solution.
Corn stalk biochar Cu(Il) pH, Cu(Il) 8.15 mg/g [26]
Cd(n Adsorbent ageing, Cd(I) 12.67 mg/g
Single/binary solutions.
Straw derived biochar Co(II) PH, Co(Il) 5.3 mg/g [27]
Cd(n Single/binary solutions. Cd(I) 21.69 mg/g
Steam activated coconut shell derived activated carbon Ca(1) Competitive adsorption with the displaced proton, Ca(II) 10.8 mg/g [28]
Cd(n Single/binary solutions. Cd(I) 38.22 mg/g
Pb(II) Pb(ID) 118.1 mg/g
Hg(ID Hg(1I) 260.78 mg/g
Groundnut shell biochar Cd(In) Single/binary/ternary solutions. 100% [29]
Pb(ID)
Hg(D)
Biochar obtained from peanut shell Cu(I) pH, Cu(Il) 48.73 mg/g [30]
Cd(n Single/binary solutions. Cd(II) 61.95 mg/g
Ni(I) Ni(II) 40.38 mg/g
Rice husk biochar Cd(In) Different adsorbents, Cd(ID) 3.89 mg/g [31]
Rice husk birnessite-loaded biochar As(II) Single/binary solutions. As(11I) 1.96 mg/g
As(V) As(V) 1.74 mg/g
Fe-modified rice straw biochars Ccdn Different adsorbents, Cd(II) 9.80 mg/g [32]
As(V) Single/binary solutions, As(V) 9.70 mg/g
Initial metal concentrations,
Dosage of biochars.
«-FeOOH modified wheat straw biochar cdn Different adsorbents, Cd(ID) 62.9 mg/L [33]
As(I1I) Single/binary solution, As(1IT) 86.1 mg/L
Initial concentration.
Fe-biochar composite obtained from orange peel and red mud Ni(ID) pH, Ni(I) 20.71 mg/g [34]
As(V) Single/binary solutions, As(V) 13.70 mg/g
Different ways of pyrolysis.
Activated carbons prepared from ricinus communis leaves Cr(VD) pH, Cr(VI) ~70% [35]
Ni(ID) Adsorbent dosage,
Cu(I) Contact time,
Initial concentration,
Different adsorbents,
Single/binary/ternary solutions.
Coconut charcoal Ni(II) pH, Ni(II) 0.411 mg/g [36]
Cr(VID) Single/binary/ternary solutions. Cr(VI) 2.25 mg/g
As(II) As(III) 0.043 mg/g
Peanut shell, Pb(IID) Different adsorbents, Pb(Il) ~13.9 mg/g [37]1
Sawdust Cd(In) Single/mix solutions, Cd(Il) ~5.3 mg/g
Cu(ID) Initial concentration, Cu(Il) ~12.8 mg/g
Adsorption time.
Chitosan-pyromellitic dianhydride modified rice straw biochar Pb(ID) PH, Pb(II) 13.93 mg/g [38]
Cd(n Single/ternary solutions. Cd(II) 38.24 mg/g
Cu(I) Cu(Il) 96.11 mg/g

(continued on next page)
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Adsorbent Adsorbates Adsorption influencing factors Maximal adsorption References
Peat Pb(II) PH, Pb(II) 118.73 mg/g [39]
Cd(n Single/binary/ternary solutions. Cd(II) 50.24 mg/g
Cu(I) Cu(II) 34.04 mg/g
Granular activated carbon Pb(ID) Initial concentration of metals, 100% [40]
cd(n PH,
Ni(ID) Adsorbent dosage,
Contact time.
Hydroxyapatite-biochar nanocomposite derived from rice straw Zn(I) pH, Zn(II) 935.93 mg/g [41]
Pb(II) Single/ternary solutions, Pb(II) 1000 mg/g
Cu(ID Tonic strength, Cu(Il) 833.33 mg/g
Coexisting cations,
Different adsorbents.
Rice husk biochar Zn(1I) Biochar properties, Zn(II) ~10 mg/g [43]
Wood chips biochar Pb(ID) Single/ternary solutions. Pb(II) ~10 mg/g
Cd(n Cd(Il) ~10 mg/g
Magnetic biochar derived from banana peel Hg(ID) pH, Hg(II) 83.4 mg/g [44]
Zn(I1) Adsorbent dosage, Zn(1l) 72.8 mg/g
Cu(I) Initial concentration, Cu(Il) 75.9 mg/g
Single/ternary solutions,
Banana stalk biochar Zn(1ID) PH, Zn(II) 108.10 mg/g [45]
Mn(II) Single/ternary solutions. Mn(II) 109.10 mg/g
Cu(In) Cu(Il) 134.88 mg/g
Date seed biochar Pb(II) pH, Pb(II) 148.77 mg/g [46]
Cu(Il) Single/binary/ternary solutions. Cu(Il) 26.73 mg/g
Ni(ID) Ni(II) 19.54 mg/g
Activated carbon prepared from datestones Cu(II) pH, Cu(Il) ~11 mg/g [47]
Ni(ID) Initial concentration, Ni(Il) ~9 mg/g
Zn(1I) Temperature. Zn(II) ~6 mg/g
Pepper stem biochar Pb(II) Single/multi component solutions. Pb(I) ~120 mg/g [48]
Cr(I1D) Cr(Ill) ~77 mg/g
Cd(n Cd(II) ~66 mg/g
Cu(ID) Cu(ID) ~45 mg/g
Zn(II) Zn(II) ~32 mg/g
Cassava root husk derived biochar loaded with ZnO nanoparticles Pb(I) Impregnation ratio, Pb(II) 42.05 mg/g [49]
As(III) pH, As(IIT) 40.89 mg/g
Cr(VD) Initial concentration. Cr(VI) 28.37 mg/g
Cd(In Cd(II) 39.52 mg/g
Biochar obtained from pinewood sawdust pb>t Single/binary solutions, Pb>" 1420.38 mg/g [50]
Croz~ Temperature. CrO3~ 487.62 mg/g
Rice straw biochar cd** Single/binary solutions, cd*t ~ 60 mg/g [51]
Ni%t Fresh/ageing biochar. Ni** ~ 56 mg/g
NHZ NHi ~ 9 mg/g
Pinewood waste derived biochar NO3 pH, NO3~ 4 mg/g [52]
PO3 Initial concentration, PO3 ~ 18 mg/g
Different pyrolysis temperature,
Single/binary solutions.
Mg-Al-modified rice straw biochar NH3; Single/binary/ternary solutions, NHi ~ 9 mg/g [53]
NO3 Different biochar modifications. NO3 ~ 42 mg/g
PO3~ PO;~ ~ 77 mg/g

are similar to those of the single solutions for both substances [62].

The competitive adsorption of lead and atrazine was investigated
using the corn straw biochar-supported reduced graphene oxide com-
posite. The adsorption capacity of atrazine decreased in the presence of
lead, however, atrazine present in the solution has no influence on the
lead adsorption. The maximal adsorption capacity was 26.1 mg/g for Pb
(ID) and 67.6 mg/g for atrazine [63].

The studies on the simultaneous adsorption of copper and 17p-
estradiol on the activated magnetic rice straw biochar proved that at
small concentrations of copper the positive effect on the organic com-
pound adsorption was observed, however, with the increasing concen-
tration of metal, the 17p-estradiol adsorption decreased. The copper
adsorption capacity was also improved in the solution of small con-
centration of 17f-estradiol, but decreased at its higher concentrations
[64].

The adsorption from the binary solution of Zn(II) and tetracycline on
the NH4Cl-induced magnetic ultra-fine buckwheat peel powder biochar
was investigated by Ai et al. [65]. As follows from the results both
substances have a positive effect on mutual adsorption. Tetracycline in a

single solution is better adsorbed at low pH values, whereas in a binary
system pH 6 is the best condition. Zn(II) is adsorbed in a larger amount
at pH higher than 6 for both single and binary solutions.

As follows from the studies on the simultaneous adsorption of Cr(VI)
and phenol onto the biochar-based iron oxide composites, the amount of
adsorbed Cr(VI) slightly decreases in the presence of phenol. However,
the presence of Cr(VI) has no influence on the phenol adsorption ca-
pacity. The maximum adsorption for Cr(VI) was 18.63 mg/g and for
phenol - 16.37 mg/g [66].

The studies on the effect of Cr(VI) on the methyl orange adsorption
on the surface of iron-loaded biochar obtained from the sludge and lir-
iodendron leaves proved that the presence of Cr(VI) causes a decrease of
the adsorbed dye amount. With the increasing concentration of methyl
orange the dye removal effectiveness decreases, and after reaching the
level of 0.6 mmol/L - it increases again [67].

The competitive adsorption between Cu(II) and cyromazine was also
investigated using the rice straw derived biochar. The studies proved
that the adsorption capacity decreases for both substances in the binary
solution compared to the single systems. The Cu(Il) and cyromazine
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Fig. 2. Possible adsorption mechanisms of inorganic cation and organic compound on the biochar and activated carbon surface.

adsorption capacity decreases by 25% and 33% respectively and the
determined maximal adsorption in the single solutions for Cu(Il) was
35.92 mg/g and for cyromazine — 9.18 mg/g [68].

In the Co(II) and methylene blue containing solution, the dye
adsorption capacity on the banana peels derived hierarchically porous
activated carbon decreases in comparison to that observed in the single-
component solution, however, the adsorbed metal amount is larger than
in the single system. Positive influence of methylene blue on the Co(II)
adsorption is particularly visible at higher organic dye concentrations
[69].

The studies on the adsorption on the surface of biochars obtained
from the corn straw from a binary solution of Hg(II) and atrazine showed
the decreasing adsorption capacity for both substances in the binary
solutions compared to that in the single systems. The level of decline
depend on the adsorbent specific surface, being the smallest for adsor-
bent with the largest surface area [70].

The lead adsorption on the engineered biochar obtained from the
horsetail herb in the presence of poly(acrylic acid) is more effective than
without the polymer and the other way out. Triton X-100 added to the
solution of lead has the same effect on the metal adsorption, however,
the Triton X-100 capacity diminishes in the presence of Pb(II) ions. The
adsorption from the ternary solution for lead and poly(acrylic acid) is as
large as that for the binary solution. However the Triton X-100
adsorption capacity is the lowest in the ternary solution [71].

The studies on the Cr(VI) adsorption on the biochar obtained from
the corn straws in the presence of bisphenol A or naphthalene proved
that organic substances have a negative effect on the chromium
adsorption. Cr(VI) does not affect the naphthalene adsorption, however,
it has a positive effect on the bisphenol A removal. The maximum
adsorption capacity for Cr(VI) was 116.28 mg/g, for bisphenol A -
476.19 mg/g and for naphthalene - about 600 mg/g [72].

The adsorption of Cu(II), Ni(II) and malachite green dye onto the
biochar and activated carbon derived from the opuntia ficus-indica was
investigated by Choudhary et al. [73]. The adsorption capacity of Cu(II)
from the binary or ternary solution depended on the activation method.
The adsorption capacity is the lowest on the biochar, and the greatest -
on the carbon activated with NaOH in a ratio 1:2 — biochar/NaOH. The
Ni(II) adsorption decreased in both binary and ternary solutions, inde-
pendently of the adsorbent used. The presence of Cu(II) and Ni(II) in the
solution has negative influence on the malachite green dye adsorption
capacity.

The competitive adsorption between Acid Blue 25, Zn(II), Ni(II) and
Cd(II) was investigated using the commercial activated carbon. The
results showed that the presence of metals does not significantly affect
the Acid Blue 25 adsorption. Moreover, it was found that the dye present
in the solution has positive influence on the Zn(II), Ni(II), and Cd(II)
adsorption, because it reduces competition between metals [74].

The studies on the competitive adsorption of Cu(ll),

sulfamethoxazole and tylosin onto the nano-hydroxyapatite modified
biochar obtained from the watermelon rinds proved that tylosin
adsorption capacity decreases in the presence of other substances. The
sulfamethoxazole adsorption is promoted by Cu(Il), but inhibited by
tylosin. The Cu(Il) adsorption capacity increases in the binary and
ternary solutions in comparison to that observed in the single system
[75]1.

The studies on the simultaneous adsorption of humic acid, ammo-
nium and phosphate ions on the rice husk biochar supported Mg(OH),
showed that humic acid has negative influence on the ions adsorption at
smaller pH values. With the increasing pH, the inhibitory effect of humic
acid decreases. With further rise in the pH values, the adsorption ca-
pacities of ammonium and phosphate ions diminish again. The maximal
sorption capacity is 50.27 mg/g for NH{, 98.66 mg/g for PO3~ and
25.47 mg/g for humic acid [76].

The adsorption from a ternary solution of As(V), NO3 and tetracy-
cline was investigated using the magnetic biochar derived from the corn
straw. As follows from the results tetracycline has negative influence on
the As(V) and NOj3 adsorption, but this effect is more noticeable for
nitrates. The tetracycline adsorption decreases in the presence of As(V)
and NOg3, and the As(V) inhibitory effect is stronger. Comparing As(V)
and NOg, it can be stated that As(V) has greater influence on the NO3
adsorption capacity, than the other way out [77].

The studies on the competitive adsorption among metronidazole,
NO3 and PO3~ on the activated carbon derived from the Prosopis juliflora
branches proved that the amount of adsorbed substances decreases in
the ternary system compared to that in the single-component solutions.
However, with the decreasing anions concentrations, the percentage of
removed substances increases, but never achieves 100% [78].

The phenol and cyanide adsorption was studied on the surface of the
Cu-modified activated carbon obtained from the coconut shell. The re-
sults proved that the adsorption capacity decreases in the binary solu-
tion for both substances. Cyanide has a stronger inhibition effect on the
phenol adsorption than vice versa [79].

The competitive adsorption between tetracycline and nano-TiO3 was
investigated using the coconut shell porous biochar. The results proved
that nano-TiO, shows an inhibitory effect on the tetracycline adsorption.
However, the presence of tetracycline in the solution has positive in-
fluence on the nano-TiO5 adsorption capacity [80].

In solution containing inorganic ions and organic compound
different adsorption mechanisms can take place - surface charge
changes, creating bonds with metal, complexation and change of hy-
drophobicity. Fig. 2 presents the possible adsorption mechanisms of
inorganic ions and organic compounds form the multi-component sys-
tems on the surface of biochar and activated carbon. Table 2 includes
summary of the above described studies.
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Table 2
Summary of inorganic ions and organic compounds adsorption on the surface of biochars or activated carbons from the multi-component solution.
Adsorbent Adsorbates Adsorption influencing factors Maximal adsorption References
Granular activated carbon derived from coconut shell Cu(ID) Adsorbent oxidation, Cu(Il) 126.8 mg/g [54]
Tetracycline Contact time, Tetracycline 714.8 mg/g
pH.
Biochar derived from sawdust Cu(ID) pH, Cu(Il) 94.1% [55]
Tetracycline Single/binary solutions, Tetracycline 95.7%
Different biochar modifications.
Kenaf bar biochar-supported zero valent iron Cu(1l) pH, Cu(Il) ~98% [56]
Bisphenol A Different adsorbent surface Bisphenol A 98.2%
properties.
Nano-magnetic activated carbon derived from peach stone and wood ~ Pb(II) pPH, Pb(II) 61.82 mg/g [57]
Methylene Blue Temperature, Methylene Blue 437.78 mg/g
Initial concentration,
Contact time.
Rice straw biochar Cu(ID) Biochar diameter, Cu(Il) 35.92 mg/g [58]
Sulfamethoxazole  pH, Sulfamethoxazole 9.18 mg/g
Single/binary solutions.
Activated carbon Cr(1I1) Single/binary solutions. Humic acid ~320 mg/g [59]
Humic acid Gallic acid ~6 mg/g
Gallic acid Tannic acid ~20 mg/g
Tannic acid
Activated carbon prepared from rice husk Humic substances  Different carbon activation Humic acid 47.59 mg/g [60]
procedures,
Initial concentrations,
Carbon dosage,
Particle size,
PH,
Temperature,
Presence of Na*t, Ca?*, Mg?*, Al**.
p-cyclodextrin modified rice husk biochar Pb(I) pH, Pb(II) 240.13 mg/g [62]
Bisphenol A Single/binary solutions. Bisphenol A 209.20 mg/g
Corn straw biochar-supported reduced graphene oxide composite Pb(ID) Single/binary solutions, Pb(II) 26.1 [63]
Atrazine Different biochar modifications. Atrazine 67.6 mg/g
Activated magnetic biochar obtained from rice straw Cu(I) Single/binary solutions, Cu(Il) 85.93 mg/g [64]
17p-estradiol pH, 17p-estradiol 153.20 mg/g
Different adsorbents.
NH,4Cl-induced magnetic ultra-fine buckwheat peel powder biochar ~ Zn(II) pH, Zn(II) 357.14 mg/g [65]
Tetracycline Single/binary solutions. Tetracycline 126.58 mg/g
Pomelo peel biochar-based iron oxide Cr(VD) pH, Cr(VI) 18.63 mg/g [66]
composites Phenol Adsorbent dosage, Phenol 16.37 mg/g
Single/binary solutions.
Iron-loaded biochar obtained from sludge and liriodendron leaves Methyl Orange Cr(VI) concentration. Methyl Orange 9.50 mg/g [67]
Rice straw derived biochar Cu(ID) Pyrolysis temperature, Cu(Il) 22.86 mg/g [68]
Cyromazine Single/binary solutions. Cyromazine 144.43 mg/g
Banana peels derived hierarchically porous carbon Co(ID) Single/binary solutions. Co(I) ~120 mg/g [69]
Methylene Blue Methylene Blue ~1400 mg/g
Biochars obtained from corn straw Hg(I) pH, Hg(I) 1.24 mg/g [70]
Atrazine Different adsorbents, Atrazine 74.23 mg/g
Single/binary solutions.
Engineered biochar obtained from horsetail herb Pb(II) Single/binary/ternary solutions, Pb(II) 183.29 mg/g [71]
Poly(acrylic acid) ~ Different biochar activation Poly(acrylic acid) 195.79 mg/
Triton X-100 procedure. g
Triton X-100 20.32 mg/g
Biochar obtained from corn straws Cr(VD) Single/binary solutions, Cr(VI) 116.28 mg/g [72]
Bisphenol A Different biochar activation Bisphenol A 476.19 mg/g
Naphthalene procedure. Naphthalene ~600 mg/g
Biochar derived from opuntia ficus-indica Cu(I) pH, Cu(Il) 16.38 mg/g [73]
Ni(1D) Different adsorbents, Ni(I) 14.92 mg/g
Malachite Green Adsorbent dosage, Malachite Green 165.56 mg/g
Contact time,
Single/binary/ternary solutions.
Commercial activated carbon Acid Blue 25 Ternary solutions. Acid Blue 25,111.83 mg/g [74]
Zn(II) Zn(Il) 8.8 mg/g
Ni(II) Ni(II) 10.0 mg/g
Cd(n Cd(I1) 10.0 g/g
Nano-hydroxyapatitemodified biochar obtained from watermelon Cu(I) Single/binary/ternary solutions. Cu(Il) ~60 mg/g [75]
rinds Tylosin Tylosin ~150 mg/g
Sulfamethoxazole Sulfamethoxazole ~155 mg/g
Rice husk biochar supported Mg(OH), NHZ Adsorbent dosage, NH; 50.27 mg/g [76]
PO3~ pH. P03 98.66 mg/g
Humic acid Humic acid 25.47 mg/g
Magnetic biochar obtained from corn straw As(V) pH, As(V) 6.77 mg/g [771
NO3 Single/ternary solutions. NO36.31 mg/g
Tetracycline Tetracycline 612.38 mg/g

(continued on next page)
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Adsorbent Adsorbates Adsorption influencing factors Maximal adsorption References
Activated carbon derived from Prosopis juliflora branches Metronidazole Contact time, Metronidazole 3.38 mg/g [78]
NO3 Initial concentration, NO312.27 mg/g
PO3~ Temperature, PO312.15 mg/g
Single/ternary solutions.
Cu modified activated carbon derived from coconut shell CN™ Adsorbent dosage, CN ~ 1.2 mg/g [79]
Phenol pH, Phenol ~9 mg/g
Contact time,
Temperature,
Initial concentration.
Coconut shell porous biochar Nano-TiO, pH, Nano-TiO; ~ 1.35 mg/g [80]
Tetracycline Temperature, Tetracycline ~3.75 mg/g

Single/binary solutions.

4. Adsorption from the multicomponent systems of organic
compounds on the surface of biochars and activated carbons

Organic substances getting into the environment in an uncontrolled
manner could be very dangerous pollutants. One of the most effective
ways of their removal from wastewater or exhausted gases is adsorption
on the biochars or activated carbons surface. Adsorption from the so-
lutions containing two or more organic compounds is complicated, as
proved by the studies described below.

The adsorption of dibenzothiophene on the coconut-based activated
carbon was investigated in the presence of benzene and olefin. In the
benzene containing system the amount of adsorbed dibenzothiophene
decreases with the increasing concentration of hydrocarbon and the
olefin presence in the mixture stops the dibenzothiophene adsorption.
The maximal removal of dibenzothiophene was 93.7% [81].

In the binary solution of p-nitrophenol and benzoic acid, the influ-
ence of p-nitrophenol on the benzoic acid adsorption on the granular
activated carbon is more remarkable, than the benzoic acid effect on the
p-nitrophenol removal, which indicates greater adsorption of p-nitro-
phenol on the carbon surface. The increasing concentration of p-nitro-
phenol causes a four-fold decrease in the benzoic acid sorption. On the
other hand, with the increasing benzoic acid concentration the p-
nitrophenol adsorption drops only to a small extent [82].

Comparison of the naphthalene and phenanthrene adsorption on the
walnut shell based activated carbon from the single and binary solutions
showed that naphthalene has no significant effect on the phenanthrene
adsorption, but the presence of phenanthrene causes reduction of
naphthalene adsorbed amount. The determined maximal adsorption
capacity for naphthalene was 49.58 mg/g and for phenanthrene - 63.77
mg/g [83].

Iovino et al. [84] studied the naphthalene and toluene adsorption on
the commercial activated carbon. They proved that toluene is always

' Adsorbent

Precipitation

@  Adsorbed cation

- Exchanged cation

better adsorbed substance. The adsorption capacity in the binary solu-
tions is smaller than in the single solution for both substances. However,
the change of the initial concentration ratio causes a more pronounced
effect on the naphthalene adsorption, than that of toluene.

The studies on the toluene and ethylbenzene adsorption from their
binary solution on the biochar derived from the organic waste biomass
showed that these substances have positive influence on mutual
adsorption. The adsorption capacities are better from the binary solu-
tions than from the single-component ones. Furthermore, the adsorbed
amounts of ethylbenzene and toluene are dependent on the solution pH
and in the acidic medium adsorption was smaller [85].

Dibutyl phthalate and di(2-ethylhexyl) phthalate present in one so-
lution have negative influence on the mutual adsorption on the biochar
obtained from the corncobs. The di(2-ethylhexyl) phthalate adsorbed
amount decreases only to a small extent, but that of dibutyl phthalate
diminishes noticeably. Thus a greater inhibition effect on di(2-
ethylhexyl) phthalate dibutyl phthalate adsorption than the other way
out is observed. The maximal adsorption was 13.2 mg/g for dibutyl
phthalate and 16.2 mg/g for di(2-ethylhexyl) phthalate [86].

The studies on the ibuprofen and amoxicillin adsorption from their
binary solution on the surface of activated carbon prepared from the
olive stones showed smaller adsorption capacity for both substances
compared to that in their single-component solutions. The decrease is
more noticeable for amoxicillin than for ibuprofen and it takes place
even when ibuprofen concentration in the solution is below 50% [87].

The studies on the competitive adsorption of carbaryl and oxytet-
racycline on the original and demineralized cow manure biochar
showed that carbaryl is better adsorbed on the unmodified biochars,
whereas oxytetracycline on the demineralized ones. The presence of
oxytetracycline has negative influence on the carbaryl adsorption.
However, the carbaryl presence has no effect on the oxytetracycline
adsorption or causes a decrease in the adsorption capacity, depending on
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Fig. 3. Possible mechanisms of metal adsorption on the biochar and activated carbon surface.
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p-chlorophenol
p-nitrophenol
p-hydroxybenzoic acid

10

Adsorbates nature,
Single/mix solutions.

p-chlorophenol 1079.9 mg/g
p-nitrophenol 570.35 mg/g
p-hydroxybenzoic acid 538.67
mg/g

Table 3
Recapitulation of organic compounds adsorption on the surface of biochars and activated carbons from the multi-component solution.
Adsorbent Adsorbates Adsorption influencing factors Maximum adsorption References
Coconut-based activated carbon Tiophene Presence of olefin/hydrocarbon. Tiophene 66.7% [81]
Dibenzotiophene Dibenzotiophene 93.7%
Granular activated carbon p-nitrophenol Different concentrations. p-nitrophenol ~584.22 mg/g [82]
Benzoic acid Benzoic acid ~537.24 mg/g
Walnut shell based activated carbon Naphthalene Single/binary solutions. Naphthalene 49.58 mg/g [83]
Phenanthrene Phenanthrene 63.77 mg/g
Activated carbon Filtrasorb 400 Naphthalene Different initial concentration Naphthalene ~173.03 mg/g [84]
Toluene ratios, Toluene ~165.78 mg/g
Single/binary solutions.
Biochar derived from biomass of organic waste Toluene pH, Toluene 0.047 mg/g [85]
Ethylbenzene Single/binary solutions. Ethylobenzene 0.046 mg/g
Biochar obtained from corncob Dibutyl phthalate Different adsorbent preparation, Dibutyl phthalate 13.2 mg/g [86]
Di(2-ethylhexyl) Single/binary solutions. Di(2-ethylhexyl) phthalate 16.2
phthalate mg/g
Activated carbon prepared from olive stones Ibuprofen Different adsorbents, Ibuprofen ~68.08 mg/g [87]
Amoxicillin Single/binary solutions. Amoxicillin ~197.32 mg/g
Cow manure biochars Carbaryl Different pyrolysis factors, Carbaryl ~55 mg/g [88]
Oxytetracycline Single/binary solutions. Oxytetracycline ~37.5 mg/kg
Biochar obtained from bamboo Bisphenol A pH, Bisphenol A 101.5 mg/g [89]
Sulfamethoxazole Single/binary solutions, Sulfamethoxazole 99.99 mg/g
Biochar modification.
Magnetic biochar obtained from pine sawdust Sulfamethoxazole pH, Sulfamethoxazole ~15 mg/g [90]
17a-ethinylestradiol Tonic strength, 17a-ethinylestradiol ~14 mg/g
Natural organic matter.
Activated carbon obtained from peanut shells Caffeine pH, Caffeine ~116.52 mg/g [91]
Diclofenac Single/binary solutions, Diclofenac ~296.15 mg/g
Adsorbent dosage,
Ionic strength.
Cobalt-gadolinium modified biochar derived from camellia  Ciprofloxacin pH, Ciprofloxacin 44.44 mg/g [92]
oleifera shells Tetracycline Adsorbent dosage, Tetracycline 119.05 mg/g
ITonic strength,
Single/binary solutions.
Activated carbon fiber based on phenolic resin Atrazine Different microporous size Atrazine ~100 mg/g [93]
Congo Red distributions. Congo Red 545.49 mg/g
Magnetic chicken bone-based biochar Rhodamine-B pH, Rhodamine-B 96.5 mg/g [94]
Tetracycline Tonic strength, Tetracycline 63.3 mg/g
Adsorbent dosage,
Temperature,
Single/binary solutions.
Activated carbon derived from orange peels Rhodamine-B Single/binary solutions, Rhodamine-B 522.11 mg/g [95]
Methylene Blue Batch/dynamics adsorption. Methylene Blue 319.85 mg/g
Biochar derived from Auricularia auricula Rhodamine-B pH, Rhodamine-B 32.33 mg/g [96]
Methylene Blue Single/binary solutions. Methylene Blue 53.62 mg/g
Gentian Violet Gentian Violet 735.73 mg/g
Biochar obtained from cornstalk Methylene Blue Single/binary solutions. Methylene Blue 325.15 mg/g [97]
Gentian Violet Gentian Violet 266.57 mg/g
Activated carbon Rhodamine-6G Single/binary solutions. Rhodamine-6G ~70 mg/g [98]
prepared from residual fuel oil Methylene Blue Methylene Blue ~90 mg/g
Biochar obtained from sawdust Methyl Red Single/binary solutions, Methyl Red 147.32 mg/g [99]
Methylene Blue Presence of glucose/NaCl. Methylene Blue 243.04 mg/g
Maple leaf-derived biochar Methylene Blue PH, Methylene Blue 134 mg/g [100]
Congo Red Pyrolysis temperature, Congo Red 195 mg/g
Adsorption time.
Cadmium hydroxide nanowires loaded on activated carbon =~ Malachite Green pH, Malachite Green ~25 mg/g [101]
Sunset Yellow Initial concentrations, Sunset Yellow ~80 mg/g
Single/binary solutions.
Activated carbons derived from Persea americana and Basic Blue 41 Different adsorbents, Basic Blue 41-300 mg/g [102]
Ziziphus mauritiana nuts Basic Yellow 28 Single/binary solutions. Basic Yellow 28-300 mg/g
Red seaweed derived biochar Reactive Blue 4 pH, Reactive Blue 4150.43 mg/g [103]
Reactive Orange 16 Single/binary solutions. Reactive Orange 16 58.67 mg/g
Activated carbon Filtrasorb 400 Remazol Reactive Yellow Single/binary/ternary solutions. Yellow 714 mg/g [104]
Remazol Reactive Red Red 213 mg/g
Remazol Reactive Black Black 278 mg/g
Mesoporous activated carbons derived from kiwi, cucumber =~ Methylene Blue pH, Methylene Blue ~200 mg/g [105]
and potato peels Malachite Green Temperature, Malachite Green ~200 mg/g
Rhodamine B Adsorbent dosage, Rhodamine B ~ 175 mg/g
Different adsorbents,
Single/binary/ternary solutions,
Sludge-based activated carbon Phenol Different adsorbents, Phenol 348.18 mg/g [108]

(continued on next page)
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Adsorbent Adsorbates

Adsorption influencing factors

Maximum adsorption

References

Phenol
p-hydroxybenzoic acid

Activated carbon

Granular activated carbon based on coconut shell Naproxen
Diclofenac
Carbamazepine
Clofibric acid
Norfloxacin
Sulfamerazine
Oxytetracycline
Norfloxacin
Sulfamerazine
Oxytetracycline
Sulphonamide
Nitroimidazole
Tetracycline

Ammonium-modified cassava waste-derived biochar

KOH modified cassava waste-derived biochar

Prosopis
juliflora activated carbon

Paper mill sludge based carbon Carbamazepine
Oxazepam

Paroxetine
a-hexachlorocyclohexane
B-hexachlorocyclohexane
y-hexachlorocyclohexane
8-hexachlorocyclohexane

Biochars produced from digestate, tomato waste and durian
shell

Single/binary solutions.

Different solutions,
Single/mix solutions,
Presence of NaCl.

Temperature,
Single/ternary solutions.

PH,
Single/ternary solutions.

PH,

Contact time,
Adsorbent dosage,
Initial concentration,

Single/binary/ternary solutions.

Different adsorbents,

Single/binary/ternary solutions.

Different adsorbents,
Single/mix solutions.

Phenol ~2.35 mg/g

p-hydroxybenzoic acid ~2.55 mg/

8

Naproxen 2.74 mg/g
Diclofenac 2.52 mg/g
Carbamazepine 3.00 mg/g
Clofibric acid 2.48 mg/g
Norfloxacin ~1.75 mg/g
Sulfamerazine ~1.65 mg/g
Oxytetracycline ~2.75 mg/g
Norfloxacin ~4.40 mg/g
Sulfamerazine ~0.6 mg/g
Oxytetracycline ~4.25 mg/g
Sulphonamide 82.6%
Nitroimidazole 89.9%
Tetracycline 95.3%

Carbamazepine ~14.18 mg/g
Oxazepam ~23.2 mg/g
Paroxetine ~24.7 mg/g
a-hexachlorocyclohexane ~0.9
mg/g

[109]

[110]

[111]

[112]

[113]

[114]

[115]

p-hexachlorocyclohexane ~0.9
mg/g
y-hexachlorocyclohexane ~0.9
mg/g
8-hexachlorocyclohexane ~0.9
mg/g

the adsorbent type. Oxytetracycline adsorbed amount remains on the
same level in case original biochars and the adsorption capacity
decrease on demineralized biochars [88].

The competitive adsorption between bisphenol A and sulfamethox-
azole was investigated using the biochar obtained from the bamboo. The
sulfamethoxazole presence has no significant effect on the bisphenol A
adsorption. However, the amount of adsorbed sulfamethoxazole de-
creases in the presence of bisphenol A. The maximal adsorption capacity
was 101.5 mg/g for bisphenol A and 99.99 mg/g for sulfamethoxazole
[89]1.

The sulfamethoxazole adsorption on the magnetic biochar obtained
from the pine sawdust was investigated in the presence of 17a-ethiny-
lestradiol. 17a-ethinylestradiol causes a decrease of adsorbed sulfa-
methoxazole amount. With the increasing concentration of 17a-
ethinylestradiol to the value 1.8 mg/L, the sulfamethoxazole adsorption
capacity decreases, but a further increase in the concentration of 17a-
ethinylestradiol, does not reduce the sulfathoxazole adsorption. In turn,
the sulfamethoxazole presence has no significant effect on the 17a-
ethinylestradiol adsorption capacity [90].

The competitive adsorption between caffeine and diclofenac on the
activated carbon obtained from the peanut shells was investigated at
two different pH values. At pH 5 the adsorption capacity for both sub-
stances decreases, but the observed drop was more noticeable for
caffeine. However, at pH 7, the diclofenac adsorption still decreases, but
the amount of adsorbed caffeine remained almost the same compared to
that in the single caffeine solution [91].

The studies on the competitive adsorption of antibiotics — tetracy-
cline and ciprofloxacin on the Co—Gd modified biochar derived from
the camellia oleifera shells proved that both substances have inhibitory
effect on the mutual adsorption. The amounts of adsorbed antibiotics are
smaller in the binary solution than in the single system for both sub-
stances. The maximum adsorption capacity was 44.44 mg/g for cipro-
floxacin and 119.05 mg/g for tetracycline [92].

The adsorption from the binary solution containing organic com-
pound and dye on the microporous phenolic resin-based activated car-
bon fiber was investigated. In the binary system including atrazine and
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Congo red the competitive adsorption takes place. Congo red blocks the
active adsorbent sites, preventing the atrazine adsorption. The compe-
tition is stronger with the increasing mean pore size of the solid [93].
The studies on the adsorption of rhodamine B dye and tetracycline from
their binary solution on the magnetic chicken bone-based biochar
showed that adsorption capacity decreases in the binary system for both
substances. This effect is more noticeable for rhodamine B. Tetracycline
has the greatest inhibitory effect on the rhodamine B adsorption at its
small concentration [94].

Methylene blue is a dye whose adsorption in the presence of other
dyes has been studied most extensively. The competitive adsorption
between Rhodamine B and Methylene Blue was investigated using the
activated carbon derived from the orange peels. Based on the obtained
results it was found that both dyes have negative influence on the
mutual adsorption. None of the dyes exhibited a stronger inhibitory
effect [95]. Their adsorption was also studied on the surface of biochar
derived from Auricularia auricula in the presence of Gentian Violet. This
dye has the strongest inhibitory effect on the Rhodamine B adsorption.
Rhodamine B also caused a decrease of Gentian Violet adsorption but to
a smaller extent [96]. The Methylene Blue and Gentian Violet adsorption
on the biochar obtained from the cornstalk showed that at a small
concentration of Gentian Violet a positive effect the Methylene Blue
adsorption was observed. However, when Gentian Violet concentration
increased, the Methylene Blue adsorption capacity decreased. High
concentration of Methylene Blue causes an initial increase in the
adsorption of Gentian Violet and then a decrease with time [97].The
Methylene Blue adsorption on the activated carbon prepared from the
residual fuel oil was studied in the presence of Rhodamine 6G. The re-
sults showed that both dyes have an inhibitory effect on the mutual
adsorption, but the influence of Methylene Blue on the Rhodamine 6G
adsorption is more noticeable [98]. The studies on the simultaneous
adsorption of Methyl Red and Methylene Blue on the biochar obtained
from the sawdust showed that adsorption capacity from the binary so-
lution is reduced compared to that from the single one for both sub-
stances. The presence of glucose or NaCl reduce the amount of adsorbed
Methyl Red additionally, it does not affect the Methylene Blue
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adsorption significantly [99]. Methylene Blue and Congo Red were
adsorbed simultaneously on the surface of maple leaf-derived biochar.
The adsorption capacity of Congo Red is smaller in the binary solution,
however, its presence has a positive effect on the Methylene Blue
adsorption. The amount of adsorbed Methylene Blue is larger in the
binary solution [100].

The adsorption from the binary solution was also investigated from
the systems containing other dyes. The adsorption capacities of Mala-
chite Green and Sunset Yellow on the cadmium hydroxide nanowires
loaded on the activated carbon based on the sewage sludge decrease in
the binary system, compared to those in the single solutions. The
adsorption decrease is more noticeable for Malachite Green than for
Sunset Yellow [101] The competitive adsorption between Basic Blue 41
and Basic Yellow 28 was investigated on two different activated carbons
- one derived from the Persea americana nuts and the other one obtained
from the Ziziphus mauritiana nuts. The results showed that Basic Blue 41
is better adsorbed on both adsorbents in the binary solutions than Basic
Yellow 28. The Basic Blue 41 adsorbed amount is similar to that in the
single system. The Basic Yellow 28 adsorption capacity decreases in the
presence of Basic Blue 41 [102]. Reactive Blue 4 and Reactive Orange 16
were adsorbed from their binary solutions on the surface of red seaweed
derived biochar. The obtained results showed that both dyes were worse
adsorbed in the presence of each other and the better adsorbed dye was
Reactive Blue 4. The maximal adsorption reached 4150.43 mg/g for
Reactive Blue 4 and 1658.67 mg/g for Reactive Orange 16 [103].

The ternary systems of different dyes were also investigated. The
studies on the competitive adsorption of reactive dyes on the commer-
cial activated carbon showed the decreasing adsorption of these sub-
stances in the multi-component systems compared to those in the single
ones. A greater decrease of Remazol Reactive Black adsorbed amount
was observed in the Remazol Reactive Yellow and Remazol Reactive
Black solution. In the system with Reactive Yellow and Reactive Red no
significant difference was found. The most competitive effect was
observed in the solution containing Reactive Red and Reactive Black, the
largest reduction of adsorption was found for Reactive Red. The studies
on the ternary solution confirm the above. The maximum adsorption
was 714 mg/g for Remazol Reactive Yellow, 213 mg/g for Remazol
Reactive Red and 278 mg/g for Remazol Reactive Black [104]. The
studies on the adsorption of methylene blue, malachite green and
rhodamine B on the mesoporous activated carbons derived from kiwi,
cucumber and potato pells showed that methylene blue and malachite
green are adsorbed in the greatest amounts in their simultaneous pres-
ence. Rhodamine B is worse adsorbed in the presence of methylene blue,
but it does not have an inhibitory effect on the methylene blue
adsorption capacity. In the ternary solution the amount of adsorbed dyes
remained on the similar level to that in the binary solutions for all of
them [105].

Doxorubicin adsorption on carbon nanotubes was investigated in the
presence of Bromothymol Blue, Methyl Red, Neutral Red and p-phe-
nylenediamine. In the solution containing doxorubicin and Bromothy-
mol Blue adsorption amount of both substances was increased with
increasing pH. Methyl Red adsorption in the presence of doxorubicin
reaches the highest level in the systems characterized by the low pH
values. In acidic pH doxorubicin undergoes desorption in the presence of
Methyl Red. Doxorubicin and neutral red are both weakly adsorbed
[106]. Presence of neutral red and p-phenylenediamine prevent doxo-
rubicin adsorption onto nanotubes at neutral pH. At acidic pH above
effect was not observed due to the change of dyes charge from neutral to
positive [107].

The studies on the competitive adsorption of phenol, p-nitrophenol,
p-chlorophenol and p-hydroxybenzoic acid on the sludge-based acti-
vated carbon showed that chemical and physical molecule properties
and different functional groups located on the aromatic ring have a great
effect on their adsorption capacities. The phenol sorption is the slowest
of all the tested substances [108]. In the binary solution of p-hydrox-
ybenzoic acid and phenol the adsorption capacity toward p-
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hydroxybenzoic acid decreases with the increasing phenol concentra-
tion. Nevertheless, the adsorbed phenol amount decreases more, inde-
pendent of p-hydroxybenzoic acid concentration [109].

The adsorption on the granular activated carbon based on the co-
conut shell from the mixed solution of naproxen, diclofenac, carba-
mazepine and clofibric acid in the ultrapure water and secondary
effluent was investigated. The results showed that carbamazepine was
the best adsorbed substance and the clofibric acid adsorption capacity
was the smallest. The adsorption capacities from the mixed solution in
the ultrapure water decrease compared to those in the single systems.
Removal of pharmaceuticals from the secondary effluent was close to
zero but it increased in the presence of NaCl. The maximal adsorption
capacity for naproxen was 2.74 mg/g, for diclofenac 2.52 mg/g, for
carbamazepine 3.00 mg/g and for clofibric 2.48 mg/g [110].

The studies on the simultaneous adsorption of norfloxacin, sulfa-
merazine and oxytetracycline on the ammonium modified biochar
derived from the cassava waste proved that the adsorption capacity of
sulfamerazine decreases in the ternary solution. However, the amount of
adsorbed norfloxacin and oxytetracycline is larger from the ternary so-
lution compared to that from the single systems [111]. These three an-
tibiotics were also adsorbed on the surface of KOH modified biochar
derived from the cassava waste. The results indicate that the adsorbed
amounts of all investigated substances decrease in the ternary solution
on this adsorbent surface. As follows the adsorption of antibiotics
depend on the adsorbent surface (acid-base) properties [112].

The adsorption of sulphonamide, nitroimidazole and tetracycline
was investigated using the P. juliflora based activated carbon. It was
shown that the adsorption of antibiotics from the binary solutions de-
creases. The decline was the greatest in the binary solution of nitro-
imidazole and tetracycline and the smallest in the sulphonamide and
tetracycline system. The adsorption capacity from the ternary solution
was even smaller than that in the binary solutions [113].

The three pharmaceuticals — carbamazepine, oxazepam and parox-
etine were adsorbed on the paper mill sludge based activated carbon.
The adsorbed paroxetine amount remained the same in the single, bi-
nary and ternary solutions. The carbamazepine presence has no signif-
icant effect on the oxazepam adsorption, but the paroxetine influence is
inhibitory in case of oxazepam adsorption. The adsorbed carbamazepine
amounts decrease in the binary and ternary systems. However, the total
amount of adsorbed substances was the largest from the ternary solution
[114].

Four isomers of hexachlorocyclohexane — a, f3, y and  were adsorbed
on the surface of biochars produced from the digestate, tomato waste
and durian shell, from the single and mixed solutions. The obtained data
showed that there is no competition between the isomers and the
amounts of adsorbed substances are similar from the single and mixed
solutions [115].

The adsorption of organic compound on the surface of biochars and
activated carbons may proceed through various mechanisms: electro-
static interaction, n-n interaction, hydrophobic interaction, hydrogen
bond formation and surface reduction. In the solution containing more
than one organic compound, there is often competition for the active
sites between compounds. Fig. 3 shows the possible mechanisms of
organic compounds adsorption for the mixed solution onto the biochar
and activated carbon surfaces. Table 3 presents the recapitulation of the
above described investigations.

5. Conclusions

Biochars and activated carbons are widely applied as adsorbents of
hazardous and undesirable substances from the liquid phase. Great in-
terest of their usage as adsorbents of metal ions, dyes and pharmaceu-
ticals from the aqueous solutions is still being observed. Their ability to
adsorb other inorganic ions and other organic compounds is less
frequently tested. Adsorption from mixed solution of the substances with
similar chemicals properties often decrease, whereas the presence of two
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adsorbates with different properties usually causes the adsorbed
amounts increase. The competitive adsorption between different metals
on the surface of biochars and activated carbons is extensively
described. The results often prove antagonistic interactions between
metals, however, this depends largely on metals concentrations and
solution pH value. In the solutions containing ions with the same sign
but different charge (valence), the competition is considerably limited,
because of the different active sites which can be occupied by them on
the solid surface. The adsorption of dyes from the multi-component
solutions is also extensively investigated. These studies showed that
two dyes present in one solution most often exert an inhibitory effect on
the mutual adsorption. The studies on adsorption of other organic
compounds proved that antagonistic interactions between these sub-
stances are most common. This effect is more and more significant as the
concentration of both adsorbates increases. However, the systems in
which there was no effect of the substances on the mutual adsorption
were also found. In the system containing toluene and ethylbenzene the
adsorption capacity was greater in binary solution. The adsorption from
the solutions containing inorganic ions and organic compound is very
complicated. In the examined systems adsorption capacities from the
mixed solutions decrease, increase or remain on the same level,
depending on the adsorbent properties and type of substances present in
the mixed adsorbate system. Nevertheless, the presence of metals ions in
the solution usually have positive influence on the organic compound
adsorption.
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ARTICLE INFO ABSTRACT

Keywords:
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Activated carbon
Mineral substance
Extractives

Determination of extractives, lignin, hemicellulose, cellulose and mineral substance is a complex procedure.
Lignin and hemicellulose are both alkali soluble and their mutual determination is disturbed. Moreover, the
lignin occurs in two fractions - soluble and insoluble in acids, which make its determination difficult. In this
paper a new, modified method of all the above components determination was described. The inaccuracies in
methods reported in the literature so far were solved. There was applied not sophisticated equipment aimed at
the costs reduction. The complicated, multistep lignin content determination was replaced by easier procedure of
cellulose evaluation. Moreover the hemicellulose determination was improved (the error related with lignin
dissolution in alkaline solution was eliminated).

The presented method was used for the nettle, sage, lemon balm and mint herbs analyses. The herbs contain a
small percentage of mineral substance and are very suitable for the activated carbons preparation. It has been
shown that the content of hemicellulose affects the activated carbons surface area development, whereas the
lignin content has influence on the concentration of total surface functional groups. Activated carbons with the
best surface properties were obtained from the herbs containing high concentrations of hemicellulose and lignin.

1. Introduction

Plants and biomass are found to be environmental friendly and useful
materials. They are applied for activated carbons preparation, biofuels
production as well as chemicals synthesis [1,2]. However, their indus-
trial application is strictly related to their composition. Plant materials
include the extraction parts (lipids, chlorophyll and moisture), cellulose,
hemicellulose, lignin and mineral substance. Contents of the above
components varies in genre, harvesting sites and shoot fragments. Cel-
lulose, hemicellulose and lignin form together lignocellulose, which is
the fibrous material making the cell walls of the plants [3]. The content
of all plant material components has direct influence on their chemical
and physical properties.

Various methods of cellulose, hemicellulose, lignin, extractives and
mineral substance contents determination are widely described in the
literature. However, most of these methods require the use of expensive
and complex equipment [4,5]. On the other hand, the gravimetric
methods are often multi-stage and focus on the labelling substances,
ignoring the interfering ingredients. The basic extraction commonly

* Corresponding author.
E-mail address: malgorzata.wisniewska@mail.umcs.pl (M. Wisniewska).

https://doi.org/10.1016/j.measurement.2023.112672

used for hemicellulose quantification caused also partial lignin disso-
lution. Moreover, the lignin content determination is difficult due to its
occurrence in two fractions - soluble and insoluble in acids [6].

In this paper the modified method of lignocellulose content deter-
mination, based on the [7] procedure (Fig. 1), was described. The
inaccuracies related to the methods reported in the literature so far were
solved. Difficult lignin quantification that requires the use of a calibra-
tion curve was eliminated and a new cellulose determination method
was proposed. The developed procedure was used for the extraction
parts, cellulose, hemicellulose, lignin and mineral substance contents
determination in the nettle (NE), sage (SA), lemon balm (LB) and mint
(MT) herbs stems (mostly stalks). The examined herbs were used as
precursors (P) for biochars (B) and activated carbons (AC) preparation.
The lignocellulose content in the precursors was related to the obtained
solids textural parameters and their acidic-basic properties.
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2. Material and methods
2.1. Modified procedure of the lignocellulosic components determination

2.1.1. Extractives content determination

150 ¢cm® of acetone (Sigma Aldrich) was used for extraction. The
process was conducted for 4 h with the usage of ROTAX 6.8 Overhead
Mixer, provided by VELP Scientifica Srl, Italy. After the extraction the
suspensions were filtered and the solids were dried at 105 °C (Fig. 2b, c).
The % (w/w) of the extractives content was evaluated as the difference
in weight between the raw initial biomass and the extractives-free
biomass. The Soxhlet extraction (used in the previously described pro-
cedures) was replaced by the simpler equipment — the stirrer and filters,
without deterioration of quality.

2.1.2. Hemicellulose content determination

For the hemicellulose quantification 1 + 0.001 g of the extracted
dried biomass was transferred into a 500 cm® round bottom flask and
150 cm® of 0.5 mol/dm® NaOH (Stanlab) was added. The mixture was
boiled under a reflux condenser for 3 h. After that time the suspension
was cooled and filtrated (Fig. 2d). During the basic extraction both
hemicellulose and lignin are extracted [8]. To specify the hemicellulose
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content in the herbs it should be precipitated. For this purpose the
concentrated HCI solution (Chempur) was added to the filtrate until a
solution pH reached the value 5.5. Next 500 cm? of 95 % ethanol was
added, the solution was mixed up until hemicellulose was precipitated
[9]. The suspension was filtered under the vacuum using a filtering
crucible. The precipitate was dried at 105 °C, cooled down and weighed.
The hemicellulose mass was obtained in such a way. Compared to the
original method the precipitation step was added because the filtrate
contained both hemicellulose and lignin.

2.1.3. Cellulose content determination

To determine the cellulose content 1 & 0.001 g of the extracted dried
biomass was transferred into the 100 cm® round bottom flask and 20 cm®
of 3 % HNO3 (Chempur) was added. The mixture was boiled under the
reflux condenser for 30 min (Fig. 2e). After that time the suspension was
cooled down and filtrated (Fig. 2f). The solid was again introduced into
the 100 cm® round bottom flask and 20 cm® of 3 % NaOH (Stanlab) was
added. The mixture was again boiled under the reflux condenser for 30
min, cooled and filtrated. The obtained cellulose was dried at 95 °C,
cooled and weighed [10]. The cellulose content was calculated by the
difference between the raw biomass and the other components as in the
original method. In this paper the lignin determination stage was

Extractives

* 2.5 gofherb

* 150 cm? of acetone
* 4 h Soxhlet extraction at 170 °C
« dry at 105°C

Hemicellulose

* 150 cm? of 0.5 mol/dm?* NaOH
* boilfor3.5h
+ filtrate
* washtopH?7
* dryat105°C

Lignin and mineral substances

* 3 cm’of 72 % H,S0,
* room temperature for 2 h
« 84 cm® of water
« autoclave for 1h at 121 °C

* ash at575°C

Cellulose

+ calculate cellulose content

Fig. 1. Schematic representation of the analysis of the lignocellulosic components content determination proposed by [7].
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Fig. 2. Lignocellulose determination: a — herbs before the procedure, b - filtrate and extraction residue, c - dry residues after the extraction, d - filtrate containing
hemicellulose and some amounts of lignin, e - boiling during the cellulose content determination, f - filtrate after boiling with HNO3.

replaced by the cellulose determination procedure.

2.1.4. Mineral substance content determination

The mineral substance content was determined without any modi-
fications in the previously described procedure. For this purpose 0.3 +
0.001 g of extracted dried biomass was incinerated at 575 °C for 90 min,

using the chamber furnace (MT-1100-5-B2, provided by MagmaTherm,
Turkey). The mineral residue was cooled down and weighed.

2.1.5. Lignin content calculation
The lignin content was calculated by the difference between the raw
biomass and already determined components (extractives,
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Table 1
Composition of the nettle, sage, lemon balm and mint herbs (including the
standard deviations (SD)).

Plant Content [%]

Extractives Hemicellulose  Cellulose Lignin Mineral
substance

NEP 10.73 £ 10.25 + 0.49 18.10 + 60.15 + 0.77 £ 0.03
0.44 0.49 0.73

SA_P 21.04 + 19.06 + 0.65 19.35 + 39.22 + 1.33 + 0.04
0.91 0.94 1.21

LB_P 10.25 + 24.49 £ 0.64 12.25 + 51.51 + 1.50 + 0.06
0.28 0.54 1.12

MTP 1205+ 27.42 £1.10 16.28 + 43.13 + 0.67 + 0.03
0.48 0.51 1.15

SD— \/x% a3 +xg+x] <x1 +x2 + X3 +x4)2
: 4 4

hemicellulose, cellulose, mineral substance). The lignin direct determi-
nation is difficult due to its two fractions - soluble and insoluble in acids.
Calculating its content seems to be a more accurate and convenient
method. The original lignin content determination was eliminated due
to its complexity and requirements of the use of a calibration curve and
lignin standard.

Each experiment was repeated four times. The standard deviations
were also calculated (Table 1). The obtained values proved that they not
exceed 5 % which means that the proposed modified method is right and
gives reliable results. The scheme of the new modified procedure of the
lignocellulose content determination is presented in Fig. 3.

Measurement 212 (2023) 112672

Table 2
Elemental composition of the nettle, sage, lemon balm and mint herbs.
Plant Content [wt. %]
Carbon Hydrogen Nitrogen
NE_P 38.02 7.01 4.17
SA P 43.96 7.35 1.62
LB P 40.60 6.77 2.61
MT_P 41.06 6.80 3.09
Table 3

Textural parameters of the biochars and activated carbons.

Material ~ Specific surface area [m?>/  Pore volume [cm®/ Mean pore size
gl gl [nm]
NE_B 2.5 0.006 9.594
SA B 2.2 0.006 10.555
LB_B 2.2 0.005 9.397
MT_B 3.1 0.007 8.403
NE_AC 801 0.847 4.423
SA_AC 842 0.826 3.926
LB_AC 950 1.100 4.630
MT_AC 1145 1.465 5.115

2.2. Precursors and activated carbons characterization

The nettle, sage, lemon balm and mint herbs used in this paper were
harvested in Wielkopolska region (Poland). The precursors were cut into
1.5-2.0 cm pieces, dried at 110 °C (Fig. 2a) and subjected to the pro-
cedure described below. For the biochars preparation purpose, the

Extractives

* 2.5 gof herb

* 150 cm? of acetone

* extract for4 h

« dryat 105°C

Hemicellulose

¢ 150 cm? of 0.5 mol/dm3 NaOH

Cellulose

* 20 cm’® of 3 % HNO,

Mineral substance

* boil for 3 h
« filtrate

* boil for 30 min

* filtrate

+ HCltopH5.5 * incinerate at 575 °C for 90 min e 20 cmd of 3 % NaOH

* 500 cm? of 95 % ethanol
« filtrate
* dryat105°C

* boil for 30 min
 filtrate
e dryat95°C

Lignin

* calculate lignin content

Fig. 3. Schematic representation of the modified procedure of the lignocellulosic components determination.
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Table 4
Acidic-basic properties of the precursors, biochars and activated carbons.

Material ~ Acidic functional Basic functional Total functional
groups content groups content groups content
[mmol/g] [mmol/g] [mmol/g]

NE_P 1.302 0.766 2.068

SA_P 0.838 1.148 1.986

LB_P 0.936 0.818 1.754

MT_P 0.572 0.930 1.502

NE_B 1.041 1.753 2.794

SAB 1.109 1.008 2.197

LBB 0.822 0.804 1.624

MT_B 1.365 0.650 2.015

NE_AC 0.858 0.272 1.130

SA_AC 0.436 0.215 0.651

LB_AC 0.682 0.305 0.987

MT_AC 0.494 0.300 0.764

precursors were pyrolyzed for 60 min at 400 °C. In order to obtain the
activated carbons, the precursors were impregnated with 50 % phos-
phoric(V) acid solution for 24 h, dried at 110 °C and next subjected to
the two-step heat treatment (for 30 min at 200 °C and 30 min at 500 °C).

The C,H,N,S content in all examined herbs were determined with the
use of EuroVector EA 3000 Elemental Analyzer (Perkin-Elmer, Wal-
tham, Massachusetts, USA). The total surface area, total pore volume
and average pore diameter of the obtained biochars and activated car-
bons were determined by the low-temperature nitrogen adsorption —
desorption isotherms measured at — 196 °C using ASAP 2420 (Accel-
erated Surface Area and Porosimetry System) provided by Micromeritics
(Norcross, GA, USA). The surface functional groups content (of basic and
acidic character) was determined according to the Boehm method [11].

3. Results and discussion

The basic compositions of the nettle, sage, lemon balm and mint
herbs are presented in Table 1. The main component of all the examined
herbs is lignin, which is the component responsible for the plant stiff-
ness. The examined plant materials consisted mainly of stalks, which
justify the high content of lignin. It should be noted that there were not
experimental data concerning determination of contents of extractives,
hemicellulose, cellulose, lignin and mineral substance in the studied
herbs in available literature reports. Table 2 presents the elemental
composition of the examined herbs. Hemicellulose, cellulose and lignin
contains only carbon, hydrogen and oxygen atoms. High content of C
and H confirm that these three substances are most probably the main
components of the used herbs. The precursors used for the study contain
also some amounts of nitrogen, ranging from 1.62 to 4.17 wt%. In turn,
sulfur has not been found in the structure of any material.

Textural parameters of the biochars and activated carbons obtained
by pyrolysis or activation of the above-mentioned precursors are pre-
sented in Table 3. Additionally, the acidic-basic properties of the pre-
cursors and carbonaceous materials are presented in Table 4. The
MT_AC sample obtained by means of chemical activation of the mint
herb has the most developed specific surface area (1145 m?/g), whereas
the smallest value of this textural parameter (only 801 m?/g) is observed
for the activated carbon obtained from the nettle herb. The biochars
prepared from these herbs show the analogous properties. This depen-
dence can be related to the hemicellulose content in the used precursors,
nettle contains the smallest amount of hemicellulose and mint the
largest one.(See Table 1).

All obtained activated carbons are characterized by higher content of
the acidic functional groups than the basic ones, most probably due to
the impregnation with H3PO4 before activation step. However, the total
amount of the surface functional groups can be related to the lignin
content in the precursors structure. As can be seen, NE_AC sample ob-
tained by chemical activation of nettle herb (containing the largest
amount of lignin) shows the greatest total functional groups content
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among all materials under investigation. For the same reason the usage
of the sage herb as the precursor with the smallest lignin content, results
in preparation of the activated carbon containing the smallest total
concentration of surface groups.

4. Conclusions

The presented method is a very simple procedure for extractive parts,
hemicellulose, cellulose, lignin and mineral substance content deter-
mination. The proposed experimental steps are economically justified,
there is no need to use complex equipment and all chemicals used are
commonly available. The extractives content determination methods
were simplified. The precipitation step was added to the hemicellulose
content determination, in order to eliminate the error related to the
alkaline lignin extraction. The difficult lignin content determination
method was omitted and replaced by the simpler cellulose content
determination one. The lignin content was calculated by the difference
of raw initial biomass weight and the weights of the other determined
components. The proposed modified method could be used for both
wood and raw plant materials.

The examined herbs contain a small content of mineral substance
and can be successfully used for biochars and activated carbons prepa-
ration. The activated carbons obtained from the nettle, sage, lemon balm
and mint stalks have well developed specific surface areas. With the
increasing content of hemicellulose in the precursors, the activated
carbon surface area increases. In turn, the total functional group content
for the activated carbons can be related to the lignin content in the herb
precursors - their concentration increases significantly with the
increasing lignin content.
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Preparation of biochars by conventional pyrolysis of herbal

waste and their potential application for adsorption and

energy purposes

Marlena Geca,*™ Matgorzata Wiéniewska,” and Piotr Nowicki

The nettle, sage, mint and lemon balm herbs were used for
biochars preparation. The physicochemical parameters of
obtained materials were related to the lignocellulose composi-
tion of the precursors. It has been proved that the content of
mineral substance has a significant influence on development
of surface area, whereas the amount of hemicellulose affects
the content of surface functional groups. It has been also shown
that the obtained biochars are characterized by great energy
parameters. The higher heating values (HHV) of the carbona-

Introduction

According to the Lehman and Joseph'’s definition biochar is a
carbon (C)-rich and porous product of the thermal treatment of
biomass such as wood, manure or leaves conducted in a closed
container with a partial or total absence of oxygen access.”
Most often, biochar is obtained in the process of pyrolysis,
torrefaction, gasification, hydrothermal carbonization (HTC) and
hydrothermal liquefaction.”® The physical properties of the
material produced depend significantly on structure of the used
biomass and the process conditions (e.g. temperature, heating
rate, residence time, feedstock pre-treatment).** In recent time
biochar usage has increased because it reduces the negative
impacts of biomass on the natural environment. It is used on a
large scale as an adsorbent for water and air purification, as a
precursor for the activated carbons production, as an energy
source, as a catalyst carrier as well as a soil additive, conditioner
or remediation assistant.*®

The application of biochar obtained from biomass and
organic waste for energy purposes is respond for many global
problems as the constantly growing world energy demand,
declining of fossil fuel sources, climate changes and rising
concentration of dicey waste.”'” The ecofriendly nature of
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ceous materials are comparable to the typical energy sources.
The greatest HHV value (20.36 MJ/kg) was characteristic for the
biochar obtained by pyrolysis of the lemon balm. In addition,
the biochars were used for ionic polymers adsorption from one-
and two-components solutions. Despite the adsorbed amounts
of macromolecules are not great is has been proved that
polyethylenimine and polyacrylic acid have positive influence
on their mutual adsorption.

biochars reduces the emission of greenhouses gases, and the
renewable precursors allow to manage waste and solve the
problem of running out of energy resources.""'? The energy
usefulness of materials is defined by the higher heating value
(HHV), also known as gross calorific value (GCV). The biochars
derived from different types of biomass are characterized by
great HHV, comparable to the conventional energy sources and
they can be potentially used for energy production.!'>®

The specific surface area of biochars are commonly low
developed, but they are characterized by large pore sizes."”
The use of these materials for sorption purposes are widely
described in the literature."®*” The most common application
of biochars is inorganic metal ions and organic dyes
adsorption.”’? However due to their specific porous structure,
biochars could be potential effective polymers adsorbents.

Taking the above into account, in the present paper the
nettle, sage, mint and lemon balm herbs were used for biochars
production via conventional pyrolysis. These herbs were chosen
because that they are easy and cheap to grow and harvest, and
due to their annual character they are renewable resources.
Moreover, they can quickly get large sizes and have a relatively
high bulk density, which is very important for the biochars
production on an industrial scale. The obtained materials were
characterized in terms of textural parameters and acidic-basic
character of the surface as well as used for adsorption and
energy purposes. The higher heating value was determined for
biochars and precursors and the relation between the plant
composition and the energy parameters of obtained materials
was checked. lonic polymers — polyethylenimine and polyacrylic
acid — were applied for adsorption studies. These tests were
taken in one- and two-component solutions and the influence
of the macromolecules witch different ionic character on their
mutual adsorption was investigated. Studies on the adsorption
of polymers on the surface of biochars are not conducted by

© 2024 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcphc.202300507&domain=pdf&date_stamp=2024-01-10

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202300507

other research teams, which proved the innovative character of
the performed research.

Methods and materials
Biochars preparation

The stalks of nettle (NE), sage (SA), mint (MT) and lemon balm
(LB) herbs were cut into 1.5-2.0 cm pieces and dried at 110°C.
Next, the fragmented starting materials were subjected to
conventional pyrolysis using a horizontal resistance furnace
equipped with a quartz tube reactor (one-zone model PRW75/
LM, Czylok, Jastrzebie-Zdréj, Poland). About 15g of the
precursors were placed in the nickel boats, heated to 400°C
(with a rate 5°C/min) and annealed at the final pyrolysis
temperature for 1 h. After pyrolysis, the samples were cooled
down in a nitrogen atmosphere (Linde Gaz, Koscian, Poland)
with a flow rate of 10 dm’/h. The obtained materials were
denoted as NE_B, SA_B, MT_B and LB_B, respectively.

Biochars and precursors characterization

The SEM technique (Quanta 250 FEG by FEI, Waltham, MA, USA)
was used for determination of surface morphology of the
examined solids. The total surface area, total pore volume and
average pore diameter were determined based on the nitrogen
adsorption-desorption isotherms measured at —196°C, apply-
ing ASAP 2420 (Accelerated Surface Area and Porosimetry
System) provided by Micromeritics (Norcross, GA, USA).

The lignin, hemicellulose, cellulose and extractives content
in the precursors (P) were also determined. The gravimetric
methods described in our previous paper were used for this
purpose.?¥

The surface charge density (o,) of the obtained biochars
was determined applying the potentiometric titration method.
For this purpose the 0.5g of material was added to the
0.05 dm? of NaCl solution with concentration of 0.001 mol/dm?
(supporting electrolyte). The examined suspension was placed
in a thermostated Teflon vessel (RE 204 thermostat, Lauda
Scientific, Lauda-Konigshofen, Germany), in which glass and
calomel electrodes (Beckman Instruments, Brea, CA, USA) were
introduced to monitor pH changes (pHM 240 pH meter, Radio-
meter, Warsaw, Poland), after each portion of base added to the
system (NaOH with a concentration of 0.1 mol/dm? by
automatic Dosimat 765 microburette (Metrohm, Opacz-Kolonia,
Poland). The measurements were made at 25 °C. The changes in
the surface charge density value as a function of solution pH,
were calculated with the computer program “Titr_v3”, which
also controlled the course of the titration process. These
calculations were based on the difference in the base volume
added to the suspension and the supporting electrolyte
solution providing the specified pH value (Eq. 1).*
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_ AVcF
="M,

Mm

where: g, - surface charge density [uC/cm?], AV - difference in
the volume of base which must be added to bring the pH of
suspension and reference solution to the specified value [dm?],
¢ - base concentration [mol/dm?], F - Faraday constant [C/mol],
m, — mass of biochar [g], S - adsorbent surface area [m*/g].

Determination of the zeta potential ({) of the biochars
prepared was performed by Doppler laser electrophoresis
method using Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK). The calculations were made based on the Henry's
Equation (2):

_ 2e0el
Ue - 377 f(Ka) (2)

where: U, - electrophoretic mobility [m?/V*s], €, — vacuum
permittivity [F/m], € - absolute permittivity [F/m], n — viscosity
[Pa*s], f(xa) — Henry's function.

For the measurements 0.2 dm?® of the suspensions contain-
ing the NaCl as the supporting electrolyte with a concentration
of 0.001 mol/dm? and 0.03 g of the solids, were prepared. These
systems were subjected to the action of ultrasounds (XL 2020
ultrasonic head, Misonix, Farmingdale, NY, USA) for 3 min and
divided into several parts. In each of the obtained samples a
different pH value (changing in the range from 3 to 10) was
adjusted, using HCl and NaOH solutions, with concentrations of
0.1 mol/dm?, as well as a ®360 pH-meter (Beckman, Brea, CA,
USA). These measurements were performed at 25°C.

The concentration of surface functional groups was deter-
mined applying the Boehm back titration method.*® The
volumetric standards of NaOH and HCl with concentration of
0.1 mol/dm® (Avantor Performance Materials, Gliwice, Poland)
were used as the titrants.

Energy parameters of the biochars prepared

In order to determine the higher heating value (HHV) of
precursors and biochars, all of the samples were dried for 12 h
at 110°C to complete water evaporation. The HHV studies were
performed according to the procedure presented in the
I1SO 1928:2009 Standard, using the KL-12Mn calorimeter, pro-
vided by PRECYZJA-BIT (Bydgoszcz, Poland). The samples in the
form of compressed tablets weighing 0.5-1.0 g (with a piece of
iron resistance wire pressed in) were connected to the electro-
des and then placed in a calorimetric bomb (Figure 1). The
measuring vessel was filled with pure oxygen to a pressure of
2.5 MPa, to supply sufficient gas for combustion. Next, the
bomb was placed in a calorimetric vessel and filled with distilled
water, then the electrical wires were connected and the sample
was ignited by means of an electric impulse.

The heat released during the combustion of the sample was
transferred to the water surrounding the bomb calorimeter. By
recording the difference in the water temperature during the
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Figure 1. Compressed tablet connected to the electrodes (on the left) and
the bomb calorimeter filled with oxygen (on the right).

whole process, the system calculated the HHV (MJ/kg) using the
following Equation (3):

_ C.bomb X AT — in
= m—

HHV (3)

sample

where: Cyomy — the heat capacity of the bomb calorimeter [MJ/
°C]l, AT - the change of water temperature [°C], Q;,, — the
amount of heat generated by iron wire [MJ/kgl, m,,,. - the
mass of biochar used [kg].

Based on the precursors and biochars masses as well as
their higher heating values, the mass yield of pyrolysis process
(MY), energy densification ratio (EDR) as well as energy yield
(EY) were calculated, using the following Equations (4)-(6):

Mbiochar
MY = 2L x 100%
m precursor ° (4)
o HHVbiochar
EDR = HH Vprecursor (5)
EY = MY x EDR ©6)

Adsorption/Desorption studies

Two polymers with different ionic character were used for
adsorption/desorption studies. Polyacrylic acid (PAA) (Fluka,
Saint Louis, MO, USA) with an average molecular weight equal
to 2000 Da is a weak, anionic polymer with a carboxyl groups
present in its chains. The PAA pK, value is about 4.5, which
means that below this pH value PAA functional groups are
poorly dissociated and occurs in more coiled conformation.
With the increasing pH value the PAA conformation becomes
more and more developed.”” In turn, polyethylenimine (PEI)
(Sigma Aldrich, Saint Louis, MO, USA) with an average molecular
weight equal to 2000 Da is a cationic polymer, containing an
amine functional group in the molecule. The PEI pK, is about 9.

ChemPhysChem 2024, e202300507 (3 of 7)

Below this pH value great amount of amine groups present in
the chains is dissociated which result in their considerably
developed conformation. At pH above 9 the PEI chain occurs in
more coiled conformation, which is the result of significant
reduction in the ionization of its functional groups.” Figure 2
presents the structural formulas of both adsorbates.

The adsorption tests were performed for 24 h, at pH 3, at
25°C. The 0.1 g of biochar was added to the 0.01 dm? solution
containing 200 ppm of appropriate polymer and 0.001 mol/
dm?of NaCl solution (supporting electrolyte). The adsorption
was tested in single and binary systems of polymeric adsor-
bates. After the process was completed, the solids were
separated from the solutions using a microcentrifuge (Centri-
fuge MPW 233e MPW Med. Instruments, Warsaw, Poland) and
the concentrations of adsorbates in the supernatants were
determined. The separated solids with the adsorbed polymers
were, next, subjected to the desorption process (for 24 h, at
25°C) using the H,0 and HNO; solution (with concentrations of
0.1 mol/dm?). The adsorbed/desorbed amounts of PAA and PEI
were determined using the static method based on the change
of the adsorbate concentration in the solution before and after
the process (Eq. 7).

G —QV
AP:(Omb) (7)

where: A, - polymer adsorbed amount [mg/g], C, - initial
polymer concentration [mg/dm?], C - polymer concentration
after adsorption/ desorption step [mg/dm’], V - volume of the
solution [dm?], m,, — mass of biochar [g].

The polymer concentrations were measured using the UV-
VIS spectrophotometer Carry 100 (Varian, Palo Alto, Santa Clara,
CA, USA). The PAA concentration was determined based on its
reaction with hyamine 1622 resulting in formation of a white-
colored complex, absorbing light at the wavelength of
500 nm.”? In turn, the PEI concentration was determined based
on its reaction with CuCl,, which gives a blue-colored complex,
absorbing light at the wavelength of 285 nm B

.OH
C

|
. C
~ — / - —

-

Os

-
-
-

/\\H
H H g

Figure 2. The structural formulas of polyacrylic acid (on the left) and
polyethylenimine (on the right).
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Results and discussion
Precursors and biochars characterization

The SEM images of the obtained biochars are presented in
Figure 3. All of these materials are characterized by a porous,
parallel structure with several bright and small clumps on their
surface, which are most likely particles of a mineral substance
(ash).

According to the data collected in Figure 4, all precursors
are characterized by a very high content of lignin. It is a
substance responsible of the plant stiffness. Due to the fact,
that only herbs stalks were used for biochars preparation, the
high content of lignin is justified. The amount of extractives,
hemicellulose and cellulose present in the raw materials varies
depending on the precursor type. It is also worth emphasizing
that all the plants are characterized by the low content of
mineral substance.

The textural parameters of the obtained biochars were
discussed in detail in our previous work.?” Briefly: the biochars
are characterized by a poorly developed specific surface area

Figure 3. SEM images of the NE_B (a), SA_B (b), MT_B (c) and LB_B (d)

biochars.
TO <
B0
50 +
&
. 40
z
E 30
£ i
S a0 4
0 . 3
ME_P SA_P MT_P LB_p
® Extractives ® Hemicellulose Cellulose mLignin = Mineral substance

Figure 4. Composition of the nettle, sage, mint and lemon balm herbs.
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ranging from 2.2 to 3.1 m%g and total pore volume varying
between 0.005-0.007 cm®/g, which can limit their adsorption
capacity. However, it should be noted that all of the obtained
adsorbents are classified as mesoporous (mean pore size in the
range of 8.4-10.6 nm), which is a desirable property for the
adsorption of large polymer macromolecules.

Changes in the surface charge density of biochars as a
function of the solution pH are presented in Figure 5. The
occurrence of point of zero charge (pzc) at above 7 proves that
all materials show weak basic character of the surface. The
biochar obtained from the nettle herb (NE_B) is characterized
by the lowest value of pH,, (7.4), whereas the one obtained
from sage herb (SA_B) by the highest pH,,. (8.5).

Figure 6 presents the zeta potential of examined materials.
The isoelectric point (iep) of all biochars occur at pH about 5-6.
The difference in the pzc and iep values can be a result of the
partial overlapping of the electrical double layers (edl) that are
formed on the pore walls. This effect in the case of mesoporous
materials have been previously described in the literature.®"”
The greatest difference between point of zero charge and
isoelectric point is observed in the case of the biochar (SA_B)
obtained by pyrolysis of the sage herb.

According to the data presented in Figure 7 all obtained
biochars are characterized by great content of surface func-
tional (1.62-2.79 mmol/g), which can bind to the functional
groups of adsorbates and thus increase the amount of
adsorbed polymer molecules. Due to the fact that there is no

=]
(=}

=
=]
|

/

=
=]

Surface charge density [pC/cm?]
I ,
(=]

8

-40
@®NE_B, pzc 7.4
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W SA_B, pzc 8.5 MT_B, pzc 7.6 A LB_B, pzc 8.0

Figure 5. Surface charge density of the obtained biochars.
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Figure 6. Zeta potential of the obtained biochars.
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basic groups present in the hemicellulose structure, with the
increasing content of this substance in the precursors, the
amount of the basic groups present on the surface of
appropriate biochar decreases. 10

HHV [MJ/kg]
-
v

Energy characteristics of the obtained biochars

Analysis of the energy parameters presented in Figure 8 allows NE_P NE_B ' SAP SAB MTP MTB ' LBP LB_B
to determine whether carbonaceous materials obtained as a
result of conventional pyrolysis of plant precursors can be
applied as renewable fuels. According to these data the mass
yield of pyrolysis process for all precursors exceeds 40 wt.%
(Figure 8a). However, as the value of MY increases, the surface
area of pyrolysis products decreases. The MT_B biochar with the
best developed surface area (3.1 m%g) is characterized by the
lowest pyrolysis mass yield (41.9%). The highest value of MY
(45.8 wt. %) is observed in case of the SA_B sample.

The highest value of HHV parameter (20.36 MJ/kg) is shown
by LB_B sample, obtained via lemon balm pyrolysis. In the case
of the precursors, the highest HHV (14.45 MJ/kg) presents the
sage herb. In general, the biochars are characterized by the
significantly higher heating value than the corresponding
precursors (Figure 8b). The greatest difference in this respect
(6.95 MJ/kg) is observed for LB_P and LB_B samples. The higher
heating value, energy densification ratio and energy yield of
obtained biochars were compared to other available in
literature materials (Table 1). The obtained results do not differ
from the others reports. Moreover, the HHV of all the biochars
prepared is comparable to the typical lignite briquettes, wood
or wood pellets (~18-25 MJ/kg).®?

As follows from the data presented in Figure 8c the biochars
obtained via conventional pyrolysis of herbs are characterized
by the similar values of energy densification ratio (~1.3-1.6).
The value of this parameter can be related to the lignin content  Figure 8. Energy parameters of the obtained biochars: the mass yield of
in the precursors structure, as the EDR increases with the pyrolysis process (a), higher heating value (b), energy densification ratio (c),
. . . . . energy yield (d).
increasing lignin concentration. In the case of the energy yield
(Figure 8d), the greatest value of 67.3% is found for the LB_B
sample, prepared by lemon balm pyrolysis. However, the
differences in this energy parameter for individual biochars do
not exceed 10%. Based on the results discussed above, it can

<)

EDR

EY [%]
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polymers conformation at pH3. Under this condition PAA
occurs in the coiled form due to the small extent of dissociated
carboxyl groups, whereas in the PElI chain most of the amine
groups are dissociated, which results in developed conforma-
tion of the macromolecules. In addition, at pH3 the biochar’s
surface is charged positively, which cause an attraction of the
anionic substance to the adsorbent surface. Both polymers in
the one-component systems were shown the greatest affinity
to the surface of lemon balm derived biochar. Polyethylenimine
adsorbed amount increases with the decreasing content of
functional groups present on the adsorbent surface. The
interaction between PEI molecules and surface functional
groups may results in flatter adsorption of macromolecules,
while the decrease in the content of functional species leads to
a perpendicular polymer binding to the solid surface, which
increases the packing of the adsorption layer. Polyacrylic acid
and polyethylenimine have positive influence on their mutual
adsorption. In binary systems, an increase in the amount of
adsorbed both polymers is noticed on the surface of all tested
materials. The polymer-polymer complexes formation could be
explanation of this fact. Both hydrogen bond formation and
chemical reactions can be main mechanism responsible for
these complexes creation. They can have an inter- and intra-
molecular structure, thus they can be formed within one
polymeric chain and between two macromolecules.”® The

ChemPhysChem 2024, e202300507 (6 of 7)
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Table 1. The HHV of different biochars.
Precursor Preparation conditions HHV [MJ/kg] EDR EY [%] Reference
Nettle herb Pyrolysis at 400 °C for 60 min 18.18 1.55 66.5 Present study
Sage herb Pyrolysis at 400 °C for 60 min 19.70 1.36 62.5 Present study
Mint herb Pyrolysis at 400 °C for 60 min 18.17 1.40 58.5 Present study
Lemon balm herb Pyrolysis at 400 °C for 60 min 20.36 1.52 67.3 Present study
Wheat straw Fast pyrolysis at 450 °C for 30 min 22.00 - - o
Pinewood Fast pyrolysis at 450 °C for 30 min 27.80 - - o
Poultry litter Pyrolysis at 300°C for 15 min 15.00 1.25 - rel
Mugwort leaves/stems Pyrolysis at 400°C for 30 min 25.29 and 30.27 1.45 and 1.75 55.0 and 72.0 321
Sewage sludge Torrefaction at 240°C for 60 min 13.40 0.99 88.4 &3
Manure pellet biomass Microwave pyrolysis at 500 °C for 20 min 4,65 0.90 56.5 B4
Canola straw Microwave pyrolysis at 500 °C for 20 min 24.55 1.30 39.7 B4
Bamboo Carbonization at 200°C for 60 min 18.52 - - sl
Dried sewage sludge Slow solar pyrolysis at 800°C for 190 min 13.00 0.81 - 36l
Coconut fiber Pyrolysis at 200°C for 20 min 19.93 1.04 87.5 B
Coconut fiber Pyrolysis at 330°C for 20 min 25.36 1.32 53.5 B7l
a)
be concluded that biochars obtained as a result of herb stalks 20
pyrolysis at 400°C, can potentially be used as valuable renew- = ¥
u I
able fuels. E
£ 14 1
8 12 {
5
. . . 5 10 1
Adsorption/desorption studies .
]
According to the data collected in Figure 9 polyacrylic acid is B 41
more effective adsorbed on the surface of the examined 4 ‘ _
biochars than polyethylenimine. It can be related to the 0 ¥ : : :
NE_B SA_B MT_B LB_B

EPEl ®PEHPAA

20
18 1
16
14 +
12

1

o
—

PAA adsorbed amount [mg/g]
=

o N & o

NE_B SA_B MT_B LB_B
EPAA = PAA+PEI

Figure 9. The adsorbed amounts of polyethylenimine (a) and polyacrylic acid
(b) on the surface of obtained biochars.

greatest amounts of polymers from the binary solution are
adsorbed on the surface of biochar obtained from the mint
herb as a result of the greatest development of MT_B biochar
surface area.
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Conclusions

The performed studies have proved that the nettle, sage, mint
and lemon balm herb can be successfully used for carbona-
ceous materials preparation. The biochars obtained from these
plant precursors have poorly developed surface area (below
4 m?/g) and can be classified as mesoporous adsorbents. The
content of surface functional groups with basic character is
dominant for all biochars. The higher heating value of the
obtained biochars is about 19 MJ/kg, which is comparable with
results observed for the typical energy sources. It has been
proved that with the increasing lignin content in the structure
of the precursor, the energy densification ratio of carbonaceous
materials increases. The adsorption tests have shown that the
obtained biochars are characterized by a relatively low sorption
capacity towards ionic polymers. However, it has also been
proved that polyethylenimine and polyacrylic acid have positive
influence on their mutual adsorption on the biochars surface.
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ABSTRACT

Waste from the herbal industry was subjected to simultaneous pyrolysis and physical activation with CO, to
obtain environmentally friendly adsorbents. The resulting activated carbons are characterized by a well-
developed specific surface area and a high concentration of surface functional groups, with a distinct predom-
ination of basic ones. The prepared adsorbents were used to remove ionic polymers (poly(acrylic acid)/poly-
ethyleneimine) and heavy metal ions (Cd(II)/As(V)) from both single/binary solutions. The structure of the
electrical double layer in the presence of adsorbates was studied to determine the adsorption mechanisms. The
results showed that polymers are adsorbed in greater amounts on the surface of the carbonaceous materials than
metal ions. In single-adsorbate systems, the maximum adsorption capacities were 94 mg/g for poly-
ethyleneimine, 27 mg/g for poly(acrylic acid), 8 mg/g for Cd(Il), and 4 mg/g for As(V), respectively. Studies on
the simultaneous removal of selected pollutants have shown that metal ions and ionic polymers have negatively
affected their mutual adsorption. Furthermore, the removal of As(V) ions from solutions containing poly(acrylic
acid) or polyethyleneimine was completely inhibited. At pH 3, the adsorption of an anionic polymer was
enhanced by the presence of a cationic one, whereas poly(acrylic acid) had no significant effect on poly-

ethyleneimine adsorption.

1. Introduction

Environmental pollution remains a critical global issue, and its
severity and complexity continue to increase with rapid urbanization,
industrialization, and human population growth. Pollutants, including
chemical contaminants and greenhouse gases to microplastics and
agricultural runoff, contribute to the network of environmental degra-
dation that affects air, water, and soil quality. In turn, this degradation
has a huge impact on human health, biodiversity, and climate stability,
deepening challenges faced by communities and ecosystems worldwide
[1,2]. The problem is most noticeable in developing countries, where the
limited capacity to regulate pollution, coupled with growing industrial
activities and weak enforcement of environmental standards, exacer-
bates the impact of pollution-related diseases [3-5].

The excessive use of chemicals in industry and agriculture has raised

* Corresponding author.
E-mail address: piotr.nowicki@amu.edu.pl (P. Nowicki).

https://doi.org/10.1016/j.jwpe.2025.107952

significant environmental and health concerns, since conventional
chemical processes often rely on hazardous substances, generate sig-
nificant amounts of waste, and contribute to pollution [6-9]. Recog-
nizing these risks, scientists and policymakers have advocated for “green
chemistry,” a sustainable approach aimed at designing chemical prod-
ucts and processes that reduce or eliminate the use and generation of
hazardous substances [10,11]. Green chemistry operates on several
foundational principles, such as waste prevention, atom economy, and
the use of safer solvents and reaction conditions [12]. By focusing on
inherently safer and more efficient chemical processes, green chemistry
seeks to minimize environmental impact and improve sustainability
across chemical industries. Incorporating green chemistry into industrial
practices is increasingly seen as essential for addressing global chal-
lenges such as climate change, resource depletion, and pollution [13].
By limiting harmful chemical usage and employing safer, more

Received 21 March 2025; Received in revised form 14 May 2025; Accepted 14 May 2025
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Fig. 1. Procedure for the preparation of activated carbons.

10 cm? of suspension containing:
* supporting electrolyte — NaCl (0.001 mol/dm?)
* PAA/PEI/CA(I1)/As(V)
* activated carbon (0.02 g — polymers studies; 0.05 g — metal ions studies)

pHY

pH 6 pH 3

[ [T

Equilibrium adsorption isotherms
* Adsorbate concentration: 10-400 ppm
* Temperature: 25 °C
* Time: 24 h

|

Adsorption Kinetics
* Polymer concentration: 200 ppm
* Metal ions concentration: 100 ppm
* Temperature: 25 °C
* Time: 30-minute intervals over a period of 6 h

Separation
* MPW 233e microcentrifuge

polymers

metal ions

]

Measurement
* UV-Vis spectrophotometer Carry 100
* PAA reaction with hyamine 1622 (A =500 nm)
* PEl reaction with CuCl, (A= 285 nm)

Measurement
* ICP-OES analyser iCAP™ 7200
* Cd(II) »=228.8 nm
« As(V) A= 189.0 nm

Fig. 2. Procedure for adsorption tests: equilibrium and kinetics studies.

sustainable alternatives, green chemistry can contribute to a circular
economy that minimizes waste and encourages resource recovery
[14,15]. However, while the benefits of green chemistry are well
recognized, its broader implementation faces challenges, including high
initial costs, limited access to greener alternatives, and the need for
regulatory support [16,17].

Carbon dioxide used as an activation agent offers an environmentally
friendly alternative by utilizing this greenhouse gas to produce valuable
carbon materials that help protect the environment from various pol-
lutants. Activation process involves a series of complex chemical re-
actions that lead to the thermal decomposition (partial gasification) of
carbon precursor and the formation of activated carbon with a highly

developed surface area and porous structure [18]. There are examples in
the literature of increasing biochar surface area from 8 to over 1100 m?/
g, after the activation with carbon dioxide [19]. However, despite its
many advantages, this process also faces challenges, including the need
for high temperatures to initiate the reaction and the optimization of
process conditions for different precursor materials [20].

In the present paper, waste from the herbal industry was used for the
preparation of environmentally friendly activated carbons. The stalks of
sage and lemon balm were dried, fragmented and submitted to simul-
taneous pyrolysis and physical activation (so-called direct activation).
Due to the low reagent consumption, the use of environmentally friendly
precursors, and the reduction of energy usage, the synthesis method
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Fig. 3. SEM images of SA_AP (a) and LB_AP (b) activated carbons.

Table 1
XRF analysis results — elemental composition of the activated carbons.

Element Content [mg/g]

SA_AP LB_AP
Mg 0.008 _
Al - 0.019
Si 0.048 0.032
P 0.091 0.146
S 0.009 0.010
Cl 0.008 0.007
K 0.026 0.020
Ca 0.407 0.505
Ti 0.003 0.002
Cr 0.002 0.002
Mn 0.001 -
Fe 0.010 0.009
Ni 0.002 0.002
Cu 0.001 0.002
Zn 0.001 0.002

Table 2

Chemical composition of the surface layer of activated carbons based on XPS
analysis.

Adsorbent Content of element [at. %]

C N (6] Si P Ca Mg
SA_AP 87.1 0.9 8.4 0.6 0.4 1.7 0.8
LB_AP 85.5 1.7 9.9 1.0 0.7 1.2 -

complies with the principles of green chemistry [21]. The obtained
materials were characterized and used for the adsorption of PAA and PEI
ionic polymers, as well as Cd(II) and As(V) heavy metal ions. The in-
fluence of the adsorbates on the solids' zeta potential, surface charge
density, and the size of aggregates was tested. In addition, adsorption
studies were performed at different adsorbate concentrations, contact
times, and solution pH values. The effect of polymers and metal ions on
their mutual adsorption was also examined. The possibility of reusing
the adsorbents through polymer desorption was tested using H,O, HNO3
and NaOH.

The use of environmentally friendly activated carbons for the
simultaneous removal of ionic polymers and heavy metal ions offers a
novel and promising strategy for water purification. While carbonaceous
materials have been extensively studied for metal ions adsorption, the
role of macromolecules in this process has not been systematically
investigated [22,23]. Notably, the adsorption of polymers on activated
carbons, as well as their impact on the behavior and stability of activated
carbon suspensions, remains an unexplored area. Therefore, this study
addresses a significant gap in the current knowledge and introduces a
new perspective on the multifunctional use of activated biocarbons in
complex water treatment scenarios.

2. Experimental
2.1. Preparation and characterization of adsorbents

The activated carbons preparation procedure is presented in Fig. 1.
The surface morphology of the activated carbons was analysed using
scanning electron microscopy (SEM) (Quanta 250 FEG by FEI). The
elemental composition of the materials was determined by X-ray fluo-
rescence (XRF) (Axios mAX, PANanalytical). X-ray photoelectron spec-
troscopy (XPS) (Gammadata Scienta) was used to analyze the surface
chemistry and identify C-, N-, and O-containing functional groups pre-
sent on the tested materials. Nitrogen adsorption-desorption at —196 °C
was employed to determine the textural parameters of the adsorbents
(ASAP 2420, Micromeritics). The content of acidic and basic surface
functional groups was determined using the procedure proposed by
Boehm [24] based on back titration. Volumetric standards of 0.1 mol/
dm?® NaOH and 0.1 mol/dm® HCl (Avantor Performance Materials) were
used as titrants.

2.2. Adsorbates

Two weak polyelectrolytes with an average molecular weight of
2000 Da were used for the studies — anionic poly(acrylic acid) (PAA)
(Fluka) and cationic polyethyleneimine (PEI) (Sigma Aldrich). The pK,
of the first one occurs at pH 4.5, below this value, the degree of disso-
ciation is lower than 50 %, which leads to a coiled conformation of the
polymer chain. Conversely, at pH values above 4.5, the number of
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Fig. 4. XPS spectra of the C1s, N 1s, and O 1 s regions for SA_AP and LB_AP activated carbons.
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Table 3

Textural parameters of the synthesized activated carbons.

Adsorbent Surface area [m?/g] Pores volume [cm®/g] Micropore contribution Average pore size [nm]
Total Micropore Total Micropore
SA_AP 399 327 0.20 0.13 0.65 1.96
LB_AP 547 430 0.26 0.17 0.65 1.92
bl dissociated carboxyl groups increases, resulting in a more expanded
Table 4

Acid-base properties of the examined activated carbons.

Adsorbent  Acidic groups Basic groups Total concentration of
concentration concentration surface functional
[mmol/g] [mmol/g] groups [mmol/g]

SA_AP 0.48 1.96 2.44

LB_AP 0.29 2.03 2.32

polymer structure [25]. On the other hand, PEI is characterized by the
pKp value of 9. At this value, 50 % of the functional groups are disso-
ciated. As the pH value decreases, the degree of amine groups proton-
ation increases. This results in the existence of more and more numerous
positive charges along polymeric chains, causing their expansion [26].

The Cd(II) and As(V) were chosen as heavy metals representation.
Cadmium ions were introduced into the solution in the form of
CdN206-4H30 (Sigma Aldrich) and the arsenic ones as KHyAsO4 (Sigma
Aldrich). Due to the Cd(II) ions precipitation at pH above 7, studies with
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Fig. 5. Zeta potential as a function of pH for SA_AP (a, b) and LB_AP (c, d) activated carbons dispersed in a solution without adsorbates as well as with single and

binary adsorbates.

this metal were limited to the pH range of 3-7. In turn As(V) is well
soluble in the entire pH range. However, the hydration state of arsenate
ions varies with pH. At high pH values, the As(V) ion is completely
dehydrated and occurs in the AsO3~ form. As the pH value decreases, the
level of hydration increases leading to formation of HASO%’, H3AsOy,
and H3AsO4 [27].

2.3. Zeta potential, surface charge density and aggregates size studies

The zeta potential ({) and aggregate sizes of the activated carbon
particles, both with and without the adsorbates, were determined using
the following procedure. Suspensions (200 cm®) were prepared, con-
taining the examined polymers and/or metal ions at the concentration of
200 ppm, NaCl (0.001 mol/dm®) as a supporting electrolyte in all of the
studies, and 0.03 g of the solid. The zeta potential was measured at pH
the range of 3-10, using the Doppler laser electrophoresis with a Zeta-
sizer Nano ZS (Malvern Instruments). Based on the obtained results, the
zeta potential ({) was calculated using the Henry's equation [28]. The
average aggregate sizes of the examined solids were determined at pH 3,
6 and 9 using the static light scattering phenomenon. All measurements
were performed at 25 °C for the following systems: SA_AP, SA_ AP +
PAA, SA_AP + PEI, SA_AP + PAA + PEI, SA_AP + Cd(ID), SA_AP + Cd(II)
+ PAA, SA_AP + Cd(II) + PEL SA_AP + As(V), SA_AP + As(V) + PAA,
SA_AP + As(V) + PEL, LB_AP, LB_AP + PAA, LB_AP + PEI, LB AP + PAA
+ PEL, LB_AP + Cd(I), LB_AP + Cd(I) + PAA, LB_AP + Cd(II) + PEI,
LB_AP + As(V), LB_AP + As(V) + PAA, LB_AP + As(V) + PEL

The surface charge density (cy) determination was performed in
analogues systems. For this purpose, 50 cm® of suspensions were

prepared, containing the examined adsorbates (with the initial con-
centration Cp = 100 ppm), the supporting electrolyte and 0.05 g of
SA_AP or 0.037 g of LB_AP. The prepared suspension was placed in a
thermostated Teflon vessel (RE 204 thermostat, Lauda Scientific), in
which the changes in the pH value was monitored after each addition of
titrant (NaOH - 0.1 mol/dm®) with application of glass and calomel
electrodes (Beckman Instruments). All measurements were performed at
25 °C. The “Titr_v3” software was applied to monitor changes in the
oo value as a function of solution pH, perform calculations and control
the titration procedure. These calculations were based on the difference
in the titrant volume added to the suspension and the supporting elec-
trolyte solution, which provided the specified pH value [29].

2.4. Adsorption-desorption studies

The adsorption isotherms and kinetics studies are schematically
presented in Fig. 2. The obtained data were fitted to theoretical models.
In the case of metal ions, the Langmuir (Eq. (1)), Freundlich (Eq. (2)),
Dubinin-Radushkevich (Eq. (3)), and Temkin (Eq. (4)) models were
applied [30]. The kinetics data for polymers were fitted to pseudo-first-
order (Eq. (5)) and pseudo-second-order (Eq. (6)) models [31].

_ quLCe
=11k, )
4. = KsC)" (2)
qe = QmeXP( 7/}82) (3)
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Table 5
Size of activated carbon aggregates at pH 3, 6, and 9 in the system without
adsorbates, as well as with single and binary adsorbates.

System Aggregates size [nm]

pPH3 pH6 pHO
SA_AP 2358 4762 1988
SA_AP + PAA 2048 3463 1939
SA_AP + PEI 2568 2376 1870
SA_AP + Cd(II) 2854 3087 -
SA_AP + As(V) 3860 7547 6455
SA_AP + PAA + PEI 1079 7114 475
SA_AP + PAA + Cd(ID) 4491 1659 -
SA_AP + PAA + As(V) 6238 3678 2206
SA_AP + PEI + Cd(1I) 1541 2407 -
SA_AP -+ PEI + As(V) 3505 5591 3750
LB_AP 1831 1916 1573
LB_AP + PAA 2005 3252 3188
LB_AP + PEI 3853 4583 5291
LB_AP + Cd(II) 4662 8147 -
LB_AP + As(V) 9456 13,468 6670
LB_AP + PAA + PEI 2698 773 868
LB_AP + PAA + Cd(I) 4845 4585 -
LB_AP + PAA + As(V) 3856 3515 2856
LB_AP + PEI + Cd(ID) 1382 2120 -
LB_AP + PEI + As(V) 3663 5706 8962

q. = Iz—TlnAT +IZ—T1nCe @
T T

d

A IC ) ©

d

=k~ 0’ ©)

where: g, — the adsorbed amount at equilibrium [mg/gl, gm — the
maximum adsorption capacity in the Langmuir model [mg/g], K} — the
Langmuir parameter [dm3/mg], C, - the equilibrium aqueous phase
concentration [mg/dm®], Kz — the Freundlich parameter [mg/g (ng/
dm®)™], ny — the Freundlich constant, R — gas constant (8.314 J/(mol
K), T — temperature [K], br — Temkin constant [J/mol], A1 — Temkin
constant [dmg/g], f — Dubinin-Radushkievich constant, ¢ — adsorption
potential [kJ/mol].

For the single and binary adsorption studies, suspensions similar to
those used in the previous part of the studies were prepared, with
polymer and/or metal ions concentration of 200 ppm. The process was
carried out at 25 °C for 24 h at pH 3. After the adsorption stage was
completed, activated carbon particles were centrifuged from the sus-
pensions (MPW 233e microcentrifuge, MPW MED. INSTRUMENTS). The
solids containing the adsorbed substances were subjected to the
desorption procedure (at 25 °C for 24 h) using H,O, HNO3 or NaOH
solutions (with an acid and base concentrations of 0.1 mol/dm?). The
concentration of polymers in the supernatants obtained after the
adsorption and desorption processes was determined spectrophotomet-
rically (Cary 100, Varian), following the procedure described in detail in
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Fig. 7. Adsorption isotherms of poly(acrylic acid) (a), polyethyleneimine (b), cadmium (c) and arsenic (d) on the surface of SA_AP and LB_AP activated carbons at
different pH values.

Table 6
Calculated isotherm parameters for Cd(II) and As(V) ions adsorption on the surface of activated carbons.
Isotherm parameters cddn As(V)
SA_AP LB_AP SA_AP LB_AP
Experimental Qexp [mg/gl 3.84 1.84 3.63 1.03
Gm [mg/g] 7.07 2.82 3.74 1.22
Langmuir K; [dm3/mg] 0.0060 0.0075 0.0129 0.0089
R? 0.7822 0.7253 0.4862 0.4794
ng 1.5913 1.4769 1.7556 1.4916
Freundlich Kr [mg/g(mg/dm®)!/"] 0.3970 0.9275 0.4875 0.6422
R? 0.9477 0.9881 0.8342 0.9209
B -6.2.107° —6.6-107° -6.3-107° -6.9.107°
.. . ¢ [kJ/mol] 9.0062 8.7184 8.9034 8.5132
Dub - hk h
ubinin-Radushkevic Gm [mg/g] 11.59 8.26 12.18 3.77
R? 0.8386 0.9766 0.8329 0.8861
by [J/mol] 1476 6583 2911 9867
Temkin At [dm3/g] 0.0508 0.0857 0.1487 0.1268
R? 0.9803 0.4641 0.6808 0.7194
40 40
5 S
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Fig. 8. Adsorption kinetics of poly(acrylic acid) (a) and polyethyleneimine (b) on the surface of activated carbons (pH 3, Co 200 ppm).
our previous paper [32]. The concentration of heavy metal ions was Scientific), according to the procedure described in [33]. Due to the
measured using inductively coupled plasma optical emission spec- significantly smaller amounts of adsorbed Cd and As ions, the desorption

trometry (ICP-OES) with an iCAP™ 7200 analyzer (THERMO FISHER studies were burdened with a large margin of error and were therefore
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Table 7
Calculated kinetic parameters of polymers adsorption on the activated carbons
surface.

Kinetics parameters PAA PEI

SA_AP LB_AP SA_AP LB_AP

Experimental Qexp [mg/gl 18.6900  23.7597  28.6286  27.8800
) qe [mg/g] 1.0338  1.0311  1.0071  1.0067
Psi’:;elﬁm'order k; [1/min] 10.8831  9.1855  5.1988  5.0889
R? 0.8222  0.8853  0.3373  0.2875

ge [mg/g] 44.2478  29.4985  30.9598  30.1205

Pseudo second- ke lg/ 0.0002  0.0006  0.0013  0.0014

order model (mg*min)]

R? 0.9481 09971  0.9908  0.9893

omitted. The exhausted activated carbons from the systems containing
single and binary polymers, were dried at 110 °C for 90 min and sub-
jected to the another cycle of adsorption and desorption studies. Four
cycles of adsorbent regeneration were carried out.

The adsorption tests were also performed using commercially
available activated carbons — lewatite (LWT) (Lanxess), characterized by
a specific surface area of 550-650 m2/g and purolite (PRT) (Lenntech),
with a specific surface area of 900-1000 m?/g.

3. Results and discussion
3.1. Activated carbons characterization

The SEM images of the obtained activated carbons are presented in
Fig. 3. Both samples exhibit a distinct layered structure with numerous
cracks and crevices, indicating their porosity. Small fragments of
irregular shapes are visible on the surface of both carbonaceous mate-
rials, suggesting fragmentation of the carbon matrix due to the action of
elevated temperature and carbon dioxide. A noticeably higher number
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of these fragments is visible in the case of the sample derived from sage
stems, which makes its structure appear less ordered.

Table 1 presents the results of the XRF analysis. According to these
data, activated carbons derived from sage and lemon balm stems are
characterized by a low content of mineral matter in their structure,
ranging from 0.62 to 0.76 mg/g. Both samples contain mainly calcium,
phosphorus, silicon, and potassium, which may indicate a high content
of carbonates, phosphates, and silicates in the soil where the herbs grew.
The contribution of other elements, such as Fe, Al, Mg, S, Cl, and
especially transition metals, is much lower.

According to the XPS data presented in Table 2 and Fig. 4, carbon is
the dominant element in the structure of the studied solids. Its content
exceeds 85 at.%, but the contribution of its individual species varies
significantly. In both materials, the presence of C=C, C—H, C-O-C,
C-OH, C=0, COOH, and carbonates groups was identified. In the case of
the SA_AP sample, the former clearly predominates, as its share in the
Cls spectrum exceeds 83 %. The LB_AP sample is characterized by a
significantly lower contribution of C=C groups (52 %) and, at the same
time, a much higher content of C—C and C—H bonds (~34 %).
Furthermore, activated carbon derived from lemon balm stems contains
more hydroxyl, ether, and carboxyl groups than analogous material
obtained from sage stems. Oxygen is the second most abundant element
on the surface of the obtained carbon adsorbents (8.4-9.9 at.%), and its
main forms are hydroxyl, carbonyl, and ether groups. The content of
carboxyl groups in both activated carbons is about 3 to 5 times lower
than that of the other species. The tested carbon materials also contain
nitrogen functional groups, among which pyridinic and pyrrolic/pyr-
idonic structures predominate. XPS tests also confirmed the presence of
mineral admixtures in the structure of the obtained adsorbents,
including calcium, phosphorus, silicon, and magnesium.

Textural parameters of the SA_AP and LB_AP samples are presented
in Table 3. Both activated carbons are characterized by a moderately
developed surface area (399-547 rnz/g), but the material derived from

30 40 50 60

Adsorbed amount [mg/g]
mLB_ AP mSA_AP

Fig. 9. Adsorbed amounts of PAA, PEI, Cd(II), and As(V) on the surface of activated carbons from single and binary systems (pH 3, Co 200 ppm).
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Table 8
Comparison of the adsorbed amounts of PAA, PEI, Cd(II), and As(V) on different
adsorbents.

Adsorbent Maximum Reference
adsorption

Poly(acrylic acid)
Activated carbon obtained from the lemon balm 27 mg/g This study
Alumina 14 mg/g [45]
Titanium dioxide 24 mg/g [46]
H3PO, activated carbon derived from the nettle 273 mg/g [32]

herb
H3PO, activated carbon derived from the sage 150 mg/g [32]

herb
Polyethyleneimine
Activated carbon obtained from the lemon balm 94 mg/g This study
Hematite 19 mg/g [47]
Silicon carbide 16 mg/g [48]
H3PO, activated carbon derived from the nettle 156 mg/g [32]

herb
H3PO, activated carbon derived from the sage 145 mg/g [32]

herb
Cadmium(II)
Activated carbon obtained from the lemon balm 8 mg/g This study
Rice straw biochar 7 mg/g [49]
Grar{ular activated carbon oxidized with nitric 6 mg/g [50]

acid
o-FeOOH modified wheat straw biochar 63 mg/g [51]
Untreated Pinus halepensis sawdust 5mg/g [52]
H3PO4 aFtlYated carbon derived from Typha 48 mg/g [53]

angustifolia
Arsenic(V)
Activated carbon obtained from the sage 4 mg/g This study
Modified peanut shell biochar 2mg/g [54]
Iron modified activated carbon 5mg/g [55]
Iron impregnated activated carbon 3mg/g [56]
Ce(IV)-doped iron oxide adsorbent 16 mg/g [57]
Calcium alginate/activated carbon composite 58 mg/g [58]

beads

lemon balm stems is slightly more advantageous in this regard. Its Sggr
surface area is approximately 37 % larger than that of the analogous
material prepared from sage stalks. Both carbonaceous adsorbents are
also characterized by a comparable average pore diameter (not
exceeding 2 nm) and an identical share of micropores in the total pore
volume, which is 65 %.

The content of surface functional groups in the activated carbons
derived from herbal industry waste is presented in Table 4. As seen, the
total amount of functional groups present on the surface of both ad-
sorbents is very similar, however, it should be emphasized that basic
species clearly predominate. The only significant difference between
samples SA_AP and LB_AP was observed in the content of surface groups
with an acidic nature.

3.2. Zeta potential, surface charge density and aggregates size studies

The results of zeta potential determination are summarized in Fig. 5.
The isoelectric point (iep) of LB_AP activated carbon occurs at pH 3.8,
whereas the zeta potential values of SA_AP activated carbon remain
negative over the entire pH range, making it impossible to determine its
isoelectric point [34].

In the presence of poly(acrylic acid) the zeta potential decreases for
both activated carbons. Negatively charged polymeric chains (adsorbed
on the solid surface) are present in the slipping plane area due to for-
mation of the loops and tail structures [35]. Conversely, positively
charged polyethyleneimine increases the zeta potential value in a
similar manner. In the binary solution of PAA and PEI, an intermediate
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effect is observed compared to the single-component systems, however
the zeta potential values are higher than in the suspension without ad-
sorbates. The presence of oppositely charged molecules as well as the
shift of the slipping plane are the mechanisms which can cause such
behavior [32]. Cadmium ions cause an increase in { parameter value.
The adsorption of cations results in migration of positively charged
species (Na™ cations of the supporting electrolyte) from the by-surface
layer of the solution to the slipping plane area [36]. The influence of
arsenic ions on the zeta potential value depends on their hydration
levels. At lower pH values, As(V) occurs in the hydrated forms of H3AsO4
and H»AsOyz, which increases the zeta potential values. In contrast, at
higher pH values the dehydrated forms HAsOF  and AsO3~ predomi-
nate, resulting in a decrease in the value of tested parameter [37]. In a
binary solution of polymer and metal ions, macromolecules of consid-
erable size have a decisive influence on the zeta potential. However, it
should be noted that the { parameter has a greater value in the system
containing Cd(II) and PAA/PEI compared to the single polymeric solu-
tion, whereas the presence of As(V) in the binary solution limits the
influence of macromolecules on the characteristics of the electrical
double layer and causes the zeta potential values to be closer to the
system without adsorbates. These effects can be explained by the
adsorption of metal-polymer complexes, which can assume different
intramolecular or intermolecular structures depending on the charge
sign of the molecules/ions involved in their formation [38].

The surface charge density of the tested activated carbons as a
function of pH is presented in Fig. 6. The point of zero charge (pzc) of the
SA_AP sample occurs at pH 9.1, while for the LB_AP sample at pH 8.8.
The presence of poly(acrylic acid), which contain carboxyl groups in its
chain, decreases the solid surface charge density. This phenomenon is
related to the incomplete adsorption of macromolecules (not all of the
segments constituting them) on the activated carbon surface. Some of
the formed loop and tail structures remain in the by-surface area, which
influences the 6y parameter value. In the case of PEI, the amino groups
present in its structure cause the opposite effect and an increase in
surface charge density is observed [39]. In the binary system of poly
(acrylic acid) and polyethyleneimine, the pzc value shifts to a the lower
pH value in comparison to the suspension without adsorbates. The
adsorption of considerably smaller molecules or ions affects the surface
charge density through a different mechanism. The adsorption of cad-
mium cations on the activated carbon surface causes the generation of
additional negatively charged groups, which leads to the decrease in the
oo value. On the other hand, the adsorption of arsenic anions induces
additional surface-active sites with positive charges, and as a conse-
quence of this phenomenon, an increase in surface charge density takes
place [40]. In the binary solution of a polymer and metal ions, the
macromolecule has crucial effect on the examined parameter due to the
greater number of charges delivered by polymeric chains compared to
metals ions.

Table 5 contains a summary of results regarding the sizes of activated
carbon aggregates formed in the suspensions without and with adsor-
bates at different pH values. In the system without polymers or metal
ions, both activated carbons form the largest aggregates at pH 6. The
presence of poly(acrylic acid) causes small differences in aggregate size
at pH 3, which is related to the polymer coiled conformation. In systems
with more developed PAA chains the effect is more noticeable. Poly-
ethyleneimine in most examined systems demonstrates a stabilizing ef-
fect, similarly to PAA and PEI when present in solution simultaneously.
The impact of Cd(II) ions on the size of adsorbent aggregates depends on
the pH value and the type of activated carbon. In turn, the presence of As
(V) ions causes an increase in the size of aggregates both in single and
binary solutions. This can lead to the destabilization of the system and
effective sedimentation of activated carbon particles.

3.3. Adsorption-desorption studies

According to the adsorption data presented in Fig. 7 poly(acrylic
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Fig. 10. The schematic representation of adsorption mechanism taking place in the binary systems.
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acid) is efficiently adsorbed at pH 3, on both activated carbons. Under
this condition the polymeric carboxyl groups are fully protonated and
PAA occurs in coiled conformation. At pH 6 and 9, carboxyl groups
present in the PAA macromolecules are dissociated and their chains
undergo expansion, which results in a lower adsorbed amount. Poly-
ethyleneimine is also adsorbed in the greatest amounts at lower pHs, and

10

with the increase in pH of the solution, its adsorption level decreases. It
can be explained by the PEI layer structure formed at the solid-liquid
interface. At pH 3 the polymer is fully dissociated and the activated
carbon surface is charged positively, which results in a perpendicular
arrangement of polymer chains. With the increasing pH value, the
dissociation level of PEI decreases, with a simultaneous decrease in the
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Fig. 12. Amounts of the PAA and PEI adsorbed on the surface of activated carbons from single and binary systems in the subsequent adsorption-desorption cycles

(pH 3, CO 200 ppm).

positive charge on the surface, which leads to more and more parallel
adsorption of polymeric chains and smaller packing of the adsorption
layer.

Metal ions are adsorbed in significantly smaller quantities than
polymers macromolecules. Cadmium is better adsorbed at pH 6. With
increasing pH, the surface charge density of activated carbons decreases,
which results in lower repulsion between solid surface and Cd(II) cat-
ions. As(V) is adsorbed at a very small level, so the influence of the pH
value is practically unnoticeable. Due to the better-developed specific
surface area (Table 3), LB_AP activated carbon is able to adsorb greater
amounts of individual adsorbates compared to the SA_AP material.

Table 6 contains the calculated model data. The adsorption of both
metal ions is best described by the Freundlich and Dubinin-
Radushkevich models, which confirm the heterogenous adsorbent sur-
face with active sites of different binding energy and the formation of an
adsorbate multilayer [41]. Moreover, this process takes place primarily
inside the porous structure of carbonaceous materials. Very low R>
values for the Langmuir model in the case of As(V) adsorption is related
to small adsorbed amount of the ions. This model is optimal for
describing systems close to the maximum surface saturation [42].

Fig. 8 presents the obtained adsorption kinetics results. In the sys-
tems containing PAA, the equilibrium is reached after 2 h, whereas in
those with PEI after 5 h. At pH 3, poly(acrylic acid) occurs in the coiled
conformation, facilitating faster migration from the bulk solution to the
surface layer compared to more extended polyethyleneimine chains,
which encounter greater resistance. The obtained results fit better with
the pseudo-second order kinetic model, which is typical for ionic poly-
mers and mainly indicates the chemical adsorption mechanism (Table 7)
[43]. Due to the very small amounts of adsorbed substances, the kinetic
studies for metal ions were highly error-prone, and thus, the results were
rejected.

11

The amount of poly(acrylic acid) adsorbed from the mixed adsorbate
solutions increases in the system containing positively charged species
(Fig. 9). The presence of negatively charged As(V) ions leads to a
decrease in PAA adsorption. These effects are primarily driven by the
electrostatic interactions: PEI and Cd(II) ions increase the attraction
between PAA and adsorbent surface, whereas the presence of arsenic
ions results in repulsive interactions [44].

The amount of polyethyleneimine adsorbed decreases in all binary
solutions compared to the single-component systems. The occupation of
adsorbent's active sites by other species results in their effective
blockade and a significant reduction in accessibility for spatially
expanded PEI chains. The presence of polymers in the solution has a
negative influence on the amount of metal ions adsorbed. In such a case,
poly(acrylic acid) and polyethyleneimine show greater affinity to the
surface of activated carbon and are preferentially adsorbed, blocking
access to the active sites for heavy metal ions. In addition, polymer-
metal complexes with a tendency to remain in solution are formed
[33]. The obtained maximum adsorbed amounts of all substances are
comparable to most of the data found in the literature (Table 8). Greater
adsorption is achieved only in the case of less environmentally friendly
adsorbents, which are often produced using large amounts of energy and
aggressive chemical reagents. The schematic representation of adsorp-
tion mechanism taking place in the binary system is shown in Fig. 10.

The efficiency of desorption of individual polymers is presented in
Fig. 11. In the single-component systems NaOH is the most effective
desorption agent, whereas in those containing polyethyleneimine, HNO3
causes complete desorption of PAA. In the presence of metal ions, the
desorption efficiency using an acidic agent increases. This may indicate
the reaction of nitric(V) acid with metal-polymer complexes, which
causes their removal from the surface layer. The 0.1 M NaOH solution
proved to be a much less effective desorbing agent in a mixture of both
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Fig. 14. Amounts of PAA and PEI adsorbed on the surface of commercially available activated carbons (single and binary systems, pH = 3, Co = 200 ppm).

polymers. A completely different trend was observed in the presence of
metal ions, especially in activated carbon/PAA/As(V) systems, where its
efficiency was clearly higher than that of nitric acid. Water was unfor-
tunately the least effective desorption agent for poly(acrylic acid), in
systems containing PAA and PEI or PAA and Cd(II) ions simultaneously.
Moreover, for this agent, depending on the adsorbent type, significant
differences in desorption efficiency were observed. Due to difficulties in
determining the PEI concentration in suspensions with high ionic
strength, only H,0 was used for its desorption. The best result in this

mLWT

respect (97 %) was achieved in the LB_AP + PEI + Cd(II) system. Pol-
yethyleneimine is better desorbed by water than PAA, which proves that
the basic functional groups that predominate on the adsorbent surface
interact more strongly with the acidic polymer.

The results obtained in the subsequent adsorption-desorption cycles
are presented in Figs. 12 and 13. Desorption tests in the systems con-
taining PEI were performed using HO (due to the problems with correct
determination of its concentration in acidic or alkaline medium),
whereas in the single PAA solutions, HNOs was applied to check the
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possibility of regeneration using the least effective desorption agent. The
adsorbed amount of polymers in the most systems, remains on the same
level from cycle I to IV. This may be the result of permanent binding of
PEI and PAA macromolecules to the activated carbons, which modifies
their surface. It is especially noticeable in single PAA systems where
adsorbed amount increases with the number of cycle. The coiled
macromolecule penetrate the pores and it is not desorbed from that
places, resulting in creation the greater amount of adsorbents active
sites.

The amount of polymers adsorbed on the surface of commercially
available activated carbons depend on the surface area (Fig. 14). Poly-
ethyleneimine and poly(acrylic acid) show higher affinity to the surface
of PRT material. Moreover, PAA is adsorbed in greater amounts on the
surface of commercial adsorbents, compared to the LB_AP and SA_AP
materials. It is probably related to coiled conformation of anionic
polymer, which can penetrate the pores and find more active sites on the
surface of LWT and PRT adsorbents. The adsorption capacity of LWT,
PRT, LB_AP and SA_AP towards PEI are comparable, which proves that
activated carbons described in this paper can be successfully used in the
adsorption of spatially expanded polymeric macromolecules.

4. Conclusions

The obtained environmentally friendly activated carbons are char-
acterized by good adsorption properties. Their specific surface area
ranges from 399 to 547 m?/g, while the total content of functional
surface groups is almost 2.5 mmol/g. The presence of poly(acrylic acid),
polyethyleneimine, Cd(II) and As(V) ions has a strong impact on the
adsorbents' electric double-layer structure. However, it should be noted
that the influence of ionic polymers on the surface charge density, zeta
potential and aggregate size values is more noticeable both in single and
binary systems than that of metal ions.

Polyethyleneimine is adsorbed in the greatest amount from a single-
component solution. In general, polymers showed a stronger affinity to
the activated carbons surface than metal ions The maximum obtained
adsorbed amounts are 94 mg/g for PEI, 27 mg/g for PAA, 8 mg/g for Cd
(ID), and 4 mg/g for As(V). The calculated parameters of the kinetics
models indicate that PAA and PEI are adsorbed from single-component
systems mainly via chemical interactions. In the case of Cd(II) and As(V)
ions the Freundlich and Dubinin-Radushkevich models best described
the experimental adsorption isotherms data. Adsorption studies from
binary solutions have shown that competition between individual ad-
sorbates occurs in most examined systems. Only in the case of poly
(acrylic acid) adsorption in the presence of PEI or Cd(II) ions an increase
in PAA adsorbed amount was observed. Furthermore, it has been proven
that polymers can be successfully desorbed from the surface of activated
carbons. The highest desorption efficiency achieved was 100 % for PAA
(HNOg, binary solutions with PEI) and 97 % for PEI (LB_AP + PEI + Cd
(II) system).

Activated carbons obtained by environmentally friendly one-step
physical activation (direct activation) can be successfully used to
remove ionic polymers and heavy metal ions from aqueous solutions.
Moreover, these adsorbents can be effectively regenerated and reused
for water treatment purposes.
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Chemistry, Maria Curie-Sklodowska University in Lublin, Lublin, Poland, 2Department of Applied
Chemistry, Faculty of Chemistry, Adam Mickiewicz University in Poznan, Poznan, Poland

Growing contamination of aquatic systems by industrial and domestic pollutants
necessitates the development of efficient and sustainable wastewater treatment
technologies. Activated biocarbons derived from renewable biomass sources
have proven to be promising materials for this purpose thanks to their large
specific surface area, well-developed porosity, high content of surface groups
and cost-effectiveness. This paper describes the preparation, physicochemical
characterization and practical application of carbonaceous adsorbents derived
from the nettle and mint herbs residues using an environmentally friendly
method-single-stage (direct) physical activation with carbon dioxide. The
obtained activated biocarbons were fully characterized in terms of their
texture, surface properties, and chemical composition, and then used to
remove ionic polymers (poly(acrylic acid) and polyethyleneimine) as well as
Cd(ll) and As(V) ions from aqueous solutions. The influence of the above-
mentioned substances on their mutual adsorption was investigated. The
obtained eco-friendly carbonaceous materials are characterized by
moderately developed surface area (368-666 m?/g) and high content of the
surface functional groups (2.19-4.89 mmol/g). The maximum adsorbed amounts
of ionic polymers reached the level of about 80 mg/g, while those of heavy metal
ions varied in the range of 4-19 mg/g. Competitive adsorption between the
polymer chains and heavy metal ions was confirmed. In the binary system
containing both types of macromolecules, an increase in the adsorbed
amounts of poly(acrylic acid) and polyethyleneimine was observed. In turn,
the simultaneous presence of ionic polymers and heavy metal ions leads to a
reduction in the adsorbed quantities of all adsorbates. The analysis of adsorption-
desorption, surface, and electrokinetic data allowed the identification of the most
probable mechanisms of separation of ionic polymers and heavy metal ions from
the aqueous phase using eco-friendly carbonaceous adsorbents.

activated biocarbons, eco-friendly synthesis, ionic polymers, heavy metal ions,
multicomponent solutions, simultaneous adsorption
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GRAPHICAL ABSTRACT

Introduction

Water is an essential resource for life, but its availability and
quality are increasingly threatened by unsustainable consumption
and waste management practices (Ali, 2012; Ali and Gupta, 2006).
Water purification is the process of removing contaminants,
pathogens, and undesirable substances to make it suitable for
human consumption, industrial use, or ecological sustainability.
Traditional purification methods, such as sedimentation,
chemical precipitation, ion exchange, evaporation, filtration, and
chlorination have proven effective in providing clean water to
millions of people (Ruthiraan et al., 2015). However, the
complexity of contemporary water contamination-ranging from
microplastics and emerging pollutants to heavy metal ions and
pharmaceutical residues—has necessitated the development of
advanced purification techniques (Ganesamoorthy et al., 2021;
Schwarzenbach et al., 2006; Singh et al., 2018).

In recent years, adsorption has become a highly effective and
versatile technique for removing various types of pollutants from
aqueous systems (Bhatnagar et al., 2015; Zhou et al., 2015). Among
the many adsorption materials available, activated carbons and
synthetic resins, have been widely used primarily due to their
high adsorption capacities. Activated carbon is a highly porous
material with a large surface area, which makes it an excellent
adsorbent for removing a broad spectrum of contaminants present
in natural water reservoirs (including groundwater runoff from
fertilized agricultural fields) as well as municipal and industrial
wastewater (Crini and Lichtfouse, 2019; Dias et al.,, 2007). Its
excellent adsorption properties are attributed to hierarchical pore
structure, consisting of micropores, mesopores and macropores, as
well as the presence of surface functional groups that enable physical
and chemical interactions with pollutants (Soonmin and Kabbashi,
2021; Toannidou, and Zabaniotou, 2007). However, the production
of chemically activated carbonaceous materials or synthetic resins
often involves high energy consumption, significant carbon
footprint, and the generation of potential secondary pollution,
raising concerns about their long-term environmental sustainability.

In response to these challenges, there has been growing interest
in the development of environmentally friendly adsorbents derived
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pure water

from renewable, biodegradable, and low-cost sources (Shannon
et 2008).
biocarbon-green adsorbent obtained from plant precursors via

al,, These criteria are fully met by activated
physical activation (Kyzas and Kostoglou, 2014). Compared to
chemical variant of activation, which requires the usage of
aggressive chemical reagents like orthophosphoric acid or
potassium hydroxide, physical activation is environmentally
friendly option in this regard. Moreover, post-processing steps
related to removal of residual chemicals are eliminated (Yahya
et al., 2015; Yang et al., 2010).

In this paper activated biocarbons obtained from the nettle and
mint herbs residues (waste from the herbal industry) through
simultaneous pyrolysis and physical activation were applied for
organic and inorganic removal from

pollutants aqueous

solutions. Four adsorbates of different ionic character and
molecular weight were used in the study, including high-
poly(acrylic acid)

polyethyleneimine, as well as low-molecular weight cadmium(II)

molecular weight anionic and cationic
cations and arsenate(V) anions. The selected adsorbates were chosen
due to their common presence in wastewater. Poly(acrylic acid) is
widely used as a thickening agent, while polyethyleneimine increases
the permeability of cell membranes and is extensively used in
biotechnology. Heavy metals ions have a negative impact on
human health and are released into the environment from many
industries processes. The adsorption studies were performed in the
solution with three different pH values (i.e. 3, 6 and 9). Due to the
greatest adsorbed amounts observed at pH 3, these conditions were
chosen for the multicomponent adsorption tests. In order to define
the adsorption mechanism, the surface charge density, zeta
potential, and aggregate sizes of the solid particles dispersed in
aqueous suspensions (containing single and binary adsorbates) were
determined.

It should be emphasized that the adsorption of ionic polymers
on the surface of activated biocarbons remains a largely
underexplored area, and very few studies have addressed their
removal from complex, multicomponent systems. This research
gap highlights the originality and significance of the presented
results. As polymeric contaminants are increasingly detected in
various aquatic systems, our findings provide a new and
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important contribution to the development of more effective

remediation ~strategies for polluted aquatic environments

(drinking water, wastewater and natural water reservoirs).

Experimental
Materials

Nettle (NE) and mint (MT) herb residues were dried at 110 °C
and then their stalks were cut into 1.5-2.0 cm long pieces. Fifteen-
gram samples of the precursors were placed in nickel boats and
subjected to simultaneous pyrolysis and physical activation in a
horizontal resistance furnace equipped with a quartz tube reactor
(one-zone model PRW75/LM, Czylok, Jastrzgbie-Zdrdj, Poland).
The process involved annealing the sample at 800 °C for 30 min in a
CO, atmosphere with a flow rate of 250 cm’/min. After the
completion of the one-step activation process, the materials were
cooled to room temperature under a nitrogen flow (flow rate of
170 cm®/min). The resulting activated products were designated as
NE_AP and MT_AP.

Polyethyleneimine (PEI) (Sigma Aldrich, Saint Louis, MO,
United States) is a cationic polymer with an average molecular
weight of 2000 Da, containing amine groups along its chains. This
weak polyelectrolyte has a pKj, value at pH 9, at which 50% of its
functional groups are dissociated. As the pH decreases, the number
of dissociated amine groups increases, leading to the spatial
expansion of the polymer chain (Von Harpe et al., 2000).

Poly(acrylic acid) (PAA) (Fluka, Saint Louis, MO, United States)
represents the group of anionic polymers and it is characterized by
an average molecular weight of 2000 Da. It is also a weak
polyelectrolyte and its macromolecules contain carboxyl
functional groups, 50% of which dissociate at pH 4.5, to the pK,
value of PAA. Below this pH value, the degree of dissociation
decreases, leading to the formation of a coiled conformation of
the polymer chains. In turn, at pH values above 4.5, the number of
dissociated carboxyl groups increases, resulting in a more extended
chain conformation (Chibowski et al., 2003).

Cadmium nitrate tetrahydrate (CdN,04-4H,0, Sigma Aldrich,
Saint Louis, United States) was used as a source of Cd(II) cations.
This compound dissolves well in water at pH below 8, while above
this value, cadmium ions precipitate. As a result, experiments
involving Cd(II) were limited to the pH range from 3 to 7.

The As(V) anions used in the study were introduced by
potassium dihydrogen arsenate (KH,AsO,, Sigma Aldrich, Saint
Louis, United States). This salt is highly water-soluble over a wide
pH range. However, the form of arsenate ions varies with
pH changes. At higher pH values, the As(V) ion is fully
dehydrated and exists as AsO,> anion. As the pH decreases, the
degree of hydration increases, resulting in the occurrence of the
following forms: HAsO,”, H,AsO,  and H3;AsO, (Das and
Bezbaruah, 2020).

Adsorbents characterization
The surface morphology of the activated biocarbons was

examined using scanning electron microscopy (SEM) (Quanta
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250 FEG, FEI, Waltham, MA, United States). The porosity
characteristics, including the total/micropore surface area, total
pore/micropore volume, and average pore diameter, were
assessed by low-temperature (196 °C) nitrogen adsorption-
ASAP

2420 apparatus (Micromeritics, Norcross, GA, United States).

desorption  measurements  performed using an
The functional groups present on the surface of the biocarbons
were quantified using the Boehm back titration method (Boehm
et al,, 1964). In this analytical procedure, NaOH and HCI solutions
(both at a concentration of 0.1 mol/dm® Avantor Performance
Materials, Gliwice, Poland) were used as titrants. To analyze the
surface chemistry and identify C-, N-, and O-containing functional
groups present on the tested materials, X-ray photoelectron
spectroscopy (XPS) (Gammadata Scienta, Uppsala, Sweden) was
applied. The ash content was determined according to the ISO 1171:
2002 standard, using a muffle furnace FCF-V70C (Czylok, Jastrzebie
Zdroj, Poland). The total content of C, N, H, and S was determined
using an elemental analyzer Vario EL III (Elementar Analysen
Systeme GmbH, Germany). The chemical composition of the
materials was also studied by means of X-ray fluorescence (XRF)

spectrometry (Axios mAX, PANanalytical, Almelo, Netherlands).

Adsorption and desorption studies

The adsorbed amounts of PAA and PEI polymers, as well as
Cd(II) and As(V) ions, were determined using the static method.
This approach involved measuring the change in adsorbate
concentration in the solution before and after the
adsorption process.

The concentrations of the polymers were determined using a
Carry 100 UV-Vis spectrophotometer (Varian, Palo Alto, Santa
Clara, CA, United States). For poly(acrylic acid), its reaction with
hyamine 1622 was carried out. As a result, a white-coloured
complex, absorbing light at a wavelength of 500 nm, was formed
(Crummett and Hummel, 1963). In turn, the concentration of
polyethyleneimine was determined based on its reaction with
copper(I) chloride, which results in a blue-coloured complex
absorbing light at 285 nm (Patkowski et al, 2016). The
calibration curves used to determine the polymer concentration
determination are presented in Figure 1. The presence of heavy
metal ions causes a shift of calibration curves (especially in the case
of PAA). These effects were described in details in the previous
paper (Geca et al.,, 2024c).

The concentrations of Cd(II) and As(V) ions were determined
using Inductively Coupled Plasma-Optical Emission Spectrometry
(ICP-OES) with the iCAP™ 7200 analyser (Thermo Fisher
Scientific, Waltham, United States). The measurement wavelengths
were 228.8 nm for cadmium and 189 nm for arsenic ions, respectively.
The operational parameters for the ICP-OES included the plasma with
the following settings: flow rate of 15 dm*/min, a nebulizer flow rate of
0.75 dm*/min and a power setting of 1 kW. The presence of the
polymers reduced the analytical signal by 5% and this interference was
taken into account in the calculations.

Adsorption isotherms were studied over a 24-h period of time. For
these tests, 10 cm® of solutions containing the adsorbate (with initial
concentrations ranging from 10 to 300 ppm) and a 0.001 mol/dm® NaCl

supporting electrolyte were prepared. The weights of activated
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Calibration curves for PEl and PAA in the absence and presence of heavy metal ions (with concentration of 200 ppm).

TABLE 1 Textural parameters of the activated biocarbons.

Adsorbent Surface area [m?/g] Pore volume [cm3/g] Average pore size [nm] Micropore contribution
Total Micropore Total Micropore
NE_AP 368 248 021 0.10 226 047
MT_AP 666 535 032 0.1 1.91 0.66

TABLE 2 Acid-base properties of the activated biocarbons.

Adsorbent  Acidic groups concentration Basic groups concentration Total concentration
[mmol/g] [mmol/g] [mmol/g]
NE_AP 0.32 457 4.89 8.5 <3
MT_AP 0.63 1.56 2.19 9.7 35

biocarbons used were 0.02 g for polymers and 0.05 g for metal ions.
Experiments were conducted at pH 3, 6 and 9, but studies involving
Cd(II) ions were limited to pH 3 and 6. At pH above 7, cadmium(II)
ions precipitate in the solution. Therefore, their loss from solution at
alkaline pH values is the result not only of Cd(II) ions adsorption but
also of precipitation. Before the adsorption test, the pH value of all tested
samples was adjusted using 0.1 mol/dm® NaOH or HCl solutions and
measured using a ®360 pH meter (Beckman, Brea, United States). A
constant pH level was maintained throughout the adsorption process by
continuous monitoring and correction as necessary. The adsorption
isotherms data obtained for heavy metal ions were fitted to theoretical
models. The Langmuir (Equation 1), Freundlich (Equation 2), Temkin
(Equation 3) and Dubinin-Radushkevich (Equation 4) equations were
applied (Awad et al., 2019):

_ QmKLCe

= 1
%=1V K.C. )
g0 = KC)" 2)
RT RT
qe=ElnAT+ElnCe (3)
qe = G exp (-pe’) (4)
Frontiers in Chemistry

where: g,-the adsorbed amount at the equilibrium state [mg/g],
qm-the maximum adsorption capacity in the Langmuir model
[mg/g], K, -the Langmuir parameter C.-the
equilibrium aqueous phase concentration [mg/dm’], Kp-the

[m*/mg],

Freundlich parameter [mg/g (mg/dm’)'"], n-the Freundlich
constant, R-gas constant (8.314 J/(mol K), T-temperature
[K], A7~Temkin constant [J/mol], b—Temkin constant [dm?®/
g], f-Dubinin-Radushkevich constant, e-adsorption potential
[kJ/mol].

Based on the obtained results, pH 3 at which the adsorbed
amounts of polymers were the greatest, was chosen for the kinetics
studies. In these tests, an appropriate mass of activated biocarbon
was added to 10 cm” of a solution containing 0.001 mol/dm® NaCl as
the supporting electrolyte. The initial concentration of both
polymers was 200 ppm. Adsorption progress was monitored over
time intervals ranging from 0.5 to 7 h. Kinetics data for polymers
were fitted to the pseudo-first-order (Equation 5) and pseudo-
second-order (Equation 6) models (Wang and Guo, 2020),
according to the equations:

dq;

E =k (Qe - q:) (5)
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NE_AP

FIGURE 2
The SEM images of the activated biocarbons [(@)-zoom 1000x; (b)—zoom 10 000x].

TABLE 3 Chemical composition of the surface layer of activated biocarbons d% -k (q q )2
—, =~ K2 \ge t

based on XPS analysis. dt

(6)

Content of element [at%] where: g,~the adsorbed amount in the equilibrium state [mg/g],

q¢~the adsorbed amount after time “t” [mg/g], k; - the equilibrium

NE_AP MT_AP . e
rate constant [l1/min], k, - the equilibrium rate constant
[g/(mg-min)].
N 19 19 Adsorption studies in single and binary adsorbate systems were
conducted for 24 h at pH 3. The 10 cm® of the suspensions consisted
o 13.9 133 of: 200 ppm adsorbate (polymers and/or metal ions), 0.001 mol/dm’
P 13 0.7 NaCl and appropriate mass of activated biocarbon, were prepared.
a 06 After the adsorption process, activated biocarbon was separated
’ i using a microcentrifuge (Centrifuge MPW 233e, MPW Med.
K - 3.8 Instruments, Warsaw, Poland). The concentrations of adsorbates
Ca 12 s in the supernatants were measured. For polymers, desorption from
the surface of biocarbon materials was also investigated, while for
Mg 19

metal ions, desorption studies were not conducted due to the small
Si 18 . amounts adsorbed and the high associated errors. The H,O, HNO;
or NaOH solutions (acidic and basic solutions with a concentration
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XPS spectra of C 1s, N 1s and O 1s regions for NE_AP and MT_AP activated biocarbons.

TABLE 4 Ash content and elemental composition of the activated
biocarbons (wt%).

ASh Cdaf Ndaf Hdaf Sdaf
NE_AP 17.5 77.9 39 13 0.0
MT_AP 235 74.7 3.1 1.7 ‘ 0.0 ‘

Odiff

d*-dry-ash-free basis.

9i_calculated by difference.
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of 0.1 mol/dm®) were used as desorbing agents, and the process

lasted 24 h. After that time activated biocarbon was again separated

and the concentrations of PAA or PEI in the supernatants were
determined. The NE_AP activated biocarbon was dried after the
desorption process and performed to the adsorption-desorption

cycle studies. All adsorption and desorption tests were carried

out at 25 °C. Each sample was measured 3 times and the

differences between the obtained result values do not exceed 5%.
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TABLE 5 Chemical composition of activated biocarbons based on XRF
results.

Element Content [mg/g]
NE_AP MT_AP
P 0.075 0.119
S 0.012 0.024
Cl 0.003 0.124
K 0.005 0.333
Ca 0.320 0.399
Mn - 0.003
Fe 0.002 0.005
Cu - 0.005
Ga 0.001

Colloidal properties of activated biocarbons
suspensions without and with adsorbates

The determinations of surface charge density (o), zeta potential ()
and aggregates size were carried out at 25 °C for the following systems:
NE_AP, NE_AP + PEL, NE_AP + PAA, NE_AP + PAA + PEL, NE_AP
+ Cd(II), NE_AP + CA(II)+PEL NE_AP + Cd(Il)+PAA, NE_AP +
As(V), NE_AP + As(V)+PEL NE_AP + As(V)+PAA, MT_AP, MT _
AP + PEL, MT_AP + PAA, MT_AP + PAA + PEI, MT_AP + Cd(II),
MT_AP + Cd(IT)+PEL, MT_AP + Cd(II)+PAA, MT_AP + As(V), MT_
AP + As(V)+PEI and MT_AP + As(V)+PAA.

To determine the surface charge density (o), 50 cm”® of suspensions
were prepared, each containing the given adsorbate at an initial
concentration of 100 ppm, supporting electrolyte NaCl at a
concentration of 0.001 mol/dm® and 0.054 g of NE_AP or 0.03 g of
MT_AP. The prepared suspension was placed in a thermostated Teflon
vessel (RE 204 thermostat, Lauda Scientific, Lauda-Konigshofen,
Germany). The glass and calomel electrodes (Beckman Instruments,
Brea, United States) were introduced into the vessel to monitor
pH changes using a pH-meter (pHM 240, Radiometer, Warsaw,
Poland). The pH was adjusted by gradually adding 0.1 mol/dm’
NaOH (titrant), using an automatic microburette (Dosimat 765,
Metrohm, Herisau, Switzerland). The dependence of the ¢, value on
the pH of the suspension was determined using the Titr_v3 computer
program, which also controlled the titration process. These calculations
were based on the difference in the volume of NaOH added to the
suspension and to the supporting electrolyte solution to achieve the same
pH value (Janusz, 1994), using the following equation (Equation 7):

_ AV cF
T mS

(o)) (7)
where: AV-the difference in the volume of NaOH added to the
suspension and to the supporting electrolyte solution to achieve the
appropriate pH value [dm?]; c-NaOH concentration [mol/dm’],
F-Faraday constant [C/mol], m-solid mass [g], S-solid surface area
[m?/g].
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FIGURE 4
Adsorption isotherms of PEI (a), PAA (b), Cd(ll) (c) and As(V) (d) on
the activated biocarbons surface obtained at pH 3, 6, and 9.
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TABLE 6 Calculated isotherms parameters of Cd(ll) and As(V) ions
adsorption on NE_AP activated biocarbon surface at pH 6.

Isotherm parameters NE_AP

Cd(In) As(V)

Experimental Qexp [Mg/g] 19.36 4.00

Langmuir qm [mg/g] 18.68 5.05
K [dm*/mg] 0.0698 0.0064
R’ 0.8899 0.5424

Freundlich ng 2.7480 1.4278
Kr [mg/g-(mg/dm?)'""] 0.0607 0.5333

R? 0.9820 0.8665

Temkin by [J/mol] 979 2673
Ar [dm?/g] 4.0195 0.1118
R’ 0.8422 0.7374

Dubinin-Radushkevich B -3.010"° -8.1*10°

¢ [kJ/mol] 12.99 7.88

qm [mg/g] 37.96 18.03

R’ 0.9720 0.8810

The zeta potential ({) and aggregate size of activated biocarbon
particles, both in the presence and absence of adsorbates, were
evaluated using the procedure described below. Initially, a
suspension of 200 cm’ volume was prepared, containing
200 ppm of tested polymer/s and/or metal ions, 0.001 mol/dm’
NaCl as a supporting electrolyte, and 0.03 g of the carbonaceous
material. The suspension was subjected to ultrasonic treatment
using an ultrasonic head (XL 2020; Misonix, Farmingdale,
United States) for 3 min. Appropriate adsorbates were then
introduced into the suspension. The obtained suspension was
divided into smaller portions, and the pH of each portion was
adjusted to a value ranging from 3.0 to 10.0 (+0.1), using 0.1 mol/
dm?® HCl and NaOH solutions. pH adjustment was performed using
a ®360 pH meter (Beckman, Brea, United States). The zeta potential
was determined using the laser Doppler electrophoresis technique
with a Zetasizer Nano ZS (Malvern Instruments, Malvern,
United Kingdom). This instrument measured the electrophoretic
mobility of solid particles, both covered with adsorption layers and
without them. The zeta potential ({) was then calculated from the
electrophoretic mobility data using Henry’s equation (Equation 8):
(Ohshima, 1994):

_ 2¢0e(

U.
3n

f (xa) @)

where: U,-solids electrophoretic mobility [em?/(Vs)], & - the
electric permittivity of a vacuum [F/m], e-dielectric constant,
n-viscosity of dispersive phase [Pa-s], f(ka) - Henry’s function.

The measurement was carried out 9 times and the error did
not exceed 5%.

Additionally, the stability of the suspension was investigated by
determining the average size of solid particles aggregates at pH 3, 6,
and 9. In this case, the measurements were based on the static light
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scattering phenomenon. Each sample was measured three times and
the error was less than 5%.

Results and discussion

Physicochemical characteristics of
carbonaceous materials

Both obtained activated biocarbons have a mesoporous structure
and well-developed specific surface area (Table 1). The material
obtained from the mint herb residue shows significantly better
textural parameters (surface area 666 m?/g), while the adsorbent
derived from the nettle herb remains is characterized by a greater
concentration of the functional groups on its surface (Table 2). Both of
these parameters have a strong impact on the activated biocarbons
adsorption capacity. The average pore size of both adsorbents is
approximately 2 nm, which allows to classify these materials as
mesoporous. The surface of examined solids is dominated by basic
functional groups, the concentration of which for NE_AP material is
about 14 times higher than acid groups. The points of zero charge (pzc)
occur at pH 8.5 and 9.7 for nettle- and mint-based samples, respectively,
which confirmed the alkaline properties of both adsorbents. On the
other hand, the isoelectric points (iep) of activated biocarbons (iep) are
located at pH below 3 for NE-AP activated biocarbon and at pH 3.5 for
MT_AP one, which are significantly lower than the pzc values. It may be
the result of partial overlapping of the electrical double layers (edl)
formed on the walls of the pores, which is a phenomenon often
observed for mesoporous materials (Skwarek et al., 2014; Szewczuk-
Karpisz et al., 2021).

Figure 2 presents the SEM images of the activated biocarbons.
Despite the elongated shapes present in the structure of both materials,
their surface layers differ significantly. The structure of NE_AP
biocarbon is characterized by the presence of round holes and small
pieces/particles on the surface. In the case of MT_AP material, the
accumulation of smaller pieces on the surface is greater, beneath which a
ribbed structure can be observed. These varied textural structures
correspond to the activated biocarbons surface area, which is much
greater in the case of the MT_AP sample.

According to the data presented in Table 3 and in Figure 3, both
materials are characterized by a high carbon content exceeding 75 at
%. The structure of both activated biocarbons is clearly dominated
by C=C groups. Furthermore, the contents of C-C, C-H, C-OH,
C-0-C, C=0 and carbonate species are similar in both solids. The
second most abundant element is oxygen, with a concentration of
about 13 at%. In the case of NE_AP activated biocarbon the
contribution of carbonyl groups is the highest, while for the
material obtained from mint herb residue, the contents of
hydroxyl, carbonyl, and ether groups are at a similar level. In
turn, the share of carboxyl groups is the lowest in both solids.
The content of nitrogen does not exceed 2 at%, although the XPS
tests confirm the presence of pyridinic, pyrrolic and amine groups.
XPS analysis also revealed the presence of mineral admixtures in the
structure of the obtained activated biocarbons, which is a fairly
typical phenomenon for carbonaceous materials produced from
plant-derived waste biomass.

The results of elemental analysis (summarized in Table 4)
confirmed that carbon is the main component of the obtained
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FIGURE 5
The adsorption kinetics of PEI (a) and PAA (b) on the surface of activated biocarbons at pH 3.

TABLE 7 Calculated kinetic parameters for the adsorption of PElI and PAA on the activated biocarbons surface at pH 3.

Kinetic parameters

Experimental Qexp [Mg/g] 31.45 47.79 30.54 22.45
Pseudo-first-order model q. [mg/g] 1.0140 1.0377 1.0130 1.0293
k; [1/min] 10.4164 1.6189 7.6639 8.5941

R 0.8240 0.8917 0.9468 0.7916
Pseudo-second-order model q. [mg/g] 46.0829 76.3359 33.6700 25.6410
k, [g/(mg*min)] 0.00009 0.00013 0.00069 0.0011

R 0.9300 0.8944 0.9909 0.9699
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The adsorbed amounts of PAA, PEI, Cd(ll) and As(V) on the surface of the activated biocarbons from single and binary solutions (Co 200 ppm, pH 3).

materials. The high oxygen content is related to the large number
of functional groups introduced as a result of partial gasification
of the carbon matrix during heat treatment in the CO,
atmosphere. The obtained data also indicate a high ash
in the obtained activated biocarbons. This
consequence of the presence of numerous mineral admixtures

content is a
in the structure of the starting materials, which do not decompose
during the activation process.

Table 5 presents the results of the XRF analysis. No heavy metals
were found in the composition of activated biocarbons, which
proves that the obtained materials will not have a negative
impact on the environment and their disposal should not pose
any problems. The data show that, in addition to elements such as C,
H, N, S, and O, both biocarbons also contain considerable amounts
of phosphorus, calcium (particularly the sample derived from nettle)
and potassium (especially the MT_AP material).

Adsorption capacity and regeneration
efficiency of carbonaceous materials

The greatest adsorption of polyethyleneimine occurs at pH 3
(Figure 4a). Under these conditions, positively charged polymer
chains are repulsed electrostatically by the positively charged
layer with
the
increasing pH value causes the surface charge of the activated

adsorbent surface, forming an adsorption

perpendicular-orientated macromolecules. In turn,
biocarbon to become negative, which results in the attractive
interaction between the cationic polymer and adsorbent. The
number of macromolecules adsorbed in parallel orientation
increases, while the packing density of the adsorption layer
decreases. Poly(acrylic acid) is also adsorbed in the greatest
amount at pH 3 and its adsorption efficiency decreases with

increasing pH. In this case, similarly to PEL it is related to
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changes in the polymeric chain conformation (Figure 4b). At
low pH values, most of the carboxyl groups is fully protonated
and poly(acrylic acid) chains occur in a coiled conformation. The
higher the pH is, the more PAA functional groups dissociate.
This causes significant development of polymer chains, which
create loosely packed adsorption layers and consequently lead to
a reduction in the amount of adsorbed substance (Geca et al.,
2024a). The maximum adsorbed amounts of polymers observed
in this study are higher than most values reported in the
literature. The adsorption capacity of inorganic materials
(such as metal oxides) towards ionic polymers does not exceed
30 mg/g (Alemdar et al., 2005; Chibowski et al., 2009; Liufu et al.,
2005; Santhiya et a. 1999). In the case of activated carbons, the
obtained results are comparable to our previous findings for
carbonaceous materials derived from sage and lemon balm stalks
via physical activation (Groszek et al., 2025).

The removal of cadmium(II) ions from an aqueous solution is
less influenced by pH value compared to the polymers, but it is
slightly more efficient at pH 6 (Figure 4c). In the case of As(V)
ions, their adsorbed amounts are very low and similar in all
systems (Figure 4d). The obtained isotherms data were fitted to
theoretical models (Table 6). Both heavy metal ions’ adsorption is
best described by Freundlich and Dubinin-Radushkevich models,
which indicates that the adsorption process takes place inside the
pores and leads to the formation of multilayer adsorbate films
(Foo and Hameed, 2010). The maximum adsorbed amounts of
cadmium ions reported in the literature often exceed 100 mg/g,
but the adsorbents used in these studies were mainly synthesized
using aggressive chemical reagents (Meng et al., 2024; Tan et al,,
2022; Yin et al., 2023). The amounts of Cd(II) ions adsorbed on
the of environmentally friendly adsorbents
comparable to the values obtained in the presented studies
(Anwar et al., 2010; Farasati et al., 2016). The adsorption of
As(V) ions has been studied primarily using novel, chemically

surface are
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modified inorganic materials, whose adsorption capacity ranges
from 30 to 200 mg/g (Poli¢ et al., 2021; He et al., 2023; Wu et al,,
2022). In contrast, the application of eco-friendly carbonaceous
materials for As(V) ions removal has been investigated to a very
limited extent.

The adsorption kinetics results of the examined polymers are
shown in Figure 5. The equilibrium state was reached after 6 h in the
case of PEI and after 2 h in the case of PAA. This difference can be
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related to the size of both macromolecules at pH 3. The coiled
poly(acrylic acid) molecules migrate faster through the bulk
solution towards the adsorbent surface layer than the developed
polyethyleneimine chains. The calculated theoretical parameters are
listed in Table 7. Both polymers adsorption kinetics are better
described by pseudo second-order model. This indicates that the
polymer’s adsorption on the activated biocarbons surface involved
mainly electron exchange between adsorbent and adsorbate (chemical
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adsorption mechanism). Due to the presence of functional
groups—carboxyl in the case of PAA, and amine in the case of PEI,
hydrogen bonds can be formed between the polymeric chains and the
functional groups present on the activated biocarbons surface
(Wiéniewska et al., 2021).

According to the analysis of data presented in Figure 6, for most
of the tested systems, activated biocarbon obtained from the nettle
herb is a more effective adsorbent from both single and mixed
adsorbate solutions. This confirms that the concentration of surface

Frontiers in Chemistry

12

functional groups is of great importance for the adsorption capacity
of carbonaceous material.

Poly(acrylic acid) and polyethyleneimine have a positive influence
on their mutual adsorption (Santhiya et al, 1999). The adsorbed
polymer chains can bind other macromolecules from the solution,
forming multilayer adsorption structures (Geca et al., 2024b). This
effect is more noticeable in the case of PAA adsorption in the presence
of PEL Cationic polymer macromolecules are characterized by the
larger linear dimensions at pH 3, which results in a greater number of
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amine functional groups that can interact with carboxyl groups of
PAA. In the opposite situation, the coiled chains of the anionic
polymer have fewer available functional groups, resulting in a
smaller increase in PEI adsorption.

In solutions containing both the cationic polymer PEI and
Cd(II) ions, the adsorbed amounts of each component from the
binary mixture are lower than in the corresponding single-
component systems. This behaviour is characteristic of cadmium
cations in multicomponent systems. In solutions containing Cd(II)
together with Pb(II)/Zn(II), the amount of adsorbed cadmium ions
is reduced by 40%-80% compared to a single-component Cd(II)
systems (Lee and Shin, 2021; Wang et al., 2022; Li et al., 2023). Both
substances with the same ionic character compete for active sites,
which negatively impacts their simultaneous removal from the
aqueous phase. In a binary solution of poly(acrylic acid) and
cadmium(II) ions, polymer-metal complexes are created, which
depending on the type of adsorbent can be adsorbed on the
activated biocarbons surface or remain in the solution. However,
PAA is generally adsorbed in greater amounts from the binary
solution than the Cd(II) cations. The presence of As(V) anions
causes a decrease in the amounts of both polymers adsorbed.
Moreover, the presence of the macromolecular compounds
completely inhibits the adsorption of inorganic anions. This
phenomenon can be attributed to the formation of complexes
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between arsenic(V) ions and organic substances, which rather
tend to remain in the solution than adsorb on the surface (Geca
et al,, 2024c). Conversely, it has been shown that the presence of
small amounts of inorganic compounds can increase the amount of
As(V) adsorbed on the surface of chemically modified adsorbents.
These findings emphasize the need for more detailed studies on the
removal mechanisms operating in multicomponent systems (Wei
et al,, 2021; Zeng et al,, 2024).

The desorption efficiency of the polymers is presented in Figure 7.
Due to the impossibility of determining the concentration of
polyethyleneimine in a solution with high ionic strength, in the
case of this polymer only water was used for desorption tests. The
most efficient desorption was observed in systems with As(V) ions,
which can be related both to the small amount of adsorbed PEI and
the weak binding of the polymer-metal complex to the adsorbent
surface. The lowest desorption obtained in the NE_AP + PEI + PAA
system indicates the strongest polyethyleneimine affinity to the
surface of activated biocarbon derived from the nettle herb in the
presence of poly(acrylic acid). In other systems the PEI desorption
efficiency was about 50%.

In the case of PAA, H,O was the least effective desorption agent.
HNO; turned out the most effective substance in the single and PAA
+ PEI systems. In the presence of metal ions, NaOH allowed
achieving the highest level of desorption. In general, the anionic
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polymer is better desorbed from the surface of MT_AP activated
biocarbon, which proved that more than twice lower concentration
of the adsorbent functional groups is crucial for the PAA removal
from the aqueous solution.

According to the data presented in Figure 8 the adsorbed
amount of PEI increases with the increasing number of cycles.
Due to the incomplete desorption (Figure 8b) of the cationic
macromolecule and its perpendicular adsorption, the number of
solid active sites increases. The permanently bonded PEI chains
modify activated biocarbons’ surface, increasing their adsorption
capacity. On the other hand, the PAA adsorbed amount decreases in
the subsequent cycles. It is related to the adsorption of coiled
polymeric chains in the solid pores, which remain not desorbing,
blocking these sites for other PAA macromolecules.

Electrokinetic properties and aggregation
tendencies of aqueous suspensions of the
carbonaceous materials

The dependencies of the surface charge density (op) of the
activated biocarbons, for the systems without as well as with

Frontiers in Chemistry

single and binary adsorbates, as the function of solution pH are
presented in Figure 9. Polyethyleneimine causes an increase in
activated biocarbons surface charge density value, whereas the
presence of poly(acrylic acid) decreases this parameter value. In
both cases, it is related to the fact that not all segments of the
adsorbed macromolecules are directly bound to the adsorbent active
sites. The functional groups are also present in the loop and tail
structures, located in the by-surface area, which increase or decrease
the o, parameter, according to the adsorbate chain charge
(Wisniewska and Nowicki, 2020). In the binary solution of two
polymers, the intermediate value of the o is observed. However, the
predominant impact of PAA is noticeable, due to its greater
adsorption in the studied system.

In the solution containing As(V) ions, a slight increase in the
surface charge density is observed. The adsorbing arsenic anions
induce the creation of an additional number of surface groups
with a positive charge. On the other hand, the adsorption of
Cd(II) cations favours formation of additional number of
negatively charged sites on the activated biocarbons surface,
resulting in a decrease of surface charge density. It is a typical
behaviour observed for small inorganic ions (Fijatkowska et al.,
2019). In the systems of ionic polymers and heavy metal ions, the
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TABLE 8 The size of aggregates formed by activated biocarbons particles in
suspensions without as well as with single and binary adsorbates.

Aggregates size [nm]

NE_AP MT_AP

pH3 pH6 pH9 pH3 pH6 PpHY

Without 2945 2411 1918 2040 2215 2229
adsorbates
PEI 3218 2115 2191 3137 2848 | 3809
PAA 2905 2177 2007 | 4290 2399 3016
cd(1n) 3829 | 11239 - 2401 8957 -
As(V) 10280 | 2580 4043 2572 3767 | 4275
PEI + PAA 475 348 421 729 737 694
PEI + Cd(II) 5287 2667 - 1979 2045 -
PAA + Cd(I) 2630 1215 - 3143 2750 -
PEI + As(V) 3180 3487 6101 3020 3571 4793
PAA + As(V) 2491 3017 4161 5029 2469 | 3873
effects accompanying macromolecules adsorption have a

predominant impact on the o, value, due to their large sizes
and significantly greater adsorbed amounts.

The changes of zeta potential ({) of the activated biocarbons
particles dispersed in the systems without as well as with single and
binary adsorbates as the function of solution pH are shown in
Figure 10. Polyethyleneimine adsorption causes an increase in zeta
in zeta potential value, which can be explained by the presence of
polymeric chains with the positively charged amine groups in the
slipping plane area. Anionic polymer binding leads to a decrease in
the { value as a result of the analogous mechanism (Geca et al., 2022).
The zeta potential in the suspension containing both polymers
increases at low pH values, at which the dissociation of the PEI
chain is the greatest. The higher the pH value is, the greater the
dissociation of carboxyl groups present in the PAA molecules is, and
the resultant lowering of electrokinetic potential value is noted.

In the presence of Cd(II) ions the zeta potential value increases.
The change of the { value to less negative after divalent cations
(Cd**) adsorption in comparison to monovalent supporting
electrolyte ones (Na*) is a common effect, described in the
literature before (Yalginkaya and Giiler, 2006; Yukselen-Aksoy
and Kaya, 2011). Due to the small adsorbed amount of the
As(V) ions, their influence on the zeta potential value is not very
noticeable. In the system containing Cd(II) ions and polymers, an
intermediate effect to their single solutions is observed, whereas the
simultaneous presence of polymers and arsenic(V) ions results in
obtaining dependencies similar to those observed for single PAA or
PEI systems.

The aggregate sizes of activated biocarbons suspensions
without as well as with single and binary adsorbates are
included in Table 8. In single adsorbate systems, the adsorbent
aggregate sizes increase in comparison to the suspensions
without additives. The adsorption layers of organic/inorganic
substances can cause the attraction between activated biocarbons
particles resulting in suspension destabilization. The small metal
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ions neutralize the activated biocarbons’ surface charge which
results in the coagulation of solid particles, whereas the
polymeric chains in addition to the charge neutralization can
also cause the bridging flocculation. Similar effects are observed
in the binary systems containing As(V) ions, whereas the
influence of Cd(II) ions in the presence of ionic polymers
depends on the adsorbent type. On the other hand, the
simultaneous presence of PEI and PAA has a stabilizing
influence on the suspension. It can be explained by the
interchain complexes creation which prevents the attraction
between adsorbent particles (oppositely charged polymers
neutralize each other’s charge).

Conclusion

The plant-derived materials have been successfully used for the
production of environmentally friendly carbonaceous adsorbents.
The obtained activated biocarbons are characterized by moderately-
developed surface area (368-666 m?/g) and high concentration of
the functional groups on their surface (2.19-4.89 mmol/g). The
occurrence of a point of zero charge at high pH values (8.5-9.7) and
predomination of basic functional groups on their surface proved
that both materials show basic properties. The activated biocarbon
derived from nettle herb residue shows the highest adsorption
capacity for both polyethyleneimine and poly(acrylic acid). The
maximum adsorbed amounts of the tested substances were
79.98 mg/g for PEI, 80.81 mg/g for PAA, 19.36 mg/g for Cd(II),
and 4.00 mg/g for As(V).

The examined polymers and heavy metal ions have a small
influence on the determination of their concentration in the mixed
solution, however, it is easy to deal with this impact by the
application of calibration curves obtained from the solution
containing interferent. It was proved that polymers have a
positive influence on their mutual adsorption, in turn, the
simultaneous removal of ionic macromolecules and heavy metal
ions results in a decrease in their adsorbed amounts. The examined
activated biocarbons can be successfully regenerated through
desorption. The most efficient system for PEI desorption was
NE_AP + PEI + As(V)+H,O and for PAA - NE_AP + PAA +
HNO;, in which polymer desorption reached 100%. Reuse of
regenerated carbonaceous materials is also possible, as indicated
by adsorption cycle studies.
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Abstract: Nettle and the sage herbs were used to obtain carbonaceous adsorbents. For the biochar
preparation the precursors were dried and subjected to conventional pyrolysis. Activated carbons
were obtained during precursor impregnation with phosphoric(V) acid and multistep pyrolysis.
The textural parameters and acidic-basic properties of the obtained adsorbents were studied. The
activated carbons prepared from the above herbs were characterized by the largely developed specific
surface area. The obtained carbonaceous adsorbents were used for polymer removal from aqueous
solution. Poly(acrylic acid) (PAA) and polyethylenimine (PEI) were chosen, due to their frequent
presence in wastewater resulting from their extensive usage in many industrial fields. The influence
of polymers on the electrokinetic properties of activated carbon were considered. PAA adsorption
caused a decrease in the zeta potential and the surface charge density, whereas PEI increased these
values. The activated carbons and biochars were used as polymer adsorbents from their single and
binary solutions. Both polymers showed the greatest adsorption at pH 3. Poly (acrylic acid) had no
significant effect on the polyethylenimine adsorbed amount, whereas PEI presence decreased the
amount of PAA adsorption. Both polymers could be successfully desorbed from the activated carbons
and biochar surfaces. The presented studies are innovatory and greatly required for the development
of new environment protection procedures.

Keywords: activated carbon; biochar; simultaneous polymers adsorption; poly(acrylic acid);
polyethylenimine; organic substances removal

1. Introduction

Limited reserves of natural resources are one of the most important problems fac-
ing present and future generations. Therefore, it is necessary to find new, nontoxic and
renewable resources. Various types of green plants, capable of rebuilding the harvested
parts of shoots, could be the solution to this global problem. Annual plants, such as herbs,
grow and decompose through the year so their harvesting has no negative influence on the
natural environment. The judicious use of raw plant materials would enable them to be an
inexhaustible resource for different fields of industry [1].

Biochar and activated carbons prepared from plant material are environmentally
friendly solids with largely developed surface areas and extensive porous structures. They
are relatively easy to obtain, low-cost and regenerable adsorbents. Biochar and activated
carbons are often used as heavy metal adsorbents [2—4]. Organic compound adsorption on
the surface of these solids has been extensively studied [5,6]. However, the most common
research has been concerned with the removal of dyes and pharmaceuticals from the liquid
phase [7].
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The usage of different kinds of polymers in modern industry and everyday life is
constantly expanding. Poly(acrylic acid) (PAA) is used as a suspension stabilizer or destabi-
lizer, as well as a dispersant agent in cosmetics and drugs [8-10]. In turn, polyethylenimine
(PEI) finds application as the additive for papermaking and cell line cultures [9,11]. Both of
the above polymers find application as a complexing agent for the removal of heavy metal
ions from water [12]. The increasing demand for polymers has increased their amounts in
sewage. Despite their wide usage, these macromolecular compounds can be dangerous for
the environment. Their presence can disturb the natural balance and have negative effects
on all living organisms. One of the ways to prevent polymeric pollution is their adsorption
on activated carbons and biochars. Polymers adsorption on the surface of carbonaceous
adsorbents has rarely been described. However, recent scientific reports have proved that
the application of activated carbons or biochar for the removal of polymeric substances is
not only possible, but also effective [13,14].

In the present study biochar and activated carbons, obtained from nettle and sage
herbs, were used as poly (acrylic acid) and polyethylenimine adsorbents from their sin-
gle and binary solutions. The textural parameters and acidic-basic properties of the
obtained materials were determined. The influence of the presence of poly (acrylic acid)
and polyethylenimine in the system on surface and electrokinetic properties (connected
with the structure of the electrical double layer) of carbon sorbents was also studied. The
effect of solution pH on the adsorption process was evaluated and its mechanism proposed.
Additionally, the regeneration possibilities of the applied materials were examined and
the most effective desorbing agents were selected. As mentioned above, there has been
little research on the usage of biochars or activated carbons as macromolecular substance
adsorbents. The presented results are even more innovative because the simultaneous
removal of two polymers with different ionic characters using biochar or activated carbons
has not been described before. The description of the structure of the mixed polymeric
layer enables understanding of the mechanisms governing the binding of macromolecules
at the interface, and, thus, of the optimization of procedures for their removal from the
liquid phase during wastewater treatment.

2. Results
2.1. Physicochemical Properties of the Prepared Adsorbents

Table 1 shows the elemental composition of the obtained adsorbents. All solids contain
mainly carbon (78-90 wt. %); however, the products of chemical activation with H3PO,
contain significantly more of this element. The obtained materials also differed, quite
significantly, with regard to nitrogen content. For pyrolysis products, the content of N9af
(4af—dry-ash free basis) ranged from 2.77 to 1.78 wt. %, while in the analogous activated
carbons it was clearly lower and reached 1.13 wt. % for the NE_AC sample obtained from
the nettle herb and 0.24% for the SA_AC biochar obtained from the sage herb. Mg, Ca and K
were present only in the biochar structure, and the activated carbons did not contain these
elements, which were probably removed during the activation process. As indicated by the
SEM pictures presented in Figure 1, the obtained carbonaceous materials also exhibited
some differences in morphology.

Table 1. Elemental composition of the obtained adsorbents [wt. %].

Adsorbent C (0] N P Ca Mg K Others
NE_AC 90.62 7.66 113 0.59 - - - -
SA_AC 89.61 8.81 0.24 0.63 - - - 0.71
NE_B 78.76 16.35 2.77 0.14 1.23 0.27 0.30 0.18
SA_B 81.31 15.50 1.78 0.20 0.47 0.38 0.15 0.21

However, much greater differentiation was observed in the case of textural parame-
ters. As follows from the data collected in Table 2, both activated carbons had a largely
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developed surface area of over 800 m2/ g; however, the product derived from the sage
herb fared better in this regard. Both biochars surface areas were slightly over 2 m?/g,
which proved that the activation process had a much greater influence on the porous
structure formation of the absorbents. Activated carbon pore volumes were also much
greater than those obtained for the biochars. The mean pore size was about 4 nm for the
activated carbons and about 10 nm for the biochar, which allowed classification of all
adsorbents as mesoporous materials. Larger pore sizes are desirable for the adsorption of
large polymer macromolecules. The yields of the pyrolysis and activation processes were
below 50% and higher for the adsorbents obtained from the sage herb. The total amount
of the surface functional group (Table 3) was greater for the biochars in comparison to the
activated carbons. The NE_B biochar was characterized by a significantly greater amount of
basic surface groups than the acidic ones, whereas the SA_B sample contained comparable
contents of both types of functional groups. In turn, the activation products (especially the
NE_AC sample) were characterized by a significant predominance of acidic groups on their
surfaces. What is more, a larger total amount of surface functional groups was observed in
the case of the solids obtained from the nettle herb.

Figure 1. SEM images of NE_AC (a) and SA_AC (b) activated carbons and NE_B biochar (c) and
SA_B (d) biochar.
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Table 2. Textural parameters of the prepared activated carbons and biochars.

Pyrolysis/ Surface Area [m?/g] Pore Volume [cm®/g] Mean Pore Micropore
Adsorbent Activation Total Mi Total Mi Size [nm] Contrirl))ution
Yield [wt. %] ota icropore ota icropore
NE_AC 37.7 801 157 0.847 0.074 4.231 0.087
SA_AC 40.3 842 155 0.826 0.074 3.926 0.090
NE_B 429 2.5 - 0.006 - 9.594 -
SA_B 45.8 2.1 - 0.006 - 10.555 -
Table 3. Acidic-basic properties of the prepared biochars and activated carbons.
Adsorbent Acidic Groups [mmol/g] Basic Groups [mmol/g] Total Amount [mmol/g]
NE_AC 0.858 0.272 1.130
SA_AC 0.436 0.215 0.651
NE_B 1.041 1.753 2.794
SA_B 1.109 1.008 2.197

2.2. Adsorbents Electrokinetic Characteristic

The studies on the activated carbon surface charge densities confirmed the acidic
properties of both adsorbents. The point of zero charge (pzc) is a pH value at which the
concentration of positively charged surface groups is the same as the concentration of
negatively charged ones, so the total surface charge is equal to zero. The pzc of the NE_AC
activated carbon occurred at pH 3.1 and in the case of SA_AC at pH 4.0 (Figure 2). The
poly (acrylic acid) addition caused a slight decrease of the o value in the whole range
of studied pH in comparison to the system without the polymer. This was caused by the
presence of negatively charged carboxyl groups of the adsorbed PAA macromolecules
in the by-surface layer of the solution. This effect has been previously described [15,16].
On the other hand, the polyethylenimine presence in the solution caused increase in the
surface charge density. This resulted from the presence of the cationic amino groups of
adsorbed PEI macromolecules in the by-surface layer of the solution, which were not
directly bound with the solid surface, similar to PAA interfacial behavior [17]. In the case
of the positively charged PEI chains, its conformation on the negatively charged surface
(above pHp,c, namely 3-4) was flatter (in comparison to the negatively charged PAA chains),
which assured a large accumulation of positive charges in the surface layer.

The pHp,c value for the NE_AC activated carbon in the presence of both polymers was
4.0, and for the SA_AC, 4.1. This was an intermediate effect compared to the single polymer
systems. Positively charged polyethyleneimine and negatively charged poly (acrylic acid)
were both adsorbed onto the activated carbons at the same time, which caused the pHpZC
value in the binary solution to be between the pHp,. value of the single PEI solution and
the single PAA solution.

Both applied biochars were characterized by basic properties of the surface. The
NE_B biochar Pszc occurred at 7.3 and for the SA_B sample at 8.6. The difference in the
acid /base properties of the biochars and activated carbons was evidently associated with
the use of H3POy as the activating agent.

The zeta potential studies showed that the isoelectric point (iep) occurred at pH 4.9 for
the NE_AC activated carbon and at pH 6.2 for the SA_AC one. The pHjep, value for the NE_B
biochar occurred at 6.1 and for the SA_B one at 5.2 (Figure 3). The isoelectric point is a pH
value at which the number of adsorbate ions/functional groups with positive and negative
charges, accumulated in the slipping plane area, are the same (the zeta potential has a zero
value). For all materials there was a difference between the pHp;c and pHie, values. The
activated carbons isoelectric point occurred at higher pH values than the point of zero
charge of these adsorbents and for the biochar the pHy, value was higher than pHjep,. This
was related to the partial overlapping of the electrical double layers (edl) that formed on the
pore walls, the effects of which on mesoporous materials have been previously described in
the literature [14,18]. The poly (acrylic acid) presence in the suspension caused a decrease
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in the zeta potential value. The opposite tendency was observed after the addition of
polyethyleneimine. This could be explained by the presence of the ionic polymer groups
(negatively charged in the case of PAA and positively charged for PEI) in the slipping plane
area [19]. The zeta potential value in the suspension containing both polymers increased in
comparison to the suspension without any adsorbates, which could have been caused by a
few different factors, e.g., the presence of molecules with the opposite charge as well as the
shift of the slip plane [20]. The negatively charged PAA macromolecules were repulsed
from the negatively charged activated carbon surfaces at higher pH values which caused
shift of the slipping plane by the polymeric chains adsorbed perpendicularly to the solid
surface and the pHjep value decreased. In turn, the presence of the positively charged PEI
molecule (which was adsorbed flatter) in the slipping plane area caused the pHiep value to
increase. Generally speaking, the simultaneous presence of both polymers on the adsorbent
surface had an intermediate effect, in comparison to the single polymer systems.

Surface charge density [nC/cm?]

_—
40 £
pH
eNE_AC, pzc 3.1 o NE_AC+PAA, pzc 3.1
NE_AC+PEL pzc 6.9 ANE_AC+PAA+PEL pzc 4.0

xNE B, pzc 7.3

(b)

Surface charge density [nC/cm?]

®SA AC,pzc 4.0 SA_AC+HPEIL pzc 7.3
mSA AC+PAA, pzc 3.5 ASA ACH+PAA+PEIL pzc 4.1
xXSA B,.pzc 8.6

Figure 2. Surface charge density of NE_AC activated carbon and NE_B biochar (a), SA_AC activated
carbon and SA_B biochar (b) in the systems without and with the single and binary adsorbates
(Cp 100 ppm).
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Figure 3. Zeta potential of NE_AC activated carbon and NE_B biochar (a), SA_AC activated carbon
and SA_B biochar (b) particles in the system without and with the single and binary adsorbates
(Cp 100 ppm).

Table 4 presents the activated carbons and biochar aggregates sizes. The obtained data
proved that the presence of the polymers (in particular PAA) had a very small effect on the
NE_AC activated carbon aggregate size at pH 3. The aggregate sizes in the single adsorbate
systems were also similar to the system without any adsorbate at pH 6 and 9. However,
both polymers being present in the solution could form polymer—polymer complexes at
higher pH values, which resulted in the larger size of NE_AC activated carbon aggregates
in the binary solution at pH 6 and 9. The presence of poly (acrylic acid) considerably
affected the SA_AC activated carbon aggregate size at pH 3 and 9. On the other hand, at
pH 6 the polyethylenimine caused increase in size of the aggregates formed by the activated
carbon obtained from the sage herb. Both polymers present in the solution had the greatest
effect on aggregate size at pH 6, due to the polymer—polymer complex formations. In
general, sizes of aggregates formed by both biochar were considerably larger than those
formed by the analogous activated carbons.
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Table 4. Aggregates sizes of activated carbons and biochars in the system without the polymers as
well as in the single and binary adsorbates.

Size of Aggregates [nm]

System

pH3 pH®6 pH9
NE_AC 509.5 478.2 448.5
NE_AC + PAA 499.2 405.4 433.7
NE_AC + PEI 459.1 516.4 519.3
NE_AC + PAA+PEI 5999 1099.7 7419
SA_AC 327.8 430.9 517.4
SA_AC + PAA 701.0 441.4 4002.0
SA_AC + PEI 475.0 842.1 370.9
SA_AC+PAA+PEI  204.0 874.6 289.2
NE_B 1257.0 731.2 1448.0
SA_B 688.2 1799 1494.0

2.3. Adsorption—Desorption Studies

Figure 4 shows the adsorption isotherms of poly (acrylic acid) and polyethylenimine
at pH 3, 6 and 9. Both activated carbons were characterized by the acidic character of the
surface so at low pH values they were negatively charged, which favored electrostatic
adsorption of the cationic PEI, and, in a way, limited the anionic PAA adsorption. Never-
theless, in the examined system the adsorbed amounts of PAA were larger than those of
PEL The poly (acrylic acid) adsorption was mostly caused by the chemical interactions and
hydrogen bond creation. The greater PAA adsorbed amounts were mostly caused by its
coiled conformation at pH 3, in contrast to the developed PEI conformation.

The obtained results proved that the greatest PAA adsorbed amount occurred at
pH 3. This was directly related to its conformation, at pH 3 pol y(acrylic acid) assumed
the most coiled conformation due to minimal dissociation of its functional groups. For
this reason, the adsorption of PAA coils in the pores was also possible under such pH
conditions. As a result, the PAA adsorbed amount was the greatest at pH 3 (dense packing
of adsorption layers).

At pH 6 and 9 PAA chains developed, which limited the polymer adsorption in the
porous structure of the adsorbent. The PAA adsorption on the negatively charged activated
carbon surfaces was possible due to hydrogen bond formations [21].

The pH value had a smaller effect on the polyethyleneimine adsorption. This was
related to the high value of PEI pKj, which was over 9, so at all studied pH values
polyethyleneimine assumed the developed conformation. Similar to PAA, polyethyleneimine
showed minimally greater affinity for the solid surface at pH 3. In such a case, its adsorption
was mostly caused by favorable electrostatic interactions [22]. At pH 3 polyethyleneimine
was completely dissociated (it had a positive charge) and the acidic activated carbons
were negatively charged at this pH value. Thus, the adsorbent surface attracted the poly-
mer molecules.

In general, polymers were adsorbed in greater amounts on the NE_AC activated
carbon in relation to the SA_AC one. This could have been caused by a greater amount
of functional group present on the NE_AC surface in comparison to SA_AC. The sample
obtained from the nettle herb contained almost twice as many functional groups as the
material prepared from the sage herb.

The maximum amount adsorbed on the NE_AC surface at pH 3 was 273 mg/g for PAA
and 156 mg/g for PEI The poly (acrylic acid) adsorbed amount on the NE_AC activated
carbon was greater than on the activated carbon obtained from cherry stones, 25 mg/g,
in [23], and on the biocarbon obtained from peanut shells, 50 mg/g, as well as on the carbon
adsorbent prepared from corncobs, 80 mg/g, in [24].
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Figure 4. Poly(acrylic acid) and polyethyleneimine adsorption isotherms on the surface of NE_AC
(a) and SA_AC (b) activated carbons (Cy 100 ppm).

The kinetic data showed that the equilibrium state was reached after 60 min in the so-
lution containing poly (acrylic acid) and after 10min in the solution containing polyethylen-
imine (Figure 5). The shorter time in the solution containing PEI was probably caused by a
smaller adsorption amount in comparison to the solution containing PAA. The obtained
results of kinetic measurements were fitted to the pseudo first- and pseudo second-order
equations (Table 5). The data obtained for both polymers were better described by the
pseudo second-order model. This indicated that the adsorption of these compounds on the
prepared activated carbons mainly involved chemical interactions.

The amounts of polymers adsorbed from the single and binary systems on the surface
of activated carbons and biochars at pH 3 are presented in Figure 6. It is clearly visible that
poly (acrylic acid) was adsorbed better on the activated carbons than polyethylenimine.
Most probably the polymers’ conformations (PAA being coiled and PEI developed) was
responsible for this. Both activated carbons had similar textural properties so both types of
macromolecules were adsorbed on their surfaces at a similar level. The polyethyleneimine
adsorption was not affected by poly (acrylic acid). Small PAA molecules (with the coiled
conformation) were probably adsorbed in the pores, so they did not impede the PEI
adsorption on the solid surfaces. However, the developed PEI chains could block the
porous structure of activated carbons for the poly (acrylic acid) adsorption, which resulted
in decrease in the PAA adsorbed amount, in comparison to its adsorption from the single
solution. The polymer—polymer complex formations could also affect macromolecule
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adsorption from the binary solution. However, at pH 3 these complexes hardly formed due
to the coiled conformation of undissociated PAA chains.
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Figure 5. Adsorption kinetics of poly (acrylic acid) (a) and polyethyleneimine (b) on both activated
carbons surfaces (pH 3, Cy 100 ppm).

Table 5. Kinetic parameters of the PAA/PEI adsorption on the activated carbons.

Calculated Pseudo-First-Order Model Pseudo-Second-Order Model

Parameters qe [mg/gl kq [1/min] R2 qe [mg/g] k; [g/(mg-min)] R?
PAA

NE_AC 1.03624 8.03309 0.9376 102.041 0.00237 0.9999

SA_AC 1.02768 6.86179 0.9556 71.9424 0.00476 0.9976
PEI

NE_AC 1.0329 1.22266 0.6614 20.5339 0.05842 0.9693

SA_AC 1.01837 1.6098 0.699 21.322 0.05418 0.9913
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The polyethylenimine adsorption on the NE_B biochar was difficult to determine due
to rinsing out the adsorbent components resulting in increase of the solution’s ionic strength,
which made PEI-CuCl, complex formation impossible. In the case of polyethylenimine
adsorption on the SA_B biochar, such a problem did not occur. The PEI adsorbed amount
was significantly smaller on the biochar (2.17 mg/g) than on the corresponding activated
carbon SA_AC (25.46 mg/g). The presence of poly (acrylic acid) had a slightly positive
effect on its adsorption (2.87 mg/g). The PAA adsorbed amount (3.67 mg/g, 3.03 mg/g) on
the biochar was considerably smaller than on the surface of activated carbons (99.08 mg/g,
89.67 mg/g). The cationic polymer presence in the solution had a positive effect on the
poly (acrylic acid) adsorption on the SA_B biochar (3.83 mg/g), but did not practically
affect the amount of PAA adsorbed on the NE_B biochar (3.82 mg/g). Smaller adsorption
of polymers on the biochars was first of all caused by their unfavorable textural parameters.
It should also be noted that poly (acrylic acid) and polyethylenimine could have a positive
effect on mutual adsorption due to the polymer—polymer complex formation.

The analysis of the XPS data presented in Table 6 shows that the adsorption of polymer
pollutants led to significant changes on the surface of the NA_AC activated carbon. As a
result of PAA adsorption, the oxygen content almost doubled, which was most likely due to
the formation of a polymeric layer rich in carboxyl groups on the adsorbent surface. On the
other hand, adsorption of PEI on the surface of activated carbon was accompanied by an
almost threefold increase in nitrogen content, indicating the formation of an adsorbate layer
rich in -NH- or -NH; groups. Moreover, the adsorption of polyethyleneimine caused the
appearance of small amounts of chlorine in the tested material (the source of which were
CI" supporting electrolyte anions having high affinity to the PEI cationic groups). In the
case of the system containing activated carbon and both polymers, there was a significant
increase in the content of both nitrogen and oxygen, which indicated a permanent bond of
both adsorbates to the adsorbent surface.

Table 6. Content of elements in the surface layer of NE_AC carbon without, and in the presence of,
polymeric adsorbates.

Element NE_AC NE_AC + PAA NE_AC + PEI AC + PAA + PEI
Cl [at. %] - - 1.3 0.8

N [at. %] 1.1 0.6 29 54

O [at. %] 8.6 16.6 13.0 16.1

P [at. %] 0.8 0.6 0.6 0.8

C [at. %] 89.5 82.2 82.2 76.9

The data obtained from polymer desorption studies are presented in Table 7. Poly
(acrylic acid) was desorbed using H,O, HNO3; and NaOH. The greatest desorption effec-
tiveness was obtained for the system NE_AC+PAA using a sodium base (61.01%). Water,
as well as nitric acid, were not effective desorption agents (efficacy below 3%). Desorp-
tion from the surface of biochars with NaOH was impossible. NaOH rinsed out biochar
components which caused the black color of the solution and made spectrophotometric
determination impossible. The H,O and HNOj; turned out to be better PAA desorbing
agents from the surface of biochars than from the surface of activated carbons. The greatest
poly (acrylic acid) desorption from the biochars structure was obtained for the NE_B + PAA
+ PEI system using water (34.19%). Due to the increasing ionic strength of the solution, only
water was used for the polyethylenimine desorption. The greatest desorption efficiencies
were obtained from the systems of NE_AC+PEI (44.15%) and SA_B+PEI (44.08%).
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Table 7. Percentage desorption of poly(acrylic acid) and polyethyleneimine from the activated
carbons and biochar surfaces from the single and binary systems using H,O, HNO3 and NaOH.

Desorption Agent

Desorption [%]

H,O HNO; NaOH
System PAA
NE_AC + PAA 1.36 2.76 61.01
NE_AC + PAA + PEI 1.23 1.81 47.68
SA_AC + PAA 2.53 2.00 46.45
SA_AC + PAA + PEI 1.36 242 48.59
NE_B + PAA 6.57 8.95 -
NE_B + PAA + PEI 34.19 7.08 -
SA_B + PAA 18.01 6.40 -
SA_B + PAA + PEI 2.19 7.81 -
System PEI
NE_AC + PEI 44.15 - -
NE_AC + PEI + PAA 4.52 - -
SA_AC + PEI 24.73 - -
SA_AC + PEI + PAA 9.69 - -
NE_B + PEI - - -
NE_B + PEI + PAA - - -
SA_B + PEI 44.08 - -
SA_B + PEI + PAA 34.80 - -

3. Materials and Methods
3.1. Adsorbates

Poly (acrylic acid), PAA, and polyethylenimine, PEI were applied in this study as
macromolecular adsorbates. Poly (acrylic acid) (Fluka, Saint Louis, MO, USA), with an
average molecular weight equal to 2000 Da, is a weak polyelectrolyte with anionic character,
due to the presence of carboxyl groups in its macromolecules. The PAA pK, value is about
4.5. At this pH value 50% of its carboxyl groups are dissociated [25]. Increase in the
dissociation degree of carboxyl groups causes more and more expanded conformation of
polymeric chains in the solution. At pH 3 the polymer has the most coiled conformation as
the result of minimal PAA ionization.

Polyethylenimine (Sigma Aldrich, Saint Louis, MO, USA), with an average molecular
weight equal to 2000 Da, is a cationic polymer. It assumes the highest positive charge
density in aqueous solution when it is fully protonated. PEI pK, is about 9 (at this pH value
the polyethylenimine dissociation degree is 0.5) and at this pH value, polyethylenimine is in
a more coiled form, caused by the partial dissociation of amine groups (the PEI dissociation
degree value at pH 6 is about 0.999, whereas at pH 3 it is equal to 1) [26,27]. PEI occurs in
the form of branched chains, due to the presence of the amine groups [9].

3.2. Biochars and Activated Carbons Preparation

The nettle herb (NE) and the sage herb (SA) were used as precursors of carbonaceous
adsorbents. In the first step of biochar preparation, the stalks were cut into 1.5-2.0 cm
pieces and dried at 110 °C. The fragmented and dried materials were next subjected to
conventional pyrolysis using a horizontal resistance furnace equipped with a quartz tube
reactor (one-zone model PRW75/LM, Czylok, Jastrzebie-Zdrdj, Poland). About 15 g of the
precursors was placed in the nickel boats, heated to 400 °C (with a rate 5 °C/min) and
thermostated at the final pyrolysis temperature for 60 min. After pyrolysis, the samples
were cooled down in a nitrogen atmosphere (Linde Gaz, Koscian, Poland) with a flow rate
of 170 cm3/min. The obtained biochars were denoted as NE_B and SA_B.

In order to obtain the activated carbons, both precursors were impregnated with 50%
phosphoric(V) acid solution (STANLAB, Lublin, Poland), at the precursor: activating factor
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weight ratio equal to 1:2. After 24 h of impregnation process at room temperature, the
samples were dried at 110 °C to complete the evaporation of water. Then, the impregnated
samples were placed into the quartz boats and heated in a nitrogen atmosphere (flow rate
200 cm?®/min). In the first stage, the samples were heated to the temperature of 200 °C at
a rate of 5 °C/min. Then, the materials were annealed at that temperature for 30 min. In
the next step, the samples were heated to the final activation temperature of 500 °C (at
the rate of 5 °C/min) and again annealed for 30 min. After that time, the samples were
cooled down to room temperature in a nitrogen atmosphere. The solids were washed with
10 dm? of hot distilled water in a vacuum filtration funnel with a glass sintered disc and
dried to a constant mass at 110 °C. The obtained activated carbons were denoted as NE_AC
and SA_AC.

3.3. Characterization of the Biochars and Activated Carbons

The SEM technique (Quanta 250 FEG by FEI, Waltham, MA, USA) was applied for
determination of surface morphology and elemental composition (detector Octane Elect
Plus by EDAX, Berwyn, IL, USA) of the examined solids.

The total micropore surface area, total pore/micropore volume and average pore
diameter were determined by nitrogen adsorption—desorption measured at —196 °C using
ASAP 2420 (Accelerated Surface Area and Porosimetry System) provided by Micromeritics
(Norcross, GA, USA).

The surface functional group content was determined according to the Boehm method
(back titration method), described in detail in our earlier paper [28]. The volumetric stan-
dards of 0.1 mol/dm? sodium hydroxide and 0.1 mol/dm? hydrochloric acid (Avantor
Performance Materials, Gliwice, Poland) were used as the titrants. The value of pH was de-
termined by the following procedure: samples of 0.25 g were placed in vials, to each of them
25 cm? of distilled water was added and the content was stirred by a magnetic stirrer for
12 h. The pH of the obtained suspensions was measured by means of a CP —401 pH-meter
(ELMETRON, Zabrze, Poland), equipped with a combined glass electrode EPS-1.

The XPS (X-ray photoelectron spectroscopy) apparatus (Gammadata Scienta, Uppsala,
Sweden) was used to determine the elemental composition of the surface layer of the
NE_AC activated carbon without, and in the presence of, polymeric adsorbates.

3.4. Electrokinetic Parameters Determination

The determination of surface charge density (op) of the biochars and activated carbon
particles with or without the selected adsorbates was performed applying the potentiomet-
ric titration method. A quantity of 50 cm® of suspension containing 100 ppm of adsorbates,
0.001 mol/dm3 of NaCl supporting electrolyte and 0.025 g of NE_AC, 0.025 g of SA_AC
or 0.5 g of biochars was used for the purpose. The examined solution was placed in a
thermostated Teflon vessel (RE 204 thermostat, Lauda Scientific, Lauda-Kénigshofen, Ger-
many), in which glass and calomel electrodes (Beckman Instruments, Brea, CA, USA) were
introduced to monitor pH changes (pHM 240 pH meter, Radiometer, Warsaw, Poland) after
each portion of base—NaOH, with a concentration of 0.1 mol/dm? (automatic Dosimat
765 microburette, Metrohm, Opacz-Kolonia, Poland) was added. The measurements were
made at 25 °C. The changes in the oy value, as a function of solution pH, were calculated
with the computer program “Titr_v3”, which also controlled the course of the titration
process. These calculations were based on the difference in the base volume added to the
suspension and the supporting electrolyte solution providing the specified pH value [29].

The zeta potential (C) of the biochars and activated carbon particles with and without
selected adsorbates was determined. A quantity of 200 cm? of the suspension containing the
polymeric adsorbate with a concentration of 100 ppm, NaCl as the supporting electrolyte
(0.001 mol/dm?) and 0.03 g of the solid was prepared. These systems were subjected
to the action of ultrasounds (XL 2020 ultrasonic head, Misonix, Farmingdale, NY, USA)
for 3 min and divided into several parts. In each of the obtained samples a different pH
value (changing in the range from 3 to 11) was adjusted. For this purpose, the solutions
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of HCl and NaOH, with concentrations of 0.1 mol/dm?3, as well as a ®360 Ph—meter
(Beckman, Brea, CA, USA) were used. The measurements were performed at 25 °C in
the suspensions with and without the single and binary adsorbates applying the Doppler
laser electrophoresis method and Zetasizer Nano ZS (Malvern Instruments, Malvern, UK):
NE_B + NaCl, SA_B + NaCl, NE_AC + NaCl, SA_AC + NaCl, NE_AC + NaCl + PAA,
NE_AC + NaCl + PEI, SA_AC + NaCl + PAA, SA_AC + NaCl + PEI, NE_AC + NaCl +
PAA + PEI, SA_AC + NaCl + PAA + PEIL The apparatus allowed measurement of the
electrophoretic mobility of the solid particles without, and covered with, the adsorbate
layers. Based on the obtained results, the zeta potential () was calculated using Henry’s
equation [30]. Additionally, the aggregate sizes of the examined solids formed at pH 3, 6
and 9 in the analogous suspensions were determined using the above-mentioned apparatus
(based on the static light scattering phenomenon).

3.5. Adsorption—Desorption Studies

The adsorbed /desorbed amounts of PAA and PEI were determined using the static
method based on the change of the adsorbate concentration in the solution before and
after the process. The polymer concentrations were measured using the UV-Vis spec-
trophotometer Carry 100 (Varian, Palo Alto, Santa Clara, CA, USA). The PAA concentration
was determined based on its reaction with hyamine 1622 resulting in formation of a
white-colored complex, absorbing light at the wavelength 500 nm [31]. In turn, the PEI
concentration was determined based on its reaction with CuCl,, which gives a blue-colored
complex, absorbing light at the wavelength of 285 nm [32]. The adsorption isotherms of
single adsorbates were obtained using the solutions with initial concentration changing
in the range of 20400 ppm. The suspensions were prepared by the addition of 0.01 g of
activated carbon to the 10 cm® of solution containing 0.001 mol/dm? of the supporting
electrolyte and the appropriate adsorbate. The adsorption process was carried out for 24 h
at pH 3, 6 and 9. The adsorption kinetics were studied at pH 3 at specific time intervals, after
10, 30, 60, 90, 120, 180 min, using the analogous procedure of concentration determination
as well as the adsorbates with the initial concentration of 100 ppm. The obtained data
were fitted to the pseudo first-order (Equation (1)) and the pseudo second-order models of
adsorption (Equation (2)) [33]:

d

o=k q) M
dqr PRV

o = k(e — 1) 2

where g, isthe adsorbed amount at the equilibrium state [mg/g], 4; isthe adsorbed amount
after time t [mg/g], k; is the equilibrium rate constant [1/min], and k; is the equilibrium
rate constant [g/(mg-min)].

The adsorption from the binary solutions was performed at the adsorbate initial
concentration of 100 ppm, for 24 h. The adsorption on the biochars and the activated
carbons was examined using a suspension containing 0.25 g of the biochar and 0.01g of
activated carbon, 100 ppm of the appropriate adsorbate and 10 ppm of NaCl (at pH 3, 24 h).
After the adsorption was complete the solids were separated from the solutions using a
microcentrifuge (Centrifuge MPW 233e MPW Med. Instruments, Warsaw, Poland) and the
concentration of adsorbates in the supernatants determined. The separated solids with
the adsorbed polymers were, next, subjected to the desorption process (for 24 h) using the
H,0, HNOj; and NaOH solutions (the acid and base with concentrations of 0.1 mol/dm?3).
All desorption tests were carried out at 25 °C.

4. Conclusions

The activated carbons obtained from nettle and sage herbs had largely developed
surface areas. The biochars obtained from the same precursors possessed a significantly
smaller surface area, which confirmed that the activation process had a huge impact on the
surface area, as well as on development of the porous structure. The obtained adsorbents
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were characterized by a mesoporous structure which favored the adsorption of pollutants
with large molecular sizes. The activation process also affected the acidic/basic properties
of solids (biochars are basic in nature, while activated carbons exhibit acidic character at
the surface).

It was proved that carbonaceous materials obtained from nettle and sage herbs can be
used as effective polymer adsorbents from aqueous solutions. Poly(acrylic acid) was better
adsorbed on the surface of all examined solids than polyethylenimine. In turn, the greatest
adsorption of both polymers was observed at pH 3 on the NE_AC surface (the maximum
value of the PAA adsorption was 273 mg/g, whereas for PEI it was156 mg/g). The PEI
adsorption at pH 3 was not affected by poly(acrylic acid) with the coiled conformation. In
turn, PEI molecules with highly developed conformation could block the porous structure
of activated carbons for PAA adsorption (PAA adsorbed amount decrease from mixed
system of adsorbates). It was also proved that the regeneration of the examined solids was
possible; however, at a level not exceeding 50%.
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Abstract: The main aim of this study was the determination of temperature influence on adsorption
mechanisms of anionic poly(acrylic acid) (PAA) and cationic polyethylenimine (PEI) on the surface
of activated carbons (AC) obtained via chemical activation of nettle (NE) and sage (SA) herbs. All
measurements were performed at pH 3 at three temperature values, i.e., 15, 25 and 35 °C. The
adsorption/desorption of these polymers from single and mixed solution of adsorbates was also
investigated. The viscosity studies were additionally performed to obtain hydrodynamic radius
values characterizing polymeric macromolecules conformation in the solution. These data are very
important for the explanation of changes of linear dimensions of polymer chains with the rise of
temperature caused by the modification of polymer—solvent interactions. Moreover, the XPS studies
for the systems showing the highest adsorbed amounts in the specific temperature conditions were
carried out. These were the systems containing PEI, PAA and NE-AC activated carbon at 25 °C. In
such a case, the maximum adsorption capacity towards PAA macromolecules from a single solution of
adsorbate reaches the value of 198.12 mg/g. Additionally, the thermodynamic parameters including
the free energies of adsorption, as well as changes in free enthalpy and entropy were calculated.

Keywords: activated biocarbons; temperature effect; poly(acrylic acid); polyethyleneimine; polymers
simultaneous removal; hydrodynamic radius of polymeric coil

1. Introduction

Carbonaceous materials are widely used in industry and water treatment technolo-
gies [1,2]. However, the most popular is their application for heavy metals removal. There-
fore, it should not be surprising that heavy metals adsorption on the surface of different
types of adsorbents is reported extensively [3-5]. On the other hand, many other sub-
stances are currently present in wastewater. Thus, the simultaneous removal of molecules
of various chemical characteristics is a very important issue, which requires explanation
and extensive studies. Adsorption on the surface of carbonaceous adsorbents could also be
successfully used for water remediation from all types of pollutants [6,7].

Polymers are present in the wastewaters in great amounts due to their wide application
in various branches of industry, agriculture and ecology [8-17]. They are often synthetic
substances, whose effect on organisms have not been completely explained and they can
be potentially dangerous. For this reason, new and more effective methods of polymers
removal from aquatic environments are constantly sought and aimed at innovative ma-
terials of this type that accompany the development of modern technologies. One of the
techniques which meets this criterion is adsorption with activated carbons usage [18-20]. It
should be noted that polymeric chain conformation in the aqueous solution, determining
the maximum amounts of adsorbed macromolecules and structure of their surface layer, de-
pends, among others, on the polymer type and its molecular weight, solution pH and ionic
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strength, as well as temperature [21,22]. All these parameters affect adsorption efficiency
and as a consequence of the stability of such systems.

Polymers dilution in the solution proceeds in two stages. In the first one, the polymer
swells due to solvent molecule penetration inside the polymer macromolecules, which
causes an increase of the polymeric sample volume, maintaining its original shape. In the
second stage, the solvent diffuses between polymer macromolecules, separates them from
each other and the homogeneous solution is formed [23]. The final polymers conformation
in the solution are the result of two component contributions: solvent-segment interactions
and segment-segment interactions with van der Walls forces. The solvent whose action
on the polymer significantly exceeds the segment-segment interactions is regarded to be
the good one. When the polymer—solvent interaction is not able to overcome the van der
Waals forces, the polymer precipitates from the solution [24]. The temperature at which
the macromolecule size is equal to the undisturbed one is called 6 temperature (theta
temperature). A solvent at the temperature 0 becomes an ideal one. At the temperature
lower than 6, polymer—polymer interactions are favorable. The polymer conformation is
more coiled in order to minimize polymers—solvent contacts and maximize the polymer—
polymer contacts. When the solution temperature is higher than 6 temperature, the opposite
effect occurs [25]. Polymeric coils develop due to favourable solvent—polymer interactions.

The main aim of the presented manuscript was to determine influence of temperature
on an anionic poly(acrylic acid) (PAA) and cationic polyethylenimine (PEI) adsorption
mechanism on the surface of activated carbons (AC) obtained from nettle (NE) and the
sage (SA) herbs. The simultaneous adsorption/desorption of both polymers with differ-
ent ionic characteristics was also investigated. The viscosity, adsorption and desorption
measurements were performed at three temperature values, i.e., 15, 25 and 35 °C. The
viscosity study enabled determination of linear dimensions of polymeric chains in an
aqueous solution with the increasing temperature, which can be very helpful in describing
the structure of the polymeric layers formed at the activated carbon—solution interface [26].
Understanding the mechanisms controlling the process of adsorption removal of polymers
at different temperatures is crucial for the effective control of many technological operations
involving them, often carried out in a wide range of temperatures.

2. Materials and Methods
2.1. Adsorbents and Adsorbates

Activated carbons (AC) used as the adsorbents were obtained from nettle (NE) and
sage (SA) herbs. The preparation procedure and physicochemical characteristics were
described in detail in the previous manuscript [27]. Both precursors were impregnated
with the 50% phosphoric(V) acid solution (STANLAB, Lublin, Poland) and heated in the
nitrogen atmosphere (flow rate 200 cm?/min) with first step at 200 °C (temperature build-
up 5 °C/min) for 30 min and the second one at 500 °C (temperature build-up 5 °C/min) for
30 min. The obtained activated carbons were denoted as NE-AC and SA-AC, respectively.
Their textural parameters and acidic/basic properties are presented in Table 1. The textural
characterization of the activated carbons was based on the nitrogen adsorption-desorption
isotherms measured at —196 °C on a sorptometer ASAP 2020 manufactured by Micrometrics
Instrument Corporation (Norcross, GA, USA). The content of the surface functional groups
of acidic and basic nature was evaluated according to the Boehm method [28], using
volumetric standards of 0.1 mol/dm?3 NaOH (POCh, Gliwice, Poland) and 0.1 mol/dm?
HCI (Chempur, Piekary Slaskie, Poland) as the titrants.

Table 1. Textural parameters and acidic/basic properties of the prepared activated carbons.

Surface Area [m?/g] ~ Pore Volume [em*/g] ~ Mean Pore  Acidic Groups  Basic Groups  Total Amount

Adsorbent Total Micropore Total Micropore  Size [nm] [mmol/g] [mmol/g] [mmol/g]
NE-AC 801 157 0.847 0.074 4.231 0.858 0.272 1.130
SA-AC 842 155 0.826 0.074 3.926 0.436 0.215 0.651
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Poly(acrylic acid) (PAA) and polyethylenimine (PEI) were used as adsorbates. Both
PAA and PEI were characterized by the weight average molecular weights equal to 2000 Da.
Poly(acrylic acid) (Fluka, Saint Louis, USA) is a weak polyelectrolyte with an anionic char-
acter (carboxyl groups are present in its macromolecules) with a pK, value of about 4.5.
Thus, at pH 3, at which all measurements were carried out (due to maximal adsorption
of both polymers under such conditions), its ionization is minimal [29]. Polyethylenimine
(Sigma Aldrich, Saint Louis, MO, USA) is a cationic polymer (amine groups are present
in its chains) with a pKj, value of about 9 [30]. At pH 3, PEI molecules occur in a com-
pletely dissociated form. The single (only PAA or only PEI) and mixed (PAA and PEG
simultaneously) systems of adsorbates were investigated.

The NaCl solution (POCh, Gliwice, Poland) with a concentration of 0.001 mol/dm?
was used as the basic electrolyte. The HCI (Chempur, Piekary Slaskie, Poland) and NaOH
(POCh, Gliwice, Poland) solutions with concentrations ranging from 0.01 to 1 mol/dm?
were used for the adjustment of the solution pH. All reagents were of analytical grade.

2.2. Viscosity Measurements
Viscosity measurements were applied to determine the linear dimensions of the
polymer chain in aqueous solution. Based on the Flory-Fox theory, the root-mean-square
—\1/2
chain end-to-end distance— <r2> and the hydrodynamic radius of the polymer coil—R;,

were calculated [24,31]. These experiments were performed using the rotational CVO 50
rheometer with the “double gap” measuring system (Bohlin Instruments, Malvern, UK).
For this purpose, the following equations were applied:

)"

Rh = f 61/2 (1)
=) >
[7] = limyy, )

I _1q
Ny = L 4)

c

where: [7]—the intrinsic viscosity (determined from dependence of reduced viscosity (77r)
versus the polymer concentration (c) by extrapolating the straight line to ¢ = 0); 17,—the
polymer solution viscosity; 7p—the water viscosity; F—the universal Flory—Fox constant
approximately equal to 2.1-10%! (for the polymers in good solvents) [24,31]; M—the polymer
molecular weight; f—the constant value, irrespective of the polymer molecular weight
(f = 0.66 [32,33]).

Viscosity studies were performed in the supporting electrolyte solution—NaCl with a
concentration of 0.001 mol/dm? at pH 3, at which the highest adsorptions of both polymers
were observed [27] and at three values of temperatures, namely 15, 25 and 35 °C. The
examined concentrations of aqueous polymeric samples were as follows: 10, 50, 100, 150,
200, 300 and 400 ppm.

2.3. Adsorption—Desorption Measurements

For adsorption—desorption studies, 10 cm® of suspensions containing 0.001 mol/dm?
of NaCl (supporting electrolyte), 200 ppm of appropriate polymer and 0.01 g of activated
carbon were used. The adsorption process was carried out for 24 h at pH 3 at 15, 25 and
35 °C. After the adsorption completion, the solids were separated from solutions using
microcentrifuge (Centrifuge MPW 233e MPW Med. Instruments, Warsaw, Poland) and
the concentrations of adsorbates in the supernatants were determined. The separated
solids with adsorbed macromolecular substances were next subjected to the desorption
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using H,O, HNO3 (POCh, Gliwice, Poland) and NaOH solutions (the acid and base
with concentrations of 0.1 mol/ dm3). After 24 h, the adsorbates concentrations were
determined. All adsorbed/desorbed amounts were examined using a static method based
on a decrease/increase in the polymers concentration in the solution before and after the
adsorption/desorption process. The following formula was used for this purpose:

(Co—Ce)V
Je=———— ©)
where: g,—the polymer adsorbed/desorbed amount at the equilibrium state, Cy and
C.—the polymer concentrations in the solution before adsorption and at the equilibrium
state, respectively, V—the volume of the solution, m—the mass of the solid.

PEI and PAA concentrations in the solution were determined using UV-VIS spectropho-
tometry (Carry 100, Varian, Palo Alto, CA, USA). The poly(acrylic acid) concentration was
determine using its reaction with hyamine 1622 (Sigma Aldrich, Saint Louis, MO, USA),
which gives a white-coloured complex [34]. In turn, the polyethylenimine concentration
was obtained based on its reaction with CuCl, (POCh, Gliwice, Poland), resulting in the
formation of a blue-coloured complex [35].

The PAA and PEI adsorption kinetics were studied at pH 3 at 15, 25 and 35 °C for
the NE-AC sample (the time intervals were: 10, 30, 60, 90, 120, 180 min). The procedures
of concentration determination described above, as well as the adsorbates with the initial
concentration of 100 ppm, were examined. The obtained data were fitted to the pseudo-first
order and the pseudo-second order models of adsorption [36]:

d
% = k1(qe — q1) (6)
d
A= ko (e — i)’ )

where: g.—the adsorbed amount at the equilibrium state, g;—the adsorbed amount after
time ¢, ky—the equilibrium rate constant, k,—the equilibrium rate constant.

Two different commercially available activated carbon materials were used—purolite
(PRT) (Lenntech, Delfgauw, The Netherlands), with a specific surface area of 900-1000 m? /g,
and lewatite (LWT) (Lanxess, Dortmund, Germany), characterized by a specific surface
area of 550-650 m? /g. The adsorption studies with their usage were performed at the same
conditions as for the applied herbs-based activated carbons.

The XPS (X-ray photoelectron spectroscopy) apparatus (Gammadata Scienta, Uppsala,
Sweden) was used to determine elemental composition of NE-AC activated carbon and
adsorbed forms in the surface layers of both polymers at pH 3 and at 25 °C. For such
a system and under such conditions, the greatest adsorption of polymeric substances
was obtained.

2.4. Thermodynamic Studies

The thermodynamic parameters of PAA and PEI adsorption on activated carbons were
calculated at three different temperatures using the formulas [37-39]:

AG® = —RTInK.C (8)
e
K. = — 9
=2 ©)
AS°  AH°
0 _ _
InKq.c” = R RT (10)

where: AG°—the change of free energy of the system, AH°—the change of free en-
thalpy of the system, AS°—the change of free entropy of the system, R—gaseous constant
(8.314 ] /mol K), T—temperature, K.—distribution constant at equilibrium, Cyp—the initial
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concentration of adsorbate (200 mg/ dm?) [38-40], ge—the adsorbed amount of the polymer
at equilibrium, Ce—the equilibrium concentration of solution.

3. Results
3.1. Linear Dimensions of Poly(Acrylic Acid) and Polyethyleneimine Chains in Aqueous Solutions
at Different Temperatures

The dependencies of intrinsic viscosities of polymer solutions as a function of their
concentrations leading to [1] determination are presented in Figure 1, whereas the cal-
culated parameters characterizing linear dimensions of polymeric chains are listed in
Table 2 [40,41].

Analysis of the data above suggests that a temperature increase causes increase of
both the root-mean-square chain end-to-end distance and the hydrodynamic radius of the
polymer coil values in the case of the two examined polymers. Such behavior is a result of
the changes in solvent quality and polymer-solvent interactions [23].

50
45 ¢15°C m25°C A35°C
40 y =14.332x +31.835
35
5 30
]
€ y = 19.673x + 24.447
3, 25
(a) < 20
15
10 y =20.471x + 7.6013
5
0
0 0.1 0.2 0.3 0.4 0.5
Cpaa [9/dm?]
50 T
] ¢15°C m25°C A35°C
45 1
3 T =2.2253x +37.641
P S S S 3 I
L L 3 .L [ )
35 i 1 1 1 L
5 30 ¥
”E 5 =9.8217x +27.124
1 y=9. .
N 35, 25 3
i R S z 4
15 + y = 1.2383x + 18.974
10
5%
0 3 + + + + !
0 0.1 0.2 0.3 0.4 0.5

cpg [9/dm?]

Figure 1. Intrinsic viscosities of (a) PAA and (b) PEI solutions as a function of their concentrations at
different temperatures, pH 3.
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Table 2. Characteristics of linear dimensions of poly(acrylic acid) and polyethyleneimine macro-
molecules in the aqueous solutions at pH 3 under different temperature conditions.

—.1/2
[y] " Ry,
Temperature [dm3/g] [nm] [nm]
PAA
15°C 7.601 1.96 0.53
25°C 24.447 2.85 0.77
35°C 31.835 3.16 0.85
PEI
15°C 18.974 2.66 0.72
25°C 27.124 3.00 0.81
35°C 37.641 3.35 0.90

The theta temperature of poly(acrylic acid) in aqueous solution is 14 °C [42]. The
dimensions of polymer chains in this state satisfy the statistical requirements of the Gauss
theory, which is why they are sometimes termed as the Gauss coils. Under temperature
conditions lower than theta temperature, polymer coil conformation changes to a globular
shape to minimize the polymer—solvent contacts and maximize the contacts between the
segments (coil-globule transition and phases separation occur). PAA aqueous solution
shows the UCST type phase diagram (with upper critical solution temperature), below
which the solution separates into two uniform phases with different compositions (cloud
point is reached) [43]. At 15 °C (very close to the theta temperature), the polymer coils
(additionally practically undissociated at pH 3) have the smallest dimensions (0.53 nm).
Further increase of temperature causes improvement of solvent quality and polymer
segments interactions with solvent molecules more and more preferred. This is why the
(r2)1/2 and Ry, values increase at temperatures of 25 and 35 °C.

A similar trend is observed for the cationic polyethyleneimine. Nevertheless, due
to the total dissociation of its functional groups at pH 3, the linear dimensions of PEI
macromolecules are greater than in the case of PAA. The aqueous solution of PEI shows
LCST (lower critical solution temperature) behavior and the reported cloud point is about
97 °C [44,45]. Due to the fact that the examined temperature range (15-35 °C) remains
distant from this PEI critical conditions, the differences of the (2)1/? and Rj, values with
temperature increase are slightly smaller than that observed for poly(acrylic acid) samples.

3.2. Adsorption—Desorption Properties of the Activated Carbons in Single and Mixed Solutions of
Poly(Acrylic Acid) and Polethyleneimine at Different Temperatures

Both polymers adsorbed amounts (expressed in mg/g and as percentage of polymer
removal) on the activated carbons surface from single and mixed systems of adsorbates at
pH 3 at three examined temperatures, as presented in Figures 2 and 3.

Previous studies on activated carbons surface charge density confirm the acidic prop-
erties of both adsorbents. The point of zero charge (pzc) of NE-AC activated carbon occurs
at pH 3.1 and, in case of SA-AC one, at pH 4.0 [27]. It means that at pH 3, at which
the polymers adsorption were carried out, NE-AC activated carbon surface is practically
neutral, whereas SA—-AC one slightly positively charged. Thus, the electrostatic conditions
have small influence on the polymer adsorption at pH 3, only for minimally dissociated
PAA macromolecules the weak electrostatic attraction with SA-AC surface takes place.
Due to the considerably higher content of functional groups and noticeably greater mean
pore size in the case of the NE-AC activated carbon (Table 1), PAA adsorption is higher on
this carbonaceous material surface than on the SA-AC one, both from single and mixed
adsorbate systems, at all examined temperatures. The PEI adsorption is considerably lower
as a result of total dissociation of its functional groups and more stretched conformation
causing solid pore entry blockade.
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PAA adsorption
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Figure 2. PAA adsorbed amounts (a) and its percentage removal (b) from the activated carbons
surface in single and mixed systems of adsorbates at three examined temperatures, pH 3.

The temperature influence on the adsorbed amount of the examined polymers is
significantly greater for poly(acrylic acid) (Figure 2) than polyethyleneimine (Figure 3).
The largest differences occur for NE-AC activated carbon, for which the adsorption at
15 °C is lower than at 25 and 35 °C, noting that adsorption reaches its maximum at 25 °C
(about 198 mg/g). At 15°C, PAA macromolecules possess nearly ideal conformation
(the hydrodynamic radius is the smallest—0.53 nm). Such coiled conformation limited
exposition of polymeric functional groups towards the solid surface (which interact each
other forming mainly hydrogen bonds [40]) and the smallest PAA adsorption level is
observed. Moreover, the temperature conditions close to theta and critical ones make
polymer coils less soluble in water, which affects their tendency to accumulate at the
interface. The greatest adsorption of PAA on the NE-AC surface at 25 °C is probably a
result of the smaller packing of polymeric segments in adsorbed coils with larger size (R,
assumes value 0.77 nm) and the increasing affinity of the polymer to the solvent molecules,
the quality of which improves. These factors enable effective interaction of polymer
carboxylic groups with the surface of the NE-AC adsorbent and effective penetration of
macromolecules into this solid pores. On the other hand, at 35 °C, the PAA adsorption is
smaller by about 6 mg/g than at 25 °C, due to further increase of the hydrodynamic radius
of the polymeric chains, which results in a more flat conformation of adsorbed PAA chains
on the positively charged NE-AC surface. This results in partial blockade of the entrance
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to the solid pores for adsorbing macromolecules. The temperature influence in the case of
PEI and mixed adsorbate systems is rather minimal and, in most cases, it remains within
the measurement error.

PEI adsorption
220
200

mg/g]
2 2

140
120
100

80
60 | 53 78 5846 87352 51615079 374

1l lﬂ 1 Iﬂ i fi

NE_AC SA_AC | NELAC SAAC | NELAC SA_AC ‘
15°C 25°C 35°C
BPEI mPEI+PAA
PEI removal

S
Adsorbed amount [

100
90
80
70
60
50

40 31.69 29.23
30 | 2689.Z 2771 25.805

22 6055k 24.365 1 25 395 24 715
20
10
(1]

NE_AC SA_AC NE_AC SA_AC | NELAC  SA_AC
15°C 25°C 35°C
mPEl mPEMPAA

(b)

Adsorption removal [%)]

Figure 3. PEI adsorbed amounts (a) and its percentage removal (b) from the activated carbons surface
in single and mixed systems of adsorbates at three examined temperatures, pH 3.

Both examined polymers show a higher affinity to the surface of activated carbons
obtained from plant material than to the surface of the commercially available activated
carbons (Figures 4 and 5). Moreover, the effects on mutual adsorption on the surface of
LWT and PRT are opposite to that taking place during the adsorption onto NE-AC and
SA-AC activated carbons. Poly(acrylic acid) is better adsorbed from the binary solutions
on the surface of commercial adsorbents, whereas polyethylenimine adsorbed amounts
decrease in the presence of PAA.

The kinetic studies (Figure 6) performed in the NE-AC system as a function of tem-
perature show that the equilibrium state was reached after 60 min in the solution contain-
ing poly(acrylic acid) and after 10 min in the solution containing polyethylenimine. The
obtained results of kinetic measurements were fitted to the pseudo-first order and pseudo-
second order equations (Table 3). The analysis of kinetic parameters indicated that for both
polymers, the pseudo-second order model described better their adsorption behavior at the
activated carbon—solution interface.
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Table 3. Kinetic parameters of the PAA /PEI adsorption on the NE-AC activated carbon.

Pseudo-First Order Model

Pseudo-Second Order Model

Calculated
Parameters qe ke R2 qe ko 2
[mg/g] [1/min] [mg/g] [g/(mg-min)]
PAA
15°C 1.02881 8.65444 0.8313 94.3396 0.00185 0.9982
25°C 1.03624 7.91933 0.9420 102.041 0.00221 0.9999
35°C 1.03241 7.22797 0.9190 71.9424 0.00472 0.9854
PEI
15°C 1.02316 5.31486 0.9339 30.1205 0.00587 0.9989
25°C 1.01329 1.22266 0.6614 20.5339 0.02061 0.9995
35°C 1.02439 6.2257 0.8792 24.2718 0.00362 0.9949
PAA adsorption
220
200
2 180
<)
E 160
E 140 124.15
3 120 | 11176 1099 117.89 116,572 115 001457
£ 102.20
@ 100
(a) E 80
5 60
3 40
<
20
0
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15°C 25°C 35°C
BEPAA DPAA+PEI
PAA removal
100
20
g 80
® 70
3 62.08 58.95 61.22 59.38 58.59 57.29
£ 60 5577 54.53
o 51,10
= 50
c
(b) g w
%
5 30
3 20
<
10
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LWT PRT LWT
15°C 25°C 35°C
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Figure 4. PAA adsorbed amounts (a) and its percentage removal (b) from the commercial materials

surface in single and mixed systems of adsorbates at three examined temperatures, pH 3.
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PEI adsorption
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Figure 5. PEI adsorbed amounts (a) and its percentage removal (b) from the commercial materials
surface in single and mixed systems of adsorbates at three examined temperatures, pH 3.

The results of the desorption studies from single and mixed systems of the examined
polymers are presented in Table 4. In the case of PAA containing systems, the greatest
percentages of desorption were obtained after usage of NaOH (45.5-61.23%). The HNOj3
turned out to be not very effective in the regeneration of activated carbons, similarly to
H,O. The desorption of PEI was only realized by the use of water. In this case, desorption
percentages of polyethyleneimine from single systems reaches an even value of 44.15%. In
the case of mixed systems of adsorbates, the PEI desorption is considerably limited due to
the formation of PAA + PEI complexes [27]. This indicates that PEI bonding to the surface
of examined carbon materials is much weaker than PAA macromolecules. The influence of
temperature on the adsorbed polymers desorption is rather minimal.
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Figure 6. Adsorption kinetics of PAA (a) and PEI (b) on NE-AC activated carbon surface at three
examined temperatures, pH 3.

The free energy of adsorption (AG°) was calculated using Equations (8) and (9),
whereas entropy and enthalpy were evaluated from the van’t Hoff plots presented in
Figure 7. All thermodynamic parameters are collected in Table 5.

The negative values of AG® at all examined temperatures show that the adsorption
process of polymeric substances was spontaneous. The greatest values of AG® were ob-
served in the case of the NE-AC + PAA system at 25 °C, for which the largest adsorption
was obtained. The free energy of adsorption changes in the range 9.7-24.7 k] /mol, which
corresponds with the energy of hydrogen bonds formation and electrostatic interactions.
The positive values of AH® confirmed the endothermic nature of the process. Moreover,
the positive AS° values indicate an irregular increase of randomness at the activated
carbon—-polymer interface during the adsorption process.
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Table 4. Percentage desorption of polymers from activated carbons surface from the single and mixed
adsorbate systems under different temperature conditions.

Desorption [%]

Desorption Agent H,0 HNO; NaOH
PAA,15°C
NE_AC + PAA 2.44 2.93 61.23
NE_AC + PAA + PEI 3.35 4.70 50.60
SA_AC + PAA 3.86 3.84 57.58
SA_AC + PAA + PEI 4.53 5.56 55.55
PEI, 15 °C
NE_AC + PEI 13.97 - -
NE_AC + PEI + PAA 2.79 - -
SA_AC + PEI 14.81 - -
SA_AC + PEL + PAA 0.56 - -
PAA, 25°C
NE_AC + PAA 1.36 2.76 61.01
NE_AC + PAA + PEI 1.23 1.81 47.68
SA_AC + PAA 2.53 2.00 46.45
SA_AC + PAA + PEI 1.36 2.42 48.59
PEI, 25 °C
NE_AC + PEI 4415 - -
NE_AC + PEI + PAA 4.52 - -
SA_AC + PEI 24.73 - -
SA_AC + PEI + PAA 9.69 - -
PAA,35°C
NE_AC + PAA 1.55 2.90 56.65
NE_AC + PAA + PEI 2.93 8.85 45.50
SA_AC + PAA 3.91 5.34 54.10
SA_AC + PAA + PEI 5.86 8.32 53.35
PEI, 35 °C
NE_AC + PEI 36.28 - -
NE_AC + PEI + PAA 5.40 - -
SA_AC + PEI 39.29 - -
SA_AC + PEI + PAA 4.61 - -

Table 5. Thermodynamic parameters of PAA and PEI adsorption on activated carbons surface.

K. (dm3/g) AH® (kJ/mol) AS° (kJ/(mol-K)) AG° (kJ/mol)
Adsorbent T (°C)

PAA
15 5.58 —16.8
NE_AC 25 105.38 55.4 2124 —24.7
35 23.84 —-21.7
15 2.17 —14.5
SA_AC 25 222 1.1 10.3 -15.1
35 224 —15.6
PEI
15 0.37
NE_AC 25 0.32 5.7 10.9
35 0.43
15 0.29
SA_AC 25 0.35 11.8 30.9

35 0.40
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Figure 7. The van’'t Hoff plots for calculation of enthalpy and entropy in (a) PAA and
(b) PEI—activated carbon systems.

3.3. XPS Study of Polymeric Adsorption Layers Formed on the NA-AC Activated Carbons Surface
at 25°C

The XPS spectra of the NE-AC sample obtained before and after PAA and PEI ad-
sorption (Figures 8-10 and Table 6) confirm the formation of a polymer film on the surface
of the tested activated carbon. As a result of poly(acrylic acid) adsorption, a significant
decrease in carbon content is observed, accompanied by an increase in the contribution of
oxygen. This proves that the polymer (rich in carboxyl groups) is permanently bonded
to the adsorbent surface. In the case of the system containing NE-AC activated carbon
and polyethyleneimine, a slightly different situation is observed. As a consequence of
adsorption of the polymer rich in nitrogen functional species, the contribution of the nitro-
gen and oxygen increases simultaneously; however, the nitrogen content is almost three
times higher than in the system without the polymer. This clearly indicates the permanent
bonding of the polymer with the activated carbon surface. We have quite a similar rela-
tionship in case of the system containing carbonaceous adsorbent and both polymers at
the same time. The increase in the content of both heteroatoms is even greater than for the
previously discussed system. This may indicate mutual interactions between the molecules
of individual polymers.
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Figure 9. C 1s (a) and O 1s (b) spectra of NE-AC activated carbon before polymers adsorption.
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Figure 10. C 1s (a), N 1s (b) and O 1s (c) spectra of NE-AC activated carbon after PAA and PEI
simultaneous adsorption.

According to the data presented in Table 6, as the result of both polymers adsorption,
there are not only quantitative changes in the elemental carbon content at the surface, but
also qualitative ones. This is especially well seen in the case of the simultaneous removal of
PAA and PEI from an aqueous solution. The NE-AC sample contains carbon mainly in
the form of such groups as: C-H, C=C, C-C, C-OH and C-O-C, as well as small amounts
of C=0, -C=N, N=C-O and COOR. After both polymers adsorption, the contribution of
C=C (284.3 eV) and, in particular, C-H (284.8 eV) [46—49] significantly decreases, while the
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share of the other forms increases to different degrees. In case of the systems NE-AC + PEI
and NE-AC + PEI +PAA, particularly noteworthy is the two-fold increase in the content
of C=N, N=C-O (288.8 eV) [50-52] and COOR type groups (289.6 €V) [53]. In order to
better illustrate the changes taking place on the activated carbon surface as a result of
both polymers adsorption, the selected spectra of C 1s, N 1s and O 1s are presented in
Figures 9 and 10.

Table 6. The main C 1s photopeaks of the investigated samples [47-53].

Binding NE_AC + NE_AC+ NE_AC +

Species Energy[ev]  E-AC PAA PEI PAA + PEI
C-H 284.85 53.2 50.5 47.2 39.9
C=C sp? 284.29 12.0 135 144 9.9
C-C sp’ 28551 145 15.0 14.0 19.6
C-OH, C-N 286.15 8.2 6.9 5.8 9.2
C-0-C 286.94 6.4 8.3 8.4 10.0
Cc=0 287.82 1.7 2.1 18 3.0
COO-, C=N, N=C-O 288.79 1.9 2.0 43 46
COOR 289.59 2.2 1.7 42 3.8

4. Conclusions

The examined carbonaceous materials obtained by chemical activation of nettle and sage
herbs can be used as the effective adsorbents of poly(acrylic acid) and polyethyleneimine
from the aqueous solutions at different temperatures (changing in the range 15-35 °C).
The temperature increase causes an increase in the linear dimensions of polymeric chains
(expressed as root-mean-square chain end-to-end distance and the hydrodynamic radius)
for both examined polymers. At 15 °C (very close to the PAA theta temperature), the
poly(acrylic acid) coils (additionally minimally dissociated at pH 3) have the smallest
dimensions (hydrodynamic radius is 0.53 nm).

Due to the total dissociation of polyethylene functional groups at pH 3, the linear
dimensions of PEI macromolecules are greater than in the case of PAA. The temperature
influence on the adsorbed amounts of the examined polymers is significantly greater
for poly(acrylic acid) than polyethyleneimine. The largest differences occur for NE-AC
activated carbon, for which the adsorption reaches its maximum at 25 °C (about 198 mg/g).
This can be result of the smaller packing of polymeric segments in adsorbed coils and
the increasing affinity of the polymer to the solvent molecules (facilitated penetration of
macromolecules into solid pores). The thermodynamic studies indicate that the adsorption
process of polymeric substances was spontaneous, has endothermic nature, and takes place
mainly through hydrogen bonds formation.

It was also proved that poly(acrylic acid) is most efficiently desorbed by the use of
a NaOH solution (maximal desorption about 61%). Weakly bonded polyethyleneimine
undergo desorption even by water (maximal desorption about 44%). XPS studies confirmed
that both polymers form stable films on the surface of the tested activated carbon, leading
to significant changes in the content of carbon, oxygen and nitrogen on the border of the
adsorbent-adsorbate phases.
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Abstract: Biochars and activated carbons obtained from the nettle and the sage herbs were used for Cd(II), As(V),
poly(acrylic acid) and polyethylenimine simultaneous adsorption from the multicomponent aqueous solutions.
Electrokinetic studies proved that both activated carbons show acidic character of the surface. The point of zero
charge of the sample obtained from the nettle herb occurs at pH 3.1, whereas that of the adsorbent obtained from
the sage herb at pH 4.0. Cd(I) adsorption causes the decrease in the surface charge density and the zeta potential
of both activated carbons, whereas As(V) addition results in the increase of solid surface charge density and its
impact on the zeta potential value depends on adsorbent type. In case of the simultaneous presence of metals and
polymers, the adsorbed macromolecules have greater influence on the surface charge density and the zeta
potential values than the metal ions. Cd(I) and As(V) are well adsorbed on the examined activated carbons
irrespective of the solution pH (changing in the range 3-9). Maximum adsorption were 218.27 mg/g for Cd(I) and
205.53 mg/g for As(V). The polymers presence causes a decrease (80-90 %) of both metal ions adsorbed amounts,
whereas the poly(acrylic acid) and polyethylenimine adsorption mechanism in the presence of cadmium and
arsenic ions depends on the adsorbent type and polymer-metal interactions.

Keywords: Activated carbons; biochars; heavy metals adsorption; ICGC-9; plant precursors; polymers and metals
simultaneous removal.

Introduction

Heavy metals are one of the most dangerous environment pollution. They are considered as the most lethal,
inorganic, anthropogenic contaminants [1]. They are one of the most common water and soil pollutants due to
their great solubility. For the all above mentioned reasons heavy metal ions should be effectively removed from
water. The current wastewater treatment methods are strongly related to their economic aspects [2]. Thus, new,
cheap methods of sewage treatment should be constantly developed and elaborated.

Cadmium is a heavy metal which is delivered to the environment from the agricultural and industrial
sources. This is a very dangerous element due to its accumulation in plants and animals with the long-life time
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equal 25-30 years [3]. Cd(II) present in plants affects the nitrate absorption and transport. It also inhibits the
photosynthesis which can slow down growth and reduce the efficiency of the process [4]. In the human body
cadmium changes the DNA expression, inhibits the heme synthesis and impairs the mitochondrial function
potentially inducing apoptosis [5]. According to the World Health Organization the cadmium concentration in the
drinking water should not exceed 0.003 mg/dm?® [6].

The Cd(II) and As(V) can be successfully adsorbed on the surface of nanoparticles [7-9]. However their removal
from aqueous solution is difficult due to the low particles size. The carbonaceous materials don’t have this disad-
vantages because they have highly developed specific surface area and their modification is rather simple. The surface
complexation and precipitation are the prevailing mechanisms of Cd(II) adsorption on the surface of carbonaceous
adsorbents [10, 11]. The cadmium adsorbed amounts are greater at pH below 7, above this value Cd(II) precipitates
from solution which make the adsorption studies impossible. The studies on the cadmium adsorption in the presence
of other heavy metals showed that Cd(II) is more effectively adsorbed from the single solution [12-14]. The obtained
maximum Cd(II) adsorbed amount on the surface of biochar derived from cannabis was 175.43 mg/g [15].

In nature arsenic is commonly associated with gold, copper and lead ores. This is a highly toxic element,
however, it is essential for some organisms life [16]. Arsenic toxicity depends on its form, the inorganic arsenicals
are more toxic than the organic ones. The most common toxic mode of this element is the inactivation of enzyme
systems [17]. Arsenic is a carcinogen element exerting a negative effect on almost all human organs [18]. Despite
the risks described above, arsenic is still present in some drinking water reservoirs [19]. The WHO guideline for
the arsenic concentration in the drinking water is 10 mg/dm3 [20].

Adsorption is one of the main methods of As(V) removal from water. Metal oxides, zero-valent iron and iron
composites are used for this purpose. However, arsenic removal from aqueous solution using the adsorbent of
natural origin are the most effective method [21]. The iron-modified activated carbons and biochars are most
widely used of all carbonaceous materials. The iron modification increases the arsenic adsorbed amount in
comparison to the analogues commercial non-modified adsorbents. The chemical adsorption proved to be the
main mechanism. In general As(V) is better adsorbed from the acidic solution [22, 23]. The mixture of apricot,
peach stones and almond shells biochars was the most effective for As(V) removal (42.92 mg/g) [24-29].

In the present studies the biochars and activated carbons obtained from the nettle and the sage herbs were
used as Cd(II), As(V), anionic poly(acrylic acid) and cationic polyethylenimine adsorbents. To determine the
adsorption mechanisms the electrokinetic properties of carbonaceous materials in the metals and polymers
presence were studied. The assessment of the pH effect on the Cd(II) and As(V) adsorbed amount was also done.
Moreover, the adsorption kinetics was examined and the most probable adsorption mechanisms were proposed.
The heavy metal ions and ionic polymers effect on the simultaneous adsorption on the biochars and activated
carbons surface was also studied. Additionally, the regeneration possibilities of exhausted materials were
examined and the most effective desorbing agents were selected. The presented studies have innovatory char-
acter, because the usage of biochars and activated carbons for the simultaneous metals and polymers removal
from the aqueous solutions is extremely rarely described in the literature [29-32]. What is more, the ionic
polymers adsorption from their single systems is also poorly discussed. The increasing usage of polymers in the
various branches of industry resulted in an increase in their concentration detected in the wastewaters. For this
reason, it is necessary to found new, effective, simple and cheap methods of macromolecules removal from
aqueous solution. Moreover, the possibility of desorption of these substances (enabling adsorbent regeneration)
is extremely important, which allow them to be used multiple times and significant reduce the reagent costs.

Experimental
Materials
Biochars (B) and activated carbons (AC) obtained from the nettle (NE) and the sage (SA) herbs were used as

adsorbents. The preparation and characterization of the obtained materials were described in our previous paper
[33]. The solids textural parameters and acidic-basic properties are summarised in Table 1.
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Table 1: Textural parameters and acidic-basic properties of the activated carbons and biochars.

Adsorbent Surface Porevolume Mean pore Acidic groups concen- Basic groups concen- Total surface groups con-

area [mzlg] [cm3/g] size [nm] tration [mmol/g] tration [mmol/g] centration [mmol/g]
NE_B 2.527 0.006 9.594 1.041 1.753 2.794
SA_B 2.182 0.006 10.555 1.109 1.008 2.197
NE_AC 800.760 0.847 4.231 0.858 0.272 1.130
SA_AC 841.955 0.826 3.926 0.436 0.215 0.651

The applied poly(acrylic acid) (PAA) (Fluka, Saint Louis, USA) is a weak polyelectrolyte with the anionic
character (originating from the carboxyl groups present in its molecules) with the average molecular weight
equal 2000 Da. The PAA pK, value is about 4.5, so at pH 3 its ionization is minimal [34]. On the other hand,
polyethylenimine (PEI) (Sigma Aldrich, Saint Louis, USA) is a cationic polymer (amine groups present in the
polymeric chains) characterized by the average molecular weight equal 2000 Da. The PEI pKj, is about 9, at pH 3 it
is almost completely dissociated [35].

The sources of metal ions were CdN,0¢4H,0 and KH,AsO, (Sigma Aldrich, Saint Louis, USA). Cadmium
nitrate tetrahydrate is well soluble in water but only at pH below 8. Cd(II) precipitates at pH above 8, and due to
this limitation all analyses with the cadmium usage were conducted at pH below 8. Potassium arsenate is well
soluble at all examined pH values, however, the hydration of AsO,*ions changes. At low pH the arsenate ions are
fully hydrated and with the increasing pH value the hydration level decreases — the following forms occur in the
aqueous solution: H3AsO,, H,AsO*", HAsO,*", AsO,>.

Surface and electrokinetic parameters determination

All measurements were performed at 25 °C in the suspensions without as well as with single or binary adsorbates.
The examined systems were as follows: NE_B + NaCl, NE_AC + NaCl, NE_AC + NaCl + Cd, NE_AC + NaCl + Cd + PAA,
NE_AC + NaCl + Cd + PEI, NE_AC + NaCl + As, NE_AC + NaCl + As + PAA, NE_AC + NaCl + As + PEL SA_B + NaCl,
SA_AC + NaCl, SA_AC + NaCl + Cd, SA_AC + NaCl + Cd + PAA, SA_AC + NaCl + Cd + PEL SA_AC + NaCl + As,
SA_AC + NaCl + As + PAA and SA_AC + NaCl + As + PEL

The determination of the surface charge density (gy) of the biochars and activated carbons particles without
or with the selected adsorbates was made applying the potentiometric titration method. 50 cm? of the suspension
containing the examined adsorbates (with the initial concentration (Cy) 100 ppm), the NaCl supporting electrolyte
(with the concentration 0.001 mol/dm?®) and 0.025 gof NE_AC, 0.024 g of SA_AC or 0.5 g of biochars was used for that
purpose. The examined solution was placed in the thermostated Teflon vessel (RE 204 thermostat, Lauda Sci-
entific, Lauda-Konigshofen, Germany), in which the glass and calomel electrodes (Beckman Instruments, Brea,
USA) were introduced to monitor the pH changes (pHM 240 pH meter, Radiometer, Warsaw, Poland) after each
portion of the added titrant — NaOH with the concentration of 0.1 mol/dm?® (automatic Dosimat 765 microburette,
Metrohm, Herisau, Switzerland) The measurements were performed at 25 °C. The changes in the g, value as a
function of solution pH were calculated with the computer program “Titr_v3”, which controlled also the course of
the titration process. These calculations were based on the difference in the titrant volume added to the sus-
pension and the supporting electrolyte solution providing the specified pH value [36].

The zeta potential ({) of the activated carbon and the biochar particles without and with the selected
adsorbates was determined using the following procedure. The 200 cm® suspensions containing the examined
metals and polymers with the concentration 100 ppm, NaCl supporting electrolyte (0.001 mol/dm®) and 0.03 g of
the solid were prepared. The system was subjected to the action of ultrasounds (XL 2020 ultrasonic head, Misonix,
Farmingdale, USA) for 3 min and divided into several parts. In each of the obtained samples a different pH value
(changing in the range from 3 to 11 for As(V), and from 3 to 7 for Cd(I)) was adjusted. For this purpose the solutions
of HCl and NaOH with the concentrations 0.1 mol/dm? as well as 360 PH - meter (Beckman, Brea, USA) were used.
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The measurements were made applying the Doppler laser electrophoresis method and Zetasizer Nano ZS
(Malvern Instruments, Malvern, United Kingdom). This apparatus allowed to measure the electrophoretic
mobility of the solid particles without and covered with the adsorption layers. Based on the obtained results, the
zeta potential ({) was calculated using the Henry’s equation [37]. Moreover, the average aggregate sizes of the
examined solids formed at pH 3, 6 and 9 (only for the As(V) containing systems) in the analogous suspensions were
determined using the above mentioned apparatus (based on the static light scattering phenomenon).

Adsorption-desorption studies

The adsorbed amounts of all substances were determined at 25 °C using the static method based on the decrease in
the Cd(ID), As(V), PAA or PEI concentrations in the solutions before and after the adsorption process. The Cd(II) and
As(V) concentrations were established by the Inductively Coupled Plasma-Optical Emission Spectrometry (iCAP™
7200 ICP-OES analyzer, Thermo Fisher Scientific, Waltham, USA). In turn, the polymers concentrations were
determined using the UV-VIS spectrophotometry (Carry 100, Varian, Palo Alto, USA). Due to the fact that neither
PAA nor PEI absorbs light, the poly(acrylic acid) concentration was obtained based on its reaction with hyamine
1622, which gives a white-coloured complex absorbing light at the wavelength 500 nm [38]. On the other hand, the
polyethylenimine concentrations were determined based on its reaction with CuCly, which gives a blue-coloured
complex absorbing light at the wavelength 285 nm [39].

The adsorbent dosage influence on metal ions adsorbed amount was tested using 15 cm® of solution con-
taining of supporting electrolyte (with concentration of 0.001 mol/dm® and appropriate adsorbate (with initial
concentration of 100 ppm). The 0.0015 g, 0.015 g or 0.03 g of activated carbon was added to the system and the
adsorption test was performed at pH 3 during 24 h. The adsorption isotherms were obtained at pH 3, 6, 9 for As(V)
and at pH 3, 6 for Cd(II). The initial metal ions concentrations were changed in the range 20-500 ppm. The
suspensions were prepared by the addition of 0.015 g of the activated carbon to 15 cm? of the solution containing
the supporting electrolyte (with the final concentration 0.001 mol/dm® and the appropriate adsorbate. The
adsorption tests were conducted for 24 h. The metal ions adsorption isotherm data were modelled using the
Langmuir (eq. 1), Freundlich (eq. 2), Temkin (eq. 3), Dubinin-Radushkievich (eq. 4) and Redlich-Peterson (eq. 5)
equations [40]:

_ quLCe
¢ 1+ K,C, M
q, = Kr Cl/np ¥

RT RT
qe_b—TlnAT +b—Tln C. 3)
q. = qn exp (- Be) @

_ KRPCe

Qe - 1+ aCean (5)

where: g, — the adsorbed amount at the equilibrium [mg/g], ¢, — the maximum adsorption capacity in the
Langmuir model [mg/g], K; — the Langmuir parameter [dm*/mg], C, — the equilibrium aqueous phase concen-
tration [mg/dm®], K — the Freundlich parameter [mg/g (mg/dm®)""], n- - the Freundlich constant, R — gas constant
8.314J/(mol K), T — temperature [K], by — Temkin constant [J/mol], Ar — Temkin constant [L/g], § — Dubinin-
Radushkievich constant, € — adsorption potential [k]/mol], Kzp — Redlich-Peterson constant [L/g], a — Redlich-
Peterson parameter [(L/mg)"], nzp — exponential factor.

The adsorption kinetics was examined at pH 3 after the time periods: 10, 30, 60, 90, 120 and 180 min using the
analogous procedures of the concentration determination and the adsorbates with the initial concentration of
100 ppm. The results of metal ions adsorption kinetics were fitted to the pseudo first-order (eq. 6) and pseudo
second-order (eq. 7) models [41]:
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where: g, — the adsorbed amount in the equilibrium state [mg/g], g, — the adsorbed amount after time “t” [mg/g],
k; — the equilibrium rate constant [1/min], k, — the equilibrium rate constant [g/(mg-min)].

The temperature effect on the metal ions adsorbed amount was tested at 15, 25 and 35 °C. The adsorption tests
were performed for 24 h, at pH 3, with the adsorbate initial concentration 100 ppm.

The adsorption from the binary solutions was conducted for 24 h (the adsorbates initial concentrations were
200 ppm). The adsorption on the biochars surface was examined at pH 3 using the suspension containing 0.1 g of
the solid, appropriate adsorbate (with the concentration 200 ppm) and the NaCl supporting electrolyte (with the
concentration 0.001 mol/dm®).

After the adsorption completion the solids were separated from the solutions using the microcentrifuge
(Centrifuge MPW 233e MPW Med. Instruments, Warsaw, Poland) and the concentrations of adsorbates in the
supernatants were determined.

The separated solids with the adsorbed substances were next subjected to the desorption using the H,0, HNO;
and NaOH solutions (the acid and base with the concentrations 0.1 mol/dm?®). After 24 h the adsorbates concen-
tration was determined. All desorption tests were carried out at 25 °C.

Results and discussion

Electrokinetic characterization of carbonaceous materials suspensions without and
with heavy metal ions and polymers

The dependencies of surface charge density as a function of solution pH of adsorbents in the presence of metal
ions and polymers are shown in Fig. 1. The NE_AC activated carbon point of zero charge (,,c) occurs at pH 3.3 and
the SA_AC one at pH 4.0. The cadmium ions presence causes a decrease of the surface charge density of both
adsorbents, whereas the arsenic presence results in the increase of this parameter values. Such behaviour is
typically noted for simple inorganic ions, whose binding results in creation of the additional number of surface
groups with the opposite charge [42]. The positively charged Cd(II) ions undergo adsorption on the solids surface
and induce formation of additional negatively charged surface groups. On the other hand, the adsorption of
negatively charged As(V) ions results in positively charged surface sites formation. In the case of the polymers
present in the mixed systems, simultaneously with heavy metal ions, a different tendency is observed. For the
positively charged polyethylenimine macromolecules the increase in the surface charge density takes place,
whereas for the negatively charged poly(acrylic acid) chains the decrease in this parameter is visible [43]. This is
related to large sizes of polymeric molecules (considerable length of their chains) and thus not all polymer
segments can be directly adsorbed on the solid surface. Depending on the macromolecules conformation, only a
limited number of their segments form the “train” structures of adsorbed chains, most of them occur in the “loop”
and “tail” structures in the by-surface layer. The functional groups associated with the latter ones are of decisive
importance for the sign and total value of the surface charge. Due to the H3PO, activation both obtained activated
carbons are characterized by surface acidic properties whereas non-modified biochars possess basic character of
the surface. The NE_B pH,,. occurs at 7.3 and for SA_B material at 8.6.

Figure 2 presents the adsorbents zeta potential without and with the presence of applied adsorbates. As one
can see, the Cd(II) cations adsorption results in the decrease of both adsorbents zeta potential value in the whole
examined pH range. In the case of the NE_AC activated carbon it causes shift of the pH;,, (;p-isoelectric point)
value from 4.9 to 3.9 and for the SA_AC one from 6.2 to 5.3. The observed difference in the location of the point of
zero charge and the isoelectric point can be related to partial overlapping of the electrical double layers (edl)
formed on the pore walls and that effect occurring in the case of mesoporous materials was described in the
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(b)
literature [44]. The Cd(II) adsorption is mostly governed by the electrostatic attraction with the solid surface and
these unhydrated cations are located in the inner Helmholtz plane of edl. It affects accumulation of positive
charge on the activated carbons surface, which is neutralized by negative moieties and supporting electrolyte
ions located in the slipping plane area [45]. The As(V) anions also cause the decrease in the zeta potential value,
which can be a result of their partial or total hydration. The arsenic anions with the hydration layers locate in the
outer Helmholtz plane of the stiff part of edl. The ionic polymers presence in the suspensions has a considerably
greater impact on the zeta potential than small metal ions. In the PEI containing systems the increase in the zeta
potential was observed, whereas in the PAA presence the zeta potential values decrease. Both tendencies are
related to the presence of ionic functional groups of the adsorbed polymer (positively charged amine ones in the
PEI molecules and negatively charged carboxyl ones in the PAA chains) in the slipping plane area. Additionally,
their large size and thus significant thickness of the polymeric adsorption layer can cause the shift of the slipping
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A SA_AC,iep 6.2 SA_AC + As, iep 5.9 biochar (a), SA_AC activated
B SA_AC+Cd,iep 5.3 SA_AC + As + PEL iep 10.4 carbon and SA_B biochar
A SA_;’\C + Cd + PEI Si\_,-'\(: + As + PAA (b) particles in the systems
0-5A_AC+CdTFAA SA.B,lep 52 without as well as with single and

(b) binary adsorbates.

xXoe

plane resulting in reduction of zeta potential values [46]. The pHj;,, value for the NE_B biochar occurs at 6.1 and for
the SA_B one at 5.2.

The metal-polymer complexes formation also influences the surface charge density and zeta potential
values [47]. The cadmium cation can interact electrostatically with the negatively charged poly(acrylic acid)
chains whereas the arsenic anion has affinity for the positively charged amine groups present in the poly-
ethylenimine structure. On the other hand oxygen present in the As(V) ion can form hydrogen bonds with the
carboxyl or amine group present in the polymers chains. All the mechanisms can lead to the formation of intra-
and intermolecular complexes.

The aggregate sizes formed without as well as with single and binary adsorbates are listed in Table 2. The
obtained results proved that the Cd(II) presence leads to the increase in both solid aggregate sizes at pH 3 and 6,
but at higher pH this effect is more noticeable. The polyethylenimine addition to the systems with cadmium
reduces this impact. Both activated carbons aggregate sizes increase in the presence of Cd(II) and PEI at pH 3 and
6. The cadmium ions and poly(acrylic acid) molecules present in the suspensions caused the SA_AC aggregate sizes
increase and the decrease in the NE_AC aggregates size. The As(V) presence in the solution results in the increase
of both adsorbents aggregate sizes. The polyethylenimine addition has no significant impact on the aggregate
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Table 2: Aggregate sizes of activated carbons and biochars in the system without as well as with the single and binary
adsorbates (Cp 100 ppm).

System Size of aggregates [nm]

pH3 pH 6 pH 9
NE_AC 509.5 478.2 448.5
NE_AC + Cd 722.4 823.6 -
NE_AC + Cd + PEI 587.6 653.8 -
NE_AC + Cd + PAA 408.2 358.5 -
NE_AC + As 496.5 832.1 484.5
NE_AC + As + PEI 433.4 488.2 557.6
NE_AC + As + PAA 532.8 415.7 483.9
SA_AC 327.8 430.9 517.4
SA_AC + Cd 683.1 1257 -
SA_AC + Cd + PEI 490.2 484.8 -
SA_AC + Cd + PAA 4221 441.9 -
SA_AC + As 562.4 678.3 762.1
SA_AC + As + PEI 520.5 620.4 783.8
SA_AC + As + PAA 446.8 880.0 575.2
NE_B 1257 731.2 1448
SA_B 688.2 1799 1494

sizes in comparison to the single arsenic systems. The As(V) and PAA presence in the system has slight influence
on both activated carbons aggregate sizes in comparison to the system without adsorbates. The biochars form
aggregates with greater size compared to activated carbons in the systems without adsorbates.

Adsorption/desorption properties of carbonaceous materials in relation to heavy
metal ions and polymers

Figure 3 presents the effect of adsorbent dosage on Cd(II) and As(V) adsorbed amount on the surface of NE_AC and
SA_AC activated carbons. The obtained results proved that the metal ions adsorbed amounts decrease with the
increasing adsorbent dosage. This is attributed to the decrease of adsorbed amount expressed in the mg of
adsorbate per g of adsorbent as the adsorbent mass increased, even though the adsorption of metal ions increased
due to availability of larger surface area and thus more numerous adsorption sites [48].

400

350

300

250

200

150

Adsorbed amount [mg/g]

50 o
0 0 Fig. 3: Effect of adsorbent dosage
0 0,005 0,01 0,015 0,02 0,025 0,03 0,035 on Cd(II) and As(V) adsorbed
Adsorbent dosage [g] amounts on the surface of NE_AC

and SA_AC activated carbons (Cy
BCA(II) NE_AC ACd(II) SA_AC e As(V)NE_AC As(V) SA_AC 100 ppm, pH 3).
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The metals ions adsorption isotherms at different pH values are shown in Fig. 4. Both examined activated
carbons adsorb cadmium and arsenic on similar levels, though Cd(I) is inconsiderably better adsorbed. The
difference in the adsorbed amounts of Cd(II) and As(V) can be attributed to the different radius of their hydrated
ions [49]. The Cd** crystal radiusis 0.97 A and the hydrated radius is 4.26 A. On the other hand, the As-O distance in
the arsenate ion is over 1.6 A, which gives a much larger ion radius [50, 51]. The adsorption isotherms do not reach
plateau so the carbonaceous adsorbents are able to bind larger amounts of metal ions. However, their deter-
mination is impossible due to the applied method limitations. Nevertheless, the obtained Cd(II) and As(V)
maximum adsorbed amounts were greater than these presented in the literature (Table 3). Changes in the pH
values have a slight effect on the Cd(II) and As(V) adsorbed amounts, however, both metals are better adsorbed at
higher pH. Increasing pH favours cadmium and arsenic surface precipitation through the formation of chemical
bonds with the solid functional groups. In the case of As(V) anions containing oxygen atoms, the hydrogen bonds
can be also created. The adsorption isotherms were fitted to the Langmuir, Freundlich, Temkin, Dubinin-
Radushkievich, Redlich-Peterson and Hill models (Table 4). Analysis of these data leads to the conclusion that the
Redlich-Peterson and Freundlich models describe the best the obtained adsorption isotherms, which proved that
adsorption occurs with the non-uniform distribution of energy and the monolayer is not formed [52].

200

I
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100

Adsorbed amount [mg/g|
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=
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Ceq [ppm]
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200
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50
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; Fig. 4: Cd(II) and As(V) adsorption

ECdpH3 ACdpH6 @®AspH3 “AspH6 =*AspH?Y isotherms on the surface of
NE_AC (a) and SA_AC (b) (Co
(b) 100 ppm).
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Table 3: Cd(II) and As(V) adsorbed amounts on the surfaces of different carbonaceous materials.
Metal Adsorbed amount [mg/g] Adsorbent Reference
Cd(1n) 175.43 Biochar obtained from the cannabis [15]
6.66 Rice straw derived biochar [11]
13.50 Aged biochar obtained from the corn stalk [13]
61.08 Peanut shells based biochar [14]
218.27 Activated carbon obtained from the nettle herb Present study
214.00 Activated carbon obtained from the sage herb Present study
As(V) 3.385 Iron impregnated activated carbon [24]
42.92 Iron-incorporated activated carbon [27]
5.00 Iron-modified activated carbons [30]
34.00 Fe-Mn modified granular activated carbon [26]
205.53 Activated carbon obtained from the nettle herb Present study
204.87 Activated carbon obtained from the sage herb Present study

Table 4: Adsorption and kinetic parameters of Cd(II) and As(V) binding on the activated carbons surface.

Model Calculated parameters
Isotherm parameters Cd(II) As(V)
NE_AC SA_AC NE_AC SA_AC
Langmuir qm [Mmg/q] 2602 1534 4874 18418
K, [dm*/mg] 0.000438 0.00751 0.000212 0.000053
R 0.3282 0.8153 0.2489 0.5017
Freundlich ne 1.022077 1.026594 1.010203 0.998702
Ke [mg/g(mg/dm?)"" 0.009194 0.009421 0.010069 0.010283
R 0.9984 0.9982 0.9984 0.9999
Temkin br [J/mol] 178.2028 125.535 180.253 179.688
Ar[dm*/q] 0.103798 1.235083 0.111268 0.110699
R 0.9915 0.9493 0.9909 0.9917
Dubinin-Radushkevich B 0.000023 0.000058 0.000022 0.000021
& [k)/mol] 0.146783 0.093093 0.151851 0.152744
gm [Mmg/q] 44.7611 44.8060 47.6750 44.9823
R 0.6968 0.6999 0.7475 0.7051
Redlich-Peterson Kgp [dm*/q] 1.6124 1.0304 0.9759 0.9710
a [(dm*/mg)"] 83.0136 123.0439 52.6990 56.5958
R 0.9931 0.9955 0.9995 0.9999
Kinetics parameters
Pseudo first-order model linear g. [mg/q] 1.00501 0.99671 0.98345 1.0023
ky [1/min] 1.39239 0.1239 0.2911 0.33854
R 0.3558 0.0314 0.6322 0.5352
Pseudo second-order model g. [mg/q] 41.3223 42.735 39.8406 39.3701
k [g/(mg x min)] 0.01442 0.02515 0.01921 0.03729
R 0.9947 0.9965 0.9992 0.9999

The obtained results of adsorption kinetic measurements are presented in Fig. 5. They indicate that the
equilibrium state was reached after 10 min (for both metals and onto both adsorbents). Such a short time is caused
by small ions sizes and great development of adsorbent surface area. The adsorption kinetics was fitted to the
pseudo first-order and pseudo second-order equations (Table 3). The respective data concerning both metals are
better described by the pseudo second-order model. This indicates that the adsorption of these compounds
involves mainly chemical interactions.
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The temperature effect on the Cd(II) and As(V) adsorption is presented in Fig. 6. Both examined metal ions
demonstrate the greatest adsorption at 25 °C. At 15 °C cadmium and arsenic ions have higher affinity to the SA_AC
activated carbon surface, whereas at 35 °C to the NE_AC one. The temperature have higher impact on the As(V)
adsorbed amount, which can be related to greater size of arsenic ion compared to the Cd(II) one.

Figure 7 presents the Cd(II), As(V), PEI and PAA adsorbed amounts on the activated carbons and biochars
surface from the single and binary solutions at pH 3. Arsenic ions (~80 mg/g) and polyethylenimine (~50 mg/g) are
adsorbed on the similar level on the NE_AC and SA_AC materials. Poly(acrylic acid) and cadmium ions are
adsorbed better on the activated carbon obtained from the nettle herb (~198 mg/g, ~105 mg/g) than on that
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activated carbons (pH 3, Gy

mNE_AC ®mSA_AC 100 ppm).
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obtained from the sage one (~138 mg/g, ~87 mg/g, respectively). A higher concentration of the functional groups is
observed on the NE_AC activated carbon surface which can explain this effect. The polymers presence decreases
As(V) and Cd(II) affinity for the surface of examined adsorbents significantly. This can be related to the PAA and
PEI molecules considerable size, which can block the adsorption sites. In the case of polymers adsorbed amount,
the As(V) presence has also negative influence on the PEI adsorption. The Cd(II) effect on the polyethylenimine
adsorbed amount depends on the adsorbent type, on the surface of adsorbent with a higher content of surface
functional groups the PEI adsorbed amount increases. The metal ions influence on the PAA adsorbed amount on
the surface of NE_AC activated carbons is difficult to estimate, due to the total PAA removal from the solution. On
the surface of SA_AC the poly(acrylic acid) adsorbed amount increases in the presence of Cd(II) and As(V),
however the cadmium ions impact is more noticeable. This can be related to the polymer-metal complex creation
through the hydrogen and chemical bonds. These complexes can have an inter- and intra-molecular structure,
thus they can be formed within one polymeric chain and between two macromolecules. Moreover, the molecules
with the same charge can be adsorbed on the same active sites. The activated carbon surfaces are positively
charged at pH 3. That indicates the polyethylenimine and cadmium ions repulsion, whereas poly(acrylic acid) and
arsenic ions are attracted by the solid surface. The competition between PEI and Cd(II) and between PAA and
As(V) takes place [53].
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Biochars are definitely worse adsorbents than the activated carbons. Due to their considerably smaller
surface area the adsorbed amounts of all substances are smaller than 10 mg/g. As(V) and Cd(II) are adsorbed on
the similar level on both biochars and the polymer does not affect their adsorption. However, the cadmium ions
adsorbed amounts are greater than the As(V) on both biochars surfaces. Metal ions have negative influence on the
PEI adsorption on SA_B surface. The polyethylenimine adsorbed amount on NE_B in the presence of metal ions
was impossible to be determined. As a result of high ionic strength of the solution solid components rinsed out.
From the single solution it is better adsorbed on the SA_B material than on the NE_B one. Both metals ions affect
PAA adsorption favourably. Poly(acrylic acid) is the best adsorbed substance on the NE_B biochar. This can be
related to the higher content of surface functional groups (Table 1).

Cadmium and arsenic are strongly bound to the activated carbons surface. The desorbed amounts of both
metal ions from the single and binary systems do not exceed 10 % (Table 5). Cadmium desorption was not studied
using NaOH due to the metal precipitation at high pH values. In the case of the surface of biochars only Cd(II) can
be effectively desorbed using HNO; (~25 %). Polyethylenimine is desorbed the most effectively from the single
system NE_AC + PEI (44.2 %) and from the binary one SA_AC + PEI + Cd (43.5 %). It was desorbed only with the
usage of H,0, because HNO; and NaOH increase the solution ionic strength and make PEI determination
impossible. Poly(acrylic acid) is the most effectively removed from the activated carbons surface with the usage of
NaOH and from the biochars surface with H,0. NaOH was not used for the desorption from the surface of biochars
due to rinsing out the solid components and making determination impossible.

Table 5: Percentage desorption of Cd(II), As(V), poly(acrylic acid) and polyethyleneimine from the activated carbons and
biochars surface from the single and binary systems using the H,0, HNO; and NaOH desorbing agents (with concentration of
0.1 mol/dm?, desorption time 24 h).

Desorption agent Desorption [%]

H,0 HNO; NaOH
System Cd(II)
NE_AC + Cd 6.8 6.9 -
NE_AC + Cd + PEI 7.5 53 -
NE_AC + Cd + PAA 4.8 7.4 -
SA_AC + Cd 4.6 6.5 -
SA_AC + Cd + PEI 5.2 5.2 -
SA_AC + Cd + PAA 3.6 5.7 -
NE_B + Cd 0.1 283 -
NE_B + Cd + PEI 0.3 249 -
NE_B + Cd + PAA 1.0 27.0 -
SA B +(Cd 0.3 282 -
SA_B + Cd + PEI 0.3 271 -
SA_B + Cd + PAA 1.0 23.0 -
System As(V)
NE_AC + As 7.8 5.9 9.2
NE_AC + As + PEI 6.1 8.0 9.8
NE_AC + As + PAA 6.9 7.4 6.8
SA_AC + As 6.6 6.9 5.0
SA_AC + As + PEI 5.8 9.1 6.8
SA_AC + As + PAA 4.4 6.8 5.4
NE_B + As 4.1 7.2 -
NE_B + As + PEI 83 8.4 -
NE_B + As + PAA 6.5 6.2 -
SA_B + As 8.0 5.9 -
SA_B + As + PEI 6.7 5.0 -
SA_B + As + PAA 5.4 7.5 -
System PEI
NE_AC + PEI 442 - -

NE_AC + PEI + Cd 28.3 - -
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Table 5: (continued)

Desorption agent Desorption [%)]

H,0 HNO; NaOH
System Cd(I1)
NE_AC + PEI + As 20.8 - -
SA_AC + PEI 24.7 - -
SA_AC + PEI + Cd 43.5 - -
SA_AC + PEI + As 24.2 - -
System PAA
NE_AC + PAA 1.4 2.8 61.0
NE_AC + PAA + Cd 0.6 1.3 56.8
NE_AC + PAA + As 1.3 2.5 56.9
SA_AC + PAA 2.5 2.0 46.5
SA_AC + PAA + Cd 2.6 1.5 49.5
SA_AC + PAA + As 1.9 1.9 51.0
NE_B + PAA 6.6 9.0 -
NE_B + PAA + Cd 12.6 5.9 -
NE_B + PAA + As 13.7 4.2 -
SA_B + PAA 18.0 6.4 -
SA_B+PAA+Cd 31.1 6.8 -
SA_B + PAA + As 44.4 9.2 -
Conclusions

Activated carbons and biochars obtained from the nettle and the sage herbs can be used for simultaneous heavy
metal ions and polymers removal from the aqueous solutions. The electrokinetic studies showed that the
adsorption of negatively charged As(V) ions on the activated carbons causes an increase in the surface charge
density due to positively charged sites creation on the surface, whereas the Cd(I) adsorption has the opposite
effect.

The hydrated arsenic ions locate in the outer Helmholtz plane of stiff part of edl and cause a decrease in the
zeta potential. On the other hand, the cadmium cations location in the inner Helmholtz plane of the stiff part of edl
results in the zeta potential increase. Both Cd(I) and PAA decrease the zeta potential and surface density charge
values. The PEI presence in the solution causes the zeta potential and surface charge density increase. In the
binary solution containing the metal ions and the polymers, the macromolecular compounds have decisive
influence on the adsorbent electrokinetic properties.

Due to the well-developed specific surface area, a high content of surface functional groups and a large size of
pores the activated carbons prepared from the nettle and the sage herbs are effective adsorbents of heavy metal
ions and polymers. The poly(acrylic acid) adsorbed amounts become the greatest levels both in the single and
binary solution (198.12 mg/g and 196.75 mg/g). As(V), Cd(I) and PEI can be successfully removed from the single
component solution, however, the presence of another adsorbate usually reduces the efficiency of this process.
Electrostatic interactions as well as hydrogen and chemical bonds creation between the metals ions and the
polymers chains cause metal-polymer complex formation and influence all substances adsorbed amounts. On the
other hand, competition between the individual adsorbates with the same sign of charge takes place. Cd(II) and
As(V) isotherms do not reach plateau, due to the limitation in the concentration determination methods. The
maximum adsorbed amount of metal ions were 218.27 mg/g for Cd(I) and 205.53 mg/g for As(V), however the
maximal adsorption capacities of activated carbons are probably greater. The metal ions are strongly bound to
the adsorbents surface and they are desorbed to a small extent, whereas polymers can be effectively removed
from the solids surfaces (the maximal desorption reaches the level of 61 %). The desorbed amounts of all
substances are similar from the single and binary solutions.
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Abstract: Activated carbons obtained via the thermochemical treatment of lemon balm and mint
herbs were applied for ionic polymers adsorption, which directly affects the stability of these types of
aqueous suspensions. The examined carbonaceous materials were characterized by well-developed
specific surface area (approximately 1000 m?/g) and mesoporous structure. The adsorbed amounts
of anionic poly(acrylic acid) and cationic polyethyleneimine from one-component solutions reached
significant levels, but the efficiency of adsorption of these compounds from binary solutions slightly
decreased. Moreover, the ionic polymers showed stabilizing properties towards the activated carbons
suspensions. For both adsorbents, the most stable suspensions were systems containing both types
of polymeric macromolecules with different ionic characters. This was due to the occurrence of
electrosteric and depletion stabilization mechanisms. Furthermore, the zeta potential and size of
particle aggregates were also influenced by the presence of polymers in the aqueous suspensions of
activated carbons.

Keywords: activated carbons; stabilization—flocculation properties; poly(acrylic acid); polyethyleneimine;
binary polymer solution

1. Introduction

In the field of environmental remediation and water treatment, the effective removal
of pollutants from aqueous media remains a critical challenge. Activated carbons, thanks
to their large surface area and polydisperse porous structure, have emerged as versatile
adsorbents for a diverse range of contaminants [1,2]. The flocculation process involving
polymeric bridges formation between dispersed particles is important in water treatment
technologies. Understanding the various mechanisms of highly-dispersed suspensions
destabilization is essential for the efficient purification of aqueous solutions [3-5].

Ionic polymers, with their unique physicochemical properties, can affect the stabil-
ity of activated carbons suspensions. These polymers, characterized by the presence of
charged functional groups along their chains, have demonstrated the ability to interact with
dispersed particles and influence their stability and aggregation [6]. These macromolecules’
influence on suspension stability is based on a few mechanisms: steric, electrosteric and de-
pletion stabilization [7,8]. Steric stabilization results from polymer adsorption on the solid
surface, which reduces the Van der Waals attraction between particles [9]. The electrosteric
mechanism is a combination of electrostatic and steric stabilization. Polymeric adsorption
layers lead to a decrease in the electrostatic and Van der Waals flocculation forces [10]. On
the other hand, unadsorbed polymers chains remaining in the solution cause suppression
of the depletion attraction, or depletion stabilization [11].

Poly(acrylic acid) (PAA) finds applications in many sectors, including, but not limited
to, drug delivery, adhesives, textiles and biomedical engineering. It is commonly used to
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produce hydrogel drug-releasing systems [12,13]. The presence of carboxyl groups in PAA
macromolecules enables the direct functionalisation of hydrogels via chemical and physical
cross-linking [14]. In turn, polyethyleneimine (PEI) is a cationic polymer characterized by a
high density of amine functional groups. This imparts PEI molecules’ unique properties,
which have attracted significant attention in the fields of materials science, biotechnology
and beyond. Additionally, this structure of PEI chains enables the formation of cross-
links [15,16]. The possibility of adopting many different conformations on the surface of
solid particles by adsorbed chains of ionic polymers has a strong impact on the stability of
dispersed systems in which they occur.

In the present study, the poly(acrylic acid) and polyethyleneimine solutions, as well as
activated carbons obtained from lemon balm and mint herbs, were used as components
of aqueous suspensions. The zeta potential and size of aggregates of carbonaceous ma-
terials in solutions without and in the presence of single and binary polymer adsorbates
were determined. The influence of polymers in one- and two-component systems on
the stability of activated carbon suspensions was checked. Moreover, the impact of PAA
and PEI on their mutual adsorption and the structure of mixed adsorption layers were
also studied. The adsorption of ionic polymers on an activated carbon surface is rarely
studied, while the mechanisms of processes that occur at the solid—solution interface are
almost never investigated. However, with industrial development, the amounts of various
types of macromolecular compounds in the natural environment are constantly increasing.
They can disturb the natural balance and interfere with the wastewater treatment process.
For this reason, there is a constant need to investigate the behaviour of such colloidal
systems in order to develop more efficient techniques to separate these substances from
aqueous solutions.

2. Materials and Methods
2.1. Materials

Activated carbons (AC) obtained from lemon balm (LB) and mint (MT) herbs were
used in this study. The plant material was impregnated in a HzPO, solution for 24 h
and then subjected to a two-stage heating program (200 °C and 500 °C) for adsorbent
preparation. The detailed procedure for adsorbents preparation was described in our
previous paper [17]. The textural characterization of the activated carbons was based
on nitrogen adsorption—desorption isotherms using the Brunauer-Emmett-Teller (BET)
equation at a relative pressure range of 0.03—0.25. The content of acidic and basic functional
groups was determined applying the Boehm titration method [18-20].

The specific surface area of examined materials was 950 m? /g for LB_AC and 1145 m?/g
for MT_AC. Both activated carbons were mesoporous materials with an average pore
diameter of approximately 5 nm. The total pore volume of LB_AC activated carbons was
1.10 cm®/g, and that of MT_AC activated carbons was 1.47 cm3/g. The total content of
surface groups of material obtained from the lemon balm herb was 0.987 mmol/g, and the
content of surface groups of material derived from the mint herb was 0.794 mmol/g. The
tested activated carbons were characterized by a highly developed surface area and a high
total pore volume in comparison to other materials described in the literature (Table 1).

Adsorption, stability, electrokinetic and aggregation measurements were performed at
pH 3, at which the ionic polymers used demonstrated the highest affinity to both activated
carbons’ surfaces—their adsorbed amounts were the largest. All of these measurements
were performed at 25 °C in the following systems: LB_AC, LB_AC+PAA, LB_AC+PEI,
LB_AC+PAA+PEI, MT_AC, MT_AC+PAA, MT_AC+PEI and MT_AC+PAA+PEL
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Table 1. Comparison of the preparation procedure and textural parameters of activated carbons
obtained as a result of chemical activation of biomass.

Precursor Preparation Conditions Surface Area [m?/g] Total Pore Volume [cm3/g] Reference
p g g
Impregnation with H3POy, two stage
Lemon balm herb heating program (200 °C, 500 °C) 950 1.10 Present study
. Impregnation with H3POy, two stage
Mint herb heating program (200 °C, 500 °C) 1145 147 Present study
Chemical activation with ZnCly, heating
Peanut hulls for 6 h at temp. range 300-750 °C 420 0.17 (211
Chestnut wood [mp regna“oé})g“jt(}:‘ gi 1;(})14, heating at 783 0.4 [22]
. Carbonized at 700 °C,
Pineapple peels activation with KOH in microwave oven 1006 059 (23]
. Carbonized at 700 °C,
Pineapple peels activation with K,COj3 in microwave oven 680 045 (23]
Tomato processing Impregnation with ZnCl,, carbonization at
solid waste ?2? 1 i’ 1093 1.57 (24]
Cotton cake Tmp regnatmgg"jg‘ fili 1;?14' heating at 584 0.30 [25]
Shea cake Impregnation with H3POy, heating at 1148 0.61 [25]

450°Cfor2h

Anionic poly(acrylic acid) (PAA) (Fluka, Saint Louis, MO, USA) with an average
molecular weight equal to 2000 Da is an anionic polymer containing carboxyl functional
groups. At pH 3, it occurs in a coiled form due to minimal ionization; the dissociation
degree of PAA functional groups is approximately 0.03 [26].

Polyethyleneimine (PEI) (Sigma Aldrich, Saint Louis, MO, USA) with an average
molecular weight of 2000 Da is a cationic macromolecular substance (with amine functional
groups). At pH 3, its polymer chain is completely dissociated and assumes the conformation
characterized by significant expansion in the aqueous solution [27].

The surface morphologies of activated carbons without and with adsorbed poly(acrylic
acid) or polyethyleneimine were determined by applying the SEM technique (Quanta
250 FEG by FEI, Waltham, MA, USA; detector Octane Elect Plus by EDAX, Berwyn, IL,
USA). SEM images of both activated carbons are presented in Figure 1, whereas Figure 2
shows the morphology of the MT_AC sample in the presence of polymers.

Figure 1. Cont.
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Figure 2. Cont.
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Figure 2. SEM images of MT_AC activated carbon without (a) as well as with PAA (b) and PEI
(c) adsorbates.

2.2. Surface Charge Density, Zeta Potential and Aggregate Sizes Determination

Determination of the surface charge density (og) of activated carbons particles without
or with the selected adsorbates was performed by applying the potentiometric titration
method. For this purpose, 50 cm? of a suspension containing 0.025 g of activated carbon,
100 ppm of adsorbates and 0.001 mol/dm? of NaCl supporting electrolyte was used. These
measurements were performed in a thermostated Teflon vessel (RE 204 thermostat, Lauda
Scientific, Lauda-Konigshofen, Germany) in which glass and calomel electrodes (Beckman
Instruments, Brea, CA, USA) were placed. Changes in the oy value as a function of solution
pH were calculated with the computer program “Titr_v3” [28].

The zeta potential (¢) and size of activated carbons particles aggregates (without
and with the polymer/s) were determined using the following procedure. First, 200 cm?
of suspension containing the tested polymers with a concentration of 100 ppm, NaCl
supporting electrolyte (0.001 mol/dm?) and 0.03 g of the solid was prepared. The system
was subjected to the action of ultrasounds (XL 2020 ultrasonic head, Misonix, Farmingdale,
NY, USA) for 3 min, and then the pH of the obtained sample was adjusted to 3. For
this purpose, solutions of HCl and NaOH with concentrations of 0.1 mol/dm? as well
as a 360 pH meter (Beckman, Brea, CA, USA) were used. Zeta potential measurements
were performed by applying the Doppler laser electrophoresis method and a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK). This device facilitated measurement of the
electrophoretic mobility of solid particles without, and covered with, polymeric adsorption
layers. Based on obtained results, the zeta potential (C) was calculated using the Henry’s
equation [29]. In turn, the average size of aggregates of tested solids was determined based
on the static light scattering phenomenon. In the case of suspensions containing polymer/s,
the macromolecular compound was added directly after the sonication process, and such
samples were immediately subjected to appropriate measurement.

2.3. Adsorption Studies

Adsorption tests were performed at 25 °C for 24 h; 10 cm® of suspension containing
0.1 g of activated carbon, 200 ppm of the appropriate polymer and 0.001 mol/dm? of NaCl
as the supporting electrolyte was used. Adsorption was carried out in single and binary
systems of polymeric adsorbates. After the process was completed, solids were separated
from solutions using the MPW 233e microcentrifuge (MPW Med. Instruments, Warsaw,
Poland). The amounts of adsorbed polymers were determined using the static method
based on the change in the adsorbate concentration in the solution before and after the
process. The concentration of poly(acrylic acid) was determined based on its reaction with
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hyamine 1622, which resulted in the formation of a white-colored complex. The obtained
compound absorbed light at a wavelength of 500 nm [30]. In the case of polyethyleneimine,
a reaction with CuCl, was used. This formed a blue-colored complex that absorbed light at
a wavelength of 285 nm [31]. The UV-Vis spectrophotometer Carry 100 (Varian, Palo Alto,
CA, USA) was used for absorbance measurements.

2.4. Stability Tests

The spectrophotometric method was applied for stability studies (spectrophotometer
Carry 100, Varian, Palo Alto, CA, USA). For this purpose, 10 cm® of suspension containing
0.01 g of activated carbon, 0.001 mol/dm3 of NaCl (supporting electrolyte) and 200 ppm of
appropriate adsorbate was prepared. The pH of the sample was adjusted to 3 using HCl and
NaOH solutions with concentrations of 0.1 mol/dm? as well as a $360 pH meter (Beckman,
Brea, CA, USA). The exemplary absorbance dependencies obtained for LB_AC and MT_AC
activated carbons suspensions at different wavelengths are presented in Figure 3. The
wavelength of 500 nm was chosen for further study, due to the lack of interferences and
small changes in the recorded signal. The absorbance of tested suspensions was measured
for 5 h at 15 min intervals.
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Figure 3. The absorbance of LB_AC (a) and MT_AC (b) activated carbons suspensions at differ-
ent wavelengths.

3. Results and Discussion
3.1. Electrical Double-Layer Structure and Aggregation Properties of Activated Carbons in the
Presence of Ionic Polymers

The surface charge density and zeta potential values of examined activated carbons at
pH 3 are presented in Table 2. The surface charge density of the material obtained from the
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lemon balm was 4.52 uC/cm?, whereas the surface charge density of the material obtained
from the mint herb was 2.54 pC/cm?. The presence of poly(acrylic acid) slightly decreased
the surface charge density at pH 3. The attraction between positively charged adsorbents
surfaces and the anionic polymer is favorable for PAA adsorption under such pH conditions.
The presence of polyethyleneimine increased the surface charge density. The impact of
PEI on the examined value was more noticeable due to the repulsion between positively
charged polymeric macromolecules and the adsorbent surface. The polymeric chains were
not fully adsorbed on the activated carbons surface in the form of train structures (by all
their segments). Some amino groups present in the loop and tail structures of adsorbed
chains were located in the by-surface area, which affected the surface charge density value.
In the binary solution, an intermediate effect, in comparison to the single solution, was
observed. The zeta potential of LB_AC activated carbon was 3.90 mV, whereas that of
MT_AC activated carbon was —4.72 mV. These values are close to zero, which proved that
the isoelectric points of both materials occured at a pH of approximately 3. Poly(acrylic
acid) present in the solution caused decreases in zeta potential values, whereas in the
system containing polyethyleneimine the zeta potential increased. This was caused by
the charged polymeric functional groups of adsorbed macromolecules located on the
border of the compact and diffusive parts of the electrical double layer (edl) formed at
the activated carbon-solution interface [32]. In the binary solution, the greatest increase
in the zeta potential was observed. At pH 3, PAA occurs in a coiled form, and can be
adsorbed on the surface of activated carbon as well as inside its solid pores (due to PAA
macromolecules small hydrodynamic radius of 0.77 nm), whereas the mean pore size of
both adsorbents is approximately 5 nm [33]. PEI chains under these conditions assume
considerably developed conformation and their adsorption is mostly limited to the outer
surface of carbonaceous adsorbents. Due to the poly(acrylic acid) occupation of active sites
on the solid surface, a greater amount of polyethyleneimine molecules remained in the
slipping plane area, which resulted in an additional increase in the zeta potential value. The
binary system was presumably the most stable among all tested suspensions because the
higher the absolute value of the zeta potential, the greater the probability that the studied
suspension will be stable [34].

Table 2. The surface charge density and zeta potential of LB_AC and MT_AC activated carbons at
pH 3 without adsorbates as well as in single and binary adsorbates systems.

System Surface Charge Density [uC/cm?] Zeta Potential [mV]
LB_AC MT_AC LB_AC MT_AC
Without adsorbates 4.52 2.54 3.90 —4.72
PAA 2.52 1.47 —3.00 —4.19
PEI 14.33 14.59 26.02 19.77
PAA + PEI 11.23 3.40 32.08 33.42

The presence of poly(acrylic acid) caused an increase in the size of the aggregates of
both activated carbons (Figure 4). The adsorption of coiled PAA molecules induced changes
in the surface charge density leading to the strongest attraction between adsorbent particles.
The adsorption of negatively charged polymeric chains causes the neutralization of the
positive surface charge of activated carbons. MT_AC activated carbon contains a smaller
number of surface functional groups, which results in lower adsorption of poly(acrylic
acid). In this case, the polymeric coils create a less compact adsorption layer and there
is a possibility of bridging interactions occurrence. As a result, larger aggregates can be
created, which, due to their loose structure, remain in the solution (the stabilization effect
is observed). In suspensions containing PEI or both polymer adsorbates, no significant
changes in the size of LB_AC and MT_AC aggregates were observed. Large aggregates
usually flocculate faster; however, stable macroaggregates also exist [35]. Aggregates with a
well-developed surface area can undergo sedimentation more slowly, due to the buoyancy
forces of the solvent, and thus remain in the bulk solution for a long time.
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Figure 4. Sizes of LB_AC and MT_AC activated carbons aggregates at pH 3 (without adsorbates, as
well as in single and binary adsorbate systems).

3.2. Adsorption Layer Structure of Ionic Polymers on the Activated Carbons Surface

The anionic polymer showed greater affinity to the surface of LB_AC activated carbon
(Figure 5). The higher content of functional surfaces groups for this material guaranteed
the possibility of binding a larger number of macromolecule segments to the active sites
of the solid. Polyethyleneimine was adsorbed in similar amounts on the surfaces of both
adsorbents, as a result of its considerably developed conformation, which is less sensitive to
the number of available active sites on the solid surface. The anionic polymer was adsorbed
in a greater amount in comparison to the cationic one. It was related to a completely
different polymers conformation at pH 3. PAA occurs in a coiled form and can be adsorbed
both on the surface and in the pores of adsorbents, whereas developed PEI chains are
mainly adsorbed only on the outer surface of activated carbons [17]. Moreover, the surface
charge of the adsorbents at pH 3 was positive, which resulted in attraction between the
anionic polymeric coils and the activated carbon particles. Such favorable electrostatic
interactions resulted in the formation of a densely packed polymeric layer. In the case of
PEI the adsorption layer consisted of developed chains located perpendicularly to the solid
surface. In the binary solutions, the adsorbed amounts of both polymers decreased due to
competition between macromolecules with opposite ionic natures [36].

200
180

160
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0
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= LB AC mMT AC
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Figure 5. Adsorbed amounts of poly(acrylic acid) (PAA, PAA + PEI) and polyethyleneimine (PEI,
PEI + PAA) on the surface of LB_AC and MT_AC activated carbons at pH 3 in single and binary
adsorbates systems.
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3.3. Stability Mechanisms of Activated Carbons Suspensions in the Presence of lonic Polymers

Results of stability tests are presented in Figures 6 and 7. The higher the absorbance
value, the more stable the suspension (due to the presence of solid particles in the entire
volume of the solution). The presence of poly(acrylic acid) had no significant effect on the
stability of the LB_AC activated carbon suspension. The polymer was probably adsorbed
most in the pores of the adsorbent, which did not significantly affect the interactions of
solid particles. On the other hand, polyethyleneimine adsorption caused a noticeable
deterioration in the stability of the system. The positively charged surface of the material
obtained from the lemon balm caused the perpendicular adsorption of PEI cationic chains.
Molecules were extended at considerable distances from the solid surface, which resulted
in bridging flocculation by forming polymeric connections between neighboring particles
(Figure 8a) [37]. In a different way, poly(acrylic acid) caused the stabilization of the MT_AC
system due to electrosteric mechanisms occurrence (Figure 8b). Both activated carbons
systems were the most stable in the simultaneous presence of PAA and PEL All above-
mentioned stabilization mechanisms occurred in binary systems. Additionally, depletion
stabilization forces might appear (Figure 8c). Free chains that remained in the solution due
to the lower adsorbed amount in the binary systems prevented colloidal particles from
forming large aggregates and suspension destabilization [38].
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Figure 6. The stability of LB_AC (a) and MT_AC (b) activated carbons suspensions at pH 3 in single
and binary adsorbate systems.
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Figure 7. The absorbance of LB_AC and MT_AC activated carbons suspensions at pH 3 in single and
binary adsorbate systems after 150 min.
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Figure 8. The major stabilization/destabilization mechanisms of PEI—the bridging flocculation (a),
PA A—the electrosteric stabilization (b), and the binary system—the combined electrosteric and
depletion stabilization (c).

4. Conclusions

The tested activated carbons were characterized by high adsorption capacities towards
ionic polymers. The adsorbed amounts reached levels of approximately 190 mg/g for
poly(acrylic acid) and approximately 80 mg/g for polyethyleneimine. The adsorption of
polymers from their binary solutions decreased noticeably due to the competition of poly-
meric chains assuming completely different conformations in tested systems at pH 3. Ionic
polymers had a strong impact on the activated carbons suspensions’ stability. Their pres-
ence also affected the surface charge density, zeta potential and aggregates sizes formed by
solid particles. The most perpendicular adsorption of significantly developed PEI chains on
the LB_AC activated carbon surface caused the destabilization of suspension via bridging
flocculation. On the other hand, steric and electrosteric stabilization occurred in systems
containing MT_AC material and ionic polymers. Binary systems were the most stable
due to the occurrence of an additional stabilization mechanism coming from depletion
forces. The competition between polyethyleneimine and poly(acrylic acid) macromolecules
resulted in some polymeric chains remaining in the solution, which noticeably reduced the
flocculation tendency.
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Activated biocarbons (AC) obtained in the process of simultaneous pyrolysis and activation of lemon balm (LB)
and mint (MT) herbs with H3PO4 were used to purify aqueous solutions of cadmium, arsenate, polyethylenimine
(PED) and poly(acrylic acid) (PAA). The metals show high toxicity in the whole range of their concentrations,
whereas the polymers are cytotoxic at high concentrations.

The efficiency of As(V) removal from an aqueous solution depends on the pH value, while the Cd(II)

adsorption on the activated biocarbons surface is independent on this parameter. The maximum adsorbed
amounts are 135.8 mg/g for Cd(II) and 109.6 mg/g for As(V), respectively. The removal of metals ions and
polymers from binary systems is lower in comparison to the one-component solutions. This is a consequence of
the formation of polymer-metal complexes, that tend to remain in the solution. Additionally, the surface charge
density, zeta potential, the size of activated biocarbons aggregates in the aqueous suspensions and the influence
of toxic metal ions on the determination of the concentration of polymers in water samples was investigated. The
obtained results proved that the PEI concentration can be effectively determined in the presence of metal ions,

Plant biomass utilization

whereas the procedure of PAA determination requires additional validation.

1. Introduction

The global demand for drinking water increases every year. Unfor-
tunately, the amount of pollutants entering water reservoirs is also
increasing. The coexistence of polymers and heavy metals in aqueous
solutions represents a unique challenge in terms of environmental
remediation and industrial processes [1,2]. Polymers, encompassing a
diverse class of organic compounds, and heavy metal ions, known for
their high toxicity and persistence, often co-occur in the industrial ef-
fluents and wastewater [3]. Their combined presence poses a serious
threat to the environmental and human health, necessitating effective
removal strategies [4,5]. Polyethylenimine have strong chelating prop-
erties and can easily bond with have metal ions [6]. Moreover this
polymer is used in the gene-delivery system and it can penetrate cell
membranes [7]. The simultaneous presence of polyethylenimine and
heavy metal ions in water can be very dangerous for human and animal
health and life. For example: the consumption of arsenic can cause the
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lung, kidney or liver cancer, whereas the cadmium affects the respira-
tory system, reproduction, kidneys and bones [8,9]. Wastewater treat-
ment is essential for recovering freshwater for human activities and
farming [10].

Adsorption is one of the most common wastewater treatment
methods due to its simplicity, efficiency and relatively low cost. There
are many materials that are used as adsorbents, such as zeolites, oxides,
carbonaceous materials and functionalized metal nanoparticles [11].
Activated biocarbons due to their large surface area, well-developed
pore structure and presence of various types of surface functional
groups are the most widely applied carbonaceous materials [12,13].
Moreover they are environmental friendly, obtained from renewable
resources and their utilization does not cause problems.

Determination of polymers concentration in an aqueous solution is a
complicated and often multi-stage process. However due to the possible
ionic polymers toxicity in high conventions it is necessary to effectively
determine them in the aqueous solution [14,15]. The complexation of
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Table 1

The textural and acidic-basic properties of the tested activated biocarbons.
Adsorbent LB_AC MT_AC
Textural parameters
Surface area [mz/g] 950 1145
Pore volume [cm®/g] 1.100 1.465
Mean pore size [nm] 4.630 5.115
Acidic-basic properties
Acidic groups content [mmol/g] 0.682 0.494
Basic groups content [mmol/g] 0.305 0.300

polymeric macromolecules with another substance is the most
commonly applied reaction type. On the other hand, macromolecules
can often create complexes with the different types of substances, not
only with the one which is used in the procedure. This may interfere
with their determination [16]. To avoid errors in the determination
procedure, it is necessary to investigate the impact of the possible in-
terferences on the polymer complexation process. A common mistake is
the application of the procedure for a specific polymer without checking
the possible influence of other substances present in the tested solution.

The aim of the presented research was to determine the concentra-
tion of ionic polymers in the presence of metals ions in the multi-
component solutions. Calibration curves were obtained using single
and binary systems. Anionic poly(acrylic acid), cationic poly-
ethylenimine, Cd(II) cations and As(V) anions were used as components
of the mixed solutions. The activated biocarbons obtained from waste
plant material were applied for the water purification process. The se-
lection of plant materials as feedstock for carbonaceous adsorbents
production was motivated by their sustainability and cost-effectiveness
[17,18]. The influence of metals ions and polymers on their simulta-
neous adsorption was checked. The cadmium and arsenate adsorption
isotherms were obtained at different pH values. The kinetics of the
process were also investigated. Additionally, the surface charge density,
zeta potential as well as the size of activated biocarbons aggregates in
the aqueous suspensions (without and in the presence of inorganic and/
or organic adsorbates) were examined. Such systems are common in
water purification technologies, but the removal of heavy metals using
activated carbons (without and in the presence of ionic polymers) has
not been examined by other research groups.

2. Experimental
2.1. Materials

Activated biocarbons (AC) were obtained using two types of waste
biomass — lemon balm (LB) and mint (MT) herb. The plant material was
impregnated in the H3PO4 for 24 h, dried overnight at 110 °C and
subjected to heat treatment at 500 °C for 0.5 h. The detailed procedure
for adsorbents preparing was presented in the previous article [19]. The
textural and acidic-basic properties of the activation products are pre-
sented in Table 1. The SEM images of examined adsorbents are shown in
Fig. 1.

As can be seen, both activated biocarbons are characterized by a
quite similar structure, which consists of pores, crevices and cracks of
various sizes and elongated shapes, which is quite typical for materials
obtained from plant biomass. In addition, small, bright particles are
visible on the surface and in the cavities of the structure. These are most
likely fragments of a mineral substance (ash), which from the adsorption
point of view is an unnecessary ballast.

Cd(II) ions used in the study were introduced into the solution in the
form of CdN20g-4H30 (Sigma Aldrich, Saint Louis, USA). This salt is well
soluble in water at pH below 8. Above this pH value, cadmium ions form
hardly soluble precipitate. Due to that limitation all Cd(II) involving
studies were performed at the pH range 3-7.
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KH3AsO4 (Sigma Aldrich, Saint Louis, USA) was used as As(V)
source. Potassium arsenate is highly soluble over the entire pH range,
however, the hydration of arsenate ions changes. At high pH values, the
ion is completely dehydrated and occurs in the AsO3~ form. As the pH
value increases, the level of hydration decrease and takes the following
forms: H3AsO4, HoAsO4 and HASO%’.

Anionic poly(acrylic acid) (PAA) (Fluka, Saint Louis, USA) contain-
ing carboxyl functional groups was also used in the studies. Its average
molecular weight is 2000 Da and at pH 3 ionization of this polymer is
minimal (macromolecule occurs in the coiled form).

Polyethylenimine (PEI) (Sigma Aldrich, Saint Louis, USA) is a
cationic substance (containing amine groups) with average molecular
weight of 2000 Da. At pH 3 polymer chain is fully dissociated and as-
sumes the conformation of significantly expanded molecule in the
aqueous solution.

2.2. Determination of adsorbates concentration

Cd(II) ions concentration was determined using Inductively Coupled
Plasma-Optical Emission Spectrometry (iCAP™ 7200 ICP-OES analyzer,
Thermo Fisher Scientific, Waltham, USA) at a wavelength of 228,8 nm.
An ICP Optical Emission Spectrometer Varian 720-ES (Palo Alto, USA)
was used to determine the As(V) concentration determination (at A =
189 nm). For both metal ions, the power of 1 kW, the plasma flow of 15
L/min and the nebulizer flow of 0.75 L/min were used. The polymers
concentrations were established by UV-VIS spectrophotometry (Carry
100, Varian, Palo Alto, USA).

For PAA determination purposes 1 cm? of 20 % NaOH was added to
5 em® of the solution containing polymer. The system was heated at 90
°C for 40 min, and then the solution was cooled down. Next the pH value
of the sample was adjusted to 10 and the system was transferred to the
flasks of 25 cm® volume. 1 cm® of hyamine 1622 was added and filled up
with the double distilled water to a mark. After 15 min the absorbance of
formed white-coloured complex was measured at a wavelength of 500
nm [20]. Poly(acrylic acid) calibration curves were obtained in the
concentration range of 25-300 ppm. In binary solutions, the concen-
tration of As(V) and Cd(Il) ions was 200 ppm each.

Polyethylenimine concentration was tested based on its reaction
with cupric chloride, resulting in the formation of blue-coloured com-
plex, absorbing light at a wavelength of 285 nm. For this purpose 0.005
em?® of 0.5 mol/dm® CuCl, was added to 5 cm® of the polymer solution.
The absorbance was measured after 10 min [21]. Calibration curves
were obtained with a PEI concentration of 25-200 ppm. The concen-
tration of As(V) and Cd(I) ions in the binary solutions was 200 ppm.

2.3. Surface and electrokinetic studies

The potentiometric titration method was applied for the surface
charge density (o) of the activated biocarbons particles without or with
the selected adsorbates determination. 50 cm® of the suspension con-
taining 0.02 g of activated biocarbon, the tested metals ions or/and
polymers (with the initial concentration (Cp) of 100 ppm) and the NaCl
supporting electrolyte (with the concentration of 0.001 mol/dm?) were
used for this purpose. The suspension was placed in the thermostated
Teflon vessel (RE 204 thermostat, Lauda Scientific, Lauda-Konigshofen,
Germany). Glass and calomel electrodes (Beckman Instruments, Brea,
USA) were used to monitor the pH changes of the system after each
portion of the added titrant — NaOH with the concentration of 0.1 mol/
dm® (automatic Dosimat 765 microburette, Metrohm, Herisau,
Switzerland). Changes in the 6 value as a function of solution pH were
determined using the computer program “Titr v3”, which also
controlled the course of the titration process. These calculations were
based on the difference in the volume of the titrant added to the sus-
pension and the supporting electrolyte solution providing a specific pH
value [22].

Zetasizer Nano ZS (Malvern Instruments, Malvern, United Kingdom)
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Fig. 1. SEM images of MT_AC (a) and LB_AC activated biocarbons (b).

was used to determine the zeta potential ({) and the average size of
activated biocarbons aggregates, according to the following procedure:
200 cm® of suspension containing 0.03 g of the solid, the tested adsor-
bates with the concentration of 100 ppm as well as NaCl supporting
electrolyte (0.001 mol/dm®) was prepared. The system was subjected to
the action of ultrasounds (XL 2020 ultrasonic head, Misonix, Farm-
ingdale, USA) for 3 min and divided into several parts. A different pH

value was set in each of the obtained samples (varying from 3 to 7 for Cd
(II) and from 3 to 11 for As(V) ions, respectively). For this purpose the
solutions of HCl and NaOH with the concentrations of 0.1 mol/dm? as
well as ®360 pH- meter (Beckman, Brea, USA) were used. The Doppler
laser electrophoresis method was used to determine the zeta potential.
The equipment used enables measurement of the electrophoretic
mobility of the activated biocarbon particles without as well as covered
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Fig. 2. Calibration curves of polyethylenimine (a) and poly(acrylic acid) (b) obtained in the systems without and with metal ions.

with the adsorption layers. Based on the obtained results, the zeta po-
tential ({) was calculated using the Henry’s equation [23]. The average
size of aggregates formed in the tested suspensions was determined
based on the static light scattering phenomenon, using Zetasizer Nano
7S apparatus. The measurement error did not exceed 5 %.

All measurements were carried out at a temperature of 25 °C in the
following systems: LB_AC + NaCl, LB_AC + NaCl + Cd(II), LB_AC + NaCl
+ Cd(II) + PAA, LB_AC + NaCl + Cd(II) + PEIL LB_AC + NaCl + As(V),
LB_AC + NaCl + As(V) + PAA, LB_AC + NaCl + As(V) + PEL, MT_AC +
NaCl, MT_AC + NaCl + Cd(II), MT_AC + NaCl + Cd(II) + PAA, MT_AC +
NaCl + Cd(II) + PEI, MT_AC + NaCl + As(V), MT_AC + NaCl + As(V) +
PAA and MT_AC + NaCl + As(V) + PEL

2.4. Adsorption studies

Adsorption isotherms of heavy metals ions were acquired in the
following conditions: 0.01 g of activated biocarbon was added to 10 cm®
of solution containing 0.001 mol/dm® of NaCl (supporting electrolyte)
and the appropriate adsorbate with the initial concentration changing in

the range 50-800 ppm. These studies were performed at pH 3, 6 and 9
for As(V) ions as well as at pH 3 and 6 for Cd(II) ions. Adsorption tests
were conducted for 24 h at a temperature of 25 °C. Data on metal ion
adsorption isotherms were modelled using the Langmuir (Eq. (1).),
Freundlich (Eq. (2).) and Dubinin-Radushkievich (Eq. (3).) equations:

_ quLCe
=T KeC. @
q = KeCl/" @
q. = quexp(—pe?) 3)

where g, — the adsorbed amount at the equilibrium [mg/gl, qm — the
maximum adsorption capacity in a particular model [mg/gl, Ki, — the
Langmuir parameter [L/mg], Ce — the equilibrium adsorbate concen-
tration [mg/L], K¢ — the Freundlich parameter [mg/g-(mg/L) ~/"F], p —
Dubinin-Radushkievich constant, ¢ — adsorption potential [kJ/mol].
Kinetic tests were performed using 10 cm® of solution containing
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Fig. 3. Surface charge density of LB_AC (a) and MT_AC (b) activated biocarbons in the systems without adsorbates as well as with single and binary adsorbates.

metal ions with the concentration 200 ppm, supporting electrolyte
(NaCl) with the concentration of 0.001 mol/dm® and 0.01 g of the
adsorbent. Adsorption was carried out within 0.5-8 h time intervals, at a
temperature of 25 °C and at pH 3. The obtained data were fitted to the
pseudo-first-order (PFO, Eq. £43.) and the pseudo-second-order kinetic
models (PSO, Eq. (5).) [24]:

d
T=li(e. - a) “)
d
G la(@. - a)’ 5)

where q. - the adsorbed amount at the equilibrium [mg/gl, q; — the
adsorbed amount after time “t” [mg/gl, k; — the equilibrium rate con-
stant of the PFO model [1/min], ky - the equilibrium rate constant of the
PSO model [g/(mg-min)].

10 cm? of suspension containing 200 ppm of appropriate adsorbate

(polymer and/or metal), 0.001 mol/dm> of NaCl as supporting elec-
trolyte and 0.01 g of activated biocarbon were used for the adsorption
studies from single and binary systems (24 h, pH 3, 25 °C). Adsorption
studies were realized in one- and two-component systems

The sorption capacity of activated biocarbons in relation to indi-
vidual adsorbates was determined using the static method, based on the
difference in concentrations of substances in the solutions before and
after the processes. The measurement error of all studies did not exceed
5 %.

3. Results and discussion

3.1. Determination of polymer concentration in the heavy metal ions
presence

The calibration curves of PAA and PEI obtained in the single and
binary solutions are presented in Fig. 2. Presence of As(V) and Cd(II)
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Fig. 4. Zeta potential of LB_AC (a) and MT_AC (b) activated biocarbons in the systems without as well as with single and binary adsorbates.

ions have no significant influence on the polyethylenimine determina-
tion. The complexation reaction between PEI and metals strongly de-
pends on the substrates concentration ratio [25]. Cu(Il) applied in the
PAA concentration determination procedure as CuCl,, occurs in solution
in a higher concentration (0.5 mol/ dm®) than the other metals, which is
preferable for complex formation. Despite the fact that As(V) and Cd(II)
ion can react with the polymer macromolecule they don’t disturb the
complexation reaction [26,27]. In the case of poly(acrylic acid), the
calibration curve obtained in the presence of As(V) ions overlaps with
that one obtained in the absence of that metal anions. However, in the
case of the system containing Cd(II) ions, the experimental points on
calibration curve are noticeably shifted to the lower concentration of the
polymer. This is probably related to the heating step of the PAA con-
centration determination procedure. At this stage the 20 % NaOH is
added to the system, which causes a significant increase in the pH value
of the solution (above 12). In such conditions cadmium precipitate is
formed (this process begins at pH above 8), which may interfere with the
reaction of PAA with hyamine.

3.2. Structure of electrical double layer formed on the activated biocarbon
particles surface and its influence on the suspension stability

The obtained surface charge density results confirmed the acidic
properties of activated biocarbons. The point of zero charge (pzc) of
both materials occurs at pH 3.4 (Fig. 3). In the system containing As(V)
ions, the surface charge density values slightly increase. Arsenate occurs
in the solution in an anionic form. The adsorption of negatively charged
molecules caused the formation of an additional number of positively
charged surface groups, resulting in the increase in the surface charge
density [28]. In the presence of Cd(II) ions the opposite effect takes
place. The positively charged cadmium cations cause the formation of
additional number of negatively charged surface groups [29]. In the
binary systems of metal ions and polymer chains, the influence of the
macromolecular compound on the surface charge density is prevailing.
The polymers impact on the adsorbent surface properties is related to
the large sizes of polymeric chains, which cannot be adsorbed directly by
all their segments on the solid surface. Some parts of the chains form
“loop” and “tail” structures and the functional groups present in these
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Table 2
The size of activated biocarbons aggregates in the system without adsorbates as
well with single and binary adsorbates.

System Size of aggregates [nm]
pH3 pPH 6 pH9

LB_AC 541 614 521
LB_AC + As(V) 621 747 751
LB_AC + As(V) + PAA 465 485 402
LB_AC + As(V) + PEI 515 544 582
LB_AC + Cd(II) 587 859 -
LB_AC + Cd(II) + PAA 477 284 -
LB_AC + Cd(II) + PEI 483 560 -
MT_AC 626 818 769
MT_AC + As(V) 752 878 925
MT_AC + As(V) + PAA 245 423 511
MT_AC + As(V) + PEI 495 539 703
MT_AC + Cd(II) 558 903 -
MT_AC + Cd(II) + PAA 494 314 —
MT_AC + Cd(II) + PEI 556 524 -

structures (located in the by-surface layer of the solution) affect the
surface density charge. According to this theory, cationic poly-
ethylenimine causes an increase in the value of this parameter, whereas

a) 160

Adsorbed amount [mg/g]

&
x‘
*

100 200

300

Journal of Molecular Liquids 407 (2024) 125270

in the case of anionic poly(acrylic acid) a decrease in the surface charge
density is observed [30].

Fig. 4 shows the zeta potential of tested activated biocarbons in the
systems without adsorbates as well as with the single and binary ad-
sorbates. Positively charged cadmium ions, adsorbed mainly electro-
statically due to favorable attractive forces, are located mostly in the
outer Hemholtz layer, which causes the increase in the zeta potential
value [31]. The influence of As(V) ions on the activated biocarbons zeta
potential depends on the pH value and is related to the hydration of
arsenate anions, which are located in the slipping plane area. At lower
pH values, the As(V) species is fully hydrated and occurs in the H3AsO4
and HyAsOy4 forms, but as the pH value increases the HAsOZ7~ and AsO3~
forms begin to dominate in the solutions. The greater the number of
completely dehydrated ions in the solution, the lower the zeta potential.
In the binary systems, polymers have the dominant influence on the zeta
potential values. Due to the considerable length of polymeric molecules
and their ability to undergo conformational changes, some of the func-
tional groups present in the chains are located in the slipping plane area.
The presence of cationic amino groups results in the increase in the value
of the electrokinetic potential, whereas the presence of anionic carboxyl
groups causes the decrease in the zeta potential [19].

The size of the aggregates of both activated biocarbons depends
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Fig. 5. Amounts of Cd(II) and As(V) ions adsorbed at pH 3, 6 and 9 on the surface of LB_AC (a) and MT_AC (b) activated biocarbon.
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Table 3
The metals adsorbed amount on the surface of different carbonaceous materials.
Adsorbent Maximum adsorbed Reference
amount [mg/g]

Cd(I)

Activated carbon obtained from the 135.8 Present
lemon balm study

Magnetized activated carbon prepared 73.7 [33]
from the rape straw

Activated carbon derived from the 166.7 [34]
datestone seeds

Commercial activated charcoal 129.4 [35]

Magnetic biochar composites 46.9 [36]

Biochar derived from poplar saw dust 49.3 [37]1

As(V)

Activated carbon obtained from the 109.6 Present
lemon balm study

8-MnO, modified activated carbon 13.3 [38]

Iron-Incorporated activated carbon 42.9 [39]

Modified peanut shell biochar 1.9 [40]

Activated Carbon supported by nano 12.0 [41]

zero-valent iron

slightly on the pH value (Table 2). In the case of single metal systems,
the higher the pH value, the larger the aggregates are observed. Cad-
mium adsorption resulted in a decrease in the repulsion between the
carbonaceous adsorbent particles. As the amount of adsorbed metal ions
increases, the repulsion decreases, which destabilizes the suspension.
Negatively charged arsenic ions form hydrogen and chemical bonds
with the surface groups of activated biocarbons, which exposes neutral
sites on the adsorbent surface. Neutral solids particles are characterized
by a lower tendency to repel, which results in larger aggregate sizes. This
effect is more noticeable for systems containing cadmium. Its positively
charged molecules neutralize the negatively charged surface of the
adsorbent, which results in greater formation of aggregates. The system
is more stable in the presence of polymers due to steric and electrosteric
stabilization [32].

3.3. Structure of the adsorption layer formed on the activated biocarbons
surface

As shown by the data presented in Fig. 5, for both tested activated
biocarbons the adsorption of Cd(II) ions is more effective than for As(V).
In the case of the MT_AC sample cadmium removal is independent of the
solution pH, whereas for LB_AC sample it is better adsorbed at pH 3. In
turn, As(V) ions show the greatest affinity to the surface of tested
carbonaceous materials at pH 9. Under these conditions, the arsenate
anion is fully hydrated and have the smallest negative charge, which
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results in the least repulsion between the ions and the adsorbent surface.
The maximum adsorption capacities are 135.8 mg/g for Cd(II) (LB_AC,
pH 3) and 109.6 mg/g for As(V) (LB_AC, pH 9), respectively. The greater
adsorption of both metal ions observed in the case of LB_AC activated
biocarbon is most likely the result of a higher content of surface func-
tional groups. The comparison of cadmium and arsenate adsorbed
amount on different carbonaceous materials are presented in Table 3.
The maximum adsorbed amount of cadmium is on the similar level to
some dates found in the literature. On the other hand, As(V) adsorption
on the surface of activated biocarbons is not common studied and the
obtained maximum adsorption capacities are much greater than the
ones present in the literature.

The calculated parameters of the Langmuir, Freundlich and Dubinin-
Radushkevich models are presented in Table 4. The As(V) ions adsorp-
tion is the best described by Freundlich and Dubinin-Radushkevich
models, which indicates that the adsorption process takes place inside
the pores and the multilayer of adsorbate is formed. Analysis of the
cadmium isotherm calculated data leads to the conclusion that there is
no dominant adsorption mechanism. For each of the models used, the R?
values are similar. Cd(II) ions can form both mono- and multilayer
structures on the adsorbents surface. In addition, the adsorption in the
pores of activated biocarbons is also possible [42].

The removal of ionic polymers is affected by the pH of the solution,
so the multicomponent systems containing macromolecules can exhibit
many different behaviors. To ensure effective industrial water treatment
all possible conditions should be tested. Due to the common studies on
As(V) ions adsorption at high pH values, the pH 3 was selected for
further research, despite the lower adsorption of arsenate ions [43-45].
Furthermore, both polymers achieve the highest adsorption level at pH 3
[46].

Fig. 6 presents the adsorption kinetics of As(V) and Cd(II) ions on the
tested carbonaceous materials surface. The maximum equilibrium
amount of adsorbed arsenate is reached after 4 h, which is quite a long
time for small metal ions. However, a similar trend was previously
observed in the case of As(V) adsorption on the surface of granular
activated biocarbon [47]. Unfortunately, cadmium adsorption equilib-
rium state is only reached after 6-8 h. Such long periods of time needed
to reach the equilibrium state for both metal ions can be associated with
the slow process of the activated biocarbons structure penetration and
reaction with internal active sites [36].

The calculated kinetic parameters are presented in Table 5. The
adsorption of Cd(I) ions is better fitted to the pseudo first-order model,
which proved that the physical adsorption is predominant. In the case of
As(V) ions the chemical interaction are main adsorption mechanism.
The difference in the adsorption mechanisms of the tested metals is most
likely due to their different ionic forms and hydration abilities.

The percentage of As(V), Cd(I), PAA and PEI removal from the single

Table 4
Calculated parameters of Cd(II) and As(V) adsorption isotherms.
Isotherm parameters Cd(1n) As(V)
LB_AC MT_AC LB_AC MT_AC
Experimental Qexp [mg/gl 135.8 115.2 70.95 66.45
Langmuir qm [mg/gl 212.77 166.67 555.56 357.14
K [dm3/mg] 0.0030 0.0042 0.0002 0.0002
R? 0.6737 0.8646 0.1428 0.0884
Freundlich ng 1.5272 1.6636 1.0612 0.9477
Ky [mg/g-(mg/dm®)'/™] 0.4127 0.3438 7.8886 14.8799
R? 0.6715 0.7665 0.9912 0.9665
Dubinin-Radushkevich p —8.9%107° -8.1¥107° -1.3*1078 —1.4%10°%
¢ [kJ/mol] 7.4942 7.8447 6.2891 5.9057
gm [mol/g] 1 1 1 1
R? 0.7099 0.8070 0.9845 0.9573
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Fig. 6. Adsorption kinetics of As(V) (a) and Cd(II) (b) on the surface of LB_AC and MT_AC activated biocarbons (Cy 200 ppm, pH 3).
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Table 5
Calculated parameters of Cd(II) and As(V) adsorption kinetic.
Kinetics parameters Cd(n) As(V)
LB_AC MT_AC LB_AC MT_AC
Experimental Qexp [mMg/ 69.70 64.50 18.38 20.23
gl
Pseudo first- q. [mg/gl 0.9878 0.9854 0.9808 0.9797
order model ki [1/min] 12.7646 12.5999 8.7056 8.5107
linear R? 0.6661 0.7808 0.6671 0.7927
Pseudo second- q. [mg/gl 104.17 112.36 24.04 27.17
order model k2 [g/ 0.00002 0.00002 0.00032 0.00038
(mg-min)]
R? 0.3968 0.6157 0.7534 0.9687

and binary systems are presented in Fig. 7. These data clearly indicate
that the adsorption efficiency of both metal ions decrease in the presence
of polymers, which may be the result of blocking surface-active sites by
large polymeric chains. At pH 3 poly(acrylic acid) and polyethylenimine
are removed in greater amounts than As(V) and Cd(II) ions. In the case of
PAA this is mainly related to its coiled conformation under this condi-
tions, which allows the macromolecules to penetrate the pores of acti-
vated biocarbons. In turn, polyethylenimine chain at pH 3 is completely
developed which results in perpendicular adsorption enhancing the
polymer packing on the surface of carbonaceous material. The efficiency

of PEI removal decreases in the binary systems. The formed polymer-
metal complexes probably tend to remain in the solution. The As(V)
and Cd(II) ions influence on the poly(acrylic acid) adsorption is hard to
define due to its almost completely removal from all systems.

4. Conclusions

The concentration of poliethylenimine in aqueous solutions could be
determined in the presence of heavy metal ions without any in-
terferences, whereas the poly(acrylic acid) concentration determination
is disturbed by the cadmium(II) ions, because of long and multistep
analytical procedure of PAA concentration determination. This indicates
that the ionic polymers concentration determination procedure need to
be validated before its usage for PAA quantitative analysis in the
multicomponent systems.

All tested adsorbates affect the surface charge density and zeta po-
tential of activated biocarbons as well as the size of their aggregates in
aqueous suspensions. As(V) anions cause the increase in the 6o and ¢
values, whereas the Cd(II) cations cause the decrease in the surface
charge density and, at the same time, the increase in the zeta potential.
Both ionic polymers present in the solution reduce the impact of metals
ions and have a dominant influence on the values of the tested param-
eters. Single-metallic systems are characterized by larger aggregate size
than analogous suspensions without adsorbates. In turn, the presence of
ionic polymers reduces the size of the aggregates.

The effectiveness of As(V) ions adsorption depends significantly on
the pH of the solution (due to the changes in arsenate ions hydration).



M. Geca et al.

Journal of Molecular Liquids 407 (2024) 125270

097.398.2 97.6 97.9
100 93.6
88,
3 80
)
=
£ 60
=
2 42.1
= 39. 40.0 39.6
= 40 31.6 33.2 4.9
= 30,4
<
20 - 16.717:2 138
12. 0, D 10.1
e I
0 !
O > > O o S > O \
i v SR ??C: S & & ﬁt"‘? > X Q"‘r
& & S S TS S
] QQ} Q" 1 C Q&" ko y.é"
EMT_AC mLB_AC

Fig. 7. Removal percentage of As(V), Cd(II), PAA and PEI from single and binary systems using LB_AC and MT_AC activated biocarbons (Co 200 ppm, pH 3).

The maximum adsorbed amount is observed at pH 9, when these ions are
completely dehydrated. In turn, the removal of Cd(II) ions from an
aqueous solution depends only to a small extent on the pH value. The
maximum adsorption capacities are 135.8 mg/g for Cd(II) (LB_AC, pH 3)
and 109.6 mg/g for As(V) (LB_AC, pH 9), respectively. Kinetic studies
have shown that it takes a few hours to reach the equilibrium state. What
is more, the presence of ionic polymers has a negative effect on the As(V)
and Cd(Il) ions removal from aqueous solutions. It was shown, that
applied mesoporous carbons (obtained via the waste plant biomass
management) can be successfully used in the adsorptive removal of
arsenate and cadmium ions (in the amounts comparable or higher than
that obtained for other carbonaceous materials) from multi-component
aqueous solution containing ionic polymers.
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Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam. ze mdj udzial w pracy: M. Geea, M. Wisniewska, P. Nowicki,
G. Wojcik Arsenate and cadmium ions removal from multicomponent solutions of ionic
polymers using mesoporous activated biocarbons, Journal of Molecular Liquids, 2024, 407,
125270, DOI: 10.1016/j.molliq.2024.125270 [D10], obejmowat opracowanie metodyki badan,
przeprowadzenie eksperymentéw, analizg i interpretacje uzyskanych wynikow, przygotowanie
manuskryptu i sformutowanie odpowiedzi na uwagi recenzentow.
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Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze moj udzial w pracy: M. Geca, M. Wisniewska, P. Nowicki,
G. Wojcik Arsenate and cadmium ions removal from multicomponent solutions of ionic
polymers using mesoporous activated biocarbons, Journal of Molecular Liquids, 2024, 407,
125270, DOI: 10.1016/j.molliq.2024.125270 [D10], obejmowal stworzenie koncepcji pracy,
korekte manuskryptu - przed i po procesie recenzji oraz nadzor merytoryczny w czasie calego
cyklu wydawniczego.
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Niniejszym os$wiadczam., ze moj udzial w pracy: M. Geca. M. Wisniewska. P. Nowicki,
G. Wojeik Arsenate and cadmium ions removal from multicomponent solutions of ionic
polymers using mesoporous activated biocarbons, Journal of Molecular Liquids. 2024, 407,
125270, DOI: 10.1016/j.molliq.2024.125270 [D10], obejmowal opracowanie metodyki
pomiaréw, przeprowadzenie eksperymentow, interpretacj¢ uzyskanych wynikow oraz
przygotowanie pierwszej wersji pracy.
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Rada Naukowa Instytutu Nauk Chemicznych
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Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze mdj udzial w pracy: M. Geca, M. Wisniewska, P. Nowicki,
G. Wojcik Arsenate and cadmium ions removal from multicomponent solutions of ionic
polymers using mesoporous activated biocarbons, Journal of Molecular Liquids, 2024, 407,
125270, DOI: 10.1016/j.molliq.2024.125270 [D10], obejmowal przeprowadzenie oznaczen
stezenia jonéw metali przed i po adsorpcji.



